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Abstract 

The work reported in this thesis has investigated the impact of ship superstructure 

geometry on helicopter operations to the flight decks of naval warships. Ship-Helicopter 

operating limits for military frigates and destroyers are often restricted in difficult weather 

conditions because of excessive pilot workload caused by the unsteady ship airwake. 

Experiments have been conducted in a water tunnel using a specially designed Airwake 

Dynamometer (AirDyn) to characterise the steady and unsteady aerodynamic loading of a 

helicopter immersed in the airwake of a generic ship that has been called the Shortened 

Research Frigate (SRF). The AirDyn is a 1:54 model-scale helicopter, mounted on a six-

component force block; it has a simplified spinning main rotor and fuselage based on a 

Merlin AW-101. The AirDyn has been shown to be an effective tool for characterising 

the steady and unsteady aerodynamic loading of a helicopter model in a ship’s airwake 

and the aerodynamic loads measured by the AirDyn were found to correlate with at-sea 

and simulation flying experience for a range of Wind-Over-Deck (WOD) conditions and 

ship geometry configurations. The airwakes of the SRF without the presence of a 

helicopter model have also been investigated using unsteady Computational Fluid 

Dynamics (CFD). A Detached-Eddy Simulation (DES) approach was used for the 

turbulence modelling as it has been shown to be capable of capturing the bluff-body type 

flow features typical of ship airwakes. Analysis of the CFD data revealed the underlying 

aerodynamic causes of the observed loading characteristics of the AirDyn. A range of 

ship geometry modifications were made to the SRF to determine the feasibility of 

mitigating the adverse effects of the airwake by modifying existing ships or by improving 

the designs of future ships. A range of modifications to the windward hangar side-face of 

the SRF were tested using the AirDyn and were found to reduce the severity of unsteady 

loads by up to 55% for oblique WOD angles (Green 30°-45°)  at important locations 

through the flight path of a standard Royal Navy deck-landing manoeuvre. Unsteady CFD 

analysis showed that the modifications controlled the flow separation from the top edge 

of the windward hangar side-face in such a way as to reduce the height and the angle of 

the separated flow and thus the severity of the unsteady flow structures being drawn into 

the main rotor of the AirDyn. The unsteady CFD data computed for the baseline and 

modified SRF ship geometries was also integrated into the University of Liverpool’s 

motion-base flight simulator and piloted flight simulation trials were conducted to 

determine the impact of the ship modifications on pilot workload. The results of the 

simulation flight trials confirmed the usefulness of the AirDyn as a tool for predicting 

pilot experience and showed that it is feasible to modify ship superstructures to the extent 

that tangible reductions in pilot workload are achieved. 



 

ii 

 

Acknowledgements 

I would like to thank Professor Ieuan Owen for giving me the opportunity to work on 

such a great project and to collaborate with such a wide range of fantastic researchers. His 

guidance and support has been invaluable to my work and by allowing me to use my own 

initiative I have developed as a researcher more quickly than I could have hoped for. My 

time as a PhD student has been hugely rewarding and enjoyable. 

This thesis would not have been possible without the work of Dr. Yaxing Wang and John 

Curran who developed the AirDyn instrument, under the guidance of Professor Ieuan 

Owen and Professor Gareth Padfield. Their hard work laid the foundations for my PhD 

for which I am very grateful. 

I owe a huge debt of gratitude to Dr. James Forrest who taught me all about ship 

airwakes, CFD and much else besides. His openness to sharing knowledge and the 

encouragement he has given to me and my research, even from the other side of the 

world, has driven me to achieve much more than I could have otherwise. 

Thanks also to Dr. Phillip Perfect and Dr. Mark White of the Flight Science and 

Technology for their help setting up and running the simulator flight trials and for many 

interesting and stimulating discussions in various establishments. Thanks also to test pilot 

Andy Berryman for taking part in the trials, his knowledge and experience helped shape 

the path of the project. 

Thanks to the ladies in the Student Support Office who have guided me through my seven 

years at Liverpool as an undergraduate and postgraduate and without whom I would not 

have got anywhere! 

Thanks to everyone who shared the Fluids Research Office over my 4 years as a PhD 

student; James Forrest, Yazdi Harmin (Abercromby Square Pocket Tanks Masters!!!); 

Sean Malkeson, Adam Yuile, Mohit Katragadda, Azuraien ‘Yin’ Jaafar, Ellie Tsioli, 

Dimitris Tsovolos, Sian Tedds, and Yaxing Wang. Awesome guys! 

The biggest thanks go to the Kääriä family, Granny Kate, Aunty Bub, Nanny & Grandad 

Caldow; but especially to Mum, Dad, Brother and Sister - Susan, Karl, David and Joanne. 

This is for you. 

Thank You. 

 



 

iii 

 

Contents 

 

Abstract i 

Acknowledgements ii 

Nomenclature ix 

Glossary xi 

 

1. Introduction and Literature Review 1 

1.1 Introduction .................................................................................................................... 1 

1.1.1 Challenges at the Ship-Helicopter Dynamic Interface ........................................... 1 

1.1.2 The Ship Airwake .................................................................................................. 2 

1.1.3 Ship-Helicopter Operating Limits .......................................................................... 3 

1.1.4 Motivation for Current Study ................................................................................. 4 

1.2 Literature Review ........................................................................................................... 6 

1.2.1 Highlighting the Challenges at the Dynamic Interface .......................................... 6 

1.2.2 Characterising Ship Airwake Aerodynamics ......................................................... 9 

1.2.2.1 Experimental Studies ............................................................................... 10 

1.2.2.2 Computational Fluid Dynamics ............................................................... 13 

1.2.3 Pilot Experience Predictive Tools ........................................................................ 23 

1.2.3.1 High-Fidelity Flight Simulation .............................................................. 23 

1.2.3.2 Experimental Prediction of At-Sea pilot Experience .............................. 27 

1.2.4 Ship Design for Helicopter Operations ................................................................ 31 

1.2.5 Literature Review Summary ................................................................................ 34 



 

iv 

 

1.3 Project Aims and Objectives ....................................................................................... 35 

1.3.1 Project Aims ......................................................................................................... 35 

1.3.2 Project Objectives ................................................................................................ 36 

1.3.3 Resources ............................................................................................................. 37 

1.3.4 Publications .......................................................................................................... 38 

1.3.4.1 Conference Proceedings .......................................................................... 38 

1.3.4.2 Journal Publications ................................................................................. 39 

2. Experimental Procedure and Computational Methods 40 

2.1 Experimental Procedure .............................................................................................. 40 

2.1.1 The Airwake Dynamometer (AirDyn) ................................................................. 41 

2.1.1.1 Water Tunnel Facility .............................................................................. 43 

2.1.1.2 Dynamic Force Balance Design .............................................................. 44 

2.1.1.3 Semi-Conductor Strain Gauges ............................................................... 47 

2.1.1.4 AirDyn Fuselage Model .......................................................................... 48 

2.1.1.5 Dynamic Main Rotor Design ................................................................... 48 

2.1.1.6 Calibration ............................................................................................... 49 

2.1.1.7 AirDyn Frequency Response ................................................................... 51 

2.1.1.8 Rotor Frequency Scaling ......................................................................... 52 

2.1.2 Shortened Research Frigate.................................................................................. 53 

2.1.3 Experimental Details and Data Collection ........................................................... 55 

2.1.4 Quantifying Unsteady Aerodynamic Loading ..................................................... 56 

2.1.5 Aims of the AirDyn Experiment .......................................................................... 61 

2.2 Computational Fluid Dynamics .................................................................................. 62 

2.2.1 ANSYS Fluent Solver .......................................................................................... 63 

2.2.2 Turbulence Modelling Approach ......................................................................... 63 



 

v 

 

2.2.3 Detached-Eddy Simulation .................................................................................. 65 

2.2.4 Unstructured Mesh Generation ............................................................................ 65 

2.2.5 Boundary Conditions ........................................................................................... 67 

2.2.6 Time-Step ............................................................................................................. 67 

2.2.7 High Performance Computing Resources ............................................................ 67 

2.2.8 General Solution Strategy .................................................................................... 68 

2.3 Piloted Flight Simulation ............................................................................................. 68 

2.3.1 HELIFLIGHT-R Simulator .................................................................................. 70 

2.3.2 FLIGHTLAB Simulation Environment ............................................................... 70 

2.3.3 Sikorsky SH-60B Helicopter Model .................................................................... 71 

2.3.4 Airwake Data Integration ..................................................................................... 73 

2.3.5 Airwake Data-Scaling .......................................................................................... 74 

2.3.7 Visual Environment and Ship Motion.................................................................. 74 

2.3.8 Flight Simulation Test Pilot ................................................................................. 75 

2.3.9 Flight Trial Helicopter Manoeuvres ..................................................................... 75 

2.3.10 Pilot Workload Assessment ............................................................................... 75 

2.3.10.1 Deck Interface Pilot Effort Scale ........................................................... 76 

2.3.10.2 Bedford Workload Rating Scale ............................................................ 76 

2.4 Chapter Summary ........................................................................................................ 78 

 

3. Steady and Unsteady Aerodynamic Loading Characteristics of the 

AirDyn in a Ship’s Airwake 79 

3.1 Steady Aerodynamic Loading Characteristics .......................................................... 80 

3.1.1 Headwind Thrust Deficit ...................................................................................... 81 

3.1.2 Headwind Pitch Down Effect............................................................................... 86 



 

vi 

 

3.1.3 G45 Pressure Wall................................................................................................ 87 

3.1.4 G30 Pressure Wall................................................................................................ 89 

3.2 Unsteady Aerodynamic Loading Characteristics ..................................................... 90 

3.2.1 Headwind ............................................................................................................. 90 

3.2.2. G45 ...................................................................................................................... 93 

3.2.3 G30 ....................................................................................................................... 94 

3.2.4 Unsteady Aerodynamic Loading at Different Rotor Heights .............................. 98 

3.3 Effect of Large Scale SRF Geometry Modifications in a Headwind ..................... 103 

3.3.1 Steady Aerodynamic Loading ............................................................................ 103 

3.3.2 Unsteady Aerodynamic Loading........................................................................ 104 

3.4 Static and Dynamic Rotor Comparison ................................................................... 113 

3.5 Chapter Summary ...................................................................................................... 116 

 

4. Development of Ship Modifications to Reduce Unsteady Aerodynamic 

Loading of the Helicopters 119 

4.1 Targeted WOD Angles ............................................................................................... 119 

4.1.1 Dominant Flow Features in Oblique WOD Angles ........................................... 120 

4.1.1.1 Hangar Side-Face Separation ................................................................ 120 

4.1.1.2 Vertical Hangar-Edge Shear Layer Separation ..................................... 122 

4.1.1.3 Deck-Edge Separation ........................................................................... 123 

4.2 Hangar Side-Face Modifications .............................................................................. 123 

4.2.1 Green 45° WOD angle ....................................................................................... 126 

4.2.1.1 150% HH Lateral Translation ................................................................ 126 

4.2.1.2 125% HH Lateral Translation Rotor Height .......................................... 130 

4.2.1.3 110% HH Lateral Translation Rotor Height .......................................... 133 



 

vii 

 

4.2.1.4 175% HH Lateral Translation Rotor Height .......................................... 138 

4.2.1.5 Summary of Hangar Side-Face Modifications for G45 ......................... 139 

4.2.2 Green 30° WOD angle ....................................................................................... 141 

4.2.2.1 150% HH Lateral Translation ................................................................ 141 

4.2.2.2 125% HH Lateral Translation ................................................................ 146 

4.2.2.3 110% HH Lateral Translation ................................................................ 146 

4.2.2.4 Vertical Traverse over Landing Spot ..................................................... 147 

4.2.2.5 Summary of Hangar Side-Face Modifications for G30 ......................... 148 

4.3 Windward Vertical Hangar Edge Modifications .................................................... 150 

4.3.1 G30 WOD Condition ......................................................................................... 150 

4.3.1.1 150% HH Lateral Translation ................................................................ 151 

4.3.1.2 125%HH Lateral Translation ................................................................. 152 

4.3.1.3 110% HH Lateral Translation ................................................................ 156 

4.3.1.4 Vertical Traverse over Landing Spot ..................................................... 156 

4.4 Notch Modification in Headwind Condition ............................................................ 157 

4.5 Chapter Summary ...................................................................................................... 159 

 

5. CFD Analysis and Piloted Flight Simulation Trials 161 

5.1 CFD Airwake Analysis .............................................................................................. 161 

5.1.1 Hangar Side-Face Modifications - G45 WOD ................................................... 161 

5.1.1.1 150% HH Vertical Turbulence Intensity ............................................... 163 

5.1.1.2 175% HH Vertical Turbulence Intensity ............................................... 163 

5.1.1.4 75% HH Vertical Turbulence Intensity ................................................. 164 

5.1.1.5 Effect of Modifications on Hangar Side-Face Flow Separation ............ 168 

5.1.2 G30 WOD Condition ......................................................................................... 172 



 

viii 

 

5.1.2.1 Effect of Modifications on Hangar Side-Face Flow Separation ............ 172 

5.1.2.2 Effect of Modifications on Hangar-Edge Shear Layer Separation ........ 177 

5.2 Piloted Flight Simulation Trials ................................................................................ 178 

5.2.1 G45 SRF Geometry Modification Flight Trial Results ...................................... 179 

5.2.1.1 Full Deck-Landing Manoeuvre Task ..................................................... 179 

5.2.1.2 30-Second Hover over the Flight Deck Task ........................................ 183 

5.2.2 Headwind Mast and Lead-Flap Flight Trial Results .......................................... 184 

5.2.2.1 30-Second Hover over the Flight Deck Task ........................................ 185 

5.2.2.2 Baseline-SRF Headwind and G45 Comparison .................................... 186 

5.3 Chapter Summary ...................................................................................................... 188 

 

6. Conclusions and Recommendations 190 

6.1 Summary ..................................................................................................................... 190 

6.2 Conclusions ................................................................................................................. 192 

6.3 Recommendations ...................................................................................................... 196 

 

References 200 

Appendix A: Published Papers 209 

 

 

 

 

 

 



 

ix 

 

Nomenclature 

 

Roman Notation 

 

A Swept area of rotor disc (m
2
) 

b Ship beam at aft end of flight deck (m) 

CDES  DES length-scale constant 

f Frequency (Hz) 

Ii Turbulence intensity in i'th direction (%) 

k  Turbulent kinetic energy per unit mass (m
2
/s

2
) 

Lt  Turbulent length scale (m) 

l  Characteristic length scale (m) 

l Ship length (m) 

R Radius of rotor disc (m) 

t  Time (s) 

u Longitudinal velocity (m/s) 

U∞ Free-stream velocity magnitude (m/s) 

ui  Instantaneous velocity component in the i’th dimension (m/s) 

v Lateral velocity (m/s) 

Vmag Velocity magnitude (m/s) 

Voutputs Voltage Outputs from Sensing Elements (V) 

w Vertical velocity (m/s) 

x Longitudinal distance (m) 

y Lateral distance (m) 

z Vertical distance (m) 

 



 

x 

 

Greek notation 

 

Δ  Local grid spacing (m) 

Δ0 Target grid spacing in the focus region (m) 

Δt Time-step (s) 

ε Turbulent dissipation rate (m
2
/s

3
) 

μ  Dynamic viscosity (Pa.s) 

ρ Fluid density (kg/m
3
) 

Ω Rotor speed (rad/s) 

ω Specific dissipation rate (s
-1

) 

 

Non-Dimensional Variables 

     
    

  
        

 ∞
  Turbulence Intensity in the i'th direction 

      
ρ ∞ 

μ
  Reynolds Number 

      
  

 ∞
   Strouhal Number 

 

 

 

 

 

 

 

 

 

 



 

xi 

 

Glossary 

 

ABL Atmospheric Boundary Layer 

ACP Airload Calculation Point 

AirDyn Airwake Dynamometer 

AO Auxiliary Oiler 

ART Advanced Rotorcraft Technologies 

AW AgustaWestland 

CAD Computer Aided Design 

CFD Computational Fluid Dynamics 

CFL Courant-Freidrichs-Lewy number 

CIWS Close-In-Weapons-System 

CoG Centre of Gravity 

CNC Computer Numerical Control 

CPF Canadian Patrol Frigate 

CPU Computer Processing Unit 

CVG Columnar Vortex Generator 

DDG US Destroyer Class Ship 

DERA Defence Evaluation and Research Agency 

DES Detached-Eddy Simulation 

DI Dynamic Interface 

DIPES Deck Interface Pilot Effort Scale 

DSTO Defence Science and Technology Organisation (Australia) 

FF US Frigate Class Ship 

FOCFT First-of-Class Flight Trials 

FST Flight Science and Technology 

G Green (Starboard) 

HH Hangar Height 

HPC High-Performance Computing 

JSHIP Joint Shipboard Helicopter Integration Process 

LES Large-Eddy Simulation 

LHA Landing Helicopter Assault (ship) 

LHD Landing Helicopter Dock (ship) 



 

xii 

 

LPD Landing Platform Dock (ship) 

MCPF Modified Canadian Patrol Frigate 

MILES Monotone Integrated Large-Eddy Simulation 

MoD Ministry of Defence (UK) 

NAVAIR Naval Air Systems Command (USA) 

NRC National Research Council (Canada) 

PIV Particle Image Velocimetry 

PSD  Power Spectral Density 

RAM Random Access Memory 

RANS  Reynolds-Averaged Navier-Stokes 

RMS  Root-Mean-Square 

R Red (Port) 

RN  Royal Navy 

SFS  Simple Frigate Shape 

SFS2 Simple Frigate Shape 2 

SGS Sub-Grid Scale (model) 

SHOL  Ship-Helicopter Operating Limits 

SRF Shortened Research Frigate 

SST  Shear-Stress Transport (turbulence model) 

T23  Type 23 Frigate 

TTCP  The Technical Co-operation Program 

UAV Unmanned Air Vehicle 

USN United States Navy 

VMS  Vertical Motion Simulator (NASA) 

VTOL  Vertical Take-Off and Landing 

WOD  Wind-Over-Deck 

 

 

 



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

 

1 
 

Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

1.1.1 Challenges at the Ship-Helicopter Dynamic Interface 

The role of the helicopter in modern naval operations has increased significantly in 

importance over the past 40 years. The helicopter is one of the most important tactical 

systems on modern warships and performs a variety of vital functions including anti-

submarine and surface warfare, surveillance, troop transfer, supply replenishment at-sea, 

and humanitarian and medical evacuation. These functions are provided by helicopters for 

a variety of naval vessels including aircraft carriers, as well as frigates, destroyers and 

auxiliary vessels. The Vertical Take-Off and Landing (VTOL) capability of helicopters 

make them particularly well suited to single or double landing-spot vessels where the 

allocation of space for the landing deck during the design of the ship is at a premium. 

However, despite the broader strategic importance and frequency of these operations, 

adverse operating conditions at the ship-helicopter dynamic interface can often combine 

to make it one of the most hazardous and challenging environments in which a helicopter 

pilot can operate. The restricted nature of single-spot flight decks and the fact that 

operations take place in close proximity to the superstructure of the ship mean that there 

is little margin for error and the consequences of a significant loss of positional accuracy 

by the pilot can be severe.  Another factor that can add to the workload of the pilot is the 

likelihood that the flight deck is a moving target because of large heave, roll and pitch 

motions of the ship, which often require pilots to maintain hover over the flight deck 

before attempting a descent to the landing spot during a quiescent period in the ship 

motion.  Degraded visual cueing also can also make things harder for pilots as they have a 

limited view of the landing deck and the ship’s superstructure partially or totally blocks 

their view of the horizon. The visual environment can then be further degraded by sea-

spray and adverse weather conditions such as rain and fog, as well as by a reliance on 

deck lighting aids during night-time operations. 
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1.1.2 The Ship Airwake 

In addition to the challenges outlined above, the pilot also has to contend with the effect 

of the ship’s airwake, which is the highly unsteady airflow over and around the flight 

decks of naval vessels. The airwake is created by airflow over the ship as a result its 

forward speed and the prevailing wind conditions, and is illustrated in Fig. 1.1. The flow 

separates from the sharp edges of the superstructure and flight deck creating flow features 

typical of bluff-body wakes, such as shear layers and large coherent vortices; smaller 

scale flow structures will be shed from smaller features such as masts, weapon systems 

and radar arrays. This complex flow leads to aerodynamic conditions over and around the 

flight deck that are often characterised by large spatial and temporal velocity gradients. In 

addition, the temporal fluctuations in flow velocity typically have high energy over the 

closed-loop pilot response frequency range of 0.2 – 2 Hz, which most significantly 

impacts on pilot workload. The temporal velocity gradients in the airwake lead to 

fluctuations in the aerodynamic loading and rotor response of the aircraft during the 

landing manoeuvre which cause unsteady disturbances in the attitude, heading and the 

horizontal and vertical positions of the helicopter, requiring significant pilot workload to 

maintain the desired flight path. The magnitude of these unsteady disturbances caused by 

the airwake increases with wind-over-deck (WOD) speed and, especially when combined 

with some or all of the other factors mentioned above, often lead to excessive levels of 

pilot workload being required to conduct operations safely. In such cases the WOD 

conditions in question are designated outside of the safe operational envelope for the ship 

and helicopter combination concerned. 

In addition to the temporal variations, large spatial velocity gradients in the airwake will 

also influence the flight control strategy of the pilot. For particular WOD conditions, the 

mean flow velocities in all three directions over the flight deck can be significantly 

different from those in the free-stream wind over the sea or at the portside approach 

position. For example, large mean downdrafts or updrafts which impact over the whole or 

part of the main rotor will require sustained compensation from the pilot using control 

inputs, such as an increase in mean collective or forward stick position, to maintain a 

steady hover. In some cases the increase in a particular control input is such that the 

margin for further input in that axis is reduced to a critically low level. Typically, if 

during a landing manoeuvre a control input within 10-15% of its maximum travel is 
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required then an operational limit will be imposed for that WOD condition as the pilot’s 

ability to respond to further unsteady disturbances in that axis will be severely 

compromised.  

 

Figure 1.1: Streamlines coloured by instantaneous velocity magnitude over a Royal Navy 

Type 45 Destroyer in a headwind derived from CFD simulations 

 

1.1.3 Ship-Helicopter Operating Limits 

The severity of the impact of the airwake on pilot workload will vary between ship 

geometry, helicopter type and WOD speed and direction. Therefore, every ship and 

helicopter combination in active service needs to adhere to Ship-Helicopter Operating 

Limits (SHOLs) that specify the safe operating conditions for launch and recovery of the 

helicopter, based on WOD speed and direction as measured by the ship’s anemometer. 

The SHOL diagrams, an example of which is shown in Fig. 1.2, are derived from First of 

Class Flight Trials (FOCFTs) where experienced test pilots fly as many WOD conditions 

as possible and assess whether the workload for each condition is acceptably low for fleet 

pilots to repeatedly attempt safely. Each combination of ship and helicopter will have 

separate SHOL diagrams for other variables such as day/night conditions and different 

aircraft configurations. Throughout this thesis WOD directions will be referred to using 

Red (R) and Green (G) terminology for port and starboard sides of the ship respectively. 

Therefore, a Green 30° or G30 WOD angle refers to a wind coming from the starboard 

side of the ship at angle of 30° from the bow. The wind direction is therefore relative to 
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the ship and is a combination of the forward speed of the ship and the absolute wind 

speed and direction. 

 

Figure 1.2: An example of a Ship-Helicopter Operating Limits (SHOL) diagram 

 

1.1.4 Motivation for Current Study 

Crow et al. [1] define the effectiveness of ship-based military helicopters as being 

“dependent on the speed of deployment and the ability of the aircraft to take off and land 

safely in all but the most severe weather conditions”. Therefore, it is clear that the 

imposition of operating limits caused by excessive airwake-induced pilot workload will 

inhibit the responsiveness, and therefore the effectiveness, of a vitally important tactical 

system during naval operations by restricting the ability to launch and recover the aircraft. 

It is known that the design of the ship superstructure is a key determinant of the severity 

of the ship’s airwake and its impact on pilot workload, and therefore on the operational 

envelope. However, although the aircraft is often considered the ship’s primary tactical 

system, aviation-related aspects of ship design are rarely given the priority they deserve. 
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As a result, ships are commonly optimized for systems and functions other than the 

aircraft. There are a number of reasons for this, but one is the scarcity of aviation-related 

ship design guidance. The overall suitability of a ship for helicopter launch and recovery 

operations, particularly in heavy seas and strong winds, is not only affected by the ship 

airwake, but also a range of other considerations, all of which come under the general 

heading of ‘seakeeping performance’. STANAG 4154, “Common Procedures for 

Seakeeping in the Ship design Process” [2] provides a methodology for assessing a ship’s 

seakeeping performance in the design process.  However, the Standard offers no guidance 

related to the aerodynamic design of the superstructure. 

There is therefore a clear need for research to better understand how the ship 

superstructure impacts on the nature and severity of the airwake and how that in turn 

impacts upon pilot workload characteristics and the resulting SHOL boundaries. Research 

is required to identify what are the dominant flow features of the airwake that most 

significantly impact on the helicopter and how they are created by the geometric features 

of the ship’s superstructure. It needs to be determined whether it is feasible to modify 

existing ship geometries, or to design future ships, so as to alleviate the adverse effects of 

these airwake flow features and thereby improve helicopter handling qualities during 

shipboard operations. Reductions in pilot workload from improved ship design would 

result in a widening of the number of WOD conditions which fall within the eventual 

SHOL boundary, increasing the agility and responsiveness, and therefore the 

effectiveness, of the helicopter as a naval tactical system.  

The research reported in this thesis has investigated the effect of ship geometry on 

helicopter operations using a combination of experimental and computational techniques, 

including an instrumented mode-scale helicopter in a water tunnel, Computational Fluid 

Dynamics (CFD) and piloted flight simulation. This thesis will: 

 Highlight the use of the techniques under development here as much needed 

quantitative tools for assessing new ship designs, specifically for helicopter 

operations 

 

 Determine the feasibility of modifying a generic ship geometry to mitigating the 

adverse effects of the airwake and make tangible reductions in pilot workload 
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 Present favourable and feasible aerodynamic ship design concepts that could be 

developed for retro-fit to existing ships or included in future ship designs 

 

 Serve as a reference to ship designers wishing to better understand how their 

designs will impact on helicopter operations 

 

1.2 Literature Review 

In the following sections, a literature review is provided which places the current study in 

the context of important research publications regarding the ship-helicopter dynamic 

interface. The literature review is divided into four main sections. First, attention will be 

paid to those publications which have aimed to review the various challenges experienced 

during ship-helicopter operations, with particular focus on their reference to the ship 

airwake, discussing their relative importance and suggesting road maps for mitigating 

their impact. This is followed by a section which focuses on research efforts designed to 

improve the understanding of the aerodynamic nature of the ship airwake, including wind 

tunnel flow visualisation and anemometry tests, as well as CFD-based investigations. The 

third section is a discussion regarding the development of specific tools and techniques 

designed to predict flight handling qualities and pilot workload for a helicopter operating 

in the maritime environment. This includes studies focused on the development of high-

fidelity flight simulation as well as some innovative experimental techniques. Finally, the 

last section will be dedicated to research publications regarding the improvement of ship 

designs for helicopter operations. 

 

1.2.1 Highlighting the Challenges at the Dynamic Interface 

Over the course of the past 40 years, there have been a number of studies which have 

highlighted the challenges at the ship-helicopter dynamic interface, from both a technical 

and an operational point of view. These studies have been instrumental in guiding the 

objectives of researchers aiming to improve the understanding of the physical processes 

taking place at the ship-helicopter dynamic interface with a view to improving operational 

performance and reducing risks. For example in 1974, Smith and Mitchell [3] discussed 
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the challenges existing for helicopter operations to ‘non-aviation’ ships, such as single-

spot frigates and destroyers, where the primary design considerations and onboard 

support systems are not necessarily geared towards helicopter operations. The aim of this 

study, as part of the United States Navy Helicopter Compatibility Program, was to ensure 

the provision of adequate and effective support for helicopter operations from Navy ships. 

Early on, Smith and Mitchell identified the aerodynamic environment around the ship’s 

flight deck as a significant issue affecting performance and safety at the dynamic 

interface. Thus, they highlighted the need for in-depth research aimed at understanding 

the nature of the ship airwake and its interaction with the helicopter. This improved 

understanding would help to inform the process of matching the aerodynamic capabilities 

of the aircraft to the desired environment and help to inform the future ship design 

process so that the adverse impact of the unsteady airwake on helicopter operations can 

be minimised. 

The 1976 study by Tuttle [4] was a response to the Light Airborne Multi-Purpose System 

(LAMPS) concept, introduced by the US Navy, which required the operation of 

helicopters from the small landing platform of ‘non-aviation’ ships in sea-states up to and 

including Sea-State 5. Tuttle was particularly concerned that the moving deck due to ship 

motion in rough seas was a significant factor affecting the safe landing capability of the 

helicopter in a LAMPS mission. Tuttle concluded that there was a strong need to develop 

definitive criteria for defining the safe operating conditions for the launch and recovery of 

a helicopter at sea. 

The study published by Lumsden and Padfield [5] in 1998, who at the time were affiliated 

with the Defence Evaluation and Research Agency (DERA) part of the UK Ministry of 

Defence (MoD), also examined the problems of operating helicopters from single or 

double landing spot ships such as frigates, destroyers and fleet replenishment tankers. The 

study alluded to all the elements of ship-based helicopter operations but, as a prime 

consideration at the time was the operation of the helicopter as a Royal Navy (RN) anti-

submarine warfare system, particular focus was given to the launch and recovery of 

rotorcraft from ship flight-decks. There was particular concern for this subject at DERA 

because of the impending introduction of the new Merlin AW-101 (formerly EH-101) 

fleet into operational use, of which ship-borne performance was a key concern. The study 

highlighted the need to have operational clearance for as wide a range of wind conditions 
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and sea-states as possible as the aim of this research at DERA was to ensure that the 

performance of the larger Merlin helicopter was maintained at a high-level, in line with 

the performance levels for the Lynx helicopter that was primarily used at the time by the 

UK RN, without any corresponding reduction in safety margin. Indeed, the study stated 

specifically that research was needed to increase the operational limits with respect to 

relative wind, sea-state and visibility to increase the effective time that can be spent on 

the mission and to obtain clearance for launch and recovery over the broadest possible 

range of times and conditions. With this in mind, the study then reviewed the potential 

technical solutions that could be developed to achieve this aim of increased operational 

capability within current safety margins. The use of ship mounted visual aids and helmet 

mounted displays, to reduce workload and increase safety margins, in night time and in 

reduced visibility operations was discussed. The study reviewed the requirements for 

developing a high-fidelity flight simulation capability for the dynamic interface with a 

view to supporting pilot training and also supporting the derivation of SHOLs during 

FOCFTs. The accurate modelling of the unsteady airwake using CFD and its interaction 

with a helicopter flight mechanics model was identified a key aspect of developing a 

high-fidelity flight simulation environment. The study also reported some operational 

insight into the effects of the unsteady airwake. For example, the SHOL of the Royal 

Fleet Auxiliary is restricted to an unsatisfactory degree relative to the original 

procurement requirements because of the severity of the pilot workload caused by the 

unsteady ship airwake. The benefits of aerodynamic analysis of the ship airwake during 

the design phase were alluded to; although it was stated wind tunnel testing would be 

difficult to integrate into the current ship design process. 

The study by Fang et al. [6] gives a good overview of the British and Dutch ship-

helicopter qualification process and operational procedure, and in doing so highlights the 

various factors affecting helicopter handling qualities and pilot workload at the dynamic 

interface. The study highlighted some specific aerodynamic factors affecting handling 

qualities such as the high pilot workload experienced in high speed winds from ahead, 

and the power margin issues experienced in low relative wind speeds. The study also 

highlighted the benefits of conducting land-based investigations, for example using wind-

tunnel or water-tunnel experiments to characterise the ship airwake and ship motion 

behaviour, during the design and development of the ship or prior to the introduction of a 

new helicopter fleet in preparation for the qualification process. Harnessing information 
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such as this helps to maximise efficiency of the at-sea SHOL trials, thus either saving 

time and money or mitigating the conservative nature of the SHOL through more 

comprehensive testing of the critical conditions. The potential for future use of flight 

simulation combining CFD ship airwakes and a piloted flight simulation model to prepare 

for the qualification process to achieve similar benefits was also discussed, along with the 

factors that need to be captured in the simulator to achieve suitable levels of fidelity. Also 

mentioned was the requirement to conduct further wind-tunnel testing after any major 

mid-life changes to the geometry of the ship so that it could be determined whether they 

are likely to significantly impact on helicopter handling qualities, thus requiring further 

SHOL testing to ensure safety margins are maintained. 

The study by Crow et al. [1] in 2009 gave a perspective on the ship-helicopter dynamic 

interface from the ship design community. The study reviewed the design considerations 

regarding aviation facilities required to conduct helicopter and Unmanned Air Vehicle 

(UAV) operations to frigates and destroyers. There is a comprehensive detailing of the 

ship-based facility considerations taken into account during the ship design process, such 

as the size and location of the flight deck, hangar, storage and crew facilities. The study 

also stressed the need to consider environmental factors such as the ship airwake, ship 

motion and various possible visibility issues during the design phase of the ship as they 

will impact on the effectiveness of the helicopter in the military role, which is defined as 

‘the speed of deployment and the ability of the aircraft to take-off and land safely in all 

but the severest weather conditions’. The study further indicated the importance of 

maintaining an agile ship-based aviation system, explaining that a helicopter unable to 

land in sea-state 4 may leave the ship vulnerable to submarine attack. The study clearly 

indicates a desire from the ship design community to be able to mitigate as far as possible 

the adverse effects of these environmental factors on the operational envelope to ensure 

maximum effectiveness of the helicopter as a tactical system. 

 

1.2.2 Characterising Ship Airwake Aerodynamics 

The studies discussed in the previous section clearly indicated a strong and continual need 

to conduct research into better understanding the aerodynamic characteristics of the ship’s 

airwake and its impact on the handling qualities of the helicopter, so that this knowledge 
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might inform operational procedures, helicopter design and selection, ship design, visual 

aids, and the qualification process. The studies that responded to this need are discussed 

in the following section. 

 

1.2.2.1 Experimental Studies 

Early on, the most effective and efficient way of characterising the aerodynamics of the 

ship airwake was through wind tunnel flow-visualisation and anemometry testing using 

model-scale ship geometries without the presence of a helicopter. After the studies by 

Smith and Mitchell [3] and Tuttle [4] in the mid-seventies discussed in the previous 

section, by the end of the decade Garnett [7, 8] had performed hot-wire anemometry tests 

of a FF-1052 Frigate and a DD-963 Destroyer for Boeing Vertol.  

In 1985, Hurst and Newman [9] used hot-wire anemometry in a wind tunnel with a 

model-scale Royal Fleet Auxiliary ship and complemented this with at-sea full-scale 

measurements. This study was one of the first to show that model-scale and full-scale 

data could match well for both mean and unsteady flow statistics. However, the hot-wire 

anemometry technique employed struggled to accurately capture the very high turbulence 

intensity levels and flow reversals that characterise regions of the flow very close to the 

hangar face, a drawback which would also affected most other future ship airwake 

investigations using these techniques. 

In 1987, Healey [10] discussed the prospects for simulating the dynamic interface for the 

purpose of reducing the costs and speeding up the ship-helicopter qualification process. 

Healey identified the accurate modelling of the ship airwake and its impact on helicopter 

handling qualities as a vital aspect of the dynamic interface that needs to be captured if 

simulations are to be of a high enough fidelity to be relied upon for the qualification 

process. He also acknowledged that at the time of this publication the nature of the 

airwake was ‘virtually unknown’ and that a major effort was needed to better understand 

it.  

Over the course of the next 6-7 years, Healey was involved in several flow-visualisation 

and hot-wire anemometry wind-tunnel studies that contributed greatly to the 

understanding of the nature of the ship airwake. For example, in 1989, Johns and Healey 
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[11] performed a flow-visualisation study of the USN DD-963 Class Destroyer in a wind-

tunnel using a smoke generator. The study was able to capture the unsteady flow features 

created by flow separations from the sharp edges of the ship and found that yaw angle of 

the ship, or the relative wind angle, had a significant effect on the nature and development 

of these flow structures. In 1992, studies by Rhoades and Healey [12] and by Healey [13] 

investigated the ship airwake using hot-wire anemometry to quantify the mean and 

unsteady flow statistics with the respective purposes of developing a better understanding 

of the airwake for improved future ships designs and compiling a database of ship 

airwake flow velocity data to integrate into a flight simulation environment. Rhoades and 

Healey [12] looked at relative wind directions from a headwind through to 110° in 10° 

increments and found significant differences in unsteady flow statistics over the flight 

deck between wind directions, backing up findings of previous flow-visualisation studies. 

Turbulence intensity levels over the flight deck ranged from 10-40% and were generally 

lowest in the headwind condition and increased sharply with increasing yaw angle of the 

ship until they peaked between 30-50° before steadily reducing again between relative 

wind angles of 50-110°. The study also identified that over the flight deck, there were 

large mean velocity gradients across the area equivalent to that occupied by the helicopter 

rotor. For example, at 70° relative wind angle a large updraft on the portside of the deck 

is complimented by a downdraft at only a rotor diameter distance towards the starboard 

side. Healey also derived power spectral density plots of the velocity fluctuations and 

found significant energy in the range 0.2-2 Hz (adjusted to full scale frequency), which is 

the frequency range known to significantly impact on pilot workload [14]. 

In 1999, Edwards [15] and Link [16] conducted comprehensive wind-tunnel flow-

visualisation studies of a hydrographic ship and an amphibious transport ship respectively 

using smoke, tuft and surface-flow techniques. Using these techniques, the investigations 

were able to approximate the size and location of the turbulent wake regions for the 

different relative wind angles and observed various interesting flow phenomena. The 

studies were also able to use flow-visualisation to determine the suitability of the 

placement of the ship’s anemometer in terms of its ability to return a representative value 

for relative wind speed and direction by making sure that it was not in wake region 

behind a section of the ship’s superstructure where the measured wind speed and 

direction is likely to be different from that in the free-stream. 
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In 1999 and 2001 respectively, Cheney and Zan [17] and Zan [18] published the results of 

an experimental study on a generic ship geometry called the Simple Frigate Shape (SFS) 

at the National Research Centre of Canada (NRC) using flow-visualisation and surface 

pressure measurement techniques. The SFS was created under the auspices of The 

Technical Cooperation Programme (TTCP) and was intended to provide a standard ship 

geometry to be used by the international research community so that experimental and 

computational techniques that were being developed by researchers from around the 

world could be compared, whilst minimising the duplication of effort. Cheney and Zan 

performed oil-based surface flow and smoke flow visualisation (shown in Fig. 1.3) and 

measured surface pressure distribution for several WOD angles. The flow visualisation 

tests captured several important flow phenomena such as the separation from the top of 

the hangar and reattachment approximately halfway down the flight deck, which 

compared well with the measured surface pressure distribution data. The tests were also 

able to capture the shear layer effect created over the flight deck in 45° and 60° wind 

angles as the flow separates from the vertical windward edge of the hangar face and cuts 

across the deck creating a large spatial velocity gradient over the landing area. 

 

     

Figure 1.3: Smoke flow visualisation testing of SFS by Cheney and Zan [17] 
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1.2.2.2 Computational Fluid Dynamics 

There has also been a concerted international research effort to utilise ever increasingly 

powerful and cost-efficient Computational Fluid Dynamics (CFD) methods, to capture 

ship airwake flow phenomena to increase the understanding of the ship airwake and its 

impact on helicopter operations. The first known published attempt to model the airflow 

over a ship using CFD was by Tai and Carico [19] in 1995, following an earlier 

conference paper in 1993. The study employed the CFL3D Reynolds Averaged Navier-

Stokes (RANS) code developed at NASA Langley to compute the steady-state airwake of 

a DD-963 at 30° yaw angle for two Reynolds numbers, corresponding to full-scale and 

the model-scale used in the experimental study by Healey [13]. The grid generation 

process was simplified by removing the small scale geometric features from the actual 

DD-963 geometry such as radars, antennae etc. An atmospheric boundary layer (ABL) 

condition was modelled at the inlet to the domain to capture the effect of a reduction in 

mean flow velocity towards the sea surface. The simulations were able to capture the 

shear layer separations and free vortex generation observed in the experimental work 

carried out by Healey [10] and the mean velocities over and around the flight deck 

compared well with the anemometry data taken in the wind tunnel study by Healey [13]. 

Other than a slight increase in the size of the wake region for the model-scale Reynolds 

number, the study by Tai and Carico [19] found little difference between the full-scale 

and model-scale simulations, especially where the separations were defined by the sharp-

edged geometry, and concluded that the flow features resulting from these separations are 

insensitive to changes in Reynolds number at the scales that were investigated. 

In 1995 a study by Landsberg et al. [20] used unsteady CFD methods to compute the 

airwakes of a DDG-51 destroyer using the FAST3D unsteady flow solver developed at 

the Laboratory for Computational Physics and Fluid Dynamics, part of the Naval 

Research Laboratory in the United States. The solver was developed with parallel 

algorithms to enable the running of the solution using multiple processors and thus was 

able to achieve an unsteady CFD solution of a complex ship geometry that was previously 

thought to be too computationally demanding. The research was aimed at improving the 

understanding of ship airwakes to inform ship design and to highlight the suitability of 

using unsteady CFD ship airwake data to populate a flight simulation environment. As 

well producing an unsteady solution, the study also included an investigation into the 
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effect of the rotor downwash on the flow characteristics of the airwake by including 

simulations with a rotor sized momentum source, modelled to resemble a typical 

downwash of a rotor, which moved through a typical flight path towards the deck. The 

simulations revealed significant temporal velocity fluctuations over the flight deck in all 

cases with frequency analysis showing that this unsteadiness was significant over a 0.1 – 

1Hz frequency range that is known to adversely affect helicopter handling qualities. The 

influence of the rotor downwash was significant, increasing by two orders of magnitude 

the Power Spectral Density over this frequency range.  

In 1998 Liu et al. [21] performed unsteady simulations of the SFS generic ship geometry 

characterised in the experimental work of Cheney and Zan [17]. In the study the average 

flow-field was computed using the CFL3D solver and the unsteady components were 

obtained with the implementation of the Nonlinear Disturbance Equations method to 

calculate a perturbation field. The study was able to capture ship airwake mean flow field 

phenomena for the SFS typical of those observed in the study by Rhoades and Healey 

[12] for a more realistic ship geometry. A comparison with the flow-visualisation of the 

deck surface observed in the study on the SFS by Cheney and Zan [17] flow (which was 

released to Liu et. al [21] in 1998 prior to its publication in May 1999) showed qualitative 

agreement although differences were observed in the flow reattachment point on the flight 

deck. 

In 2000, Reddy et al. [22] published a similar study using structured grids and the k-ε 

turbulence model in the commercial CFD code FLUENT to compute the steady state flow 

field of the SFS for wind angles of 0°, 45° and 90°. The study looked at range of different 

grid densities and found that the results began to converge to grid-independence at nearly 

1.5 million cells. The deck surface flow field in the headwind case was also compared 

with that obtained in experiment by Cheney and Zan [17] and was found to capture the 

development of the two vortices close to the hangar face more closely than the study 

performed by Liu et al. [21] although there were still differences in some of the flow 

reattachment points. 

A significant contributor to the field of CFD ship airwake aerodynamics has been Susan 

Polsky of the Aircraft Division of Naval Air Warfare Center (NAVAIR) based at 

Patuxent River, Maryland, USA. This contribution begins with the 2000 study by Polsky 

and Bruner [23] where the CFD solver COBOLT was used to compute unsteady CFD 
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simulations of the airwakes of a LHA-Class ship using Monotone Integrated Large-Eddy 

Simulation (MILES). Results showed good agreement with experimental data and 

importantly, the study showed the ability of time-averaged unsteady CFD results to match 

experimental data better than a steady state CFD method. The potential suitability of 

using time-accurate CFD as a tool for influencing future ship designs was alluded to but 

not investigated in this particular study. The work was funded by the Joint Ship 

Helicopter Integration Process (JSHIP) Program, which was a flight simulation 

development program, initiated by the US Navy, with input and support from the US 

Army and Air Force, from whom there was a desire to use the unsteady CFD data 

computed by Polsky and Bruner [23] to populate a flight simulator with unsteady airwake 

velocity data. In 2002, a follow-on study by Polsky [24] stated that the data indeed had 

been used in the NASA Ames Vertical Motion Simulator (VMS) as part of the JSHIP 

program. The simulated flight test results from the JSHIP program will be discussed in 

more detail in the following section. 

In  2003, a further study by Polsky [25] investigated ship airwakes in the beam wind or 

90° relative wind condition, using the same CFD methods used previously [23, 24]. This 

study also investigated the SFS frigate type geometry as well as the LHA-Class ship. 

Again, the time-averaging of unsteady CFD data approach achieved much improved 

agreement with experiment compared with a steady state CFD method. The study also 

included using an Atmospheric Boundary Layer (ABL) velocity profile, so that the 

reduction in wind velocity close to the sea surface was accounted for. The modelling of 

the ABL was found to have a significant positive effect on the agreement with experiment 

at a particular point on the flight deck; however poor agreement at another point 

elsewhere on the deck was not significantly improved despite attempts to refine the grid 

in this area and increase the level of detail of the computational ship model. 

Further studies by Polsky and Ghee [26, 27] investigated the influence of smaller scale 

geometry features such as an antenna mast. Previously the level of computational power 

required to model these features had been thought to be prohibitive using traditional 

meshing techniques. The study developed a technique whereby a grid was generated 

without the presence of the antenna mast under investigation and when it was introduced, 

any cell intersecting the geometry feature would be specified as a wall. Hot-wire 

anemometry data was also collected in a wind-tunnel and showed good agreement with 
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the computations in both mean and unsteady flow statistics despite the coarse meshing 

technique. Whilst the CFD technique employed was able to capture these small-scale 

flow structures reasonably accurately, no attempt was made to assess the importance of 

including these smaller scale geometry features on CFD ship models by investigating the 

effect on a helicopter flight mechanics model or in piloted flight simulation trials. 

A 2005 study by Woodson and Ghee [28] was also conducted at NAVAIR, using the 

COBOLT time-accurate CFD solver with MILES, computing the airwakes of a DDG-51 

Flight II-A class destroyer at 0° and 10° relative wind angles. The results compared well 

enough with anemometry data collected in the study for the authors to conclude that the 

CFD techniques used to calculate their airwake data were capable of providing sufficient 

levels of accuracy to be used in future studies, discussed in Section 1.2.3.1, to populate a 

flight simulation environment and integrate with a flight test model to perform simulated 

ship-helicopter flight trials. 

In 2006, Polsky [29] provided an update on the progress at NAVAIR with regards to the 

CFD modelling of ship airwakes. The study included unsteady CFD simulations of a V22 

tilt-rotor aircraft in vertical flight mode, in a hover over and around the flight deck of an 

LHA class ship. The study investigated the effect of the V-22 downwash in several static 

locations and also for a dynamic case where the V-22 moved through a typical approach 

path towards the flight deck. The rotor was modelled both using an actuator disk model as 

a flow momentum source imitating the downwash of a rotor, and also using a higher 

fidelity blade element model, which significantly increased the run time of the 

simulations but showed that with adequate computing power, these types of complex 

simulations were now possible. 

In 2002, Wakefield et al. [30] also investigated the effect of including a rotor downwash 

in a CFD simulation of a ship’s airwake, using the SFS ship model and simplified 

Westland Lynx rotor model. First, steady-state CFD airwakes of the SFS at 0° and 90° 

relative wind conditions were produced and found to qualitatively capture the dominant 

flow features observed in the flow-visualisation experiments by Cheney and Zan [17]. 

Then, radially varying vertical and horizontal forces were applied to the fluid across a 

6.4m diameter rotor disk region over the flight deck, to simulate the effect of a Westland 

Lynx rotor. The study showed that the presence of a rotor significantly changed the nature 

of the flow field compared to the ship airwake without a rotor, as shown in Fig. 1.4. 
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However, it was still not able to discern definitively whether there would be a significant 

impact on the flow induced over the rotor disc caused by a recirculation of the downwash 

and thus whether it is a necessary condition for high fidelity flight simulation, amongst 

other things. Wakefield also went on to calculate the induced velocities on the blades as a 

function of radial and azimuthal location and thus could calculate the required collective 

and cyclic pitch angles to maintain a trimmed hover flight condition. In both the 0° and 

90° cases these were significantly different to the pitch requirements for forward flight in 

the corresponding free-stream wind conditions. In particular, the results indicated that a 

hover over the flight deck in the headwind case required a positive longitudinal cyclic 

input to maintain a trimmed hover. Wakefield reported that this finding was corroborated 

by recent operational experiences of a Sea-King helicopter, which tended to pitch down 

towards the hangar face as the helicopter hovered over the flight deck. In the 90° case, an 

up-flow and a down-flow on the starboard and port sides of the rotor respectively caused 

a requirement for a significant positive lateral cyclic input. The study highlighted how 

large spatial mean velocity gradients can impact on helicopter operations, but indicated 

the need for further research to investigate how the large temporal velocity gradients in 

the airwake affects helicopter handling qualities and pilot workload. 

 

(a)                                                                        (b) 

 

Figure 1.4: Effect rotor downwash on (a) and above (b) flight deck of SFS in a headwind 

condition from Wakefield et. al [30] 
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In 2003 Syms [31], working at NRC, modelled the ship airwake aerodynamics of the SFS 

using a Lattice-Boltzmann method with the PowerFLOW solver. Comparisons with oil-

flow visualisations and surface pressure distributions derived from wind tunnel testing 

showed that this method was able to qualitatively capture the significant flow features in 

the 0°, 45° and 90° wind angles investigated, although there were some differences in the 

size and location of separation and reattachment points. In a 2007 study [32], Syms 

extended the investigations to include the Simple Frigate Shape 2 (SFS2) ship geometry 

which had been modified from the original SFS by extending the length of the ship and 

adding a pointed bow section. Again, Syms was able to capture the dominant flow 

features of the SFS2 using the PowerFLOW Lattice-Boltzmann method and the time-

averaged velocity profiles over the flight deck matched well with experimental data 

gained from wind tunnel hot-wire anemometry tests. The unsteady flow statistics also 

matched the experimental data well in the headwind case, although there was a significant 

over prediction of turbulence intensity in the 45° wind angle case. 

In a special issue of the Journal of Aerospace Engineering (IMechE) that focused on 

maritime aviation, edited by Newman [33] in 2005, Sezer-Uzol et al. [34] described the 

PUMA2 inviscid CFD airwake generation technique developed at Pennsylvania State 

University in an investigation into the airwakes of an LHA and a Landing Platform Dock-

17 (LPD-17) Class ships. The study compared the airwake characteristics of a headwind 

and G30 relative wind angles, finding larger magnitude disturbances in the G30 case, 

particularly for the LPD-17 ship. The study also made a comparison between the two very 

differently sized ships and found interesting differences in the spectral analysis. For the 

much larger LHA the peak energies were observed over 0.1 - 0.5 Hz, towards the lower 

end of the closed loop pilot response frequency range. The smaller LPD-17 also tended to 

show high energy over this frequency range, however in the LPD-17 case there was 

significantly greater higher-frequency content in the unsteady airwake between 0.5-1.5 

Hz. It was concluded that unsteady fluctuations in the airflow velocities over both these 

frequency ranges would give rise to pilot workload, although no distinction was made at 

the time as to which ship’s airwake frequency characteristics would be preferable in terms 

of minimising pilot workload. In the same journal issue, Zan [35] also gave a 

comprehensive review of international research activities surrounding the ship-helicopter 

dynamic interface, including many of the experimental and CFD simulation studies that 

have been referred to here. 
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Researchers at The University of Liverpool have also made significant contributions to 

the use of CFD as a way of modelling ship airwake aerodynamics, with the long term 

objective of using the airwake data to populate their rotorcraft flight simulation facilities 

[36, 37]. In 2005 and 2006, Roper et al. [38] and Roper [39] used the commercial CFD 

code ANSYS Fluent to generate steady-state airwakes of the SFS and SFS2 ship 

geometries and the results compared well with surface pressure and off-body hot-wire 

anemometry data derived from wind tunnel tests at NRC performed by Cheney and Zan 

[17]. In 2010, the study by Forrest and Owen [40] at the University of Liverpool built on 

the PhD Thesis of Roper [39] by investigating the SFS2 and the more realistic Royal 

Navy Type 23 Frigate (T23) ship model using an unsteady CFD method known as 

Detached-Eddy Simulation (DES), again using the ANSYS Fluent commercial solver. 

The SFS2 study matched the NRC experimental data very well for the headwind and G45 

WOD angles investigated for both the mean and unsteady flow statistics (Figs. 1.5 & 1.6). 

The spectral analysis of the unsteady CFD airwakes also compared very favourably with 

the experimental data (Fig. 1.7). The T23 investigations were compared with full-scale at-

sea anemometry data and again mean and unsteady flow statistics compared favourably, 

with further improvements gained by modelling the effect of the ABL (Fig. 1.8). The 

study was able to use the SFS2 and T23 results to pick out the dominant flow features in 

the G45 case as being the deck edge vortices created by separation from the deck; 

flapping shear layer separation from the windward vertical hangar edge; and 

superstructure edge vortices created by the angled separation from the windward face of 

the hangar (Fig. 1.9). The study compared the airwakes of the two ships and whilst it 

found the SFS2 to be a reasonable approximation of the flow topology of a more realistic 

ship geometry, the smaller scale geometric features of the T23 created some interesting 

flow phenomena such as a tight vortex created as the flow ‘rolls-up’ inside the starboard 

side notch in the hangar. It was noted that implementation of the airwakes into a flight 

simulator was needed to determine whether the differences in the airwakes would lead to 

significant differences in pilot workload levels between the two ships. 
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Figure 1.5: Comparison of CFD data derived at the University of Liverpool and 

experimental data from NRC Canada. Headwind mean velocities (a) and turbulence 

intensities (b) over the flight deck of an SFS2 normalised by free-stream velocity at 50% 

deck length, plotted at hangar height. [40, 44] 

 

 

 

 

 

 
(a)                                                                    (b) 

 

Figure 1.6: Comparison of CFD data derived at the University of Liverpool and wind 

tunnel anemometry data from NRC Canada. Contours of normalised velocity magnitude 

(a) and turbulence intensity (b) for SFS2 in Green 45 WOD condition. 
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(a)                                                                   (b) 

 

Figure 1.7: Comparison of CFD data derived by Forrest at the University of Liverpool 

and wind tunnel anemometry data from NRC Canada. Power Spectral Density plots of 

longitudinal (a) and lateral (b) velocity components recorded over flight deck of an SFS2 

frigate model [40, 44]. 
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(a) 

 

 
(b) 

 

 

Figure 1.8: Mean longitudinal velocities (a) and turbulence intensities (b) over the flight 

deck of an T23 Frigate derived from CFD by Forrest at the University of Liverpool 

compared with full-scale at-sea anemometry data provided by QinetiQ [40, 44]. 

 



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

 

23 
 

 
 

Figure 1.9: Iso-surfaces of λ2 indicating the location of instantaneous vortex cores over 

the flight deck for a Green 45 wind. Labelled flow structures: deck edge vortex (a);hangar 

edge shear layer (b); and superstructure edge vortex (c). 

 

 

1.2.3 Pilot Experience Predictive Tools 

The experimental and computational research into the aerodynamic characteristics of ship 

airwakes has done much to improve the understanding of the airwake’s dominant flow 

features for a range of different generic and realistic ship types. However, it was 

identified that if future ship designs or SHOL envelopes were going to be guided by 

investigations prior to full scale flight testing, then tools were needed to predict the pilot’s 

actual flying experience, and in particular the pilot workload caused by the unsteady 

airwake which leads to the limiting of the operational envelope. 

 

1.2.3.1 High-Fidelity Flight Simulation 

The US Joint Shipboard Helicopter Integration Process (JSHIP) program was a five-year 

program launched in 1998 as an attempt to develop high-fidelity flight simulation to assist 
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the certification process for shipboard helicopters, thus saving time and money 

performing full-scale tests and/or mitigating the conservative nature of the SHOL by 

maximising the number of critical points tested during of the full scale trials. In 2001 as 

part of JSHIP, Advani and Wilkinson [41] provided a good overview of the elements 

required to produce a high-fidelity flight simulation environment and discussed the state-

of-the-art for each of these, including the simulator type, unsteady airwake model, 

rotorcraft flight dynamics model, ship motion model and visual environment. The 

discussion in this study, and a follow-up publication by Roscoe and Thompson [42] in 

2003 of the simulated trials indicated that there were encouraging comparisons with 

actual flight test experience. In some wind conditions there were differences of 1 or 2 

levels in Deck Interface Pilot Effort Scale (DIPES) rating, a subjective rating awarded to 

a manoeuvre by the pilot upon completion of the task, between simulation and at-sea 

trials. However at-sea trials were often limited to single pilots and single test points for 

each wind condition and simulation trials showed that using different pilots to test the 

same wind conditions could produce one or two level differences in DIPES rating in the 

simulator. The at-sea testing was also restricted to low speeds because of prevailing 

weather conditions where airwake-induced pilot workload was not a limiting factor and 

therefore direct comparisons between simulation and at-sea experience were hard to make 

for the high workload WOD conditions that are important in the SHOL derivation 

process. However, the highest wind speed tested at sea with flight in lee of the 

superstructure, where airwake turbulence is most significant, compared well with the 

same pilot’s experience in the simulator. 

Further discussion of JSHIP simulated flight trials was published by Bunnell [43] in 2001 

and in particular discussed the effects of including an unsteady airwake model against 

performing flight deck landings in a steady wind and also in still air. The study used a 

UH-60 helicopter model in the Vertical Motion Simulator (VMS) at the NASA Ames 

Research Center with unsteady airwake data provided by the Polsky and Bruner [23] 

study at NAVAIR, discussed earlier. Spectral analysis of the rolling and pitching 

accelerations during simulated flight testing showed that the introduction of a steady wind 

did not cause a marked increase in spectral characteristics, either in magnitude or 

frequency content, and pilot feedback confirmed that there was little increase in workload 

between the two. The introduction of the unsteady airwake model, for both a headwind 

and a 60° wind condition caused substantial increase in total energy over a wide 
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bandwidth, and particularly over the 0.2-2 Hz range. Pilot feedback indicated a significant 

increase in workload caused by the airwake and confirmed that the realism of the 

simulations in terms of pilot workload was increased with the presence of the unsteady 

airwake. 

As intimated earlier, the development of high-fidelity flight simulation environment for 

the ship helicopter dynamic interface has been the objective of several researchers at the 

University of Liverpool. A key focus throughout the work of Roper [38, 39] and Forrest 

[44-47] was on developing CFD methods to accurately model the ship airwake and a 

significant part of the work of Hodge [48] and Hodge et. al [49, 50] was focused on the 

development of the visual environment, ship motion and the ship airwake data integration 

process. Initially, Roper [39] used steady-state CFD airwakes of a SFS and SFS2 ship 

model to populate a flight simulator. Flight trials, using a Lynx helicopter flight dynamics 

model, were then performed with an experienced former Royal Navy test pilot and a fully 

simulated SHOL diagram was constructed. Pilot feedback on the flying experience was 

generally good with respect to the spatial velocity gradient effects of the airwake on 

handling qualities and the general shape of the SHOL diagram was representative of what 

was expected from an SFS2/Lynx combination. However, the lack of an unsteady 

component in the airwake data meant the pilot workload was much lower than would be 

expected at sea and the limiting wind speeds derived from pilot ratings were much greater 

than expected. Pilot feedback suggested that the realism could be greatly improved with 

the addition of the unsteady airwake. Therefore Roper performed an additional test case 

in the simulator using an unsteady airwake in just one wind condition. The pilot feedback 

from this test case was that the handling qualities and workload rating awarded to the task 

were much closer to what would be expected in the operational environment. 

A collaborative project between researchers at the University of Liverpool and NRC built 

on the work of Roper in the study by Hodge et al. [51] in 2009 by including the effect of 

unsteady disturbances on the helicopter model caused by the unsteady nature of the 

airwake. As in the studies of Roper [39], steady-state CFD airwakes of the SFS2 were 

implemented into the flight simulation environment at the University of Liverpool. 

However, the unsteady aerodynamic loading effects were included by prescribing 

stochastic unsteady forces and moments onto the helicopter model throughout the 

simulations based on the unsteady aerodynamic loading of a model-scale helicopter in a 
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wind tunnel experiments from a study by Lee and Zan [52] that will be discussed in the 

following sub-section. This combined computational and empirical approach led to a 

much improved flying experience for the pilot in terms of realism and more 

representative levels of pilot workload, compared with the use of a steady CFD airwake 

only, despite differences in helicopter and ships models between the data sets used. 

However, the study required significant international collaboration and coordination and 

it was identified that a cheaper and more efficient way to include the unsteady impact of 

the airwake would be to compute unsteady CFD ship airwakes and integrate them into the 

flight simulation environment and therefore forego the need to include the empirical 

aerodynamic loading data derived from complex experiments. 

These studies by Roper [39] and subsequently by Hodge et al. [51], clearly indicated the 

potential benefits of using an unsteady ship airwake for increasing the realism of the 

flight simulation experience and this challenge was taken up by Forrest  in his PhD thesis 

of 2009 [44]. Forrest used DES to generate unsteady CFD airwakes of the SFS2  and pilot 

feedback from flight simulation trials showed that this method produced realistic flight 

handling characteristics and representative levels of pilot workload, and was much 

improved compared with equivalent steady airwakes for a range of WOD conditions. 

Forrest also extended his study to more complex and realistic ship geometries including a 

T23 and a RN Wave Class Auxiliary Oiler (AO). Fully simulated SHOL trials were 

conducted for these ships and the resulting SHOL envelopes, pilot workload levels and 

general flying experience were representative of the at-sea environment. Forrest was also 

able to use the flight simulation trials to assess the effect of the ship geometry and the 

characteristics of its airwake on flight handling qualities and pilot workload. For example, 

the SFS2 geometry was found to be a reasonable approximation of the similarly sized T23 

frigate in terms of the simulated SHOL envelopes because similar energy and frequency 

content in the unsteady airwakes over the flight deck produced similar demands on the 

pilot. However, there were subtle differences in pilot workload at certain wind conditions 

that were identified by Forrest. These were explained through the differences in geometry 

between the two ships, such as at G30 and G45 there was slight reductions in workload 

for the T23 case because of the ‘breaking-up’ effect of the windward hangar ‘notch’ in 

the T23 model used in the computations on the larger scale flow features created in the 

shear layer hangar separation in these WOD angles. There were significant differences in 

the pilot workload characteristics for the T23 Frigate and the much larger AO ship. 
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Analysis of the CFD airwake data for both ships revealed that the larger AO produced 

significantly larger flow structures over and around the flight deck and spectral analysis 

showed peak energies at the lower frequencies, typically between 0.1 - 0.5 Hz, whereas 

the T23 energy content was spread out over a larger frequency range and was more 

significant at higher frequencies than the AO. This is similar to the comparison of the 

LHA and LPD-17 airwakes made by Sezer-Uzol et al. [34]. However, by analysing the 

pilot feedback and flight test data from the simulation trials, Forrest was able to determine 

that the T23 produced a much more benign flying experience and ultimately had a SHOL 

envelope that was much less restricted in terms of allowable wind speeds because the 

pilot workload caused by the unsteady airwake was less severe. Specific pilot feedback 

stated that the T23 caused higher frequency, lower magnitude disturbances that were 

much less demanding to counteract than the larger magnitude and lower frequency 

disturbances caused by the AO airwake at the same wind condition. This result was most 

pertinent to the process of modifying or designing future ships because it suggests that a 

potentially rewarding strategy would be to break up the larger scale flow features to 

produce higher frequency lower magnitude airwake disturbances that have a less 

significant impact on pilot workload. 

 

1.2.3.2 Experimental Prediction of At-Sea Pilot Experience 

Between 2002-2004, researchers at NRC released a series of publications investigating 

the effect of the ship airwake on the aerodynamic loading characteristics of a model-scale 

helicopter in a wind-tunnel. The study by Zan [53] in 2002, investigated the effect of the 

spatial velocity gradients in the airwake on the mean thrust coefficient of a spinning rotor, 

without a fuselage model, placed at various locations over and around the flight deck of a 

Canadian Patrol Frigate (CPF) for a headwind and a 12° WOD angle. In the headwind 

case, Zan found that when the rotor was over the flight deck there was a significant thrust 

deficit compared with the free-stream thrust coefficient due to the reduced mean 

longitudinal velocities and negative mean vertical velocities over the flight deck caused 

by the airwake. This inferred that as the pilot translates the helicopter over the flight deck 

in the headwind condition, there will be a loss in thrust that needs to be counteracted with 

an increase in the collective pitch of the main rotor blades to maintain the desired altitude 

above the flight deck. The study reported that this phenomenon had been observed in at-
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sea flight trials. In the G12 WOD angle, a similar thrust deficit was observed when the 

rotor was located at the port side of the deck because the main wake region was now 

directed towards the port side with the wind now coming from the starboard side. In the 

G12 case, the rotor experienced a slight increase in mean thrust coefficient at the centre 

and to the starboard side of the deck because of the updrafts created as the wind flows up 

over the starboard deck edge. This inferred that for a port-side side-step approach the 

pilot would have to steadily decrease the collective pitch of the rotor to maintain the 

desired flight path. This shows how differences in WOD condition can produce 

significantly different control strategies for the pilot. 

In two subsequent studies by Lee and Zan [52, 54] in 2003 and 2004 a model-scale Sea-

King fuselage model, with and without an uncoupled spinning rotor respectively, was 

instrumented to measure the unsteady aerodynamic loading caused by the airwakes of the 

CPF in a wind tunnel. As the previous study by Zan [53] had shown that it was possible 

to use this type of experiment to predict the flight control strategies required to counteract 

the spatial mean velocity gradients in the airwake, it was thought that it could also be 

possible to predict the level of degradation of flight handling qualities as a result of the 

temporal velocity gradients in the airwake by measuring the unsteady aerodynamic 

loading of a model-scale helicopter in a ship’s airwake. As it is known that the excessive 

levels of pilot workload at the dynamic interface, which lead to the imposition of the 

operational envelope, are caused by the unsteady aerodynamic loading of the aircraft, 

then it was hoped that the experimental data could be correlated with existing full-scale 

at-sea flight test data. Analogous to the aims of the development of high-fidelity flight 

simulation discussed in the previous sub-section, these correlations could be used to 

predict operational envelopes for future ships based on similar aerodynamic loading tests 

in the wind tunnel prior to FOCFTs. To develop these correlations between unsteady 

loading and workload ratings, Lee and Zan needed a convenient way of quantifying the 

unsteady loading of the aircraft that gave a representative value of the impact on pilot 

workload. Therefore, the Root-Mean-Square (RMS) of the force and moment fluctuations 

over a reduced frequency bandwidth of 0.2 – 2 Hz, known to most significantly impact on 

pilot workload, was taken as the square root of the integral between the limits 0.2 – 2 of 

the Power Spectral Density (PSD) of the force or moment in question. This method of 

quantifying unsteady loads has also been used in this study and will be discussed in more 

detail in the following chapter. The correlations were developed for unsteady drag force, 
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side force and yaw moment and were reasonably encouraging for drag force and side 

force, where operational limits derived from at-sea flight tests tended to correlate with 

RMS values of approximately 650N and 1500N respectively at the high hover location 

over the centre of the flight deck. This would imply that wind conditions which produce 

RMS values greater than these for future ship designs are likely have high enough 

workload to place them outside of the operational envelope.  

The correlations developed in the 2003 study [52] were not deemed to be strong enough 

to be used reliably as an integral part of the qualification process for new ships and 

helicopters as was originally intended. However, in the 2002 study by Zan [53] some 

interesting analysis comparing the aerodynamic impact, and thus the potential pilot 

workload characteristics, of the CPF model and a Modified Canadian Patrol Frigate 

(MCPF) and was able to quantify the effect of removing some medium-scale geometric 

features such as a Close-In-Weapons-System (CIWS). This highlighted the potential 

benefits of using the unsteady loading of a model-scale helicopter technique to investigate 

unsteady aerodynamic impact, and thus the potential pilot workload characteristics, of 

different ship designs. This could then lead to the development of more favourable ships 

geometries through the design of aerodynamic modifications that could be made to 

existing ships or through the improved aerodynamic design of future ships. 

Between October 2001 and April 2002, researchers at NASA Ames Research Center, in 

collaboration with researchers from NAVAIR, conducted a series of wind-tunnel 

experiments using a model-scale V-22 tilt-rotor and a CH-46 Chinook helicopter aircraft 

with an LHA amphibious assault ship, developed in the study by Derby and Yamauchi 

[55]. The study was a response to an incident in January 1999 where a V-22 aircraft 

experienced an uncommanded roll moment whilst sitting on the flight deck with rotors 

turning. The incident was attributed to an interaction with the wake of a CH-46 being 

recovered to a spot 255ft upwind of the V-22. A Particle Image Velocimetry (PIV) study 

by Wadcock et. al [56] identified that the vortices created in the wake of the CH-46, in 

the WOD condition at which the incident occurred, were directed towards the location of 

the V-22 and were the likely cause of the V-22 roll-on-deck response. In the study by 

Silva et al. [57], the mean roll moment of the V-22 was measured and as expected was 

found to significantly increase when the aircraft locations and WOD deck conditions 

during the incident were replicated. The study by Silva [57] also extended the 
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investigations to include other WOD conditions and helicopter locations to ascertain any 

other permutations where the roll moment of the V-22 could become significant enough 

to cause issues during operations. This body of research is an excellent example of how 

steady aerodynamic loading experiments using a model scale aircraft can give insight into 

observed aircraft behaviour at sea, and can be used to identify possible operational issues 

that may be caused by complex aerodynamic interactions between the ship airwake and 

aircraft wakes. The research did not, however, attempt to quantify the effects of unsteady 

aerodynamic loading that could lead to pilot workload issues during helicopter landing 

manoeuvres.  

The study by Wang et. al [58] at the University of Liverpool in 2011 detailed the 

development of a model-scale helicopter known as the AirDyn. The study by Wang et. al 

[58] is especially pertinent as the AirDyn instrument and experimental set up were 

developed to be used in the present study to measure the impact of ship airwakes on the 

aerodynamic loading of a model helicopter and assess the effect of ship geometry 

modifications on helicopter operations. The AirDyn developed by Wang was a model-

scale helicopter with a spinning rotor and a six component force balance mounted inside 

and was specially designed for use in a water tunnel as opposed to a wind tunnel. The 

experiments conducted by Lee and Zan [52, 54] in a wind tunnel, using a comparable 

length scale to that of Wang, required very high wind speeds to achieve a suitable ship 

Reynolds number. Consequently, rotor speeds in excess of 11,000 rpm were required to 

match the full-scale Strouhal number and it was not possible to couple the rotor and the 

fuselage. By conducting the experiment in a water tunnel Wang was able to match 

Reynolds number with more modest flow velocities and could therefore couple the 

fuselage and main rotor because of the reduced rotor frequency required. The study 

details the design, fabrication and some limited testing of the AirDyn instrument. The 

present study has used AirDyn extensively; firstly to characterise the steady and unsteady 

aerodynamic loading of a model-scale helicopter in ship airwakes and then to achieve its 

original intended use which was as an instrument to determine the effect of ship geometry 

modifications on the unsteady aerodynamic loading on a model-scale helicopter. 
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1.2.4 Ship Design for Helicopter Operations 

In 2004, Czerwiec and Polsky [59] investigated the potential benefits of a geometric 

modification to a ship geometry to reduce the adverse affects of the airwake on helicopter 

operations. During CFD analysis of the LHA in a previous study [23], a flow separation 

was identified at the leading edge of the flight deck in the headwind condition that was 

causing significant turbulence intensity levels over the helicopter spots at the bow of the 

ship. A simple angled ‘bow-flap’ was added to the leading edge of the bow of the LHA 

computational model and was designed to keep the flow attached to the deck or at least 

minimise the size of the separation bubble at the front section of the flight deck. The CFD 

results showed that the application of the bow-flap significantly reduced the turbulence 

intensity over the bow landing spots that were targeted in the study, by 95% and 27% at 

spots 1 and 2 respectively. More than expected improvement was also seen further 

downstream towards the stern, with turbulence intensity reduction of 89% at spot 7. As 

expected, the flap made no impact over spot 9 where the wake of the island dominated the 

flow-field and, unexpectedly, there was an increase in turbulence intensity over spot 3A 

of 42%. Thus, the application of the modification has to be seen as trade-off between very 

good improvements over most of the flight deck area with some localised regions where 

flight handling qualities might be degraded. However, it is likely that further 

investigations into the geometric refinement of the bow-flap modification could remove 

this localised negative effect at spot 3A and would strengthen the case for its operational 

application. Consideration would also need to be given to the effect of the modification in 

other wind conditions to ensure that there are no significant increases in turbulence 

intensity over the flight deck. 

In 2006, Findlay and Ghee [60] investigated the effect of aerodynamic modifications to a 

USN DDG-81 Destroyer, for a headwind condition, using hot-wire anemometry in a wind 

tunnel. Eleven different configurations of fences, including serrated fences and porous 

fences were placed around the top and side edges of the hangar face in an attempt to 

alleviate the velocity deficit and turbulence levels over the flight deck much like had been 

achieved by Czerwiec and Polsky in the bow separation region on the LHA [59]. Whilst 

the modifications developed by Findlay and Ghee did not produce any significant 

turbulence reduction over the entire flight deck region, some of the modifications at least 

deflected the most severe turbulence caused by the shear layer created as the flow 
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separates upwards from the top edge of the hangar, and it was concluded that this may 

improve handling qualities of a helicopter hovering at low heights over the flight deck. 

However any improvements in the low hover could be mirrored by a significant increase 

in pilot workload during extended high hover tasks and through the approach to the hover 

over the flight deck where rotor clearance above the deck may be greater. The positive 

effect in the low hover may also be negated in a real deck landing by the presence of the 

rotor which could serve as a duct, drawing the unsteady flow features down into the main 

rotor and causing significant unsteady fluctuations in rotor response. 

Greenwell and Barrett [61] investigated some modifications to the edges of the hangar 

face of a 3D backward facing step which represented a hangar and flight deck of a 

simplified frigate with an appropriate aspect ratio, using hot-wire anemometry in a wind 

tunnel for a headwind condition. Initially they tested the attachment of square screens or 

‘fins’, columnar vortex generators (CVG), a flexible skirt and splitter plates aligned with 

the top and side faces of the hangar. The screens and CVGs, which stuck out into the flow 

increasing the blockage area of the superstructure, both had an adverse effect on the 

airflow over the flight deck, increasing the velocity deficit and turbulence intensity levels. 

The flexible skirt and splitter plates that were aligned with the surfaces of the 

superstructure fared better with a slight increase in turbulence for the skirt and decrease 

for the splitter plate. The operational feasibility of applying a modification that reduced 

the effective size of the flight deck where space is at premium was also questioned by the 

authors. The study was extended to include angled mesh screens, delta screens and 

surrounds for a headwind and also a 30° WOD angle. The most successful modification 

was a dense-meshed screen, inclined rearwards and mounted on the upper and side 

surfaces of the hangar which produced a reduction in turbulence intensity over the flight 

deck in the headwind and even more encouraging improvement in the 30° case. The 

research by Greenwell and Barrett was included in a NATO technical report [62] which 

also detailed research by Shafer that showed some encouraging results for porous fences 

placed on top of the hangar in a headwind. Like Greenwell and Barrett, Shafer observed a 

reduction in turbulence intensity over the flight deck downstream of the flow separation 

from the top hangar edge. However, Shafer also observed an increase turbulence intensity 

close to the hangar face above the top of the hangar as the shear layer is deflected 

upwards that may negate the positive effect of the modification downstream. 
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Also in the NATO report [62], researchers from NAVAIR led by Polsky and using the 

Cobalt CFD solver investigated the effects of hangar edge modifications to a DDG-81 

destroyer baseline geometry in a headwind condition. Four separate aerodynamic devices 

were placed on the top edge of the rear hangar face: a forward facing wedge; a hangar 

edge rounding; a CVG; and a flap protruding over the deck inclined towards the deck at 

15° to the horizontal. The wedge and CVG devices significantly increased turbulence 

intensity levels over the flight-deck, particularly at the height at which the main rotor of a 

H-60 helicopter, the aircraft which the investigators had in mind, would be during the 

hover task. The hangar edge rounding had minimal effect on the turbulence intensity 

levels over the flight deck except to make the wake region slightly larger compared with 

the baseline. The 15° flap also had a negligible effect on the flow field, perhaps because 

of the reduced size compared with the similar splitter plate modification developed by 

Greenwell and Barrett [61] which did achieve some success. The study also investigated 

the effect of a blowing device at the hangar face by specifying an outflow from the hangar 

face of 20ft/s. This had a significantly positive effect on the airflow, eliminating the large 

turbulence intensity levels below the height of the hangar leaving just moderate 

turbulence levels at the 10ft hover height region. However, it was conceded by the 

authors that the chosen flow speed was operationally impractical and investigations with 

much reduced flow speeds would be required to determine whether this was a practical 

solution.  
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1.2.5 Literature Review Summary 

In summary, the research into the ship helicopter dynamic interface described in this 

literature review has identified the ship airwake as a major operational challenge at the 

ship helicopter dynamic interface. Early experimental investigations have led to a much 

improved understanding of the aerodynamic characteristics of the ship airwake and now 

CFD methods are able to capture these typical airwake flow phenomena with good 

accuracy. Flight simulation techniques using unsteady CFD ship airwake data and 

experimental techniques using a model scale helicopter have been developed with a view 

to using them as tools to support FOCFTs for the qualification of new ships and 

helicopters, however these tools may have a secondary and more effective role to play in 

the development of more favourable ship geometries for helicopter operations. Finally, 

whilst there has been a desire from the earliest days of ship helicopter research to improve 

both existing and future ship designs to alleviate the adverse effects of the airwake, there 

has been only a relatively small amount of research directed towards it and little practical 

progress has been made. Indeed, it is still not known whether it is really feasible to cause 

tangible reductions in pilot workload by making practical modifications to ship 

superstructure geometries and future ship designers still have no real design guidance 

when it comes to the impact of the superstructure on the airwake and pilot workload 

during ship-borne helicopter operations. 
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1.3 Project Aims and Objectives 

1.3.1 Project Aims 

The overall aim of this research was to develop a better understanding of the effect of the 

ship geometry on helicopter operations to naval warships such as frigates and destroyers, 

and to establish the feasibility of modifying ship superstructures to alleviate the adverse 

effects of the airwake and reduce pilot workload levels during landing manoeuvres. By 

contributing to the improved understanding of the impact that the ship’s geometry has on 

the severity of the airwake and the associated pilot control strategies and high workload 

levels encountered at the dynamic interface, this study will also serve as a reference for 

future ship designers to make better informed decisions about how future ships can be 

designed to mitigate the impact of the airwake on pilot workload and help to maximise 

the operational effectiveness of the helicopter as a tactical system. 

Therefore, a range of experimental and simulation techniques have been employed to  

 Develop an improved understanding of the steady and unsteady aerodynamic 

loading characteristics of a helicopter operating in the airwake of a ship 

 

 Develop an improved understanding of how the ship geometry impacts on the 

nature and severity of the airwake to identify the potential  mechanisms by which 

this impact may be alleviated 

 

 Develop effective tools that can be used to assess the effect of ship superstructure 

designs on helicopter operations 

 

 Determine the feasibility of reducing pilot workload by modifying the 

superstructure of  a generic ship geometry 

 

 Develop a range of aerodynamic modification concepts for a generic ship 

geometry that will reduce the adverse impact of the airwake and lead to tangible 

reductions in pilot workload 
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1.3.2 Project Objectives 

A more detailed list of objectives required to achieve these overall aims are listed below: 

 To use the Airwake Dynamometer (AirDyn) instrument, developed by Wang et. 

al [58], to measure the steady and unsteady forces and moments imparted onto a 

model-scale helicopter as a result of being immersed in a ship’s airwake 

 

 To characterise the impact of the airwake of a generic frigate geometry on the 

steady and unsteady loading of AirDyn for a range of flight paths and WOD 

conditions 

 

 To correlate the observed loading characteristics of the AirDyn with operational 

and simulation flying experience 

 

 To use CFD to model the airwake aerodynamics of the generic frigate geometry 

used in the AirDyn experiments to identify the dominant flow features and to 

better understand the causes of the observed aerodynamic loading characteristics 

of the AirDyn 

 

 To develop a range of aerodynamic ship geometry modifications designed to 

reduce the severity of the unsteady loading of the AirDyn that is known to lead 

to pilot workload 

 

 To use CFD to identify the impact of the ship geometry modifications on the 

dominant flow features of the airwake aerodynamics and thus identify the 

mechanisms by which the modifications have impacted on the loading 

characteristics of the AirDyn 

 

 To take the most successful ship geometry modifications and assess their impact 

on subjective pilot workload levels using a piloted motion-based flight 

simulation environment populated with CFD airwakes of baseline and modified 

ships 
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1.3.3 Resources 

 The University of Liverpool’s 80,000 litre capacity FLUME water tunnel facility 

with 3.7x1.4x0.84m working section 

 

 A 64-bit quad-core processor desktop PC with 4Gb RAM and a 2Tb Hard Drive, 

running dual boot Linux Ubuntu and Windows XP 

 

 Shared access to the University of Liverpool’s high performance computing 

cluster 

 

 The ANSYS Fluent commercial code CFD solver software package, including the 

meshing tool Gambit, with license to run up to 4 parallel jobs concurrently using 

up to 300 cores at a time 

 

 The HELIFLIGHT-R motion base flight simulator and the associated Advanced 

Rotorcraft Technologies (ART) FlightLab flight simulation software, courtesy of 

the University of Liverpool’s Flight Science and Technology (FST) Research 

Group [63] 

 

 A former Royal Navy Test Pilot with a breadth of operational and flight 

simulation experience (Andy Berryman) 
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1.3.4 Publications 

A number of conference and journal publications have arisen over the course of the four 

years during which the research in the current study has taken place. These papers are 

listed below and are included in full in Appendix A. 

 

1.3.4.1 Conference Proceedings 

1) Simulated aerodynamic loading of an SH-60B helicopter in a ship’s airwake, 35th 

European Rotorcraft Forum, Hamburg, Germany, Sept 21-25, 2009, [64]. 

Authors: Kääriä, C.H., Forrest, J.S., Owen, I., Padfield, G.D. 

2) AirDyn: An Airwake Dynamometer for measuring the impact of ship geometry on 

helicopter operations, 36th European Rotorcraft Forum, Paris, France, Sept 7-9, 2010, 

[65]. 

Authors: Kääriä, C.H., Wang, Y., Curran, J., Forrest, J.S., Owen, I. 

3) Assessing the suitability of ship designs for helicopter operations using piloted flight 

simulation, 37th European Rotorcraft Forum, Milan, Italy, Sept 7-9, 2010, [66]. 

Authors: Kääriä, C.H., Forrest, J.S., Owen, I. 

4) Using flight simulation to improve ship designs for helicopter operations, RINA 

International Conference on Computational Applications in Shipbuilding, Trieste, Italy, 

20-22 September 2011, [67]. 

Authors: Kääriä, C.H., Forrest, J.S., Owen, I. 

5) Determining the Impact of Hangar-Edge Modifications on Ship-Helicopter Operations 

using Offline and Piloted Helicopter Flight Simulation, American Helicopter Society 66th 

Annual Forum, Phoenix, AZ, 11-13 May, 2010, [68]. 

Authors: Forrest, J.S., Kääriä, C.H., Owen, I. 
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Chapter 2 

Experimental Procedure and 

Computational Methods 

This chapter details the experimental and simulation techniques that have been employed 

to achieve the aims and objectives set out at the end of the previous chapter. These 

techniques include the use of an instrumented model-scale helicopter model to assess the 

effect of ship geometry on helicopter operations, supported by CFD analysis of the 

underlying ship airwake aerodynamics without the presence of a helicopter. The CFD 

data has also been used in piloted flight simulation testing, to compare pilot experience 

with results from the model-scale helicopter experiments. 

 

2.1 Experimental Procedure 

As described in the literature review in the previous chapter, one focus for research into 

the ship helicopter dynamic interface has been the development of high-fidelity flight 

simulation to aid the derivation of SHOLs during FOCFTs. CFD and flight simulation 

research in this area by Forrest [44], at the University of Liverpool, has shown that flight 

simulation can also be used effectively as a tool to analyse the impact of different ship 

geometries on a pilot’s flying experience. However, using this method as the basis of a 

study into the effect of ship geometry on helicopter operations is not ideal because of the 

cost and time associated with the generation of CFD airwake data and the use of motion 

base flight simulators with experienced RN test pilots. The time and cost constraints are 

especially punitive for an iterative design process such as the development of 

aerodynamic ship modifications. What is required is a technique where several different 

initial design concepts can be developed and tested relatively quickly and effectively 

according to objective parameters related to pilot workload levels in a real landing. At the 

end of that iterative process, piloted flight simulation can then be used sparingly to 

confirm the potential benefits of particular ship geometry design features. 
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2.1.1 The Airwake Dynamometer (AirDyn) 

Recent research at the University of Liverpool has focused on the development of an 

instrumented model-scale helicopter, or Airwake Dynamometer (AirDyn), capable of 

measuring the steady and unsteady aerodynamic loading as a result of being immersed in 

the airwake of a ship. As discussed in the literature review, the AirDyn instrument was 

developed and commissioned at the University of Liverpool by Wang et. al [58]. The 

present study has advanced the initial research by using the AirDyn to help achieve the 

aims and objectives set out in the previous chapter.   

The AirDyn is a 1:54 scale physical model of a Merlin AW-101 helicopter which has 

been manufactured with an externally driven, 4-bladed rigid main rotor and a six-

component force balance mounted inside the fuselage (Fig. 2.1). It is known that 

excessive unsteady aerodynamic loading of the helicopter as a result of the airwake is a 

major cause of high pilot workload levels at the ship helicopter dynamic interface. Similar 

experiments by Lee and Zan [52] attempted to draw conclusions about the likely SHOL 

boundaries by quantifying the unsteady aerodynamic loading of a model-scale helicopter 

in a ship’s airwake. The present study intends to quantify the unsteady aerodynamic 

loading, not to predict the SHOL boundaries of a particular ship, but to investigate the 

effect of modifying the ship’s geometry. The implication of modifying a ship geometry 

and causing a reduction in the degree of unsteady aerodynamic loading for a given wind 

angle is that the pilot workload required to conduct a ship deck landing would be reduced. 

The output of the experiment is the unsteady aerodynamic loading of the AirDyn which 

has been measured by the force balance. The quantification of the unsteady aerodynamic 

loading has provided an objective parameter by which the potential pilot workload levels 

for a variety of different ship geometries have been compared. Measurement of the steady 

aerodynamic loads imparted on the AirDyn at different locations through the flight path 

of a ship-deck landing manoeuvre has also given an insight into the likely ‘quasi-steady’ 

control inputs required by the pilot to account for the large spatial velocity gradients in 

the airflow around the flight deck. 
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(a) 

 
(b) 

 
(c) 

 

Figure 2.1: The AirDyn fuselage and strain-gauge balance (a), AirDyn orientation (b) and 

linear and rotational traverse system mounted in the Liverpool water tunnel (c) 
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2.1.1.1 Water Tunnel Facility 

The AirDyn experiment was designed in such a way that a simplified model ship (the 

SRF) and the AirDyn were both completely submerged in a water tunnel, which gave a 

number of advantages over a wind tunnel. Similar experiments with a comparable length 

scale, conducted in a wind tunnel, published by Lee & Zan [52, 54] required very high 

wind speeds to achieve a suitable ship Reynolds number, which was approximately 10
6
. 

As a consequence, rotor speeds in excess of 11,000 rpm were required to match the full-

scale Strouhal number. Keeping the rotor intact and controlling its speed was therefore a 

major challenge and, significantly, the rotor was not coupled to the fuselage. Using a 

water tunnel means that the Reynolds number matching can be achieved with more 

modest flow velocities and therefore requires a reasonable rotor frequency whereby the 

coupling of the fuselage and rotor is feasible. The inclusion of this coupling is important 

as the aerodynamic loading of the main rotor will account for a significant portion of the 

overall aerodynamic loads experienced by the helicopter. Using an electrically driven 

rotor, as well as a strain-gauged force balance, submerged underwater provided its own 

challenges but, with careful design, these difficulties were overcome (see Section 2.1.4). 

To enable the rotor to be driven from above the water, both the AirDyn and the ship 

model were placed upside down in the water tunnel, as seen in Figs. 2.1b & 2.1c. 

 
 

Figure 2.2: Schematic of the University of Liverpool water channel 
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Testing was undertaken in the University of Liverpool re-circulating water tunnel, a 

schematic of which is shown in Fig. 2.2 [71]. The flow is driven by 75kW motor-driven 

axial-flow impeller and circulates 80,000 litres of water. The working section is 3.7m 

long by 1.4m wide, with a maximum depth of 0.85m. Flow velocities between 0.03m/s 

and 6m/s can be achieved. The facility can be operated as an open channel or, as in the 

present study, a solid boundary can be placed on the water surface to provide a closed 

tunnel. 

 

2.1.1.2 Dynamic Force Balance Design 

Figures 2.3 and 2.4 show exploded and assembled CAD representations of the force block 

arrangement and the complete AirDyn, as detailed by Wang et. al [58]. The first 

challenge of conducting the experiment in a water tunnel was to provide a watertight 

housing for the force balance to keep the strain gauges dry. The balance was housed 

inside the AirDyn fuselage model and a watertight seal was needed. The whole 

configuration had to be mounted upside down from above the water tunnel and therefore 

the force balance had to be designed around the shaft driving the rotor which passed 

through the fuselage and connected to the rotor blades.  

In a water tunnel, the increased density of water is offset by the lower achievable 

velocities compared with a wind tunnel and, as force is proportional to density and the 

square of velocity, the forces which are measured by the strain gauges are generally 

smaller than for a length scale in a wind tunnel. Therefore, a force balance with a greater 

sensitivity was required to measure these smaller strains, along with a high-frequency 

response to resolve the important loading frequencies in the ship airwake. However, the 

need for sensitivity had to be balanced with the need to keep the system stiff enough so 

that the natural frequencies are kept sufficiently far from both the frequency range of 

interest and the rotational frequency of the main rotor (which is the higher of the two). 

Using conventional cantilever beams to mount the strain gauges onto was not feasible as 

it was not possible to achieve high enough sensitivity whilst maintaining an overall 

stiffness that produced a natural frequency far enough removed from the rotor frequency. 

Instead, the strain-gauges were attached to binocular dual-beams that have variable 

thickness along the beam, as pictured in Fig. 2.5. The thickest sections of the beam 
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(a) 

 

 
(b) 

 

Figure 2.3: CAD model of six-component force balance - assembled view (a) and 

exploded view (b) 
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provide the stiffness by resisting bending whereas the strain gauges are attached to the 

thinnest sections of the beam, where the maximum strain occurs. This arrangement 

therefore provides greater sensitivity without increasing the natural frequency of the 

instrument to a point that could compromise the measurements. 

 
 

 Figure 2.4: CAD model of the AirDyn instrument - exploded view 

The thrust force, pitching moment, side force and yaw moment are measured by a 

longitudinally orientated beam with two pairs of binocular sensing elements machined 

into it. The total thrust force and pitching moment are obtained from the front and rear 

measurements from the binocular elements machined into the side of the beam, with the 

strain gauges on the top and bottom of the beam as indicated in Fig. 2.3a. Similarly, total 

side force and yaw moment are obtained from the other two sensing elements with strain 

gauges placed on the sides of the beam. A similarly designed, laterally orientated beam 

for the measurement of the drag force and roll moment was not possible due to space 

restrictions within the fuselage model. The drag force is measured by another binocular 

beam and roll moment by a conventional cantilever beam arrangement, as the increased 

stiffness of using a binocular arrangement was not necessary. A pair of beams was 

included in the design for both the drag force and roll moment to maintain the symmetry 
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and stability of the structure, although for each only one of the pair of beams was 

instrumented with strain gauges for the actual measurement. 

The upper ends of the drag and roll sensing elements were attached to the middle and 

ends of the longitudinal bar respectively with the drag elements connected to the sting at 

the bottom and the roll elements were attached to the base frame via the knife-edge 

blocks. The base frame has spaces machined into each end to allow for deformation of the 

roll sensing elements and a central hole to allow the rotor drive shaft to pass through. The 

base frame is fixed to the helicopter fuselage model and transfers the loads imparted on 

the fuselage to the sensing elements. 

 
 

Figure 2.5: Illustration of a binocular sensing element 

 

2.1.1.3 Semi-Conductor Strain Gauges 

The lack of space inside the fuselage model also meant that the leverage which could be 

achieved by the sensing elements was limited, thus restricting further the magnitude of 

the strains measured by the gauges. The thinnest section that could reasonably be 

machined on the binocular elements was 0.5mm, and was estimated to lead to strains of 

approximately 200 micro-strains. Therefore, semi conductor strain-gauges, made from P-

type doped silicon wafers (BCM Sensor Technologies SB1-350-P2) with a gauge factor 

of 130 and a resistance of 350Ω were used (as opposed to conventional metal wire and 

foil gauges which typically have a gauge factor of about 2). On each of the active 

binocular sensing elements four strain gauges were used to make up a Wheatstone bridge 

circuit. Semi-conductor strain gauges are often associated with nonlinear response under 

large strains, although this was not an issue for the strains expected in the AirDyn 

experiments. 
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2.1.1.4 AirDyn Fuselage Model 

The fuselage of the AirDyn was based on 1/54 scale Merlin AW-101 helicopter and was 

machined out of high-density polyurethane foam using a Computer Numerical Control 

(CNC) machine. This material was chosen to minimise the inertia of the fuselage and 

therefore increase the sensitivity of the AirDyn to the small forces expected. Referring to 

Fig. 2.4, a cavity was machined into the fuselage model slightly larger than the 

128×38×43mm force balance so that only the base frame of the force balance is 

connected to the fuselage via the base plate which seals in the balance from the underside 

of the fuselage. The 33m diameter tubular sting passes through a 45mm diameter hole in 

the centre of the base plate and is connected to the drag sensing elements of the force 

balance. It would normally be desirable, in wind tunnel tests, to leave open this 12mm 

gap between the tubular sting and the base plate which it passes through, so that the 

fuselage can move without transferring loads to the sting. This was not feasible as the 

force balance needed to be sealed water-tight inside the AirDyn fuselage. Therefore a 

custom-made bellows was designed which connected the base plate to a heat-shrinking 

rubber outer sleeve which covered the tubular sting and the wires connected to the force 

balance inside the fuselage. The bellows was cast out of flexible silicon with a high-

degree of flexibility which minimised unwanted transmission of loads, although some 

increase in stiffness and reduction in sensitivity compared with an open-gap arrangement 

was unavoidable.  

 

2.1.1.5 Dynamic Main Rotor Design 

The AirDyn instrument also includes a 4-bladed rigid main rotor which is 344mm in 

diameter, scaled 1/54 from the full size Merlin dimensions. A tail-rotor was not included 

in the model because of the complexity of fabricating and driving the rotor on such a 

small scale. In the design of the main rotor, some compromises were required between 

accurately maintaining the geometry of the full-scale Merlin configuration and achieving 

adequate solidity of the structure and achieving comparable aerodynamic characteristics. 

The AirDyn rotor is rigid whereas in reality the main rotor of a Merlin is articulated, 

however the complexity of such an arrangement for this experiment was prohibitive. The 

blade chord was doubled from the 1/54 scaled length; so that the minimum thickness 
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required to maintain the blade profile (12% of chord length) was solid enough and was 

able to be machined accurately. This meant that a four bladed rotor was developed as 

opposed to the five bladed main rotor of the actual Merlin to provide the desired thrust 

characteristics. The rotor blades were made up of three different aerofoil sections blended 

together with a linear twist of 12° to generate a near uniform lift distribution along the 

blade. The rotor hub was oversized to approximately 20% of the rotor radius to ensure the 

overall solidity of the structure. The Westland BERP tips [72] were not included on the 

ends of the rotor blades to avoid increased complexity of manufacture for a small feature 

at this scale. The collective pitch angle of the rotor blades was designed to be adjustable 

to achieve the desired thrust characteristics. 

The main rotor was connected to the fuselage by a bearing arrangement which allowed 

the rotation of the rotor and transferred the rotor loads to the fuselage and therefore to the 

force balance. This is a key factor as the unsteady forces and moments imparted over the 

main rotor will be a significant contributor to the overall magnitude of the unsteady loads 

on the fuselage, and the ability to include a coupled rotor and fuselage was an important 

factor in using a water tunnel as opposed to a wind tunnel as used by Lee and Zan [52, 

54] where the rotor and fuselage were not coupled because of the high rotational speeds 

required by the scaling arguments. The rotor drive shaft is contained in the tubular sting 

and passes through the middle of the force balance itself to connect to the rotor.  

 

2.1.1.6 Calibration 

Before using the AirDyn instrument a calibration of the force balance was required to 

relate the output voltages of the strain gauges to forces and moments in N and Nm at the 

Centre of Gravity (CoG) of the AirDyn, and also to account for any unwanted 

transference of loads into other axes. For the calibration, the AirDyn was placed upside 

down as it would be orientated inside the water tunnel, with two rotor blades aligned and 

two blades perpendicular with the fuselage, and static loads were applied using weights 

and pulleys. The most convenient method was to apply the loads around the rotor hub and 

use a transformation matrix to reference the CoG of the AirDyn. The thrust, side force 

and drag force loads were applied directly to the rotor hub. Pitch and roll moments were 

created by loading the rotor blades at 150mm from the centre of the rotor, and the yaw  
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moment was created by loading the bottom surface of the fuselage at 100m from the rotor 

axis of rotation. 

A static load calibration was conducted by applying loads from zero to the estimated 

maximum loads expected during the experiment in five stages (seven for thrust). These 

maximum load estimates were 15N for thrust, ±4N for side force, 2N for drag, ±0.6Nm 

for pitch and roll and ±0.2Nm for yaw and were established using empirical fuselage 

aerodynamic loading coefficients from Padfield [73] and Lee and Zan [52, 54], with the 

expected rotor thrust calculated using blade element theory. The outputs from the front 

thrust (Thrust1), rear thrust (Thrust2), front side force (Side Force1), rear side force (Side 

Force2), Drag and Roll sensing elements were recorded at 5Hz for 5 seconds and 

averaged for each loading configuration. The non-linear response typical of semi-

conductor strain gauges at high strains was not encountered because of the low strains 

imparted by the design loads. The coefficients in the calibration coefficient matrix in 

Table 1 were derived from the gradients of straight lines fitted to the averaged outputs for 

the loading tests of each axis. For example, for each application of a thrust force, the 

outputs from of the all the sensing elements were plotted against the applied load and six 

straight lines were fitted. The inverse gradients of these lines are then used as the 

coefficients for the top row of the calibration coefficients matrix. 

The recorded data at every time-step during testing can then be converted into forces and 

moments in N and Nm by the calibration coefficient matrix in Table 2.1. For example, the 

thrust measurement would be derived by:  

                                                                               

                         (2.1) 

where      -      are the coefficients on the top row of the calibration coefficient matrix 

and          are the voltage outputs of each sensing element. Table 2.2 shows the 

sensitivity of the individual strain gauges to applied loads as well as the nonlinearity 

which is the maximum deviation from the fitted straight line, expressed as a percentage of 

the full-scale output. Also expressed in Table 2.2 is the standard deviation of the data 

points obtained at 50% of the maximum load. Pitch and yaw moments have the same 

level of accuracy as thrust and side force as they were calculated from the front and rear 

thrust and side force measurements. 
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 Thrust1 

(mV V−1) 

Thrust2 

(mV V−1) 

Side force1 

(mV V−1) 

Side force2 

(mV V−1) 

Drag 

(mV V−1) 

Roll 

(mV V−1) 

Thrust (N) 0.2093 0.25443 0.00669 −0.02223 0.0198 0.00385 

Pitch (Nm) −0.0139 0.01865 0.00969 −0.01005 0.02549 −0.00032 

Side force 

(N) 
−0.00237 9.48×10−

5
 −0.18463 −0.19547 0.00328 0.0574 

Yaw (Nm) 7.19×10−
5
 −1.2×10−

5
 −0.01193 0.0132 −0.00051 2.1×10−

5
 

Drag (N) 0.01584 −0.04432 −0.11205 0.14703 −0.2879 −0.00519 

Roll (Nm) 0.000473 −0.00072 0.015144 0.0190 −0.00161 −0.01218 

 

Table 2.1: Calibration coefficient matrix of AirDyn (in N.mV
−1

 V
−1

 or Nm.mV
−1

 V
−1

). 

 

 Front 

Thrust 

Rear 

Thrust 

Front Side 

Force 

Rear Side 

Force 

Drag Roll 

Sensitivity 

(mV V
−1 

N
−1

/ 

mV V
−1 

N
−1

m
-1

) 

2.31 1.97 4.30 4.23 4.13 1.39 

Non-Linearity 

(%FSO) 

0.05 0.03 0.32 0.42 0.51 0.15 

Standard 

Deviation (%) 

0.43 0.32 0.81 0.63 0.71 0.36 

 

Table 2.2: Specifications of each component of AirDyn 

 

2.1.1.7 AirDyn Frequency Response 

As discussed earlier, it was important that the frequency response of the AirDyn was such 

that its natural frequency was not close to the aerodynamic loading frequency range of 

interest (0.2-2 Hz) or the rotational frequency of the rotor (3.67Hz) thus avoiding the 

excessive straining of the sensing elements associated with resonance, which would 

dominate the results and potentially damage the strain gauges. Therefore an impulse 

excitation test was carried out on the AirDyn to determine its frequency response 

characteristics. A lateral impulse was imparted to the middle of the side of the fuselage 

and the resulting output of the force balance was sampled at 80Hz. The power spectral 

density of the response for each sensing element was calculated and has been plotted in 

Fig. 2.6. The side force and roll responses display resonance at the lowest frequencies of 

approximately 12Hz which is sufficiently greater than the critical loading and rotor 

frequencies mentioned as to not be an issue. Resonance is also present in the other 

sensing elements at frequencies greater than 25Hz. The lateral impulse excitation results 
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have been presented because the AirDyn structure is such that the least stiffness is in the 

lateral mode and the lowest natural frequencies were expected here. Impulse excitation 

tests applied in other directions had their lowest natural frequencies in the range of 12-

15Hz and this was also deemed acceptable. 

 

 
 

Figure 2.6: Power spectral density plots of AirDyn responses to a lateral impulse 

excitation 

 

2.1.1.8 Rotor Frequency Scaling 

The frequency scaling of the AirDyn rotor compared to the full-scale was chosen to be 

1:1 (220 rpm). Therefore a free-stream velocity scale of 1:54 was imposed to match the 

full-scale Strouhal number (advance ratio). A free-stream flow velocity equivalent to 

50kts was used for all the tests in this study, giving a Reynolds number (based on the 

beam of the ship) of 1.3 x 10
5
, which satisfies the minimum requirement for Reynolds 

number independence for sharp-edged, bluff-body flows and in particular for ship 

airwakes which was found to be around 10,000 by Johns and Healey [11]. The AirDyn 

Reynolds number, based on rotor diameter, is 1.14 x 10
5
. With the rotor speed determined 

by the necessity of Strouhal matching, the main rotor thrust coefficient was matched to 
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that of the full-scale aircraft with an average weight and in a hover in undisturbed air flow 

by setting an appropriate and constant collective pitch angle of 3° for the rotor blades. 

Clearly, using water as the working fluid means that compressibility effects (Mach 

number scaling) are not modelled. Despite this however, the AirDyn is capable of 

distinguishing when the model helicopter is being adversely affected by the airwake, and 

giving a representative measurement of the relative unsteady loads. 

 

2.1.2 Shortened Research Frigate 

For this study, a generic ship geometry has been developed that has the typical airwake 

flow field characteristics which are representative of realistic ship geometries. This is so 

the aims and objectives of the study can be achieved for the general case and are not 

affected by a specific ship geometry feature that is particular to the ship of only one navy. 

The width of the water tunnel used for the experiments was also an issue as it would 

restrict the angle to which the ship could be rotated to investigate other WOD angles at 

the 1/54 scale. Therefore, the generic ship developed had to be shortened, whilst 

maintaining the scaling of the flight deck and hangar, so that its length would not restrict 

the WOD angles that could be achieved. Thus, the Shortened Research Frigate (SRF) was 

designed and is pictured in Fig. 2.7. It has a flight deck and hangar based on typical 

frigate dimensions scaled at 1/54 to match the scaling of the AirDyn, however upstream 

ship superstructure features were not included and the focus of the study was on the 

severe airwake flow features that emanate from the hangar and are known to most 

significantly impact on pilot workload [44]. Figure 2.8 shows that the SRF exhibits very 

similar flow structures to the SFS2 ship geometry in particular for oblique WOD angles 

which were of interest in this study. The experimental model has an overall length of 

1.23m, a beam (b) = 0.26m and a Hangar Height (HH) = 0.11m. To accommodate the 

investigations into modifying the SRF geometry, the hangar was manufactured with a 

range of inserts along its edges for the attachment of the modifications. 
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Figure 2.7: SRF ship geometry (dimensions at model scale and in mm) 

 

 

 
(a)                                                                   (b) 

 

Figure 2.8: Comparison of SFS2 (a) and SRF flow fields in a G45 condition using iso-

surfaces of λ2, indicating the location of instantaneous vortex cores over the flight deck. 

The SFS2 and SRF exhibit the 3 common flow features typical of oblique WOD angle 

ship airwakes: deck edge vortex (a); hangar edge shear layer (b); and superstructure edge 

vortex (c) 
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2.1.3 Experimental Details and Data Collection 

The AirDyn locations relative to the ship that were investigated were chosen based on the 

standard UK Royal Navy approach technique, illustrated in Fig. 2.9. The standard 

technique begins with the approach to a hover over the sea at the port-side of the deck. 

The pilot then executes a lateral side-step manoeuvre to a hover over the flight deck. The 

pilot will then look to maintain a stable hover over the deck whilst waiting for a quiescent 

period in the ship’s motion upon which they will then descend to the landing spot. The 

AirDyn had to be placed at various points through this flight path to characterise the 

aerodynamic loading through the entire manoeuvre. The experimental set-up also had to 

be designed so that it was possible to change the WOD angle relatively quickly and 

easily. Therefore a lateral, vertical and rotational traverse system was designed by Wang 

et. al [58] for the AirDyn to investigate the unsteady loading and, by implication, the 

handling qualities at all the different locations throughout the manoeuvre and for various 

WOD conditions. Figures 2.1c and 2.10 respectively show the experimental set-up in the 

water tunnel and a CAD representation of the experimental set-up with the AirDyn 

pictured at the port-side approach location and over the flight deck of the SRF. 

For each different ship geometry and WOD angle configurations tested, the AirDyn could 

be traversed from a portside approach position and was placed at seven points along the 

lateral translation. For each ship configuration, this lateral traverse was repeated for 

various heights of the main rotor relative to the flight deck, and this height is normalised 

by the height of the hangar. For example 150% Hangar Height (HH), refers to the main 

rotor at a height above the flight deck one and a half times that of the height of the 

hangar. For the SRF, 150% HH is roughly 9m above the flight deck in full-scale and is 

the approximate height of the main rotor of a Merlin AW-101 helicopter throughout the 

lateral translation and hover over the deck phases. However, other rotor heights (110% 

HH, 125% HH and 175% HH) were also investigated. These account for the fact that 

there will be variation in the height of the rotor when the landings are performed at sea in 

Merlin helicopters, but also because different helicopters, e.g. Lynx, will approach at 

different heights relative to the deck. Also, performing tests at different heights may give 

some insight into the performance of a modification to a ship with a larger hangar, where 

the clearance of the rotor above the top of the hangar is less than for the SRF geometry. 
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At each of the seven points through the lateral traverse from the portside approach 

position to the flight deck, the AirDyn was held and subjected to the unsteady airwake of 

the ship for a period of 210 seconds. The force balance outputs were collected by an 

InstruNet data acquisition system at 80Hz. The recorded data was then passed through a 

digital low-pass filter to remove any high frequency content induced by the vibration of 

the motor and drive shaft. The filtered signals were then converted into the time histories 

of the forces and moments in six axes in N and Nm at model-scale using the calibration 

matrix in Table 2.1. 

 

Figure 2.9: Standard UK Royal Navy Approach and Landing 

 

2.1.4 Quantifying unsteady aerodynamic loading 

After the time-histories of the forces and moments had been recorded for the specified 

locations of the AirDyn relative to the ship’s flight deck, quantitative parameters were 

needed to characterise the steady and unsteady aerodynamic loading of the AirDyn which 

could be related to pilot flying experience. For the steady aerodynamic loading, the time-

histories of the forces and moments were averaged to give an indication of how control 

inputs will change throughout the landing manoeuvre. For example a reduction in mean 

thrust force experienced by the AirDyn at a particular point in the flight path is likely to 

correspond to a required compensatory control response of increased collective control 

input to maintain the desired flight path in a real deck landing. For the unsteady 

aerodynamic loading, a quantitative parameter is required that is linked to helicopter 

handling qualities so that the impact of geometry changes to the ship on pilot workload 
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can be assessed. It is known that disturbances in the closed loop pilot response frequency 

bandwidth of 0.2 – 2 Hz impact most significantly on pilot workload [14]. Therefore, 

what is required is a measure of the magnitude of the disturbances from within that 

frequency range. To do this, the method used by Lee and Zan [52, 54] was employed 

whereby the Power Spectral Density (PSD) is calculated from the time-histories and the 

square-root of the integral between 0.2 – 2 Hz is taken as the measure of unsteady 

loading. This quantity, displayed graphically in Fig. 2.11, is then normalized by ρ(Ω ) A 

and ρ(Ω ) A , for the forces and moments respectively. Consistent with the terminology 

adopted by Lee and Zan, these quantities are referred to as the RMS (e.g. RMS pitch). 

However, the RMS forces and moments are specifically a measure of the unsteady 

disturbances from within the closed-loop pilot response frequency bandwidth rather than 

over the entire frequency spectrum as is the case with the traditional RMS which is the 

standard deviation of the varying signal from the mean value.  The time-averaged forces 

and moments have also been normalized by ρ(Ω ) A and ρ(Ω ) A  respectively. 

 

 
(a) 

 
(b) 

Figure 2.10: CAD models of SRF with AirDyn pictured at port side approach and 

landing-deck hover locations 
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Figures 2.12 and 2.13 show examples of steady and unsteady loading measurements at 

points through a lateral translation from the portside approach position (y/b = -2) to the 

spot hover position (y/b = 0). Both plots in each figure are for an unmodified SRF ship 

geometry in a headwind to show the repeatability of the overall experiment following 

discussion in Section 2.1.1.6 of the measured properties of the individual strain gauges 

shown in Table 2.2. 

 

 

 

Figure 2.11: The RMS forces and moments are calculated over the closed loop pilot 

response frequency bandwidth 
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Figure 2.12: Steady loading of AirDyn from repeated runs of unmodified SRF ship in a 

headwind at 150%HH rotor height 
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Figure 2.13: Unsteady loading of AirDyn from repeated runs of unmodified SRF ship in a 

headwind at 150%HH rotor height 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2. EXPERIMENTAL PROCEDURE AND COMPUTATIONAL METHODS 

 

61 
 

2.1.5 Aims of the AirDyn Experiment 

The use of the AirDyn experiment had two main aims in this study. First, the AirDyn was 

used to gain a better understanding of the effect of the ship airwake on helicopter 

operations, using a generic frigate-type ship geometry called the Shortened Research 

Frigate (SRF), pictured in Fig. 2.7 and discussed in Section 2.1.2. To do this, the AirDyn 

was used to characterise the steady and unsteady aerodynamic loading on a helicopter at 

various stages through the flight path of a standard RN ship-deck landing manoeuvre for 

several WOD conditions and for various rotor heights above the deck. Some large scale 

changes to the SRF ship geometry were made, and the effect on the aerodynamic loading 

characteristics of the AirDyn was investigated. CFD analysis of the ship airwakes without 

the presence of a helicopter was used to explain the underlying causes of the observed 

aerodynamic loading characteristics. The results of these investigations have also been 

compared with previous at-sea and simulation flight test flying experience to verify the 

ability of the AirDyn to capture the aerodynamic loading behaviour of helicopter flight in 

the airwake of a ship. This work is reported in Chapter 3. 

The AirDyn was then used to assess the effect of making aerodynamic modifications to 

the SRF ship geometry in an attempt to reduce the unsteady aerodynamic loading, and 

therefore the potential pilot workload required to conduct a ship deck landing. This work 

is reported in Chapter 4. If a modification can be shown to reduce the unsteady 

aerodynamic loading through a section or the whole of the flight path, then that is an 

indication that the modification has been successful in mitigating a major cause of pilot 

workload at the ship-helicopter dynamic interface. Indeed, the performance of each 

modification concept has been compared in terms of how much it has reduced the RMS 

forces and moments relative to the baseline-SRF ship geometry; the greater the 

reductions, the more successful the modification. The most successful ship modification 

concepts developed using the AirDyn have been further investigated using CFD to shed 

light on the mechanisms by which they have mitigated the adverse flow features of the 

airwake. In Chapter 5, this CFD data has also been used to conduct piloted flight 

simulation trials using techniques developed by Roper [39] and Forrest [44] at the 

University of Liverpool, to ascertain whether reductions in unsteady loading of the 

AirDyn leads to tangible reductions in pilot workload during ship-deck landing 

operations. 
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With notable exceptions, such as the studies by Lee and Zan [52, 54], previous research 

into ship geometry modification has mainly involved analysis of the ship airwake data, 

derived from wind tunnel testing or CFD, without the presence of a helicopter [59-62]. 

Whilst these techniques can give detailed insight into how the air flow has been affected, 

leading to assumptions of helicopter response, the AirDyn experiment has some major 

advantages. For example, when the ship’s geometry is modified, the nature of the flow 

structures emanating from its superstructure will be changed and different regions of the 

flow-field might be affected in different ways. The AirDyn experiment allows a greater 

insight into the integrated effect of the entire airflow on the helicopter model at a 

particular location, for example hovering over the flight deck, and therefore a better 

insight into how a helicopter will react to the difference in the nature of the two flows. 

The AirDyn technique also inherently incorporates the rotor downwash and its interaction 

with the ship airwake, which is omitted in the aerodynamic studies of the ship in 

isolation. The effect of airwake/downwash coupling is still not fully understood and is 

very difficult to evaluate from looking at airwake aerodynamics without the presence of 

the helicopter. 

 

2.2 Computational Fluid Dynamics 

In support of the AirDyn experiment, a method was needed to understand the flow 

characteristics of the SRF ship airwake so that the underlying causes of the aerodynamic 

loading characteristics of the AirDyn could be identified. This helps to verify firstly that 

the SRF does exhibit the flow characteristics typical of realistic ship geometries and that 

the results obtained from the AirDyn are sensible considering the nature of the flow it is 

immersed in. In the development of the modifications to the SRF geometry detailed in 

this study, CFD was used to obtain a much better understanding of the mechanisms by 

which the modifications have changed the unsteady loading of the AirDyn. This has led 

to a much better understanding about what parts of the ship it is more effective to modify 

and therefore what the critical areas are that should be considered at the design stage of 

future ships. The CFD analysis has also been used to understand how the ship 

modifications and design features under development here can be further improved and 

developed for realistic ship geometries. CFD is an effective tool for achieving these 

objectives because of the powerful ability to visualise and compare entire flow fields, and 
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giving a strong understanding of how the flow features are formed and how they can be 

manipulated to reduce the impact on helicopter handling qualities. This study has built on 

the development of well validated CFD methods used in research at the University of 

Liverpool by Roper [39] and Forrest [44] which have shown that CFD can be an effective 

tool for the analysis of ship airwake flow phenomena. 

Another advantage of using CFD is that it can be used to populate a motion-base flight 

simulator, as shown by Roper [39] and Forrest [44], thereby allowing a pilot to 

experience the effect of a ship airwake on pilot workload during simulated ship deck 

landings. In this study, this technique has been used to investigate how effectively the 

ship modifications have influenced a pilot’s flying experience in a flight simulator. 

 

2.2.1 ANSYS Fluent Solver 

This study has employed the ANSYS Fluent CFD solver to compute the airwakes of the 

SRF ship and its modifications. Researchers investigating the ship-helicopter dynamic 

interface at the University of Liverpool have developed a long standing collaboration with 

Fluent starting with the work by Roper [39] and this work is an extension of that 

relationship. Fluent is a general purpose CFD code which can make use of structured and 

unstructured grids and has extensive modelling capabilities. The Fluent solver can be run 

in serial mode on a single CPU or in parallel mode where the computational grid is split 

so the solution can be computed using multiple processers. This parallel processing 

capability means that the University of Liverpool’s HPC facility can be utilised to allow 

much more computationally demanding problems to be solved. 

2.2.2 Turbulence Modelling Approach 

As has been discussed, the control inputs and pilot workload required at the ship-

helicopter dynamic interface are heavily influenced by the large spatial and temporal 

velocity gradients in the airwake. That means that an effective CFD solution of a ship’s 

airwake should accurately capture both the mean flow characteristics and the levels of 

unsteadiness in the flow field. 
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As outlined in the literature review, the development of CFD capability at the University 

of Liverpool started with the work of Roper [39] using RANS methods and although 

reasonable agreement with experimental data was achieved, it was more difficult to 

achieve the expected levels of pilot workload when these airwakes were integrated into a 

flight simulator.  

This led to Forrest [44] using a hybrid RANS/LES CFD method developed by Spalart et. 

al [74, 75, 76] called Detached-Eddy Simulations (DES) to capture ship airwake data to 

be used for piloted flight simulation trials. The DES method was originally formulated by 

Spalart et. al [74, 75, 76] to be used for bluff-body flows with massive separations such as 

aerofoils at high angles of attack (Morton et. al [77]) or aeroplane landing gear (Hedges 

et. al [78]) to employ ‘RANS in the boundary layers and LES after massive separation, 

within a single formulation’ [74]. This would allow LES to be used to capture the large to 

medium momentum-carrying eddies in the downstream wake region, which are typically 

at a size of the order of the bluff-body itself, without the need to resolve the much smaller 

scale eddies in the near wall region. The ‘detached-eddies’ in the downstream wake are 

resolved by the grid and the ‘attached-eddies’ in the near wall region are modelled. The 

RANS model used in the near wall region also becomes the Sub Grid Scale (SGS) model 

in the LES region. The DES approach is especially effective when there is sharp-edged 

separation such as is typical with ship airwakes because the separation points, which 

would normally require high resolution grids in the boundary to predict accurately, often 

do not need to be predicted. The time-averaged flow statistics of CFD ship airwakes 

calculated by Forrest [44] using a DES approach matched experimental data better than 

the RANS simulations of Roper [39] and greater levels of realism were achieved in the 

flight simulator in terms of pilot workload.  

The DES approach using ANSYS Fluent developed by Forrest has therefore been 

employed in the current study to model the ship airwakes that have been investigated with 

the AirDyn, but without the presence of a helicopter model in the simulations. As the 

method used by Forrest in his PhD thesis has been well validated for a range of different 

ship geometries, further development of CFD methods was deemed to be outside the 

scope of the current study. The role of CFD in this work has been as a tool to support the 

analysis of the AirDyn experimental results and to populate the flight simulation 
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environment, so that the results of the AirDyn can be corroborated by pilot flying 

experience. 

 

2.2.3 Detached Eddy Simulation 

The CFD computations in this work have therefore used the DES approach developed by 

Forrest [44] with the shear stress transport (SST) k – ω turbulence model within the 

FLUENT solver. The DES approach is designed to resolve the medium to large scale 

structures that are most influential in creating adverse flying conditions of the flight deck 

by linking the dissipation of eddy-viscosity to the local grid spacing. This is achieved by a 

modification to the turbulence model to include a term which links the turbulent length 

scale to the local grid spacing. The term which governs the dissipation of turbulent kinetic 

energy, k, includes a parameter, fβ*, which is a constant equal to one in the standard 

model, however in the DES implementation it is defined as: 

         
  

     
    (2.2) 

where Lt is the turbulent length scale,   is the local grid spacing and CDES is a constant in 

the DES model and is set to 0.61. Therefore, when Lt is large relative to  , then fβ* is 

increased above unity (it is equal to one in the standard model) and increases the 

dissipation of turbulent kinetic energy. The resulting decrease in eddy-viscosity allows 

turbulent structures to propagate by preventing flow field perturbations from being 

damped out by the turbulence model. 

 

2.2.4 Unstructured Mesh Generation 

The simple nature of the SRF geometry means that it would be reasonable to use 

structured mesh techniques. However, because the CFD methods used in this study are 

based on the work of Forrest [44], unstructured meshes will be used as this technique was 

well validated for a range of similar and more complex ship geometries. The use of 

unstructured grids also simplified the meshing of modifications to the SRF. 
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Figure 2.14 shows how the SRF ship geometry was placed in a rectangular rather than a 

cylindrical domain that was used by Forrest [44]. Whereas Forrest produced many 

different WOD conditions for a single ship geometry, in this study various ship 

geometries were investigated for a single WOD angle and the use of a cylindrical domain 

to compute different WOD conditions for the same geometry was not advantageous. The 

computations were carried out at full-scale and the surface of the ship was meshed with 

triangular cells with grid spacing of 0.3m. The surface mesh on the ship and the surface 

mesh on the sea surface are shown in Fig. 2.14. An unstructured mesh was generated with 

a growth function to slowly grow the size of the cells as the grid moves away from the 

surface of the ship. Refinement regions were used over the flight deck and around the 

ship to properly resolve the important flow structures in the regions of interest. The 

refinement regions varied depending on the WOD angle and type of ship geometry 

feature being investigated. This gave overall cell counts in the region of 6-7 million cells 

and is shown to be acceptable for this method by the grid independence study by Forrest 

[44]. 

 
(a) 

 
(b) 

 

Figure 2.14: SRF surface mesh (a) and sea surface mesh (b) for G45 WOD angle 
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2.2.5 Boundary Conditions 

The Fluent solver requires the specification of the boundary types at each surface of the 

domain. The ship surfaces were set as walls with a no-slip condition. The sea surface was 

also set as a wall but with a zero shear stress or ‘slip’ condition applied to stop the 

formation of a boundary layer to maintain a uniform velocity profile which was specified 

at the inlet. The top and side surfaces of the domain were set to the symmetry condition. 

This sets zero normal gradients at the boundary surface, thus ensuring zero flux across the 

surface. The front end surface and rear end surface of the domain were set to inlet and 

outlet respectively. 

2.2.6 Time-Step 

The time-step chosen for the computations was determined by using the method 

suggested by Spalart [79] requiring the local Courant-Friedrichs-Lewy (CFL) number to 

be equal to 1 at the smallest cell size in the domain, which leads to an expression for the 

appropriate time-step: 

   
  

    
 (2.3) 

Where    is grid spacing in the refined regions of the mesh, and      is the maximum 

velocity expected in this region, taken to be 1.5 times the free-stream velocity. Based on 

this reasoning the time-step was chosen to be 0.01s. 

 

2.2.7 High-Performance Computing Resources 

All computations were performed using the University of Liverpool’s High-Performance 

Computing (HPC) facility. Fluent has the capability of running computations in parallel 

over a number of computer cores (a core being the processing unit which performs the 

calculations) by splitting the domain across the chosen number of cores. Each simulation 

was run over 32 cores on the HPC cluster, as this was determined to be an efficient use of 

resources for this solution method in Fluent by Forrest [44], taking approximately five 

days to compute 45 seconds of unsteady airwake data. 
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2.2.8 General Solution Strategy 

When computing the CFD solutions, an initial flow-field was required from which to 

initiate the unsteady calculation. Therefore each computation began with the calculation 

of a steady-state solution using the standard k-ε turbulence model. The steady-state 

solution was then used as an initial flow-field and the unsteady solver in FLUENT was 

activated with DES mode and the SST k-ω turbulence model selected. The first 15s of 

data was calculated as an initialisation phase to allow time for the unsteady flow 

structures to form and for the flow to become statistically repeatable. Initially, 20 

iterations were used to converge each time-step to ensure stability early in the solution but 

this was reduced to 10 iterations after 100 time-steps on the recommendations of Forrest 

[44]. After the 15s initialisation period, the solution was run for another 30s with the 

mean and unsteady flow statistics recorded for analysis and in the cases chosen to be 

investigated in the simulator, velocity data across the whole domain was saved for every 

fourth time-step and processed accordingly as explained in Section 2.3.4. 

 

2.3 Piloted Flight Simulation  

The work by Forrest [44] showed that using high-fidelity piloted flight simulation with 

unsteady CFD ship airwakes can be an effective tool for assessing the impact of ship 

design on helicopter operations, and on pilot workload in particular. However, if flight 

simulation was to be used as the primary tool in such an investigation, the high cost of 

this method would severely restrict the number of different ship geometry configurations 

that could be tested. Therefore some of the CFD data, generated to support the results of 

the AirDyn experiment, was used in piloted flight simulation trials to investigate only the 

most promising lines of investigation from the experimental and CFD analyses. The aim 

of developing favourable ship geometry modifications during the experimental phase of 

the study was to reduce the severity of unsteady aerodynamic loading on the AirDyn. 

However, any improvements caused by ship modifications to the SRF needed to be 

further investigated using flight simulation to better understand what impact had been 

made on pilot workload. For example, to determine whether improvements were great 

enough to achieve an increase in safe allowable wind speed for a given WOD angle, 

thereby increasing the SHOL limits. 
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The following sections will therefore describe how the flight simulation facilities at the 

University of Liverpool have been used in this study to assess the effect of ship geometry 

modifications on pilot workload. 

  
 

Figure 2.15: The HELIFLIGHT (background) and HELIFLIGHT-R (foreground) flight 

simulators external view (a); HELIFLIGHT-R internal view (b). 

 

 

Motion Parameter HELIFLIGHT HELIFLIGHT-R 

Heave range ±250 mm ±390 mm 

Peak heave velocity ±0.6 m/s ±0.5 m/s 

Peak heave acceleration ±0.6 g ±1.0 g 

Surge range ±465 mm ±570 mm 

Peak surge velocity ±0.7 m/s ±0.7 m/s 

Peak surge acceleration ±0.6 g ±0.7 g 

Sway range ±430 mm ±500 mm 

Peak sway velocity ±0.7 m/s ±0.7 m/s 

Peak sway acceleration ±0.6 g ±0.7 g 

Roll range ±28° ±24° 

Peak roll rate 40°/s 34°/s 

Pitch range +34°/-32° +32°/-27° 

Peak pitch rate 40°/s 35°/s 

Yaw range ±44° ±28° 

Peak yaw rate 60°/s 35°/s 

 

Table 2.3: Motion capabilities of the HELIFLIGHT and HELIFLIGHT-R simulators. 
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2.3.1 HELIFLIGHT-R Simulator 

The Flight Science and Technology (FST) research group at the University of Liverpool 

currently operate two motion-base flight simulators. These are the HELIFLIGHT and 

HELIFLIGHT-R flight simulators shown in Fig. 2.15, acquired in 2001 and 2008 

respectively, and are both driven by the FLIGHTLAB flight simulation environment from 

Advanced Rotorcraft Technologies (ART).  

The first integration of ship airwake CFD data into a flight simulation environment at the 

University of Liverpool was developed by Roper [39] using the HELIFLIGHT simulator, 

and during the work of Forrest [44] this capability was transferred to the HELIFLIGHT-R 

simulator. The present study has made use of only the HELIFLIGHT-R simulator because 

of its improved specification, and thus the discussion will be limited to this simulator 

only. More information can be found about HELIFLIGHT in the work by Padfield and 

White [36, 37]. 

The HELIFLIGHT-R simulator has a side-by-side two-seat helicopter arrangement with a 

seat for an observer in the rear. It has a six-degree of freedom motion base with six 24’’ 

electric actuators. Three LCD projectors create a 220° field of view onto a 12’ diameter 

dome. Table 2.2 shows a comparison of the motion base capabilities for the two 

simulators at Liverpool. In the work by Forrest [44] it was found the greater accelerations 

possible in the HELIFLIGHT-R simulator, particularly in the heave axis, improved the 

transmission of turbulent disturbances caused by the airwake and resulted in levels of 

pilot workload that were more representative of the at-sea environment. 

 

2.3.2 FLIGHTLAB Simulation Environment 

The HELIFLIGHT-R simulator used in this study is driven using the PilotStation 

software package within FLIGHTLAB. To conduct simulations an aircraft flight 

mechanics model is needed to transfer both pilot control inputs and changes in 

aerodynamic loading into aircraft displacements and attitude changes, which are 

conferred to the pilot via motion cues in the form of accelerations of the motion base and 

through visual cues as the visual scene is updated. Audio cueing is also provided to 

account for changes in rotor torque and power output of the aircraft engine model. 
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The effect of the aerodynamic environment is an important aspect of ship-helicopter flight 

simulation.  The unsteady disturbances need to be transmitted through the aircraft model 

to the pilot through changes in motion and visual cueing, which he then has to respond to 

using control inputs. An aerodynamic environment database, consisting of a structured 

grid of wind velocities, is specified in FLIGHTLAB and as the aircraft moves around this 

grid, the local wind velocities are transmitted to the aircraft model via Airload 

Computation Points (ACPs). As illustrated in Fig. 2.16, these ACPs are located on the 

main rotor, tail rotor, fuselage, empennage, tail and stabilator of the aircraft model. The 

main rotor is split in a number of sections and the atmospheric wind velocities at the ACP 

of each blade section is used as the input into a blade element model to calculate the 

forces and moments on the main rotor. As the wind velocities of the airwake are 

interpolated onto the ACPs, they are distorted by a dynamic inflow model to take account 

of the effect of the rotor on the local wind velocities. The effect of the aerodynamic 

environment on the tail rotor is calculated using a single ACP input to a Bailey rotor disk 

model, which is described in more detail by Manimala et. al [80]. The forces and 

moments on the fuselage and empennage are calculated by using the interpolated wind 

velocities at the ACPs in empirical look-up tables. 

 

2.3.3 Sikorsky SH-60B Helicopter Model 

The helicopter model used in the flight simulation trials in this study was a Sikorsky SH-

60B Sea-Hawk, shown in Fig. 2.17, which is operated on a large scale by the US Navy. It 

is a variant of the UH-60 Black Hawk helicopter where the main difference is a forward 

translation of the rear landing gear so that the aircraft can be more easily accommodated 

by restricted landing areas on the back of ships. The helicopter model was developed and 

validated by FLIGHTLAB and was purchased by the FST group at Liverpool as part of 

their FLIGHTLAB software suite.  

The AirDyn was designed based on the AW-101 Merlin helicopter because of its 

widespread operation to frigates and destroyers by the UK RN. However, the FST group 

does not have access to a Merlin helicopter model and the SH-60B was the best 

alternative available. There are some instances where differences in pilot experience 

might be expected for the different helicopter models and this is discussed in the analysis 
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in Chapter 5. The UK RN does also operate Westland Lynx in the maritime environment 

and the FST group at Liverpool have developed a FLIGHTLAB model of the Lynx in 

collaboration with QinetiQ. However differences between the Lynx and the Merlin are 

more pronounced than between the Merlin and the Sea-Hawk. Also, there is no validation 

for the Lynx FLIGHTLAB model and in the study by Forrest the Lynx model was found 

to produce some unexpected anomalies in its behaviour [44]. For these reasons the SH-

60B Sea-Hawk has been chosen as the helicopter model most appropriate for use in the 

study. 

  

Figure 2.16: SH-60B helicopter model Airload Computation Points 

 

 
 

Figure 2.17: A Royal Australian Navy Sea-Hawk helicopter 
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2.3.4 Airwake Data Integration 

The CFD airwake data integration process is illustrated by the flow diagram in Fig. 2.18. 

The CFD airwake data was interpolated onto a structured grid, as required by the 

FLIGHTLAB software, using a linear interpolation routine within Fluent. Memory 

constraints of the HELIFLIGHT-R computer system encountered during the work of 

Roper [39] and Forrest [44] meant that the airwake data had to be reduced both spatially 

and temporally to run the simulations without the system crashing. Therefore, the 

structured grid covers only the area of interest around the flight deck and has a uniform 

spacing of 1m, about three times larger than the specified tetrahedral cell size used over 

the flight deck in the calculation. The update frequency of the data was reduced from 

100Hz in the CFD calculation to 25Hz. The reduction of spatial resolution of the data 

does mean that some of the smaller flow structures are lost, however they are small 

enough as to be unlikely to have a significant effect and 25Hz is an order of magnitude 

above the 0.2 – 2 Hz frequency range which is of interest. The length of the airwake data 

was 30 seconds which is looped, as landing manoeuvres can sometimes take longer than 

this. The transition from the end of the signal to the start was smoothed to avoid an 

artificial sudden disturbance. These spatial and temporal resolution parameters were 

found to be suitable in the work of Forrest [44] in the HELIFLIGHT-R simulator and 

produced pilot experience that was adequately representative of the at-sea environment. 

 
 

Figure 2.18: Flight simulation data integration process flow diagram 
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2.3.5 Airwake Data Scaling 

In the studies by Polsky [23] and Forrest [44] it was shown that the CFD airwake data can 

be computed at one WOD speed for each WOD angle and then can be used as other 

WOD speeds by scaling of the velocity magnitudes and the frequency of the disturbances. 

Both studies showed that it is reasonable to assume that the magnitude of the unsteady 

fluctuations in wind velocity scale linearly. It was also shown that scaling the frequency 

of the ship airwake data according to a Strouhal,   , relationship: 

       
 

 (2.4) 

where   is shedding frequency,   is a characteristic length scale and   is the free-stream 

velocity or WOD speed. Strouhal number is assumed to stay constant so that an increase 

in WOD speed implies an increase in shedding frequency. In the case of an increase in 

WOD speed, the time-step used in the simulator is reduced from that used in the 

computations to increase the shedding frequency.  

This scaling process removes the need to compute separate airwakes for every desired 

WOD speed. This significantly reduced the amount of time required to compute the CFD 

airwakes and increased the scope of the study in terms of the number of different 

geometries that could be investigated. All the CFD airwakes were computed with a WOD 

speed of 40kts and scaled to wind speeds from 20-50kts in 5kts increments. This validity 

of this process was verified by Forrest [44] by comparing the flow characteristics of an 

airwake computed at 30kts with an airwake computed at 40kts that had been scaled down 

to 30kts. 

 

2.3.7 Visual Environment and Ship Motion 

The visual environment used was the Type 23 Frigate ship model which was provided by 

BAE Systems, developed by Hodge [48] and used by Forrest [44]. A visual model for the 

SRF was not developed and instead the Type 23 model was used. As the SRF is based on 

typical frigate dimensions, the airwake turbulence is distributed around the flight deck of 

the Type 23 visual model in the way that was expected by the pilot for this type of ship.  



CHAPTER 2. EXPERIMENTAL PROCEDURE AND COMPUTATIONAL METHODS 

 

75 
 

The option to include the effect of a moving ship deck in the simulations was available 

but not enabled to minimise the variables between different landing manoeuvres and to 

focus on the pilot workload caused by unsteady disturbances imparted on the helicopter 

model by the airwake. The exclusion of ship motion generally reduces pilot workload 

levels for equivalent WOD condition and ship geometries. 

 

2.3.8 Flight Simulation Test Pilot 

The flight tests were performed by experienced former RN test pilot Andy Berryman. He 

is very familiar with the facilities at the FST research group at the University of Liverpool 

having been a major part of several research projects including the ship-helicopter 

dynamic interface studies by Roper [39], Forrest [44] and Hodge [48]. 

 

2.3.9 Flight Trial Helicopter Manoeuvres 

To assess the pilot experience of the different ship geometry configurations, the pilot was 

asked to perform two different manoeuvres. First, a full deck landing using the standard 

RN portside shipboard approach technique was used, as described in Section 2.1.3, so that 

information about the pilot’s experience of the entire manoeuvre could be received. A 

minor difference between the simulator and the real world experience is that in these 

simulation tests the helicopter model is located and trimmed already at the portside 

approach position and does not have to make the approach there. For the second 

manoeuvre, the helicopter was located and trimmed in a hover over the flight deck, so 

that the pilot experience over just the flight deck could be directly compared for the 

various ship geometries tested. 

 

2.3.10 Pilot Workload Assessment 

After performing each manoeuvre in the flight simulator, the pilot was asked to give 

feedback on his levels of pilot workload using two subjective feedback scales and these 
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ratings were used to compare the pilot workload levels for the various ship geometries 

under investigation. 

 

2.3.10.1 Deck Interface Pilot Effort Scale 

The Deck Interface Pilot Effort Scale (DIPES), pictured in Fig. 2.19, is a five point rating 

scale used by the RN and various other navies around the world during FOCFTs to 

determine the SHOL diagram of a particular ship and helicopter combination. Test pilots 

will fly various WOD conditions and assign a rating increasing difficulty from 1 to 5, 

based on the expected pilot workload of a fleet pilot and reductions in control margins. 

Therefore, a test pilot may deem a particular WOD condition safe for themselves to 

perform, but not for the typical fleet pilot to perform on a regular basis. Ratings awarded 

to a landing manoeuvre between 1-3 mean that the WOD condition is safe for fleet pilots 

to repeatedly attempt and levels 4-5 mean that WOD condition is unsafe and will be 

designated outside the operational envelope. The series of letters are given by the pilot to 

indicate the issues encountered in the manoeuvre and this information was also recorded 

in the simulation trials along with the overall rating, although some of the descriptors are 

in this case are not applicable, namely deck motion and sea spray. 

 

2.3.10.2 Bedford Workload Rating Scale 

The Bedford Scale, shown in Fig. 2.20, is a 10-point scale and has been used to look 

specifically at the effect of ship airwake disturbances on pilot workload. Whilst the 

DIPES scale is useful because it relates directly to the process used in FOCFTs, it is quite 

a coarse scale and means that sometimes deck landings with reasonably significant 

differences in workload are awarded the same rating. Therefore, the 10-point Bedford 

scale was also used to focus on the workload associated with airwake and to focus on 

smaller differences in workload between the different ship geometries investigated. 
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Figure 2.19: The Deck Interface Pilot Effort Scale (DIPES). 

 

 

 

 

Figure 2.20: The Bedford workload rating scale. 
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2.4 Chapter Summary 

This chapter has discussed the experimental and computational tools and methods 

employed in the present study to achieve the aims and objectives set out in Section 1.3 in 

Chapter 1. An experimental set-up, employing an instrumented model-scale helicopter 

known as the AirDyn and developed by Wang et. al [58] at the University of Liverpool, 

has been described. The use of the AirDyn to characterise the steady and unsteady 

aerodynamic loading of a helicopter in the airwake of a generic ship geometry, has been 

discussed in detail. The use of the AirDyn as a tool for assessing the impact of ship 

geometry modifications on helicopter handling qualities has also been discussed. 

The present study has also used unsteady CFD to simulate the airwakes of the various 

ship geometry configurations and this chapter has described the CFD method employed, 

using the commercial code solver ANSYS Fluent. Detached-Eddy Simulation (DES) has 

been used to capture the medium to large scale flow structures that characterise ship 

airwakes and that most significantly impact on pilot workload. The steady and unsteady 

flow statistics of the CFD ship airwakes have been analysed to support the findings of the 

AirDyn experiments. 

A selection of the airwake data produced by the CFD methods discussed has also been 

used to populate a flight simulation environment to support the findings of the AirDyn 

experiments with pilot flying experience. The integration of the CFD data into the flight 

simulator has been described along with a discussion of the piloted flight simulation trials 

that have been carried out as part of this study. 

The next chapter will present the results of an investigation using the AirDyn experiment, 

supported by CFD analysis, into the steady and unsteady aerodynamic characteristics of a 

helicopter in the airwake of a ship. 
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Chapter 3 

Steady and Unsteady Aerodynamic 

Loading Characteristics of the AirDyn in 

a Ship’s Airwake 

This chapter describes how the AirDyn experiment has been used to investigate the 

aerodynamic forces on a helicopter at different positions in a flight-deck landing 

manoeuvre, identifying specific steady and unsteady loading characteristics caused by the 

severe spatial and temporal velocity gradients in the airwake. The loading characteristics 

of the AirDyn in a headwind, G30 and G45 WOD angles have been investigated and 

analysed to show how they present significantly different flight handling challenges to the 

pilot, in terms of overall flight control strategy and pilot workload. The oblique WOD 

angles (G30 and G45) have been investigated because previous studies have shown that 

the typical flow features are quite different from those at the headwind [12, 35, 39, 40, 

44]. Typically, the pilot workload characteristics of these oblique WOD angles are also 

significantly different from the headwind [44]. The aim was therefore to determine 

whether the steady and unsteady loading of the AirDyn could be used to predict these 

differences. The SHOL limits awarded to oblique WOD angles also tends to be most 

significantly impacted by pilot workload in response to the unsteady airwake whereas in 

‘beam’ winds (G60-G90) SHOL limits tend to be determined by pedal control limits [44]. 

In Chapter 4, ship modifications have been designed that have specifically targeted at the 

G30 and G45 WOD angles. There is a focus on Green winds because airwake flow 

features are directed towards both the flight deck and the port-side approach position and 

therefore impact on each stage of the standard RN port-side approach technique. 

Throughout the following discussions, reference will be made to reports from at-sea and 

simulation flight test experience to explain how the steady and unsteady aerodynamic 

loading characteristics quantified by the AirDyn manifest themselves in a real ship-deck 

landing manoeuvre. 
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This chapter also presents the effect on the aerodynamic loading of the AirDyn of two 

major geometry changes to the SRF ship in a headwind WOD condition. Comparisons are 

made with the baseline SRF model, to assess the sensitivity of the AirDyn and to further 

the understanding of how the nature and severity of the airwake impacts on the 

aerodynamic loading of a helicopter. The chapter also includes an investigation into the 

differences between using a spinning and a static rotor, on the measured unsteady 

aerodynamic loads. 

Throughout the chapter, CFD analysis of the ship airwake has been used to illustrate the 

underlying aerodynamic causes of the observed AirDyn loading characteristics for the 

various SRF geometry and WOD angle configurations. 

 

3.1 Steady Aerodynamic Loading Characteristics 

In addition to large temporal velocity gradients in the airwake, which cause the pilot to 

regularly apply control inputs to maintain station of the helicopter at certain wind 

conditions, large spatial velocity gradients can also cause variations in the average, or 

‘steady’ aerodynamic loading on the aircraft to which the pilot must apply lower 

frequency control inputs to remain on the desired flight path. These average loading 

characteristics can lead to increased workload, especially when combined with a high 

degree of unsteady loading. They can also lead to significantly reduced control margins 

which will impact on the pilot’s ability to respond effectively to further unsteady 

disturbances in that control axis [5]. The positive directions for the mean forces and 

moments about the CoG of the AirDyn are shown in Fig.3.1 and have been used 

throughout. 
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Figure 3.1: Positive directions of forces and moments measured by the AirDyn 

 

3.1.1 Headwind Thrust Deficit 

A well known phenomenon where a pilot has to apply increased collective to maintain the 

helicopter’s altitude is the so-called ‘thrust deficit’ experienced over the flight deck of 

frigates and destroyers, with medium to large scale hangars, in a headwind condition. 

This is an effect reported from at-sea flying experience; in particular on one of the spots 

on a Royal Fleet Auxiliary which is almost unusable because of steep downdrafts in the 

airwake [5]. 

Figure 3.1 shows the steady aerodynamic loads at seven points through a 150% HH 

lateral traverse, in a headwind, G30 and G45 WOD condition, for the baseline SRF ship 

geometry. The graph at the top-left of Fig. 3.1 shows the variation of mean thrust 

coefficient through the lateral traverse. In the headwind case, the thrust coefficient at the 

port side approach position, y/b = -2, is 0.0072. At this location, the AirDyn is not 

exposed to the ship airwake and the condition of the wind interacting with the AirDyn is 
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effectively the free-stream headwind. As the AirDyn is moved along the lateral 

translation path towards the flight deck, from -2 ≤ y/b ≤ -0.88, thrust coefficient begins to 

decrease as the advancing blades of the main rotor move into the turbulent airwake 

created in the lee of the hangar (the main rotor of the Merlin rotates in a counter-

clockwise direction when viewed from above). As the AirDyn moves over the flight deck 

itself, -0.5 ≤ y/b ≤ 0, the mean thrust coefficient reduces further to a minimum of 0.006 at 

the ship centreline, at the location of the spot hover task that precedes the descent to the 

landing spot in a real landing. This is a reduction of 17% compared to the free-stream 

thrust coefficient, which is comparable to the results of a similar study by Zan [53], 

allowing for differences in ship and helicopter geometry.  As the AirDyn translates from 

the port side approach position and moves into the airwake turbulence over the flight deck 

of the ship, two factors combine to reduce the mean thrust generated by the main rotor.  

The first is the reduced mean velocity magnitude of the flow over the flight deck, 

compared with the free-stream region, as shown in Fig. 3.2a where the location of the 

swept area of the AirDyn rotor disc has been indicated for the port side approach position 

(y/b = -2) and the spot hover position (y/b = 0). The second factor is the negative mean 

vertical velocity, calculated in the CFD solution to be -0.1 ≥ w/U∞ ≥ -0.2 (Fig. 3.3a), 

which is created over the flight deck as the wind is drawn downwards after flowing over 

the top of the hangar. This downdraft reduces the effective angle of attack of the main 

rotor blades and, combined with the reduced longitudinal velocities in the airwake over 

the flight deck, results in a reduction in mean thrust coefficient compared with the port 

side approach position. The reduced mean velocities over the flight deck have also caused 

a reduction in the mean drag force of 20% over the landing spot at y/b = 0, compared with 

the port-side approach position. 
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Figure 3.1: Steady Aerodynamic Loads for SRF Baseline for Headwind, G30, and G45 at 

150% HH 
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(a)                                                               (b) 
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Figure 3.2: Normalized mean velocity magnitude contours for headwind (a), G45 wind 

(b) and G30 wind (c) in plane z = 150% HH (8.91m) derived from CFD simulations 
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(a) (b) 

 

 
(c) 

 
 

Figure 3.3: Normalized mean vertical velocity contours for a headwind (a), G45 wind 

(b) and G30 wind (c) in plane z = 150% HH (8.91m) derived from CFD simulations. (To 

highlight the difference between the portside region and the flight deck, contour levels in 

(b) between -0.1 < w/U∞ < 0.1 have not been coloured) 
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As a consequence of the thrust deficit effect, in a real headwind landing manoeuvre the 

pilot would be required to increase the collective pitch of the main rotor blades to 

maintain the desired altitude above the flight deck. This can sometimes lead, particularly 

in low wind speeds or with heavily laden aircraft, to reductions in collective control 

margin that will compromise the ability of the pilot to respond to further disturbances in 

the heave axis [5]. If encountered in FOCFTs, this will significantly influence the 

determination of operational limits. In addition, whilst the time-averaged loading at 

individual points has been presented, in reality the movement of the helicopter through 

the lateral translation phase is a transient process. Therefore, the ultimate impact on 

handling qualities will depend both on the spatial gradient of thrust reduction between the 

port side approach position and the flight deck hover position; and the speed at which the 

pilot moves the helicopter through the lateral translation phase. A faster lateral translation 

will lead to a more sudden onset of the thrust deficit phenomenon and as such, 

experienced pilots will be more conservative in their lateral approach speed if operating 

to a ship or with an aircraft configuration known to have significant thrust deficit 

problems. 

 

3.1.2 Headwind Pitch Down Effect 

Another specific flight handling phenomenon reported from at-sea experience and in 

simulation trials by Forrest [44], is the tendency for the aircraft to pitch nose downwards 

when over the flight deck in a headwind condition. This effect requires the pilot to 

employ a mean backward stick position during the hover over the flight deck and has also 

been discussed by Wakefield et.al [30]. Figure 3.1 shows that the aerodynamic loading of 

the AirDyn has captured this effect. In the top right graph of Fig. 3.1, it can be seen that at 

the port-side approach position in the headwind case, there is a positive pitching moment 

due to the asymmetry of lift created by the AirDyn’s rigid rotor arrangement. In the 

reduced mean velocity field over the flight deck, the severity of the asymmetry of lift 

decreases and the mean pitch moment is reduced by 23%. In a real landing manoeuvre, at 

the port-side approach location the helicopter would be trimmed with a cyclic control 

input to compensate for the asymmetry of lift. Over the flight deck, this control input will 
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become an over-compensation and will therefore require a mean backward stick position 

relative to the port-side approach trim. 

 

3.1.3 G45 Pressure Wall 

Previous studies, investigating the aerodynamics of ship airwakes without the influence of 

the helicopter, have found significant differences in the nature of the flow-field when the 

wind angle is rotated from the headwind to an oblique angle such as G45. Flight test and 

simulation experience also suggest there are major differences in the aerodynamic 

challenges presented to the pilot for oblique wind angles, compared with headwinds. One 

particular difference, reported from at-sea flight trials and observed in the simulated flight 

trials by Forrest [44] is the presence of a so-called ‘pressure-wall’, encountered in Green 

oblique wind angles (typically G30-G60). Unlike the headwind thrust deficit problem, no 

research has been published that explains what causes this phenomenon or describes how 

it manifests itself in terms of the aerodynamic loading of a helicopter.  

The pressure-wall causes a severe deceleration in side-step velocity during the lateral 

translation phase and a noticeable increase in thrust, usually as the aircraft moves towards 

the port edge of the deck. Therefore, the pilot has to correct the attitude of the aircraft by 

reducing collective control and increasing lateral cyclic control input to continue along 

the desired flight path towards the landing spot. This deceleration can be so severe as to 

halt the lateral translation task altogether and force the pilot to come to a hover before 

applying the control inputs required to continue the landing.  

What makes this a potentially hazardous phenomenon is that, in these wind conditions, 

the area where the pressure-wall takes effect often corresponds to the area of most 

significant airwake turbulence. Therefore, through the lateral translation, the pilot has to 

simultaneously react to large disturbances in attitude, altitude and heading whilst applying 

a control strategy to contend with the effect of the pressure-wall. In the simulated trials by 

Forrest [44], landings at G30-G45 were awarded significantly greater workload ratings 

than wind angles within ±15° of the headwind and were dominated by the workload 

requirements during the lateral translation phase, which will have been exacerbated by the 

presence of the pressure-wall. Importantly, the compensatory control inputs the pilot 
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applies to counteract the pressure-wall can also lead to an overshoot of the landing spot 

hover position over the centre of the flight deck. 

In addition to thrust, Fig. 3.1 also shows the mean pitch and roll moment at seven 

locations through the lateral traverse, illustrating how the pressure-wall manifests itself in 

terms of the time-averaged response of the AirDyn. In the G45 case, the AirDyn again 

experiences a much reduced thrust coefficient, but in this case at the port-side approach 

position, unlike in the headwind case where the thrust deficit is observed over the flight 

deck. At G45, the mean thrust coefficient at y/b = -2 is 0.0048, a 33% reduction compared 

with the thrust coefficient at the port side approach position in the headwind case. Figures 

3.2b & 3.3b shows how the reduction in the mean velocity magnitude, and the downward 

mean vertical velocity that led to thrust deficit over the flight deck in the headwind case, 

are now observed at the port side approach position in the G45 case. The greater 

magnitude of the mean downward vertical velocity at the port side approach region in the 

G45 wind, where -0.26 > w/U∞ > -0.24, compared with the flight deck region in the 

headwind case, means that the resulting thrust deficit measured by the AirDyn is even 

more significant. 

For the G45 case, therefore, Fig. 3.1 shows that as the AirDyn is moved towards the flight 

deck, the mean thrust coefficient steadily increases as the AirDyn moves into a region of 

upward mean vertical velocity over the flight deck as illustrated by Fig. 3.3b. To highlight 

the difference between the portside region and the flight deck, contour levels in Fig. 3.3b 

between -0.1 < w/U∞ < 0.1 have not been coloured. This means that in a real G45 landing, 

as the pilot moves the aircraft through the lateral translation phase towards the flight 

deck, the collective pitch of the blades would now have to decrease to maintain the 

desired altitude. This is the opposite to the headwind case and highlights how the 

aerodynamic challenges and the required control strategies can differ significantly 

between WOD angles.  

As well as the increase in lift, between -1.255 ≤ y/b ≤ -0.25 there is also a sharp increase 

in pitch (nose-up) and roll moment (towards port side) as the advancing blades move into 

the higher speed, ‘free-stream’, wind that cuts across the deck as the flow separates from 

the windward vertical edge of the hangar, shown in Fig. 3.2b. Therefore, the difference in 

lift across the rotor disc is exaggerated, adding to the increase in lift caused by the upward 
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velocity of the airwake in this region. In addition, the 45° angle of the wind relative to the 

AirDyn also causes an increase in pitch and roll moment that would direct the aircraft 

port and aft of the flight deck. This increase in roll, pitch and lift through the lateral 

translation directs the aircraft away from the desired target and creates the effect of the 

pressure-wall. There is also an increase in negative side-force (i.e. towards the port-side) 

as the helicopter moves over the flight deck which will further act against the aircraft 

when translating from port to starboard. What makes the ‘pressure-wall’ effect especially 

difficult to counteract is that, in the G45 case, the increase in lift, pitch and roll continues 

all the way to the spot hover position, requiring the pilot to continuously increase the 

correctional control inputs throughout the entire lateral translation task. 

 

3.1.4 G30 Pressure Wall 

The pressure wall effect is also present in the results of the G30 WOD condition, although 

there are subtle differences in the magnitude and the location of the onset of the effect 

compared with the G45 case. For example, the mean thrust coefficient at the port-side 

approach location is reduced by 15% compared with the headwind case at the same 

location, which is not as severe as in the G45 case. In addition, whilst in the G45 case the 

increase in thrust, pitch and roll begins as soon as the AirDyn moves away from the port-

side approach position, in the G30 case the mean aerodynamic loads stay relatively 

unchanged between -2 ≤ y/b ≤ -0.88, with even a slight decrease in mean thrust, pitch and 

roll. It is only when the AirDyn is between y/b = -0.88 and y/b = 0 that the sudden and 

sustained increase in thrust, pitch and roll which characterises the pressure wall takes 

place. This is because in the G30 case, as shown in Figs. 3.2c & 3.3c, the direction of the 

wake is more inclined towards the centreline of the ship and the advancing blades of the 

AirDyn only reach the free-stream flow that cuts across the deck in the later stages of the 

lateral translation. Figure 3.3b shows that the peak downward vertical velocities in the 

G45 case are over the rotor area at the portside approach position and the so this is where 

the minimum thrust is generated by the AirDyn. Figure 3.3c, on the other hand, shows 

that the peak downward mean vertical velocities in the G30 case are over the area where 

the rotor will be when at y/b = -1.255, and this also corresponds to the position of 

minimum thrust in the lateral translation. The G30 pressure wall effect will manifest itself 
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on the handling characteristics of a deck landing in a similar way to the G45, with a 

reduction in thrust, a starboard roll and  a nose-down pitch control required to maintain 

the desired flight path through the pressure wall. The main differences are that the 

increases in thrust, pitch up and port roll over the flight deck compared with the port-side 

approach are less than in the G45 case, and that the onset of the effect will only take place 

through the middle of the lateral translation phase just as the helicopter reaches the port-

edge of the flight deck. 

 

3.2 Unsteady Aerodynamic Loading Characteristics 

In the previous section, differences between the time-averaged loading characteristics for 

a headwind, G30 and G45 wind angle were identified and the differences in the control 

strategies required to counteract them were discussed. In addition to differences in the 

time-averaged flow field of these wind angles, previous research has also shown that 

significant differences exist in the unsteady nature of the airwake [12, 35, 40, 44]. The 

AirDyn has been used to explore these differences, in terms of the severity of airwake-

induced disturbances and the stages of the landing manoeuvre at which unsteady loading 

is most significant. 

 

3.2.1 Headwind 

Figure 3.4 shows unsteady loading variations through the lateral traverse for headwind, 

G30 and G45 WOD angles. In the headwind case, at the port side approach position y/b = 

-2, RMS levels in all 6 control axes are low. Figures 3.2a & 3.3a show that this is because 

the AirDyn is in the free-stream flow and not exposed to any significant airwake 

turbulence. As for the time-averaged loading discussed earlier, the RMS loads observed at 

y/b = -2 are equivalent to those experienced by the AirDyn in a 50kts free-stream 

headwind without the presence of a ship.  As the AirDyn is moved along the lateral 

traverse, between -1.63 ≤ y/b ≤ -0.88, RMS loading increases significantly, for example 

by 488%, 600%, and 335% in RMS thrust, roll and yaw respectively, as the advancing 

blades of the main rotor move into the airwake, before reaching peak levels over the flight 
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deck, between -0.5 ≤ y/b ≤ 0. When converted to N and Nm at full-scale, the RMS side-

force, drag and yaw loads at y/b = 0 become 1488N, 744N and 3600Nm respectively. 

This compares with similar measurements, using a model-scale Sea-King helicopter and 

Canadian Patrol Frigate ship geometry, by Lee and Zan [52] of 1200N, 600N and 

2300Nm; for side-force, drag and yaw respectively at a similar hover position in a 50kts 

headwind.  Using the correlations developed in the same study by Lee and Zan [52] as a 

rough guide, given that they were developed using unsteady loads measured using a 

helicopter with a downwash but without a fully-coupled fuselage and main rotor, the 

RMS loads measured by the AirDyn over the flight deck in a 50kts headwind would 

imply that the pilot workload for a real landing would be approaching a level towards the 

limit of what a test pilot would deem acceptable to be included in a SHOL. This 

correlates with flight test experience as frigate-type ships which produce similar airwake 

flow characteristics to the SRF will typically start to experience high workload over the 

flight deck in headwinds > 40kts and the typical SHOL wind speed limit will be around 

50-55kts. 

The headwind CFD solution shown in Fig. 3.5a suggests that the increased unsteady 

loading observed over the flight deck is because the vertical turbulence intensity levels in 

the lee of the hangar are significantly higher than those off the port side. This position 

also corresponds to the region of thrust deficit for the headwind, so that the most 

significant unsteady disturbances will be experienced whilst the aircraft is being 

constrained by reduced thrust and power margins.  

The distribution of RMS loading levels across the lateral translation and over the flight 

deck indicate that the most significant pilot workload caused by the unsteady airwake 

would be induced through the final stages of a landing manoeuvre, over the port edge of 

the deck and during the hover task. Indeed, this is corroborated by reports from at sea 

flight experience and flight simulation studies, in particular by Forrest [44], where overall 

workload ratings awarded for headwind deck landings with a variety of ships were 

dominated by correctional control inputs required to maintain position of the aircraft 

during the final stages of the manoeuvre. 
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Figure 3.4: Unsteady Aerodynamic Loads for SRF Baseline for Headwind, G30, and G45 

at 150% HH 
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3.2.2 Green 45 

Figure 3.4 also shows the RMS loading values for a G45 case through a lateral traverse at 

150% HH. As with the time-averaged analysis, it is clear that there are also significant 

differences in the unsteady loading measured by the AirDyn for a G45 wind compared 

with the headwind. The most severe unsteady loading now takes place when the AirDyn 

is at the port side approach position, y/b = -2, and through the lateral traverse, y/b ≤ -0.88. 

The peak RMS levels recorded for the G45 case are 50-100% greater than the largest 

RMS levels observed over the flight deck in the headwind. Figure 3.5b suggests that this 

is because the peak turbulence intensities in the regions where the AirDyn has been 

located are greater in the G45 case compared with the headwind and this turbulence is 

now mainly directed towards the port edge of the deck and port side approach location. 

Over the deck, -0.5 ≤ y/b ≤ 0, unsteady loading levels reduce considerably compared with 

the lateral translation, y/b ≤ -0.88,  as a significant portion of the AirDyn fuselage and 

main rotor moves into the less turbulent free-stream flow that passes over the deck from 

the starboard side.  

Figure 3.5b shows that over the landing spot at y/b = 0, only the retreating blades of the 

AirDyn main rotor are exposed to the significant turbulent wake structures emanating 

from the hangar; whereas Fig. 3.5a shows that in the same location, with a headwind, the 

whole AirDyn rotor and fuselage is immersed in the turbulent airwake, giving a more 

uniform distribution over the rotor disc. However, Fig. 3.4 shows, in the G45 case, that 

although reduced compared with the port side approach region, RMS levels over the 

flight deck are comparable to the greatest RMS levels in the headwind condition, which 

were recorded over the flight deck. This suggests that exposing only a portion of a 

helicopter to airwake turbulence can result in a greater degree of unsteady aerodynamic 

loading compared with a case where the whole of the rotor and fuselage are exposed, 

particularly if a portion of the rotor is subjected to large fluctuations in vertical velocity as 

is the case at y/b = 0 in the G45 wind condition. Thus, the AirDyn is able to quantify how 

the intensity of turbulence, and how it is distributed across a main rotor and fuselage, 

affects the unsteady aerodynamic loading on the helicopter over the closed-loop pilot 

response frequency range of 0.2-2Hz.  These unsteady loads are very difficult to 

distinguish by looking just at the aerodynamic characteristics of an airwake, obtained 

from CFD or wind tunnel experiments, with no helicopter present. The findings imply 
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that not only would the pilot have to work harder to counteract airwake disturbances in 

the G45 case because the magnitude of those disturbances is greater, but also because 

airwake-induced workload would be significant for a much longer period during the 

landing manoeuvre. In addition, the high degree of unsteady loading through the lateral 

translation will be compounded by the pressure wall effect that causes the aircraft to 

decelerate or come to a hover in a region where handling qualities are heavily degraded 

by the unsteady airwake.  

The loading characteristics measured by the AirDyn in the G45 wind condition are again 

corroborated by at-sea and simulation flight test experience in that SHOL boundaries for 

many ship/helicopter combinations are more restrictive, in terms of allowable wind 

speeds, for G45 compared with the headwind, particularly for navies that employ a port 

side approach technique. Simulation studies by Forrest [44] showed that for a range of 

ships, deck landings in a G45 WOD used a much greater degree of pilot control activity 

and were consistently awarded higher workload ratings than for the headwind case. In 

addition to this, the ratings given for G45 landings were dominated by the difficulty of the 

lateral translation phase which received consistently higher workload ratings compared 

with the spot hover task. This clearly demonstrates the ability of the AirDyn to identify 

regions of high workload within the airwake by integrating the effect of the unsteady 

airwake over the rotor disc and fuselage and quantifying the resulting aerodynamic loads. 

 

3.2.3 Green 30 

Figure 3.4 also shows the RMS loading values for the G30 case through a lateral traverse 

at 150% HH, and as with the steady loads, the unsteady aerodynamic loading 

characteristics are somewhat different from the headwind and G45 cases. At the port-side 

approach position RMS loading is slightly increased, compared with the headwind case at 

the same location, however it is significantly lower than in the G45 case. Figure 3.5c 

shows that in the 150% HH rotor height plane, the wake of the hangar is less severely 

angled towards the port-side of the deck than in the G45 case shown in Fig. 3.5b. At the 

port-side approach position therefore, the main rotor is unaffected by the most severe 

airwake unsteadiness which in the G45 case caused some of the RMS loads to peak at this 
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same location. Figure 3.6c shows the turbulence intensity contours in a lower plane of 

75%HH. At this height, there is some small amount of unsteadiness in the flow over the 

port-side approach region, and this is the cause of the small increase in RMS loads 

compared with the headwind case at this location. 

Figure 3.4 shows that as the AirDyn location moves towards the flight deck the RMS 

loads increase significantly and peak through the middle of the lateral translation between 

-1.255 ≤ y/b ≤ -0.88, where the most significant vertical turbulence intensity levels are for 

the G30 case, as shown in Figs. 3.5c and 3.6c. In general, the peak RMS levels are higher 

in the G45 case and are significant for the whole of the lateral translation because the 

wake region covers a larger volume around the flight deck and the turbulence intensity 

levels in the G45 case are also greater than the G30. The greater inclination of the wind 

angle away from the centreline of the ship in the G45 case also creates a more severe 

separation from the starboard face of the hangar which means the unsteady flow 

structures are directed towards higher heights than in the G30 and can interact more 

significantly with the main rotor of the AirDyn.  

As with the G45, over the flight deck the RMS levels in the G30 case decrease from their 

peak levels over the sea at the port-side, as a portion the AirDyn moves out of the 

unsteady wake which is directed towards the port-side. RMS thrust, pitch and roll fall 

below the levels observed for the headwind case, with RMS side force, yaw and drag at a 

similar level to the headwind. 

Therefore, in a G30 ship deck landing, the most significant airwake-induced pilot 

workload would be required through the lateral translation phase. The workload during 

this phase would be similar though less severe than in the G45 case, and greater than in 

the headwind case. Flight handling qualities over the flight deck for the G30 are likely to 

be similar or slightly improved compared to the headwind, although generally the RMS 

levels are greater and more sustained through the whole manoeuvre for the G30 case and 

as such would induce an overall greater level of pilot workload. This is corroborated by 

at-sea flying experience and flight simulation research [39, 44] where G30 workload 

ratings tend to be greater than the headwind and less than G45, with particularly severe 

disturbances occurring through the lateral translation phase. 
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Figure 3.5: Vertical turbulence intensity contours for headwind (a) and G45 wind (b) in 

plane z = 150% HH (8.91m) derived from CFD simulations 
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Figure 3.6: Vertical turbulence intensity contours for headwind (a) and G45 wind (b) in 

plane z = 75% HH (4.455m) derived from CFD simulations 
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3.2.4 Unsteady Aerodynamic Loading at Different Rotor Heights 

Investigations were also carried out at AirDyn rotor heights of 110% HH and 125% HH 

and have been compared with the results at 150% HH for the headwind, G45 and G30 

cases in Figs. 3.7, 3.8 and 3.9 respectively. Figure 3.7 shows the RMS levels over the 

flight deck, where unsteady loading is most significant for the headwind, do not change 

much with variation in rotor height. There are increases in RMS roll and drag at 110% 

HH and 125% HH compared with 150% HH over the port-side of the deck but apart from 

an increase in RMS yaw there is very little difference in RMS levels over the landing spot 

at y/b = 0. The CFD analysis of the headwind ship airwake in Figs. 3.5a, 3.6a & 3.10a 

show that the magnitude and distribution of turbulence intensity levels over the flight 

deck are very similar at all the different rotor heights and therefore leads to little variation 

in the unsteady aerodynamic loading. 

Figure 3.8 shows the RMS levels through the lateral translation for the three different 

rotor heights at G45. In RMS side force and yaw, as with the headwind case, there is not 

much difference between the rotor heights. In RMS thrust, pitch and roll however, 

particularly through the middle section of the lateral traverse there is a more significant 

increase for the 110% HH and 125% HH rotor heights compared with 150% HH. The 

CFD vertical turbulence intensity contours shown in Fig. 3.10b indicate that this is 

because when the AirDyn is at the lower rotor heights (110% & 125% HH) the vertical 

turbulence intensity in the region above the rotor is greater. The increased unsteady 

loading at lower heights in the G45 case means that the handling qualities of a smaller 

helicopter such as a Lynx would be more severely affected during an approach attempted 

at a lower rotor height than is typical for the Merlin.  

The biggest differences in unsteady loading between the various rotor heights are 

observed in the G30 WOD condition. RMS thrust, pitch and roll in particular increase 

significantly through the lateral translation and over the flight deck at 125% HH and 

especially at 110% HH. As discussed in the previous sub-section, in the G30 case the 

separation from the windward side-face of the hangar is less severe than in the G45 case, 

and turbulence intensity levels are less significant at 150% HH. Therefore, in the G30 

case, raising the rotor height to 150% HH from 110% HH and 125% HH takes the main 

rotor above most of the significant airwake flow structures and as such the overall RMS 
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loads are greatly reduced, particularly in thrust, pitch and roll. Whilst the flow structures 

are still emanating from the ship towards the AirDyn, when the main rotor is at 150% HH 

they tend to be directed towards the fuselage and tend to be pushed away by the rotor 

downwash. It seems these flow structures have a more significant impact on the unsteady 

loads when the AirDyn is at lower rotor heights and they are drawn into the main rotor. 

As with the G45 case, the results suggest that in a real landing manoeuvre handling 

qualities would be degraded if the lateral translation and hover over the deck tasks were 

performed at rotor heights lower than 150% HH.  

 

Figure 3.7: Unsteady Aerodynamic Loads for SRF Baseline for Headwind, at 150% HH, 

125% HH and 110% HH over the landing deck 
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Figure 3.8: Unsteady Aerodynamic Loads for SRF Baseline for G45, at 150% HH, 125% 

HH and 110% HH 
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Figure 3.9: Unsteady Aerodynamic Loads for SRF Baseline for G30, at 150% HH, 125% 

HH and 110% HH 
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Figure 3.10: Vertical turbulence intensity contours for headwind (a) and G45 wind (b) in 

plane z = 125%HH (7.425m) derived from CFD simulations 
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3.3 Effect of Large Scale SRF Geometry Modifications in a Headwind 

This section describes the effects of making two major geometry changes to the SRF ship 

to determine whether the AirDyn would react as expected to the difference in the nature 

of the changed flow-fields. The first modification was the addition of a very large mast 

structure at the front of the hangar, shown in Fig. 3.11b, which introduced some 

additional very large vortex shedding into the airflow, particularly above the height of the 

hangar, and was therefore expected to increase the unsteady aerodynamic loading of the 

AirDyn over the flight deck and exacerbate the steady loading characteristics seen for the 

baseline SRF geometry. The second modification to the baseline SRF was the addition of 

an angled ‘lead-flap’ attached to the front face of the hangar, shown in Fig. 3.11c. This 

modification was designed to mitigate the flow separation at the front hangar face which 

causes significant turbulence intensity levels in the airflow above the height of the hangar. 

In contrast to the addition of the mast modification, the lead-flap was expected to 

alleviate the steady and unsteady loading characteristics observed in the previous section 

for the baseline SRF geometry. 

 

3.3.1 Steady Aerodynamic Loading 

Figure 3.12 shows the steady aerodynamic loading characteristics for the baseline, mast 

and lead-flap SRF geometries in a headwind condition along the 150% HH lateral 

traverse. The mean forces and moments when the AirDyn was located over the sea at the 

port-side of the ship, between -2 ≤ y/b ≤ -1.255, are similar for all three SRF geometry 

configurations as here the AirDyn is in the free-stream flow and unaffected by the 

airwake. Also, from y/b = -1.255 to y/b = 0, the modified SRF configurations cause very 

similar behaviour to the baseline-SRF headwind case observed in previous sub-sections, 

with the steady aerodynamic loads changing significantly as the AirDyn moves into the 

ship airwake. However, the extent to which the modified SRF geometries affect the mean 

forces and moments imparted on the AirDyn is somewhat different. The SRF with mast 

for example has a more significant thrust deficit effect over the flight deck than the 

baseline SRF. Mean thrust over the flight deck falls 25.6% from the free-stream value, 

compared with 16.7% in the baseline-SRF case. The thrust deficit effect in the SRF with 
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mast case, like the baseline-SRF case, is caused by reduced mean velocities and increased 

mean downward vertical velocities in the airwake over the flight deck. Figures 3.13.b & 

3.14b shows that these reduced mean velocities and mean downward velocities over the 

flight deck are exacerbated by the presence of the mast compared with the baseline SRF.  

In a similar way, Fig. 3.12 shows that the downward pitching moment effect, discussed in 

Section 3.1.2, is also exacerbated by the presence of the mast on the SRF geometry; the 

reduced mean velocities and increased mean downward vertical velocities alleviate the 

asymmetry of lift when the advancing blades are subjected to the ship airwake. There is 

also a further reduction in mean drag force over the flight deck for the SRF with mast 

geometry compared with the baseline SRF, again caused by the reduced mean velocity 

magnitudes over the flight deck shown in Fig. 3.13b. 

Figure 3.12 shows that the addition of the lead-flap to the SRF geometry has had the 

opposite effect to the mast in that the extent to which the mean forces and moments 

change over the landing deck is reduced compared with the baseline-SRF. The decreases 

in mean thrust, pitch moment and drag force over the flight deck for the lead-flap are 

13%, 18% and 10% respectively. The corresponding reductions in mean thrust, pitch and 

drag for the baseline are 17%, 28% and 20% respectively. Figures 3.13c and 3.14c show 

that, in contrast to SRF with mast configuration, the lead-flap causes a much smaller 

reduction in the mean velocity magnitudes and has smaller mean downward vertical 

velocity components in the air flow over the flight deck compared with the baseline-SRF 

case. 

 

3.3.2 Unsteady Aerodynamic Loading 

Figure 3.15 shows the unsteady aerodynamic loading characteristics for the baseline, mast 

and lead-flap SRF geometries in a headwind condition along the 150% HH lateral 

traverse. As with the mean loads, the RMS forces and moments when the AirDyn is at the 

port-side approach position are the same for each SRF geometry configuration. As the 

location of the AirDyn moves along the lateral traverse towards the landing spot, there is 

a significant increase in RMS levels for the SRF with mast geometry configuration. For 

example, the RMS roll over the flight deck has increased by as much as 150% with the 
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addition of the mast. Figures 3.16 & 3.17 show that the CFD simulation results indicate 

that the turbulence intensity levels in the airwake of the SRF with mast are between 18-

24% over the flight deck compared to 14-18% in the baseline SRF geometry. The 

significant increase in unsteady loading in all six axes would adversely impact on 

helicopter handling qualities and pilot workload in a real deck landing manoeuvre.  

The effect of the lead-flap, as in the steady analysis in the previous sub-section, is in total 

contrast to the addition of the mast. The addition of the lead-flap to the baseline-SRF 

geometry has almost completely eliminated the increase in RMS levels that occurs in the 

other two SRF geometry configurations and which would be expected from any frigate or 

destroyer type ship geometry. There is some increase in unsteady loading over the flight 

deck compared with the port-side approach location, but RMS levels are reduced by as 

much as 74 % and 85% in thrust and pitch respectively. Figure 3.18 shows vertical 

turbulence intensity levels above the height of the flight deck, in planes of 125% HH and 

150% HH, are very low compared with the other two geometry configurations. However 

Fig. 3.18 also shows that below the height of the hangar, turbulence intensity levels are 

very similar to those of the other SRF geometries, and a significant portion of the AirDyn 

fuselage will be exposed to this turbulence in the lead-flap case when located over the 

flight deck at 150% HH rotor height. Therefore, this indicates that the dominant driver of 

the much larger increases in RMS levels seen for the baseline and mast SRF geometries is 

the unsteady response of the main rotor as it interacts with the flow structures created 

above the height of the hangar when the AirDyn is at the 150% HH rotor height.  

Figure 3.19 shows the RMS forces and moments measured by the AirDyn for four 

different rotor heights at y/b = 0. At 150% HH RMS levels are all much lower in the lead-

flap case, with thrust, pitch and roll 74%, 85% and 52% lower than for the baseline SRF 

case respectively. However, when the AirDyn gets down to 110% HH and the main rotor 

becomes immersed in an area where the severity of the airwake is more significant, then 

the RMS thrust, pitch and roll suddenly rise and are just 8%, 42% and 10% lower than the 

baseline case at the same location. The baseline SRF and SRF-with-Mast on the other 

hand show no such increase because the turbulence intensity levels to which the main 

rotor is exposed to are generally the same at each of the heights. 
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(a)                                      (b)                                         (c) 

Figure 3.11: Baseline SRF (a), SRF-with-Mast (b) and SRF-Lead-Flap (c) 

 

Figure 3.12: Steady Aerodynamic Loads for SRF Baseline, SRF with Mast and SRF with 

Lead-Flap for Headwind at 150%HH 
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Figure 3.13: Normalized mean velocity magnitude contours for baseline SRF (a), SRF-

with-Mast (b) and SRF-Lead-Flap (c) in a headwind in plane z = 150% HH (8.91m) 

derived from CFD simulations 
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Figure 3.14: Normalized mean vertical velocity contours for baseline SRF (a), SRF-

with-Mast (b) and SRF-Lead-Flap (c) in a headwind in plane z = 150% HH (8.91m) 

derived from CFD simulations 
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Figure 3.15: Unsteady Aerodynamic Loads for SRF Baseline, SRF with Mast and SRF 

with Lead-Flap for Headwind at 150%HH 
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(a)                                                                    (b) 

        

(c)                                                                      (d) 

 

Figure 3.16: Vertical turbulence intensity contours for baseline SRF in a headwind at 

150% HH (a), 125% HH (b), 100% HH (c) and 75% HH (d) derived from CFD 

simulations 
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(c)                                                                      (d) 

 

Figure 3.17: Vertical turbulence intensity contours for SRF-with-Mast in a headwind at 

150% HH (a), 125% HH (b), 100% HH (c) and 75% HH (d) derived from CFD 

simulations 
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(c)                                                                      (d) 

 

Figure 3.18: Vertical turbulence intensity contours for SRF-Lead-Flap in a headwind at 

150% HH (a), 125% HH (b), 100% HH (c) and 75% HH (d) derived from CFD 

simulations 
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Figure 3.19: Unsteady Aerodynamic Loads for SRF Baseline, SRF with Mast and SRF 

with Lead-Flap for Headwind at for vertical traverse over the landing spot 

 

3.4 Static and Dynamic Rotor Comparison 

An important debate amongst the ship-helicopter research community is the influence of 

the rotor, and its interaction with the unsteady airwake, on the aerodynamic loading of the 

helicopter. The study by Lee and Zan [52] found that the inclusion of a rotor downwash 

changed both the magnitude and behaviour of the unsteady loading on the helicopter in a 

ship airwake. They concluded that the presence of the downwash created by a correctly 

scaled main rotor was essential. However, a key difference in the capability of the 

AirDyn, compared with those experiments at NRC, is that it has a coupled rotor and 

fuselage and can therefore transfer the unsteady loads imparted onto the rotor disk to the 
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force block mounted inside the fuselage. As unsteady disturbances in the thrust, pitch and 

roll axes are likely to be significantly influenced by the response of the main rotor, it is 

expected that the magnitude and behaviour of aerodynamic loading on a helicopter in a 

ship’s airwake will be significantly influenced by the effect of a rotor/fuselage coupling. 

The AirDyn was used to investigate this by testing along a 150% HH lateral traverse, in a 

(scaled) 50kts headwind condition, using the baseline SRF geometry with a mast shown 

in Fig. 3.11b. The test was conducted firstly using a stationary rotor and repeated using a 

dynamic rotor with a rotational speed of 220rpm. 

 

Figure 3.20: Effect of spinning rotor on the unsteady aerodynamic loading of the AirDyn 

in a headwind at 150%HH for the SRF-with-Mast ship geometry 
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In Fig. 3.20, RMS forces and moments at the seven points along the lateral traverse have 

been plotted for the two cases. At the port side approach position, y/b = -2, and at  y/b = -

1.63, when the AirDyn is out of the ship airwake and effectively in the free-stream flow, 

the impact of the dynamic rotor is relatively small and RMS levels are at their lowest for 

both cases. In the dynamic rotor case at y/b = -2, there is an increase in RMS thrust of 

40% compared with static case at the same location. RMS roll is also increased for the 

dynamic case at y/b = -2 and y/b = -1.63 compared with the static case, however RMS 

level in the other axes remain relatively unchanged between the two rotor states at these 

two locations.  

As the AirDyn moves over the flight deck, into the turbulent airwake created by the ship 

superstructure, a more significant difference between the two cases becomes apparent 

with RMS values for the dynamic rotor greater than the static rotor. Between -0.5 ≤ y/b ≤ 

0, RMS side force and yaw which are more influenced by aerodynamic forces on the 

fuselage rather than the main rotor, are 1.5-2 times greater in the dynamic case compared 

with the static case at the equivalent location. This increase in RMS caused by the 

inclusion of a rotor downwash is comparable to that found by Lee and Zan [52, 54], 

allowing for differences in helicopter and ship geometry. However, a key difference here 

compared with that study is the inclusion of a coupled fuselage and main rotor. Therefore, 

in RMS thrust, roll and pitch (incidentally not measured by Lee and Zan) which are 

significantly influenced by the aerodynamic response of the main rotor, as the AirDyn 

moves into regions of airwake turbulence, the difference between the two rotor states is 

more significant. Over the flight deck, -0.5 ≤ y/b ≤ 0, RMS thrust, roll and pitch are 3-5 

times greater for the dynamic case. An increase in the RMS magnitudes is to be expected, 

as the spinning rotor is now transferring large disturbances, as it moves through the 

unsteady airwake, to the AirDyn force block which are not transferred by the static rotor. 

However, not only has the magnitude of the RMS levels been affected by the dynamic 

rotor but so too has the nature of the RMS levels along the lateral traverse. 

For example, between the two points y/b =  -1.63 and y/b = -0.88 in the lateral traverse, as 

the advancing blades of the AirDyn move into the unsteady airwake, RMS thrust and 

pitch increase by 400% and 425% respectively in the dynamic case. However, in the 

static case, RMS thrust and pitch levels only rise by 195% and 65%. Also in the dynamic 

case, RMS thrust peaks over the port edge of the deck at y/b = -0.88, decreasing slightly 
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over the centre of the flight deck. In the static case however, RMS thrust steadily rises 

throughout the lateral traverse all the way to the centreline of the ship. Therefore, in 

experimental studies investigating helicopter response in anisotropic turbulent 

aerodynamic conditions, to get a better representation of the unsteady aerodynamic 

loading behaviour through a flight path, it is important to firstly include the effects of the 

rotor downwash, as concluded by Lee and Zan [52] but also to couple the main rotor and 

fuselage so that the unsteady aerodynamic loading on the main rotor is transmitted to the 

fuselage. The same may also be said of the inclusion of a dynamic tail rotor, and thus it 

may be expected that the increases in RMS side force and yaw between the port-side 

approach position and over the flight deck may be similar to those observed for thrust, 

pitch and roll if a dynamic tail rotor was included. However, the complexity of such an 

experimental arrangement is prohibitive and was beyond the scope of this work. 

 

3.5 Chapter Summary 

This chapter has reported how the AirDyn was used to characterise the steady and 

unsteady aerodynamic loading of a helicopter in the airwake of the SRF ship for a 

headwind, G30 and G45 WOD angles. The underlying aerodynamic causes of the 

observed loading phenomena have been explained using CFD analysis of the ship 

airwakes without the presence of a helicopter model. Several specific steady loading 

characteristics were observed for each of the WOD angles. In the headwind condition a 

region of thrust deficit was identified over the flight deck caused by mean downward flow 

coming over the top of the hangar and reduced mean velocities in the airwake. The mean 

pitch moment on the AirDyn also reduced over the flight deck which would cause a pitch 

down effect in a real landing. Both these loading phenomena have been reported from at-

sea and simulation flying experience. In the G45 and G30, the pressure-wall effect, again 

reported from at-sea and simulation flying experience, was indentified in the mean 

loading of the AirDyn. Analysis of the CFD airwakes found the cause of the pressure-

wall effect to be the large spatial velocity gradients from a mean downdraft and reduced 

mean velocity magnitude at the port-side approach position to an updraft and accelerated 

mean velocity at the landing spot hover position. 
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Differences in the unsteady loading characteristics between the headwind, G30 and G45 

cases were also identified. In the headwind case, the most significant RMS levels were 

observed in the region over the flight deck where the CFD indicated the greatest 

turbulence intensity levels were in the CFD analysis. In the G45 case, peak RMS levels 

were greater than in the headwind case, and were at the port-side approach region rather 

than over the flight deck. In the G30 case the peak RMS loads were observed through the 

middle of the lateral translation and were at a level between those observed for the 

headwind and G45 cases. The increase in peak RMS loading levels from the headwind to 

G45 is corroborated by at-sea and simulation flying experience [44, 52], as generally pilot 

workload also tends to increase with WOD angle from the headwind to G45. The regions 

of high RMS loads observed by the AirDyn are also distributed in such a way as to 

correspond to the regions where significant pilot workload would be expected in a real 

landing for each of the WOD angles. 

The addition of two large scale geometry features was also investigated for a headwind 

WOD condition to determine whether the AirDyn would produce the expected response. 

The addition of a large scale mast structure on top of the hangar increased the turbulence 

intensity levels over the flight deck in the CFD analysis and this caused an increase in the 

RMS loads measured by the AirDyn. A lead-flap fitted to the front face of the hangar 

dramatically reduced the RMS loads measured by the AirDyn by causing a corresponding 

reduction in the turbulence intensity levels above the height of the hangar. The effect of 

the lead-flap on the airflow below the height of the hangar was negligible which suggests 

that it is the region around the main rotor which is most influential in determining the 

overall unsteady loading characteristics. 

The unsteady loading characteristics of the AirDyn with a dynamic and a stationary rotor 

have been compared. It was found that the inclusion of a spinning rotor significantly 

increased the magnitude of the RMS levels compared with a stationary rotor. The increase 

in RMS loads caused by the spinning rotor was proportionally greater when the AirDyn 

was subjected to the most severe unsteady loading over the flight rather than at the 

relatively benign port-side approach position. 

The following chapter will detail the development of a range of ship geometry 

modification concepts for reducing the impact of the airwake on helicopter operations. 
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The modified ship geometries have been tested using the AirDyn and the unsteady 

loading characteristics have been compared with those of the baseline-SRF ship geometry 

presented in this chapter. 
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Chapter 4 

Development of Ship Modifications to 

Reduce the Unsteady Aerodynamic 

Loading of Helicopters 

4.1 Targeted WOD Angles 

As discussed in the Literature Review in Chapter 2, previous investigations into the 

effects of ship geometry on the airwake have mainly focused on winds coming from the 

bow of the ship, between G15 and R15 and especially the headwind condition. Some 

success has been achieved, notably by Greenwell and Barrett [61], Findlay and Ghee [60] 

and by Polsky in the NATO task group RTO-TR-AVT-102 [62], in terms of reducing 

turbulence intensity levels in certain regions over the flight deck. However, there was no 

attempt by any of these studies, or any follow-up studies, to determine whether the 

modifications developed had the potential to make tangible reductions in pilot workload, 

perhaps because the purely aerodynamic studies did not show enough encouragement to 

do so. In addition, some of the more successful modification concepts, for example the 

splitter-plates developed by Greenwell and Barrett [61] that reduced the effective size of 

the deck, and the hangar-face ‘blowing’ mechanism investigated by Polsky [62], were 

deemed to be impractical for operational implementation. The headwind condition is 

generally where the SHOL is at its least restrictive and therefore significant flow 

improvements are more difficult to achieve. It is oblique wind angles, especially G30-

G45, that typically produce much more severe flow features over and around the deck, 

leading to high levels of pilot workload [44]. In the previous chapter, the peak RMS loads 

through the approach path were significantly greater for the G30 and G45 cases compared 

with the headwind. At these WOD angles, operational envelopes tend to be much more 

restrictive and it is here that ship modifications can have the greatest impact in reducing 

excessive airwake-induced workload levels. The study reported in this chapter has 

therefore focused initially on developing ship modifications and design features that will 
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potentially reduce the impact of unsteady aerodynamic disturbances, and thus reduce pilot 

workload levels, for WOD angles between G30 and G45. The modifications have been 

investigated using the AirDyn in the same capacity as in the previous chapter. However, 

the focus is now on the unsteady aerodynamic loading characteristics of the AirDyn as 

this is what will most significantly impact on pilot workload. 

 

4.1.1 Dominant Flow Features in Oblique WOD Angles 

To develop effective modifications to the SRF ship geometry it was necessary to first 

understand the typical flow features that characterise ship airwakes at oblique WOD 

angles. The study by Forrest [44] identified three dominant flow features for frigate-

/destroyer-type ship airwakes at oblique (30°-60°) WOD angles, that most significantly 

impact on helicopter handling qualities. These flow features have been observed in the 

airwakes of the SRF and are discussed in the following three sections. 

 

4.1.1.1 Hangar Side-Face Separation 

The first typical flow feature of oblique WOD angles is the separation from the windward 

hangar side-face. Figure 4.1a shows how the flow accelerates over the top of the hangar 

along the sharp top edge of the hangar side-face, which creates a mean upward velocity in 

the airwake in this region shown in Fig. 4.1c. The separation creates a region of mean 

velocity deficit above the height of the hangar, shown in Fig. 4.1b, in the area where the 

main rotor of the helicopter will be during the approach, lateral translation and hover over 

the deck phases of the landing. Large unsteady flow features are formed at this separation 

point, which then propagate towards this wake region above the height of the hangar. This 

means that the airflow being drawn into the main rotor of the aircraft is characterised by 

large turbulence intensity levels which will lead to unsteady fluctuations in aerodynamic 

loading and therefore increased pilot workload. 
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(a)                                                                      (b)  

(a), (b):  

     
(c)                                                                      (d) 

(c):  
 

(d):  

Figure 4.1: Mean velocity vectors coloured by mean velocity magnitude in plane x = -1m 

(a), contours of mean velocity in a plane z = 150% HH (b), contours of mean vertical 

velocity in a plane z = 150% HH (c) and contours of vertical turbulence intensity in a 

plane z = 150% HH (d) derived from CFD simulations for the baseline-SRF in a G45 

WOD angle 
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4.1.1.2 Vertical Hangar-Edge Shear Layer Separation 

Another typical flow feature in oblique WOD angles between G30 and G45 is the shear 

layer created as the free-stream flow separates from the windward vertical hangar-face 

edge and cuts across the flight deck. The CFD analysis of the baseline-SRF geometry in 

Fig. 4.2 shows how, below the height of the hangar, there is a division across the deck 

between high-speed air flow and low-speed re-circulating air flow. There is a large 

unsteadiness, particularly in the lateral direction, associated with phenomena and has 

been observed by researchers investigating a number of different ship types [39, 44]. Any 

modifications to the vertical hangar edge are most likely to be effective when the AirDyn 

is over the flight deck and at lower rotor heights as this is where the shear layer effect 

generally manifests itself. 

     
(a)                                                                      (b)  

(a):  

(b):  

 

Figure 4.2: Contours of mean velocity magnitude in a plane z = 75% HH (a) and contours 

of lateral turbulence intensity Iv in a plane z = 75% HH derived from CFD simulations for 

the baseline-SRF in a G30 WOD angle 
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4.1.1.3 Deck-Edge Separation 

In a similar way to the hangar side-face separation, adverse flow features are also created 

at the deck edge. The deck edge flow structures generally exist close to the deck surface 

and can impact on flight handling qualities through the final stages of the descent to the 

landing spot, particularly when high degrees of ship roll angle accentuate their effect or 

on very large open flight decks such as aircraft carriers. However, the study by Forrest 

[44] found that for frigate type ships they tended to have a much less significant effect on 

pilot workload than the two other flow features and as such no specific geometry 

modifications have been designed or tested to mitigate their effect. Due to the similarity 

of the flow features, it is likely that successful ship modifications developed for the 

hangar side-face could also yield success if developed for the deck-edge. 

 

4.2 Hangar Side-Face Modifications 

The modifications that have been investigated are pictured in Fig. 4.3 and Fig. 4.4, and 

are all along the starboard (windward) hangar side face. The modifications have all been 

designed to mitigate the larger scale flow features created by the hangar side-face 

separation described in Section 4.1.1.1. The modifications have aimed to do this either by 

deflecting the large scale flow features or by introducing smaller scale flow features into 

the airwake to ‘break-up’ the largest scale unsteady flow structures.  

The Side-Flap (Fig. 4.3b) and Side-Ramp (Fig. 4.3f) modifications have been designed 

with the aim of inhibiting the upward flow at the side-face of the hangar and reducing the 

angle of separation so that the larger flow structures are less significant at higher heights 

above the top of the hangar, in the region where the Merlin main rotor would be through 

the approach in a full-scale deck landing. These concepts were developed based on the 

work by Czerwiec and Polsky [59] discussed earlier, where a ‘bow-flap’ modification 

inhibited the large flow separation at the bow of a LHA ship. The Side-Flap has been 

designed to be as simple a geometry change as possible to ease the implementation of 

such a device. It is likely that the Side-Flap would increase the radar signature of the ship 

but could be articulated and deployed only during the recovery of helicopters if this was 

prohibitive. However, although implementation has been considered, the primary concern 
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of this research to determine the feasibility of making significant improvements to ship 

geometries with retro-fit modifications to aid helicopter operations. When this has been 

shown to be the case then operational considerations will become more important. The 

Side-Flap protrudes from the hangar side-face by approximately 1.3m at the full-scale and 

is set the same distance down from the top of the hangar. The Side-Ramp width is 1.7m 

and is set at an angle of 60° to the hangar side-face. 

The Notch modification (Fig. 4.3c) has been developed to achieve a similar objective but 

is also a feature that could be inherently included in a future ship design. In fact a similar 

feature is already included in the design of the RN Type 23 Frigate although it is not 

known whether it has a positive or negative effect on the flow. At approximately 2×2.6m 

at the full-scale, the Notch has been designed to be large enough that smaller scale 

geometric features could be placed there such as a Close-In-Weapons-System (CIWS) or 

equipment stores. A generic CIWS model (Fig. 4.3d) has therefore also been added to the 

Notch in a worst case scenario location close to the hangar face. Here it is likely to have a 

negative impact on the aerodynamic loading of the helicopter, as discussed by Zan [53] 

with reference to flight test experience to a Canadian Patrol Frigate with and without a 

CIWS. 

The Side-Tabs (Fig. 4.3e) and Side-Sawtooth (Fig. 4.3g) are variations on the Side-Flap 

and have the added objective of introducing smaller scale flow features that into the main 

airwake that will break-up the larger flow structures leading to smaller amplitude and 

higher frequency flow disturbances that might not impact in the closed-loop pilot 

response frequency range as significantly as the unmodified ship. This idea of breaking-

up the large scale low frequency flow structures into higher frequency turbulence that has 

a less significant effect on pilot workload has been adopted from previous studies referred 

to in Section 2 but is applied to a different part of the ship and is aiming to suppress a 

different flow mechanism. 
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(a)                                                                      (b) 

 
(c)                                                                      (d) 

 
(e)                                                                      (f) 

 
(g) 

Figure 4.3: Baseline-SRF (a), Side-Flap (b), Notch (c), Notch w/CIWS (d), Side-Tabs (e), 

Side-Ramp (f), and Side-Sawtooth (g) modifications to starboard side-face of SRF hangar 

(starboard oblique WOD angle indicated by green arrow) 
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(a)                                    (b)                                    (c)                                   

 

(d)                                    (e)                                    (f)                                   

Figure 4.4: Modified SRF hangar with Side-Flap (a), Notch (b), Notch w/CIWS (c), Side-

Tabs (d), Side-Ramp (e), and Side-Sawtooth (f) 

 

4.2.1 Green 45° WOD angle 

The Side-Flap, Notch, Notch w/CIWS, Side-Tabs, Side-Ramp and Side-Sawtooth 

modifications were tested first for a G45 WOD angle and compared with the baseline-

SRF geometry in terms of the RMS forces and moments derived from the loading time-

histories recorded by the AirDyn. 

 

4.2.1.1 150% HH Lateral Translation 

Figures 4.5 & 4.6 show the RMS forces and moments for the Side-Flap, Notch and Notch 

w/CIWS modifications and the Side-Tabs, Side-Ramp and Side-Sawtooth modifications 

respectively, as compared with the baseline-SRF geometry, through a lateral translation at 

150% HH (approximate height of the Merlin main rotor in a real landing manoeuvre). 

The lateral position of the rotor hub, y, is measured from the landing spot at the centre of 

the deck, and is normalised by the deck width, b. Therefore y/b = 0 is above the landing 
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spot; y/b = -0.5 is the port-side deck edge; and y/b = -2 is the start point of the lateral 

translation over the sea at the port-side of the ship, also referred to as the port-side 

approach position. 

As can be seen from Figs. 4.5 & 4.6, all the modifications have reduced, and in some 

cases quite significantly, the unsteady aerodynamic loading of the AirDyn. As discussed n 

the previous section, in the G45 WOD angle the greatest RMS loads are experienced at 

the port side approach position, y/b = -2, and through the middle of the lateral translation, 

y/b ≤ -0.88, and the Side-Flap, Notch and Side-Sawtooth modifications have been 

particularly effective in these regions. Figure 4.5 shows that the Side-Flap and Notch 

have significantly reduced RMS forces and moments in all six axes between -2 ≤ y/b ≤ -

0.88, with the maximum reductions for each axis between 27-41% compared with the 

baseline-SRF case at the equivalent AirDyn location. There are similar reductions in 

RMS drag and yaw, mainly towards the middle of the lateral translation between -1.255 ≤ 

y/b ≤ -0.5. Figure 4.4 shows that the addition of the CIWS (Notch w/CIWS) has had very 

little negative impact on the AirDyn loading characteristics through the 150% HH lateral 

translation compared with the Notch modification except to slightly increase RMS roll at 

y/b = -1.63 and RMS thrust at y/b = -0.5. So, generally, the Notch w/CIWS modification 

still produced significant reductions in RMS loading compared with the baseline-SRF. 

Figure 4.6 shows that generally, between -2 ≤ y/b ≤ -0.88, the Side-Sawtooth is as 

effective as the Side-Flap and Notch modifications with reductions in RMS loads of 25-

35% in all six axes, compared with the baseline SRF. Figure 4.6 shows that the Side-Tabs 

modification also reduced the aerodynamic loading of the AirDyn in all six axes between 

-2 ≤ y/b ≤ -0.88, although to a slightly lesser extent than the Side-Flap, Notch and Side-

Sawtooth. However, at y/b = -0.5, there is a sharp increase in RMS thrust and RMS side-

force for the Side-Tabs and Side-Sawtooth respectively, compared with other points along 

the lateral traverse. These ‘spikes’ actually increase the RMS to a slightly greater level 

than the original baseline-SRF at the same point and are most likely due a flow feature 

created where the modifications stick out into the flow where they meet the rear face of 

the hangar. Whilst the overall reductions in RMS levels across the lateral traverse suggest 

that overall these are favourable design features, further improvement could potentially be 

achieved with some refinement of the design. 
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Figure 4.5: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 150% HH in a G45 WOD angle 
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Figure 4.6: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Tabs, Side-Ramp and Side-Sawtooth at a rotor height of 150% HH in a G45 WOD 

angle 

 

It can be seen in Fig. 4.6 that, in RMS pitch, yaw and roll, the Side-Ramp modification 

also reduces RMS loads compared with the baseline-SRF between -2 ≤ y/b ≤ -0.88, and to 

a similar extent as the other modifications. In RMS thrust, side force and drag, the Side-

Ramp performs as well as the other modifications through the middle of the lateral 

translation, -1.255 ≤ y/b ≤ -0.88, although the reductions seen at the start of the lateral 
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translation, -2 ≤ y/b ≤ -1.63, for the other modifications are not observed for the Side-

Ramp. 

Although the peak unsteady loads occur at the portside approach position and through the 

lateral translation in the G45 wind angle at 150% HH, the modifications have produced 

equally significant, and in some cases even greater, reductions in RMS loading over the 

flight deck, -0.5 ≤ y/b ≤ 0, in terms of percentage reduction compared with the baseline-

SRF levels at the same position. Figure 4.4 shows that over the flight deck, the Side-Flap 

modification has reduced RMS thrust, pitch, roll and drag most significantly, by between 

35-45%  at y/b = -0.25 and by 21-25% at y/b = 0. Figure 4.6 shows that the Side-Ramp 

modification also performed well when the AirDyn was over the flight deck, achieving 

similar reductions as the Side-Flap in RMS thrust, pitch, roll and drag at y/b = -0.25 and 

performed even better at y/b = 0, with reductions of up to 40% compared with the 

baseline-SRF. The Side-Ramp modification also reduced RMS thrust and roll at y/b = -

0.5 by 33% and 44% respectively. 

Overall, the significant reductions in RMS forces and moments shown in Figs. 4.5 & 4.6, 

particularly the Side-Flap and Notch modifications, mean that throughout the portside 

approach, lateral translation and hover over the deck phases of a landing manoeuvre in a 

G45 WOD there would be a considerable reduction in the severity of the airwake 

disturbances that most significantly impact on pilot workload. This strongly suggests that 

these are favourable ship design modifications and would lead to improved helicopter 

handling characteristics compared with the baseline-SRF geometry in this WOD 

condition. 

 

4.2.1.2 125% HH Lateral Translation Rotor Height 

The modifications to the SRF have also been successful in reducing RMS loads at various 

locations through the entire lateral traverse at other rotor heights, although to a slightly 

lesser extent than in the 150% HH rotor height case. Figures 4.7 & 4.8 show the RMS 

forces and moments for the Side-Flap, Notch and Notch w/CIWS modifications and the 

Side-Tabs, Side-Ramp and Side-Sawtooth modifications respectively, as compared with 

the baseline-SRF geometry, through a lateral translation at 125% HH. The Side-Flap 
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modification, Fig 4.7, has again been successful at the port-side approach position and 

through the middle of the lateral translation with RMS pitch reduced at every point from -

2 ≤ y/b ≤ -0.88 compared with the baseline-SRF by up to 27.6%, and RMS roll reduced 

by up to 28.5% at y/b = -2. The Side-Flap has also reduced RMS thrust and drag through 

the middle of the lateral traverse and the peak RMS side force and yaw levels, which both 

occur at y/b = -0.88, have been reduced by 30.9% and 22.4% respectively. Reductions in 

RMS over the flight deck for the Side-Flap modification are certainly more modest at 

125% HH compared with 150% HH, however RMS are still reduced at every point from -

0.5 ≤ y/b ≤ 0 and in every axis, with RMS drag and pitch reduced by 25.9% and 24.5% 

respectively, over the landing spot at y/b = 0.  

Figure 4.8 shows that, as at 150% HH, the Side-Tabs and Side-Sawtooth modifications 

have had a very similar, although slightly more modest effect on the unsteady 

aerodynamic loading as the Side-Flap. The two modifications for the most part reduce the 

RMS loads at every point across the lateral traverse, however the Side-Sawtooth causes a 

slight increase in RMS loads compared with the baseline-SRF geometry at y/b = -0.25, in 

all axes except thrust. Despite this localised increase, the overall reductions in RMS 

caused by the Side-Sawtooth, as with the Side-Flap and Side-Tabs, mean that its 

application was an improvement compared with the baseline-SRF geometry. Figure 4.8 

shows that the Side-Ramp modification has also had a positive impact on the unsteady 

aerodynamic loading characteristics of the AirDyn at this rotor height, with similar 

magnitude reductions in RMS thrust, pitch, drag and roll between -2 ≤ y/b ≤ -0.88 as the 

Side-Flap modification. However, over the flight deck, -0.5 ≤ y/b ≤ 0, the Side-Ramp 

modification begins to out-perform the Side-Flap, Side-Tabs and Side-Sawtooth 

modifications in terms of reducing RMS compared with the baseline-SRF. Particularly at 

y/b = -0.25, RMS thrust, drag and roll are reduced by 36.0%, 44.9% and 50.0% 

respectively. 

Figure 4.7 shows that, between -2 ≤ y/b ≤ -0.88, the Notch modification has generally had 

a similarly positive effect on RMS as the Side-Flap modification, with further reductions 

in RMS pitch, roll and drag and slightly less extensive reductions in RMS thrust, side 

force and roll. As with the Side-Ramp modification, the Notch also begins to out-perform 

the Side-Flap over the flight deck. For example, RMS thrust, side force and drag at y/b = -

0.25 are reduced by 40.8%, 43.4% and 50.0% respectively compared with 15.8%, 13.2% 
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and 22.5% in the Side-Flap case. The application of the CIWS to the Notch modification 

has again increased the RMS loads, compared with the Notch modification only. These 

increases are more pronounced at 125% HH compared with 150% HH, as the AirDyn 

moves down and the fuselage becomes ever more immersed in the wake of the CIWS. 

Even with the addition of the CIWS, the overall effect of the Notch is to reduce the RMS 

loads through the whole lateral translation and is therefore an improvement on the 

baseline-SRF geometry. 

 

Figure 4.7: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 125% HH in a G45 WOD angle 
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Figure 4.8: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Tabs, Side-Ramp and Side-Sawtooth at a rotor height of 125% HH in a G45 WOD 

angle 

 

4.2.1.3 110% HH Lateral Translation Rotor Height 

Figures 4.9 & 4.10 show the RMS forces and moments for the Side-Flap, Notch and 

Notch w/CIWS modifications and the Side-Tabs, Side-Ramp and Side-Sawtooth 

modifications respectively, as compared with the baseline-SRF geometry, at the lowest 

lateral translation rotor height of 110% HH. At this rotor height, the best and most 

consistent improvements in unsteady aerodynamic loading with respect to the baseline-

SRF are caused by the Side-Flap, Side-Tabs and Side-Sawtooth modifications. Again, the 

Side-Flap modification reduced the peak RMS side force and yaw level, which occur at 
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y/b = -0.88, by 24.2% and 21.0% respectively. Generally, the reductions in RMS thrust 

and pitch caused by the Side-Flap geometry are less significant at this rotor height 

compared with 125% HH and 150% HH, except at y/b = -2 where RMS pitch is reduced 

by 33.8%. The Side-Flap has also caused reductions in RMS drag and roll through the 

lateral translation, y/b ≤ -0.88, of up to 31.4% and 27.3% respectively. At this rotor height 

the Side-Flap modification also makes reductions of 33.5% and 31.1% in RMS side force 

and drag over the landing spot at y/b = 0. 

Figure 4.10 shows that some of the reductions in RMS caused by the Side-Ramp have 

some specific similarities with those caused by the Side-Flap modification. The peak 

RMS side force and yaw at y/b = -0.88 are reduced by 26.5% and 22.3% compared with 

21.0% and 24.2% for the Side-Flap. The best and most consistent reductions between -2 ≤ 

y/b ≤ -0.88 are in RMS drag and roll for both the Side-Ramp and Side-Flap geometries. 

At y/b = 0, reductions of RMS side force and drag of 40.5 % and 34.6% respectively 

caused by the Side-Ramp are greater than those made by the Side-Flap at the same 

location in the same axes. However, unlike the Side-Flap, the Side-Ramp does also have 

some points where RMS loads have actually increased relative to the levels at the same 

position for the baseline-SRF geometry. For example over the port edge of the deck at y/b 

= -0.5, RMS thrust, side force and yaw increase by 28.9%, 13.1% and 17.3%. The overall 

effect of the Side-Ramp across the whole lateral translation at this rotor height is still 

positive and some refinement of the design could potentially remove these localised 

increases in RMS loading. 

At this rotor height, Fig 4.9 shows that whilst the Notch and the Notch w/CIWS 

modifications continue to reduce RMS loads relative the baseline-SRF, they are out-

performed by the other modifications between -2 ≤ y/b ≤ -0.88 and in particular by the 

Side-Flap.  However, at y/b = -0.25 and y/b = 0 they perform better than the other 

modifications. For example the Notch reduces RMS thrust, pitch and roll by 51.4%, 

56.5% and 57.2% at y/b = -0.25. At y/b = -0.5, the Notch and Notch w/CIWS cause a 

significant increase in RMS roll of 30% relative to the baseline-SRF. As with the Side-

Ramp modification, this does wholly cancel out the reductions in RMS loads seen 

elsewhere in the lateral traverse at this rotor height but further refinement of the design 

would be desirable to remove this behaviour. 



CHAPTER 4. DEVELOPMENT OF SHIP MODIFICATIONS REDUCE THE UNSTEADY 

AERODYNAMIC LOADING OF HELICOPTERS 

 
 

135 
 

 

 

Figure 4.9: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 110% HH in a G45 WOD angle 
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Figure 4.10: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Tabs, Side-Ramp and Side-Sawtooth at a rotor height of 110% HH in a G45 WOD 

angle 
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Figure 4.11: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 175% HH in a G45 WOD angle 
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Figure 4.12: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Tabs, Side-Ramp and Side-Sawtooth at a rotor height of 175% HH in a G45 WOD 

angle 

 

4.2.1.4 175% HH Lateral Translation Rotor Height 

Figure 4.11 and 4.12 show the RMS forces and moments of the baseline-SRF and the 

various modified SRF configurations over the flight deck, -0.5 ≤ y/b ≤ 0, at a rotor height 

of 175% HH. These points were tested to give insight into how the modifications would 

affect performance such as slung load deployment where an extended high hover would 
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be maintained. All the modifications have significantly reduced RMS loads in all axes, 

with the Side-Flap and Side-Ramp generally the most effective. RMS thrust, drag and roll 

have been reduced by 24.5%, 45.1%, and 33.7% for the Side-Flap and 38.0%, 45.4% and 

46.1% for the Side-Ramp, over the landing spot at y/b = 0. It is interesting to note that at 

this rotor height, the two modifications that were specifically designed with the intention 

of inhibiting the upward momentum of the airflow at the windward hangar side-face and 

thus reducing the height above the deck where flow structures are significant, performed 

better than the other modifications primarily designed to ‘break-up’ the larger scale flow 

features. The reductions in RMS loading caused by the modifications would lead to 

improved handling qualities of a helicopter during extended high hover tasks over the 

flight deck as the severity of the unsteady aerodynamic disturbances would be reduced. 

 

4.2.1.5 Summary of Hangar Side-Face Modifications for G45 

In summary, the six modifications investigated in this section have significantly reduced 

the RMS loading of the AirDyn compared with the baseline-SRF, through the full lateral 

traverse and for various rotor heights, in a G45 WOD condition. As illustrated in the 

contour plots of RMS roll in Fig. 4.13, the peak RMS loads tend to be towards the port-

side approach region for the baseline-SRF case in a G45 WOD angle. In this region, the 

‘additive’ or ‘retro-fit’ modifications, i.e. the Side-Flap, Side-Ramp, Side-Tabs and Side-

Sawtooth were all effective, particularly at 150% HH where RMS loads were consistently 

reduced by 20-45% compared with the baseline-SRF. The Notch modification, built into 

the geometry of the hangar, was just as successful as the other modifications at the port-

side approach region and through the middle of the lateral translation at 150% HH. 

However, at lower rotor heights, whilst it still reduced unsteady aerodynamic loading 

compared with the baseline case, it was not as effective as the other modifications and 

particularly the Side-Flap and Side-Ramp.  
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(a)                                                                         (b)                                                

 

(c)                                                                         (d)                                                

 

(e)                                                                   (f) 

 

(g) 

 

 

Figure 4.13: Contours of RMS roll moment for baseline-SRF (a), Side-Flap (b), Side-

Tabs (c), Notch (d), Notch w/CIWS (e), Side-Ramp (f), and Side-Sawtooth (g) SRF 

geometry configurations in G45 WOD angle 
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In the baseline-SRF case the RMS loads are generally much lower over the flight deck, -

0.5 ≤ y/b ≤ 0, in a G45 WOD angle, than at the port-side approach and through the middle 

of the lateral translation. However the modifications still significantly reduced unsteady 

aerodynamic loading of the AirDyn over the flight deck, in terms of the percentage 

reduction from the baseline-SRF case at the same location. Improvements made in this 

region at 150% HH, of up to 40-57% in some RMS axes, were very encouraging. As this 

is where the helicopter will hover over the flight deck, waiting for a quiescent period in 

the ship’s motion to begin the descent to the landing spot, modifying the ship to reduce 

the severity of unsteady aerodynamic loading is therefore advantageous in terms of 

reducing pilot workload. The Side-Flap and Side-Ramp modifications in particular also 

made similarly significant reductions in RMS loading at a rotor height of 175% HH, 

where a helicopter might be expected to be during an extended high hover task. Over the 

flight deck, at 110% HH and 125% HH, some reductions in RMS loads were achieved by 

modifying the SRF geometry; however these reductions were more modest than at higher 

rotor heights. This means that any improvements in handling qualities would be less 

significant during the descent phase of the landing, although at-sea flying experience and 

flight simulation research [44] reports that pilot workload induced by unsteady airwake 

disturbances is less critical during that phase compared with the port-side approach and 

flight deck hover tasks. 

 

4.2.2 Green 30° WOD angle 

After promising results at G45, the investigation of the Side-Flap, Notch and Notch 

w/CIWS modifications was extended to a G30 WOD angle.  

 

4.2.2.1 150% HH Lateral Translation 

Figure 4.14 shows the RMS forces and moments for the Side-Flap, Notch and Notch 

w/CIWS modifications as compared with the baseline-SRF geometry, through a lateral 

translation at 150% HH. As for the G45 case, the impact of the Side-Flap modification 

has been to reduce the RMS forces and moments, although the improvements are more 
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modest than at this rotor height in the G45 case. In RMS thrust and roll, the Side-Flap has 

reduced the peak levels, which occur at y/b = -0.88, by 13.6% and 22.5% respectively. 

There is also improvement of 16.7-22.8% over the landing spot at y/b = 0 in RMS thrust, 

drag and side force.  

It can also be seen in Fig. 4.14 that, as with the G45 case, the Notch modification has 

produced some significant improvements compared with the baseline-SRF in the G30 

case. As with the Side-Flap, the peak RMS thrust and roll levels at y/b = -0.88 have been 

reduced by 13.5% and 17.7% respectively. The Notch also produces reductions in RMS 

pitch throughout the lateral translation and particularly over the port-edge of the deck at 

y/b = -0.5, where RMS thrust, pitch and roll have been reduced by 35.7%, 37.4%, and 

40.8% respectively compared with the baseline-SRF levels at this point.  

In the G30 case for the baseline-SRF, the RMS levels over the flight deck are generally 

less than through the middle of the lateral traverse. However, as in the G45 case, there is 

still good improvement over the flight deck, particularly between -0.25 ≤ y/b ≤ 0, in all 

axes apart from RMS roll, and particularly over the landing spot itself. Figure 4.14 shows 

that the Notch modification has reduced RMS thrust, pitch and side force by 25.3%, 

23.4% and 44.3% over the landing spot, compared with baseline-SRF levels at this point. 

It can be further seen in Fig. 4.14 that the addition of the CIWS to the Notch modification 

has again increased the RMS loads although, as with the G45 case, there are still some 

improvements compared with the baseline-SRF. For example, at the port edge of the deck 

there is still encouraging improvements of 32.2%, 29.4% and 33.0%, in RMS thrust, pitch 

and roll respectively. However these are tempered with a 20.7% increase in RMS side-

force compared with the baseline-SRF at the same location.  
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Figure 4.14: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 150% HH in a G30 WOD angle 
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Figure 4.15: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 125% HH in a G30 WOD angle 
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Figure 4.16: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS at a rotor height of 110% HH in a G30 WOD angle 
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4.2.2.2 125% HH Lateral Translation 

Figure 4.15 shows that the Side-Flap, Notch and Notch w/CIWS modifications have 

caused greater reductions in RMS forces and moments across the lateral traverse at a rotor 

height of 125% HH compared with at 150% HH.  The Side-Flap modification has 

reduced the peak RMS thrust, pitch and roll levels by 29.0%, 23.9% and 26% 

respectively. Figure 4.14 also shows reductions in RMS drag and roll caused by the Side-

Flap, at y/b = 0, by 38.3% and 26.4% respectively.  

Figure 4.15 shows that in the G30 WOD angle and at this rotor height, the Notch 

modification, for the first time significantly out-performs the Side-Flap in several axes. 

Between -2 ≤ y/b ≤ -0.5 there are very encouraging reductions in RMS thrust, pitch and 

roll of up to 37.1%, 50.2% and 46.1% respectively at y/b = -0.5. The Notch modification 

is also particularly effective over the landing spot with reductions of between 34.0-50.0% 

for RMS levels in all six axes. 

The addition of the CIWS to the Notch modification has again increased the RMS loads 

relative to the Notch only case, particularly between -0.88 ≤ y/b ≤ -0.5. As with the G45 

case, this increase is more marked at 125% HH than at 150% HH. For example, at y/b = -

0.25 the Notch w/CIWS modification increases RMS thrust and side force to a level 

greater than the baseline-SRF case. However, as in all the previous analysis, the overall 

effect of the Notch w/CIWS is positive compared with the baseline-SRF and whilst it is 

not as effective as the Notch only configuration, it is roughly as effective as the Side-

Flap. 

 

4.2.2.3 110% HH Lateral Translation 

Figure 4.16 shows that the implementation of the modifications to the SRF continues to 

reduce RMS loads compared with the baseline case at 110% HH. The Side-Flap is again 

successful between -0.88 ≤ y/b ≤ 0. For example, RMS thrust, side force and roll are 

reduced by 26.3%, 19.6% and 26.7% respectively over the port-edge of the deck at y/b = -

0.5. At this rotor height, the Side-Flap modification has actually been most effective over 

the landing spot at y/b = 0, with RMS thrust, drag and roll reducing by 31.6%, 32.4% and 
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37.1% respectively, relative to the baseline-SRF. When combined with the good 

improvements seen over the landing spot at 125% HH, this indicates that improved 

handling qualities through the descent to the landing spot could be achieved through a 

reduction in the severity of the unsteady aerodynamic loading through these positions. 

As with the other rotor heights investigated for the G30 WOD condition, the Notch 

modification performs even better than the Side-Flap in terms of the reductions in RMS 

loading. There are significant reductions in RMS thrust, pitch and roll through the lateral 

translation, of up to 39.1%, 41.7% and 46.2% respectively at y/b = -0.5. Over the landing 

spot, the Notch modification also reduces the RMS loads to a similar extent as the Side-

Flap modification.  

The addition of the CIWS feature to the Notch modification has increased the unsteady 

loads to a similar extent seen at 125% HH and has at some points increased the RMS 

loads to a greater level than seen for the baseline case. However, despite these localised 

increases caused by the wake of the CIWS, the Notch w/CIWS SRF configuration is still 

favourable compared with the baseline SRF at this rotor height in the G30 WOD 

condition. 

 

4.2.2.4 Vertical Traverse over Landing Spot 

To highlight the improvements made by the Side-Flap, Notch and Notch w/CIWS 

modifications over the landing spot in the G30 WOD condition, Fig. 4.17 shows the RMS 

forces and moments measured by the AirDyn for four different rotor heights at y/b = 0. 

All the modifications have made reduction in RMS loads at all the rotor heights, but 

especially at 125% HH and 110% HH. In the baseline-SRF case, the RMS loads tend to 

increase sharply as the AirDyn moves down to 125% HH and 110% HH whereas in the 

modified cases the RMS loads tend to stay relatively similar through the vertical traverse. 

The improvements in unsteady aerodynamic loading observed at the lower heights over 

the flight deck indicate that the modifications would improve handling qualities through 

the descent phase of the landing manoeuvre and may also be advantageous during a lower 

hover or for a larger hangar where rotor height is lower relative to the hangar height. 
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Figure 4.17: RMS forces and moments measured by the AirDyn for the baseline-SRF, 

Side-Flap, Notch, and Notch w/CIWS through a vertical traverse over the landing spot at 

y/b = 0 for G30 WOD angle 

 

4.2.2.5 Summary of Hangar Side-Face Modifications for G30 

In summary, the Side-Flap, Notch and Notch w/CIWS modifications that were successful 

at the G45 WOD condition have also been successful in the G30 case, in terms of 

reducing the RMS forces and moments measured by the AirDyn. As with the G45 case, 

very encouraging reductions in unsteady loading were achieved by the modification in the 

region where the RMS levels are at their greatest in the baseline-SRF case. Fig. 4.18 

shows that in the G30 the peak RMS loads are through the middle of the lateral 
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translation at 125% HH and 110% HH. However, encouraging improvements were also 

observed over the landing deck, and again more so at the lower rotor heights. At this 

WOD angle, the Notch modification generally out-performed the Side-Flap, whereas at 

G45 they had been finely matched. The Notch again proved to be a favourable 

modification compared with the baseline-SRF geometry even with the addition of the 

CIWS which caused some localised increases in RMS loading. 

 

 

(a)                                                                   (b) 

 

(c)                                                                   (d) 

 

 

Figure 4.18: Contours of RMS roll moment for baseline-SRF (a), Side-Flap (b), Side-

Tabs (c), Notch (d), Notch w/CIWS (e), Side-Ramp (f), and Side-Sawtooth (g) SRF 

geometry configurations in G30 WOD angle 
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4.3 Windward Vertical Hangar Edge Modifications 

The modifications in the previous section were aimed at controlling the flow along the 

windward hangar side-face and trying to inhibit the development of adverse flow features 

above the height of the hangar that may be drawn in to the main rotor through the port-

side approach, lateral translation and hover over the deck phases of the landing 

manoeuvre. In this section, modifications have been developed with the aim of mitigating 

the effect of the shear layer created as the flow separates from the windward vertical 

hangar edge. 

 

4.3.1 G30 WOD Condition 

Two modifications were developed for the windward vertical hangar edge of the SRF and 

tested in a G30 WOD angle to determine whether an attempt to mitigate this flow feature 

could yield as encouraging results as those see for the hangar side-face modifications. 

G30 was chosen over G45 as previous research has shown that the shear layer separation 

is more influential at G30 than at G45 because of the very severe flow structures created 

by the hangar top-edge flow separation in the G45 case. A 30° Angled-Flap, shown in 

Fig. 4.19a was designed based on the splitter plate concept which is a well developed 

bluff-body flow control technique [80] and was used in a similar way in the study by 

Greenwell and Barrett [61] around the edges of the hangar face in a headwind with some 

success. A Vertical-Sawtooth modification, shown in Fig. 4.19b, was also designed with 

the aim of breaking up the larger scale flow features in the shear layer by generating 

smaller, higher frequency flow structures. Both modifications were expected to impact on 

the unsteady loading of the AirDyn mainly over the flight deck, -0.5 ≤ y/b ≤ 0, and at 

lower rotor heights, as this is generally where the shear-layer effect is created. As the 

shear layer is associated with significant lateral turbulence intensity levels, it was also 

expected that the most significant improvements would be made in the RMS side force 

and yaw levels as they are mostly affected by fluctuations in lateral wind velocity.  

Both modifications reduce the effective size of the deck by extending out from the hangar 

face. This may have operational ramifications and would increase the importance of 

positional accuracy during the landing manoeuvre and thus increase workload. However, 
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operational considerations have not been prioritised in the design of the modification as 

the primary aim is to find out what part of the ship is most likely to yield the best results 

when modified. 

   

    
(a)                                                                        (b) 

Figure 4.19: Vertical hangar-edge modifications: 30° Angled-Flap (a) and Vertical-

Sawtooth (b) 

 

4.3.1.1 150% HH Lateral Translation 

Figure 4.20 shows the RMS forces and moments for the 30° Angled-Flap and Vertical-

Sawtooth modifications as compared with the baseline-SRF geometry, through the lateral 

translation at 150% HH. At this rotor height it can be seen that the two vertical hangar 

edge modifications have had a much less significant impact on the RMS loads than the 

hangar side-face modification and especially the Notch modification. The 30° Angled-

Flap has caused some reductions in RMS loads, for example at y/b = -0.5 RMS thrust, 

pitch and roll are reduced by 24.7%, 12.2% and 18.4%. These reductions are modest and 

isolated compared with those observed for the hangar side-face modifications and 

generally the 30° Angled-Flap has little impact at this rotor height on the RMS in the axes 
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mainly affected by the aerodynamic loading of the main rotor (i.e. thrust, pitch and roll). 

There are also reductions of RMS side force and yaw, over the flight deck at 150% HH, 

of up to 19.4% and 29.4% respectively. The side force and yaw axes are more influenced 

by the air flow at lower heights above the deck that interacts with the fuselage when the 

AirDyn has a rotor height of 150% HH. Therefore, it is possible that more significant 

improvements will be observed at the lower rotor heights, as was expected at the 

conception of the vertical hangar edge modifications. 

The Vertical-Sawtooth modification has been even less successful than the 30° Angled-

Flap at this rotor height, and the only significant impact it has made on the RMS loads is 

to increase the peak RMS thrust and roll, at y/b = -0.88, by 19.7% and 14.3% 

respectively.  

 

4.3.1.2 125%HH Lateral Translation 

Figure 4.21 shows that at a rotor height 125% HH, the 30° Angled-Flap has achieved 

some greater reductions in RMS forces and moments than at 150% HH. Again, the 

significant reductions are limited to over the port-edge of the deck, y/b = -0.5, and the 

landing spot, y/b = 0. At y/b = -0.5, for example, RMS thrust, pitch and roll are reduced 

by 44.0%, 41.8% and 44.8% respectively. The peak reductions achieved by the 30° 

Angled-Flap are therefore as significant as those for the Notch modification to the hangar 

side-face. However, these improvements are confined to single isolated points whereas 

the Notch modification especially was able to achieve significant reductions over a 

broader range of lateral positions. There is also good improvement in all six axes over the 

landing spot for the 30° Angled-Flap, which is where the modification was designed to be 

effective. For example, RMS thrust, side force and yaw are reduced by 27.8%, 39.0% and 

44.5% respectively compared with the baseline-SRF case. The effect of the Vertical-

Sawtooth is again disappointing, with more points where RMS loading levels are 

increased than decreased. 
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Figure 4.20: RMS forces and moments measured by the AirDyn for the baseline-SRF, 30° 

Angled-Flap and Vertical-Sawtooth at a rotor height of 150% HH in a G30 WOD angle 
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Figure 4.21: RMS forces and moments measured by the AirDyn for the baseline-SRF, 30° 

Angled-Flap and Vertical-Sawtooth at a rotor height of 125% HH in a G30 WOD angle 
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Figure 4.22: RMS forces and moments measured by the AirDyn for the baseline-SRF, 30° 

Angled-Flap and Vertical-Sawtooth at a rotor height of 110% HH in a G30 WOD angle 
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4.3.1.3 110% HH Lateral Translation 

Figure 4.22 shows that the effect of both the 30° Angled-Flap and the Vertical-Sawtooth 

at 110% HH is very similar to that observed at 125% HH. In the case of the 30° Angled-

Flap, there are again significant reductions in RMS thrust, pitch and roll at y/b = -0.5 of 

32.6%, 27.8% and 39.6% respectively. The improvements over the landing spot are even 

more significant than at 125% HH, with RMS thrust, side force and yaw now 44.1%, 

49.8% and 50.0% lower than the baseline-SRF case at the same AirDyn location. The 

effect of the Vertical-Sawtooth modification is again largely insignificant, with localised 

increases in unsteady aerodynamic loading which is likely to make helicopter handling 

qualities worse in a real deck landing. 

 

4.3.1.4 Vertical Traverse over Landing Spot 

Figure 4.23 highlights the effect of the 30° Angled-Flap and the Vertical-Sawtooth over 

the landing spot at y/b = 0. The 30° Angled-Flap has reduced RMS forces and moments 

significantly particularly at 125% HH and 110% HH. This is expected as the modification 

was designed to control the shear layer flow feature which is generally present over the 

flight deck up to and just above the height of the hangar. There are also good reductions 

in RMS side force and yaw at 150% HH and 175% HH because at these rotor heights the 

fuselage is still exposed to the shear layer region whereas the main rotor is not. In a 

similar way to the hangar side face modifications, the 30° Angled-Flap removes the large 

increases in RMS loads at the lower rotor heights observed for the baseline-SRF case and 

maintains relatively similar RMS levels at all the rotor heights. This would suggest 

improved handling qualities through the final stages of the descent phase where the shear 

layer is the most common cause of airwake induced pilot workload in a G30 WOD 

condition. Figure 4.23 is further evidence that the Vertical-Sawtooth is an unfavourable 

modification to the baseline-SRF case and would most likely have a negative effect on 

helicopter operations. 
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Figure 4.23: RMS forces and moments measured by the AirDyn for the baseline-SRF, 30° 

Angled-Flap and Vertical-Sawtooth through a vertical traverse over the landing spot at 

y/b = 0 for G30 WOD angle 

 

4.4 Notch Modification in Headwind Condition 

Although not designed specifically to improve the unsteady loading of the AirDyn in a 

headwind condition, the Notch modification was tested to make sure improvements at 

oblique WOD angles were not negated by a worsening of unsteady loading at other 

angles. Figure 4.24 shows unsteady loading of the AirDyn for the baseline SRF and the 

Notch modification SRF in a headwind and it can be seen that there is no increase in 

unsteady loading with the Notch modification. There are in fact modest reductions in 

unsteady loading for the modified ship which further shows the potential of the Notch as 

a ship modification design concept. 
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Figure 4.24: RMS forces and moments measured by the AirDyn for the baseline-SRF and 

Notch at a rotor height of 150% HH in a Headwind WOD angle 
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4.5 Chapter Summary 

This chapter has discussed the development of aerodynamic ship geometry modifications 

and their impact on the unsteady aerodynamic loading characteristics of the AirDyn. The 

modifications fall under two general categories which both targeted oblique WOD angles, 

in particular G45 and G30, because it was felt that this is where the best results could be 

had. First, a range of novel hangar side-face modifications were developed and tested, 

aimed at inhibiting the adverse flow features created at the windward hangar side-face. 

Two vertical hangar edge modifications were also developed and tested for a G30 WOD 

angle, aimed at mitigating the impact of the shear layer on the unsteady aerodynamic 

loading of the AirDyn.  

The hangar side-face modifications were all successful in that they significantly reduced 

the RMS loading levels measured by the AirDyn compared with the baseline-SRF 

geometry, at various stages of the flight path and at different rotor heights. In the G45 

condition, the Side-Flap and Notch modifications were especially effective with 

consistent reductions in RMS levels at the port-side approach, through the lateral 

translation and over the flight deck of up to 40-50%. The Side-Flap and Notch 

modification investigation was extended to a G30 WOD condition and again significant 

reductions were observed compared with the baseline-SRF case. At G30, this was 

especially so for the Notch modification, whereas at G45 the two modifications produced 

similar results. 

The vertical hangar edge modifications were tested for G30 because it was expected that 

the shear layer effect, which was being controlled, had a more significant impact on the 

loading characteristics at this WOD angle. A 30° Angled-Flap had success in reducing 

RMS loads particularly over the landing spot and at lower rotor heights (110% and 125% 

HH), where the shear layer effect most significantly impacts on the helicopter. However 

the reductions in RMS levels compared with the baseline-SRF were generally not as 

consistent across the full range of lateral locations as achieved by the hangar side-face 

modifications such as the Notch and Side-Flap. A Vertical-Sawtooth modification had no 

significant positive effect on the loading characteristics of the AirDyn. 
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The implication is that by reducing the RMS forces and moments measured by the 

AirDyn, the helicopter handling qualities in a real ship deck landing would be improved 

and thus the pilot workload reduced. The following chapter will discuss the underlying 

airwake characteristics of the modified ship geometries using CFD analysis. This will 

improve the understanding of how the modifications have impacted on the flow field and 

caused the results observed by the AirDyn. A selection of this CFD data has also been 

used to populate a flight simulation environment, so that piloted ship deck landing trials 

could be performed in a motion-base flight simulator. The results of these trials have also 

been discussed in the following chapter to put the AirDyn results into context with regard 

to actual pilot experience and to determine whether any tangible reductions in pilot 

workload have been achieved. 
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Chapter 5 

CFD Analysis and Piloted Flight 

Simulation Trials 

This chapter will detail further investigations into the aerodynamic ship modifications 

introduced in the previous chapter using CFD analysis and piloted flight simulation. 

Unsteady CFD airwakes have been computed for some of the modifications that were 

tested with the AirDyn experiment in the previous chapter. The CFD airwakes of the 

modified configurations of the SRF have then been analysed in comparison with the 

baseline-SRF CFD data to develop a better understanding of how the modifications have 

affected the airwake of the SRF and how that has led to the different aerodynamic loading 

characteristics observed by the AirDyn.  

The unsteady CFD data of some of the most successful SRF modifications has been 

integrated into a flight simulation environment at the University of Liverpool’s FST 

research facility, as described in Chapter 2. An experienced former RN test pilot has then 

flown ship deck landing manoeuvres in a the simulator, to determine whether the 

modifications developed using the AirDyn and CFD methods have mitigated the adverse 

effects of the airwake enough to achieve tangible reductions in pilot workload in terms of 

subjective workload ratings awarded to each manoeuvre by the pilot. 

 

5.1 CFD Airwake Analysis 

5.1.1 Hangar Side-Face Modifications - G45 WOD 

In the following sections, CFD analyses of the Side-Flap, Notch and Side-Ramp are 

presented and compared with the baseline-SRF case for the G45 WOD condition. 

Another version of the Side-Flap modification, pictured in Fig. 5.1, with the same 

dimensions as the Notch modification, has also been investigated in this chapter. From 

this point, the first Side-Flap modification that was investigated in the previous chapter 



CHAPTER 5. CFD ANALYSIS AND PILOTED FLIGHT SIMULATION TRIALS 

 
 

162 
 

will be referred to as Side-Flap-1 and the modification pictured in Fig. 5.1 will be referred 

to as Side-Flap-2. The Side-Flap-2 modification differs from the Side-Flap-1 in its 

dimensions: it is longer than the Side-Flap-1 and is set further down from the top of the 

hangar. The ‘notch’ created between the side of the hangar and the Side-Flap-2 is the 

same as the Notch modification investigated in the previous chapter using the AirDyn 

(Fig. 4.3c). An additional feature has been included on the Side-Flap-2 in the form of a 

corner section cut off at 45° at the aft end of the modification. Due to the size of the Side-

Flap-2 now being similar to the Side-Ramp and Side-Sawtooth (Figs. 4.3f & 4.3g)., this 

change to the geometry was an attempt to avoid the potential creation of an adverse flow 

feature that may have led to the spike in RMS loads over the port-edge of the deck for 

those modifications. 

 
 

Figure 5.1: Side-Flap-2 modification to the windward hangar side-face of the SRF 
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5.1.1.1 150% HH Vertical Turbulence Intensity 

Figure 5.2 shows contours of vertical turbulence intensity, Iw, for the baseline-SRF, Side-

Flap-1, Side-Flap-2, Notch and Side-Ramp SRF geometry configurations, in a plane z = 

150% HH in a G45 WOD condition. At this height, which is the approximate height of 

the Merlin main rotor through the port-side approach, lateral side-step and hover over the 

flight deck phases of the landing manoeuvre, the modification has reduced the turbulence 

intensity levels compared with the baseline-SRF case. The peak Iw levels, which occur 

over the port-side of the deck in the baseline-SRF case, have been reduced from 26-30% 

to 20-24% in the case of the Notch. The area of the wake region were Iw > 22% has also 

been reduced significantly in the z = 150% HH plane for the modified SRF geometries. 

The region of the airwake where Iw > 22% in this plane has also shifted towards the port-

side for the modified SRF geometries. This is particularly so for the Notch modification 

where Iw < 22% over the entire flight deck. The largest reductions in Iw compared with the 

baseline-SRF are over the front port-side section of the flight deck where Iw has fallen 

from 26-30% in the baseline case to 14-18% in the modified cases. 

The reductions in turbulence intensity levels observed in the CFD analysis for the 

modified SRF geometries support the findings of the AirDyn experiment, where the Side-

Flap-1, Notch and Side-Ramp modifications reduced RMS levels through the lateral 

translation and over the flight deck with a rotor height of 150% HH.  

 

5.1.1.2 175% HH Vertical Turbulence Intensity 

Figure 5.3 shows contours of vertical turbulence intensity, Iw, for the baseline-SRF and 

modified SRF geometry configurations, in a plane z = 175% HH in a G45 WOD 

condition, and gives further credence to the aerodynamic loading characteristics observed 

in the AirDyn experiments. Figure 5.3 gives an indication of how the airflow in the region 

above the rotor disk, when the AirDyn was at 150% HH, has been affected by the 

modifications, as well as when the AirDyn rotor was actually at 175% HH. As in the 

150% HH plane, the peak turbulence intensity levels are significantly reduced in the 

modified SRF cases and Fig. 5.3 shows that the peak Iw levels are reduced from 26-30% 

to as little as 16-20% in the case of the Notch and 18-22% for the other modifications. 
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Again the region where Iw < 22% is much smaller for the modified SRF cases and has 

been shifted towards the port-side. 

 

5.1.1.4 75% HH Vertical Turbulence Intensity 

Figure 5.4 shows that turbulence intensity levels below the height of the hangar are not as 

significantly altered by the SRF modifications compared with above the hangar. This may 

explain why the reductions in RMS loads observed in the AirDyn experiments were 

greatest at the higher rotor heights in the G45 WOD condition. It also suggests that the 

important region of the airflow that needs to be controlled by the SRF modifications is 

around and above the main rotor. In the AirDyn experiments, at a rotor height of 150% 

HH, very good reductions in RMS loads were achieved by the Side-Flap-1 and Notch 

modifications despite the fact that Fig. 5.4 indicates that the region in which the fuselage 

was situated in those tests was largely unaffected by the modifications.  
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(a)                                                               (b) 

        
(c)                                                             (d) 

     
(e) 

 

Figure 5.2: Contours of vertical turbulence intensity in plane z = 150% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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(a)                                                               (b) 

        
(c)                                                             (d) 

 
(e) 

 

Figure 5.3: Contours of vertical turbulence intensity in plane z = 175% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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(a)                                                               (b) 

     
(c)                                                             (d) 

 
(e) 

 

Figure 5.4: Contours of vertical turbulence intensity in plane z = 75% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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5.1.1.5 Effect of Modifications on Hangar Side-Face Flow Separation 

Figure 5.5 shows mean velocity vectors coloured by normalised mean velocity 

magnitude, Vmag/U∞, in a plane x = -1m, which is 1m upstream of the hangar face, for the 

baseline-SRF, Side-Flap-1, Side-Flap-2, Notch and Side-Ramp geometries. Showing the 

mean velocity vectors in plane just upstream of the hangar face illustrates how each of the 

modifications has affected the flow separation from the starboard side-face of the hangar. 

In the baseline-SRF case, the wake region of reduced mean velocity above the hangar is 

much larger than for the modified ship geometries. Over the top of the hangar, the height 

of the shear-layer that separates the accelerated flow, 1.2 < Vmag/U∞ < 1.3, from the lower 

velocity wake region, Vmag/U∞ < 0.8, is below the z = 150% HH mark for all the modified 

SRF configurations, whereas for the baseline-SRF it is above 150% HH. This is due to 

the fact that in all the modified cases the height at which the separation takes place has 

been lowered. In the Side-Flap-1, Side-Flap-2 cases, and in particular the Side-Ramp 

case, the upward angle of the separation is also less severe compared with the baseline-

SRF. Therefore the size of the re-circulating zone over the top of the hangar has been 

reduced and at higher heights above the hangar turbulence intensity levels are 

significantly reduced for the modified ships. The best reductions in the RMS loading of 

the AirDyn at the G45 WOD condition were observed at 150% HH and 175% HH (see 

Chapter 4) which suggests that the unsteady flow features created at this flow separation 

have a significant impact on the unsteady loading of the AirDyn, and that mitigating their 

effect can yield encouraging results. It seems that in the baseline-SRF case the flow 

features are directed above and are then drawn into the main rotor when at a height of 

150% HH above the flight deck, causing a large degree of unsteady loading of the main 

rotor. In the modified cases, the unsteady flow features created by the separation are 

directed downwards underneath the main rotor, and has led to smaller RMS forces and 

moments, particularly at the higher rotor heights of 150% HH and 175% HH. 

Figures 5.6 and 5.7 shows that the effect of controlling the separation from the hangar 

side-face as described above, is to reduce the peak upward mean velocities at the side-

face of the hangar and reduce the velocity deficit over the flight deck in the z = 150% HH 

plane. This effect is most clearly seen Figs. 5.6c & 5.7c where the Notch modification has 

reduced the peak mean vertical velocity by approximately 40% and the minimum mean 

velocity magnitude is only approximately Vmag/U∞ = 0.6, compared with Vmag/U∞ < 0.1 in 
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the baseline-SRF case. The alteration of the flow separation from the hangar side-face is 

the key mechanism by which the modifications have reduced turbulence intensities shown 

in Figs. 5.2 & 5.3 and ultimately reduced the RMS forces and moments measured by the 

AirDyn in the previous chapter. 

     
(a)                                                               (b) 

     
(c)                                                             (d) 

 
(e) 

 

Figure 5.5: Mean velocity vectors coloured by mean velocity magnitude in plane x =-1m 

for baseline-SRF (a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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(a)                                                               (b) 

     
(c)                                                             (d) 

 
(e) 

 

Figure 5.6: Contours of mean vertical velocity in plane z = 150% HH for baseline-SRF 

(a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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(a)                                                               (b) 

     
(c)                                                             (d) 

 
(e) 

 

Figure 5.7: Contours of mean velocity magnitude in plane z = 150% HH for baseline-SRF 

(a), Side-Flap-1 (b), Notch (c), Side-Flap-2 (d), Side-Ramp (e) 
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5.1.2 G30 WOD Condition 

In the following sections, CFD analyses of the Side-Flap and Notch modifications to the 

windward hangar side-face (Figs. 4.3a and 4.3b) and the 30° Angled Flap modification to 

the windward vertical hangar edge (Fig. 4.18a) are presented and compared with the 

baseline-SRF case for the G30 WOD condition. 

5.1.2.1 Effect of Modifications on Hangar Side-Face Flow Separation 

Figures 5.8 - 5.11 show that the Side-Flap-1 and the Notch modifications have had a 

similar effect as they did in the G45 case. For the Side-Flap-1 and Notch cases, the mean 

vertical velocities at the windward hangar side-face in Fig 5.8 are lower and the 

corresponding mean velocity magnitude deficit (Fig. 5.9) and vertical turbulence intensity 

levels (Figs. 5.10 & 5.11) are also lower at higher rotor heights. The reduction in 

turbulence intensity is greater for the Notch and this corresponds to the improved 

performance of the Notch compared with the Side-Flap in the AirDyn experimental 

results at the G30 WOD condition. Figure 5.12 shows that at 125% HH the Notch reduces 

the turbulence intensity, particularly over the flight deck over the front section of the 

indicated location of the rotor disc from 16% < Iw < 26% in the baseline-SRF case to 10% 

< Iw < 16%. The Side-Flap-1 has had little effect on the vertical turbulence intensity 

levels at 125% HH which explains the improved relative performance of the Notch 

modification when the AirDyn was at this rotor height.  

As expected, Figs. 5.8 – 5.11 show that the 30° Angled-Flap modification, which was 

attached to the vertical hangar edge and was designed to control the shear-layer created 

below the height of the hangar, had a negligible effect on the nature of the hangar side-

face flow separation and therefore the airflow over the flight deck and above the height of 

the hangar. 
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(a)                                                               (b) 

 

     
(c)                                                             (d) 

 

 

Figure 5.8: Contours of mean vertical velocity in plane z = 150% HH for baseline-SRF 

(a), Side-Flap-1 (b), Notch (c), 30° Angled-Flap (d) for G30 WOD condition 
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(a)                      

   
(b) 

   
(c) 

 

Figure 5.9: Vectors in plane x = -1m (left) and x = 15m (right) for baseline-SRF (a), Side-

Flap-1 (b), and Notch (c) 
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(a)                                                               (b) 

 

     
(c)                                                             (d) 

 

  
 

Figure 5.11: Contours of vertical turbulence intensity in plane z = 175% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), 30° Angled-Flap (d) for G30 WOD condition 
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(a)                                                               (b) 

 

     
(c)                                                             (d) 

 

 
 

Figure 5.12: Contours of lateral turbulence intensity in plane z = 125% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), 30° Angled-Flap (d) for G30 WOD condition 
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5.1.2.2 Effect of Modifications on Hangar-Edge Shear Layer Separation 

Figure 5.13 shows the effect of the modifications on the shear layer turbulence over the 

flight deck below the height of the hangar. The Side-Flap-1 and Notch modifications have 

not significantly reduced the lateral turbulence intensity levels over the flight deck as they 

did above the hangar. This is encouraging as it shows that the improvements achieved in 

the airflow above the hangar are not counteracted by degradation elsewhere.  

     
(a)                                                               (b) 

 

     
(c)                                                             (d) 

 

  
 

Figure 5.13: Contours of lateral turbulence intensity in plane z = 75% HH for baseline-

SRF (a), Side-Flap-1 (b), Notch (c), 30° Angled-Flap (d) for G30 WOD condition 
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Despite being designed specifically to control the flow separation from the vertical hangar 

edge, Fig. 5.13 shows that the 30° Angled-Flap has also had a relatively small effect on 

the lateral turbulence intensity levels in the shear layer, despite being specifically 

designed to do so. This is further indication that is easier to yield better results by making 

modifications to the windward hangar side-face rather than the vertical hangar edge. As 

discussed in Section 4.3.1, a significant issue with the 30° Angled-Flap is that it reduces 

the effective size of the flight deck and a firm indication that significant reductions in 

pilot workload could be achieved would be required before any possible implementation 

could be considered. The results of the AirDyn testing in the previous chapter and the 

CFD analysis in this section suggest that the 30° Angled-Flap could not deliver these 

significant improvements. 

 

5.2 Piloted Flight Simulation Trials 

As described in Section 2.3, the airwakes of the baseline-SRF and a selection of the 

modified SRF ship geometries were integrated into the University of Liverpool 

HELIFLIGHT-R motion-base flight simulation facility. Piloted flight simulation trials 

were carried out to determine whether any tangible reductions in pilot workload can be 

achieved by the application of the modifications. The Side-Flap-1, Side-Flap-2 and Notch 

modifications at G45 were chosen for the flight trials as they were shown to be the most 

consistently effective configurations by the AirDyn and CFD investigations. The 

airwakes of the baseline-SRF, Mast and Lead-Flap configurations in a headwind were 

also used in the simulation flight trials as medium, high and low severity airwakes 

respectively, to get a broader understanding of how the unsteady aerodynamic loading of 

the AirDyn in the experiments compares with pilot workload in the flight simulator. The 

majority of the results in this section came from flight trials performed in June 2011; 

however some results obtained for the baseline-SRF and Side-Flap-1 geometries in 

preliminary flight trials conducted in 2010 are also presented. 
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5.2.1 G45 SRF Geometry Modification Flight Trial Results 

5.2.1.1 Full Deck-Landing Manoeuvre Task 

Figures 5.14 & 5.15 show the DIPES ratings and Bedford Workload ratings respectively 

given to full deck landing manoeuvre tasks carried out in the simulator for the baseline-

SRF, Side-Flap-1, Side-Flap-2 and Notch ship geometries in a G45 WOD condition. As 

expected, the general trend for all the ship geometries is for workload to increase with 

increasing WOD speed. Due to the subjectivity of the scales and the variability of pilot 

performance, there is also some scatter in the data for the baseline-SRF and Notch 

geometries that were tested more than once for each WOD speed. Therefore, linear best-

fit lines have been included on the graphs to illustrate that the general effect of the 

modifications to the SRF was to reduce both the DIPES and Bedford workload ratings 

compared with the baseline-SRF configuration.  

Whilst a general trend of reducing the ratings over a range of wind speeds is encouraging, 

in the case of the DIPES ratings shown in Fig. 5.14, what is most important is where the 

transition to a level 4 rating occurs because this is where an operational limit will be 

imposed during a real FOCFT. Figure 5.14 shows that at the highest WOD speed tested 

40kts, both the ratings given to baseline-SRF were level 4 and for its two landing 

manoeuvres the Notch was awarded a both a level 3 and a level 4. For the WOD speeds 

tested neither of the Side-Flap modifications were awarded a level 4 DIPES rating. It 

should also be noted that the feedback from the pilot on the two landing tasks for the 

baseline-SRF indicated that both were very close to being awarded a level 4 on the 

DIPES ratings whereas the Side-Flap-1 and Side-Flap-2 maintained a level 3 rating even 

with 5kts increase in WOD speed. In addition, the two DIPES ratings for the Notch 

modification at 35kts suggest the rating is on the border of level 2-3 as opposed to on the 

border of level 3-4 as is the case with the baseline-SRF. The Bedford ratings awarded to 

the full deck-landing manoeuvre tasks shown in Fig. 5.15 also indicate tangible 

reductions in pilot workload for the range of wind speeds investigated. The Bedford scale 

is less coarse than the DIPES and such there is less overlap in workload ratings and a 

clearer distinction between the baseline-SRF geometry and the modified SRF geometries. 

Generally the three modifications tested showed similar performance in the AirDyn and 

CFD analysis in terms of reducing unsteady aerodynamic loads and turbulence intensity 
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levels. Therefore, although the test points for each SRF configuration were limited in the 

flight trials, it is concluded that modifications that reduce aerodynamic loads and 

turbulence intensity levels to a similar extent as the Notch and Side-Flap modifications 

under investigation here, will lead to an increase in the SHOL boundary of 5kts at the 

G45 WOD condition. This would depend on how comprehensive the SHOL testing was. 

For example, in the case of the Notch, if only one test point for each wind speed was 

carried out at sea, then because of the variability of pilot performance the inevitable 

scatter of the data may cancel out the 5kts increase in SHOL limit WOD speed. However, 

it can be argued that further testing of the baseline-SRF at 35kts could easily have 

produced a level 4 DIPES rating whereas four flight tests for the Side-Flap modifications 

at both 35kts and 40kts did not indicate that a level 4 rating was likely to be awarded in 

further tests. In this case, the increase of WOD speed in the SHOL boundary at this WOD 

angle would be as much as 10kts. 

Figures 5.16 and 5.17 show the results of the flight trial performed in March 2010 for the 

baseline-SRF and Side-Flap-1 geometries in a G45 WOD condition. In March 2010, the 

test pilot Andy Berryman was taking part flight trials at the University of Liverpool for 

the study by Forrest et. al [67] and some spare time was found to test the implementation 

of the SRF ship airwakes used in this study. Figures 5.16 and 5.17 show that the results of 

this preliminary flight trial support the results of the more extensive June 2011 trials that 

have already been presented in Figs. 5.14 and 5.15, with the Side-Flap-1 geometry being 

awarded reduced DIPES and Bedford ratings for equivalent WOD speeds. As with Fig. 

5.14 derived from the main trials in June 2011, Fig. 5.16 suggests that an increase in the 

allowable WOD speed for the G45 WOD angle would be 5kts as the baseline-SRF is 

awarded a DIPES level 4 at 40kts compared to a level 3 for the Side-Flap-1. This is 

further indication that the Side-Flap-1 has caused a tangible reduction in pilot workload in 

the simulator. 
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Figure 5.14: DIPES Ratings awarded to full ship deck landing manoeuvres to baseline 

and modified SRF geometry configurations in a G45 WOD condition (June 2011 Flight 

Trials) 

 

Figure 5.15: Bedford Workload Ratings awarded to full ship deck landing manoeuvres to 

baseline and modified SRF geometry configurations in a G45 WOD condition (June 2011 

Flight Trials) 
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Figure 5.16: DIPES Ratings awarded to full ship deck landing manoeuvres to baseline 

and modified SRF geometry configurations in a G45 WOD condition (March 2010 Flight 

Trials) 

 

Figure 5.17: Bedford Workload Ratings awarded to full ship deck landing manoeuvres to 

baseline and modified SRF geometry configurations in a G45 WOD condition (March 

2010 Flight Trials) 
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5.2.1.2 30-Second Hover over the Flight Deck Task 

Figure 5.18 shows the Bedford workload ratings awarded to a 30 second hover over the 

flight deck task for the baseline and modified SRF geometries in a G45 WOD angle for a 

range of WOD speeds. The ratings awarded to the deck hover task are generally 2-3 

levels lower than the equivalent rating for the full deck landing manoeuvre and higher 

WOD speeds could be tested before the workload became intolerable for the pilot. This 

correlates with the AirDyn results where RMS loads were generally much lower over the 

flight deck area than through the port-side approach and lateral translation in the G45 

case.  

 

Figure 5.18: Bedford Workload Ratings awarded to 30 second hover over the flight deck 

task for baseline and modified SRF geometry configurations in a G45 WOD condition 

(June 2011 Flight Trials) 

 

Figure 5.18 shows that, as with the full deck landing manoeuvre tasks, the effect of the 

modifications was to reduce the Bedford workload levels awarded by the pilot compared 

with the baseline-SRF, particularly between at higher WOD speeds between 40-50kts. 

The two Side-Flap modifications performed equally well with reductions of 1 and 2 levels 

between 40-50kts. Unlike the deck landing task, for the 30 second hover the Notch 
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modification performed better than the Side-Flaps with reductions of 2 and 3 workload 

levels compared with the baseline-SRF between 40-50kts. The reason for the improved 

performance of the Notch relative to the Side-Flap modifications over the flight deck is 

the displacement of the wake region away from the flight deck towards the port-side 

which is shown in the underlying CFD data in Figs 5.2 & 5.3. 

The results of the hover task from the flight trials are further evidence that the 

modifications have led to tangible reductions in pilot workload. Although in the G45 

WOD angle pilot workload tends to be greatest through the port-side approach and lateral 

translation phases, pilot workload over the flight deck in a G45 is still significant, 

especially if there are large ship motions and the pilot needs to have adequate control of 

the aircraft to respond quickly during a quiescent period in the ship’s deck motion. 

Performing an isolated investigation into how the ship modifications influence workload 

over the deck was also of interest because although a port-side approach in a G45 wind 

has been investigated as the worst case scenario, during operations, if circumstances 

allow, a starboard approach will be used. At the starboard side of the ship in a G45 wind 

angle the aircraft would be in the undisturbed, natural ‘free-stream’ wind over the sea and 

therefore airwake-induced pilot workload will only be significant over the flight deck. 

Thus, the reductions in workload observed in the flight trials for the hover over the deck 

task would lead to an increased limiting wind speed for a G45 starboard approach. 

Reducing workload levels over the flight deck is also useful for other hover tasks such as 

slung-load deployment. 

 

5.2.2 Headwind Mast and Lead-Flap Flight Trial Results 

The CFD airwakes of the baseline, Mast and Lead-Flap SRF configurations, shown 

earlier in Fig. 3.11, in the headwind condition were also tested in the piloted flight 

simulation trials. Bedford workload ratings were awarded to a series of 30-second hover 

tasks over the flight deck to confirm that the workload characteristics correlated with the 

results of the AirDyn experiment for the three ship geometry configurations.  
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5.2.2.1 30-Second Hover over the Flight Deck Task 

Figure 5.19 shows the Bedford workload ratings awarded to a 30 second hover over the 

flight deck task for the baseline-SRF, Mast and Lead-Flap ship geometries in a headwind 

for a range of WOD speeds. As expected the effect of the Mast is to increase the 

workload rating awarded by the pilot, and by two levels for WOD speeds between 35-

45kts. The decrease of two levels in workload from the Mast geometry configuration to 

the baseline-SRF is similar to that achieved by the modifications applied to the SRF in the 

G45 case discussed in the previous section. This correlates well with AirDyn results as 

the percentage decrease in RMS loads caused by removing the Mast from the baseline-

SRF in the headwind and by applying the modifications to the baseline-SRF in the G45 

case are quite similar. For example, in the headwind the RMS loads over the flight deck 

are between 20-60% lower for the baseline-SRF compared with the Mast configuration 

which corresponds to a 2 level decrease in Bedford score in the simulator. In the G45 

case, the hangar side-face modifications generally reduced RMS loads by between 20-

50% and corresponding reductions in workload of 1-2 levels were observed in the flight 

simulator. 

Figure 5.19 shows that the application of the Lead-Flap significantly reduced the pilot 

workload required to carry out the 30 second hover task in the simulator. A Bedford 

rating of level 3 suggests that very low pilot workload was required even at a high wind 

speed of 50kts, and is equal to the rating awarded to the baseline-SRF at 30kts.  A 

significant reduction in workload such as this was suggested by the AirDyn results as the 

application of the Lead-Flap significantly reduced the RMS loads measured by the 

AirDyn, particularly in the hover over the flight deck at rotor heights of y/b ≥ 125% HH. 

What is most interesting about the effect of the Lead-Flap is that whilst it has a significant 

impact on the airflow over the flight deck and above the height of the hangar, below the 

height of the hangar the effect on the airflow is negligible, as discussed in Section 3.3. 

Therefore, it is possible to create significant reductions in pilot workload just by 

controlling the condition of the airflow above the height of the hangar, as was done to a 

lesser extent by the hangar side-face modifications to the SRF in the G45 case. 
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Figure 5.19: Bedford Workload Ratings awarded to 30 second hover over the flight deck 

task for baseline-SRF, SRF with Mast and SRF with Lead-Flap geometry configurations 

in a Headwind WOD condition (June 2011 Flight Trials) 

 

5.2.2.2 Baseline-SRF Headwind and G45 Comparison 

Figure 5.20 shows Bedford workload ratings awarded to the 30 second hover tasks in the 

headwind and G45 conditions, and to the G45 full deck landing tasks, for the baseline-

SRF and a range of WOD speeds. The deck hover task comparison shows that pilot 

workload levels over the flight deck for the headwind and G45 WOD conditions were 

very similar. Again this result correlates with the results of the AirDyn experiments as the 

unsteady aerodynamic loading characteristics of the AirDyn were similar over the flight 

deck region for the baseline-SRF in the headwind and G45; in some axes RMS levels 

were greater for the G45 and vice-versa. The difference in the nature of the airflow over 

the flight deck between the two WOD angles however is very different, as shown in Figs. 

3.5a & 3.5b. This highlights the usefulness of the AirDyn as tool to predict pilot workload 

characteristics over the use of just CFD analysis in isolation. The AirDyn indicated that 

the over the flight deck the net effect of the two very different airwakes on the unsteady 

loading helicopter model was largely the same and therefore indicated that the pilot 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

30 35 40 45 50 

B
ed

fo
rd

 W
o

rk
lo

a
d

 R
a
ti

n
g

 

WOD Speed (kts) 

Baseline-SRF 

Mast 

Lead-Flap 



CHAPTER 5. CFD ANALYSIS AND PILOTED FLIGHT SIMULATION TRIALS 

 
 

187 
 

workload levels would also be similar.  Predicting this similarity in pilot workload for the 

two very different wind conditions just by analysing the CFD airwake data alone would 

have been much more difficult. 

Figure 5.20 also shows that the Bedford workload ratings awarded to the full deck 

landing tasks for the G45 case were greater than those awarded to the deck hover tasks at 

the equivalent WOD speeds. Again the results of the AirDyn experiment correlate with 

this result as RMS loads were higher at the port-side approach position and through the 

lateral translation phase compared with over the flight deck. Again the difference of 

around 1-3 levels in Bedford workload rating between the hover over the flight deck tasks 

and the full deck landing in the G45 condition corresponds to differences in peak RMS 

loads of approximately between 25-60%. 

 

Figure 5.20: Bedford Workload Ratings awarded to 30 second hover over the flight deck 

task for Headwind and G45 WOD conditions and full deck landing task for G45, for the 

baseline-SRF ship geometry (June 2011 Flight Trials) 
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5.3 Chapter Summary 

In this chapter, the effect of the ship modifications on the baseline-SRF developed in the 

previous chapter have been investigated using CFD and piloted flight simulation. 

Analysis of the CFD data showed that in both the G45 and G30 WOD conditions the 

hangar side-face modifications, i.e. Side-Flaps and Notch, all significantly reduced the 

turbulence intensity levels in the airwake above the height of the hangar by reducing the 

angle of separation and the height of the separation point at the windward side-face of the 

hangar. Therefore, when the AirDyn was at a rotor height of 150% HH, the approximate 

height of the rotor during the lateral translation and hover over the deck phases in a real 

landing, the unsteady flow structures emanating from the hangar side-face separation 

were deflected downwards by the modifications, away from the main rotor. The reduction 

of turbulence intensity above the height of the hangar by this mechanism is what caused 

the reduction RMS loads observed in the AirDyn experiments in Chapter 4. The 

deflection of the airwake did not lead to any worsening of the airflow below the height of 

the hangar or in other regions around the flight deck. The 30° Angled-Flap modification 

to the windward vertical hangar edge was also investigated using CFD but was found to 

have little impact on the unsteadiness in the airflow. 

The CFD airwake of the baseline-SRF, Side-Flap-1, Side-Flap-2 and Notch SRF 

geometry configurations for a G45 WOD angle were integrated into a motion-base flight 

simulator and piloted flight trials were conducted to determine whether any tangible 

reductions in pilot workload had been achieved. Full deck land manoeuvre tasks and 30 

second hover over the flight deck tasks were conducted for a range of WOD speeds using 

a Sea-Hawk helicopter model, and DIPES and Bedford-workload ratings were taken from 

the pilot after each task. Generally, the effect of all three modifications was to reduce the 

pilot workload required to complete the tasks. In the full deck landing tasks a level 4 

DIPES rating, signifying the onset of the operational limit, was awarded to the baseline-

SRF at 40kts. The two Side-Flap modifications were awarded a level 3 DIPES rating at 

40kts which indicates at least an extra 5kts onto the SHOL at G45. On the less coarse 

Bedford workload scale, the Side-Flap-1 and Side-Flap-2 modifications rated 1-3 levels 

below the baseline-SRF for the range of WOD speeds investigated. At 40kts, two landing 

tasks for the Notch modification were rated level 3 and level 4 on the DIPES scale and is 

therefore not clear that an improvement in the SHOL at G45 would have been achieved. 
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However, both DIPES and Bedford ratings for the Notch modification were generally 

either the same of one level lower than for the baseline-SRF. 

The Bedford ratings awarded to the 30 second hover over the deck tasks also showed that 

the modifications had made tangible reductions in pilot workload specifically over the 

flight deck itself. The Side-Flap-1 and Side-Flap-2 modifications were awarded Bedford 

ratings 1-2 levels lower than for the baseline-SRF at the equivalent WOD speed. For this 

manoeuvre the Notch modification was more effective, achieving reductions in workload 

rating of up to 3 levels compared with the baseline-SRF, because of the displacement of 

the airwake away from the flight deck towards the port-side. 

The addition of the Mast and Lead-Flap to the SRF that were investigated with the 

AirDyn in Chapter 3 were also investigated for a headwind WOD condition using piloted 

flight simulation. The addition of the Mast increased the workload for the pilot in the 

simulator compared with the baseline-SRF. The Lead-Flap reduced pilot workload to 

such an extent that even at very high speeds, very little pilot workload were required in 

the simulator. As the Lead-Flap mainly impacted on the flow above the hangar, this 

indicates that just improving the condition of the airflow in this region can yield 

significant improvements in pilot workload. 

In general, the AirDyn has been proven to be a very good indicator of what the pilot 

workload characteristics were going to be in the flight simulation trials. Where 

modifications reduced the RMS loads measured by the AirDyn, the pilot workload 

required in the simulator was also reduced. Where RMS loads measured by the AirDyn 

were increased, such as with the addition of the Mast in the headwind condition, the 

corresponding pilot workload also increased. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Summary 

Helicopters have become one of the primary tactical systems of modern naval warships 

and perform a variety of functions including surface and anti-submarine warfare, 

surveillance, troop transfer and supply replenishment at sea. Large spatial and temporal 

velocity gradients in the ship airwake impart unsteady disturbances onto the helicopter to 

which the pilot must respond with control inputs to maintain the stability of the aircraft. 

The pilot workload associated with this compensatory control activity can sometimes be 

so high that operational envelopes (SHOLs) are required to specify the safe operating 

conditions based on Wind-Over-Deck (WOD) speed and direction. The effectiveness of 

the helicopter as a tactical system is dependent on the ability to launch and recover the 

aircraft quickly and safely for as great a range of environmental conditions as possible. 

The imposition of the SHOL due to pilot workload induced by the unsteady airwake 

therefore reduces the effectiveness of the helicopter. 

The superstructures of naval warships are generally not designed with the helicopter in 

mind and there is currently no official design guidance for minimising the impact of the 

airwake on the helicopter. With the increasing importance of the helicopter to naval 

operations, there is a need to understand better the impact of the airwake on the helicopter 

so that future ships can be designed to minimise the adverse effects of the airwake at the 

design stage. There is also potential to improve existing ship geometries with the use of 

aerodynamic modifications to alleviate the adverse effects of the airwake and to reduce 

pilot workload. However, although previous research attempts have shown some 

encouraging results, little practical progress has been made on these fronts.  

In the research reported in this thesis, an instrumented model-scale helicopter with a 

spinning rotor, known as the AirDyn, has been developed for use in a water-tunnel to 

determine the steady and unsteady aerodynamic loading characteristics of an airborne 

helicopter immersed in the airwake of a generic frigate geometry known as the Shortened 
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Research Frigate (SRF). To characterise the steady loading of the AirDyn, the mean 

forces and moments were derived from the time histories recorded by a force balance 

within the AirDyn. The unsteady loads were characterised by the square root of the 

integral between 0.2-2 Hz of the Power Spectral Density (PSD) derived from the time 

histories of the forces and moments measured by the force balance. This parameter was 

developed by Lee and Zan [52, 54] and is referred to as Root-Mean-Square (RMS), 

although specifically it is a measure of the unsteady loads over the reduced frequency 

bandwidth which most significantly impacts on pilot workload. 

The mean and RMS forces and moments were measured at seven points along a lateral 

translation from a port-side approach position to a hover over the landing spot position, 

for four different rotor heights. Unsteady CFD analysis has been used to explain how the 

nature of the airwakes of the SRF geometry have caused the steady and unsteady 

aerodynamic loading characteristics observed in the AirDyn experiment 

A range of aerodynamic modifications to the SRF were developed and tested using the 

AirDyn instrument with the aim of reducing the severity of unsteady aerodynamic loading 

caused by the ship airwake, in terms of the RMS forces and moments measured by the 

AirDyn.  

Unsteady CFD analysis has also been used to develop an understanding of how the SRF 

modifications had impacted upon the airwake and led to the differences in unsteady 

aerodynamic loading observed in the AirDyn experiment. A selection of the unsteady 

CFD data was integrated into the University of Liverpool’s motion-base flight simulator 

to relate the findings of the AirDyn and CFD investigations to pilot flying experience and 

to determine whether the ship modifications were effective enough to make tangible 

reductions in pilot workload. 
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6.2 Conclusions 

The AirDyn instrument was used to characterise the steady and unsteady aerodynamic 

loading of a helicopter in the airwake of the baseline-SRF ship for a headwind, G30 and 

G45 WOD condition. The underlying causes of the observed aerodynamics loading 

characteristics were identified using unsteady CFD analysis of the ship airwakes without 

the presence of a helicopter model. The main conclusions of the AirDyn testing for the 

baseline-SRF in the headwind, G30 and G45 WOD conditions were: 

a) The AirDyn is an effective tool for identifying the steady aerodynamic loading 

characteristics, caused by the large spatial velocity gradients in the airwake. The 

steady loads measured by the AirDyn correlated well with known flight handling 

phenomena from at-sea and flight simulation experience. For example, in the 

headwind case, a significant reduction in mean thrust force and pitch moment was 

identified when the AirDyn was placed over the flight deck, compared with the 

port-side approach position. This phenomenon has been reported from at-sea and 

simulation flying experience and requires an increase in mean collective input and 

backward stick position when hovering over the flight deck in a headwind. In the 

G30 and G45 cases, a “pressure-wall” effect was identified which manifested 

itself as a steady increase in mean thrust force and pitch and roll moments as the 

AirDyn was moved from the port-side approach hover position to a hover over the 

landing spot.  

 

b) The underlying aerodynamic causes of the steady loading characteristics observed 

in the AirDyn experiments can be explained through CFD analysis of the ship 

airwakes without the presence of a helicopter model. For example, the headwind 

steady loading characteristics were most significantly influenced by the reduced 

mean velocity magnitudes and mean downward vertical velocities in the airwake 

over the flight deck compared with those at the port-side approach position. The 

cause of the pressure-wall effect in the G30 and G45 conditions was identified as 

the increase in mean velocity magnitude and the change from downward to 

upward mean vertical velocities in the airflow over the flight deck compared with 

the port-side approach position. The differences in the onset and the severity of 
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the pressure-wall between the G30 and G45 cases could also be explained by the 

differences in the size and location of the main wake region in the CFD data. 

 

c) The AirDyn is also an effective tool for identifying the unsteady aerodynamic 

loading characteristics in the airwake of a ship. The RMS forces and moments 

measured using the AirDyn for the headwind, G30 and G45 WOD cases 

correlated with known flight handling and pilot workload characteristics expected 

at these WOD conditions from at-sea and flight simulation flying experience. For 

example, in the headwind case, the RMS loads measured by the AirDyn were very 

low at the port-side approach position and only became significant over the flight 

deck. In a real deck landing, the significant pilot workload in a headwind is over 

the flight deck and corresponds to the region of high RMS loads measured by the 

AirDyn. In the G45 case, the peak RMS loads were greater than in the headwind 

case. However these peak RMS loads were measured at the port-side approach 

and through the middle of the lateral translation. Over the flight deck RMS loads 

reduced from their peak values at the port-side approach but were still significant 

and were similar in magnitude to the peak loads experienced in the headwind case. 

This correlates with the higher workload levels for a real deck landing in the G45 

case particularly through the port-side approach and lateral translation phases of 

the landing task. The peak RMS loads in the G30 case were found to be between 

those observed for the headwind and G45 cases, and the peak loads in the G30 

cases tended to be in the centre of the lateral translation. The AirDyn results 

correlate well with at-sea and simulation flying experience as pilot workload will 

typically increase with increasing WOD angle from headwind to G45 and regions 

of high RMS loads measured by the AirDyn correlate with regions of high 

workload in real ship deck landings. 

 

d) The underlying causes of unsteady aerodynamic loading characteristics measured 

by the AirDyn for the headwind, G30 and G45 WOD conditions investigated 

could also be explained with reference to the unsteady CFD airwake analysis. The 

regions through the flight path where the RMS loads measured by the AirDyn 

were greatest and where pilot workload is most significant in a real deck landing 
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corresponded to the regions where the most significant turbulence intensity levels 

were in the unsteady CFD airwake data for the WOD investigated. 

 

e) A large Mast structure and a Lead-Flap were added to the baseline-SRF geometry 

and investigated using the AirDyn for a headwind condition. The addition of the 

Mast increased turbulence intensity levels over the flight deck and as expected the 

peak RMS loads measured by the AirDyn also increased. The CFD analysis also 

showed that the Lead-Flap significantly reduced the turbulence intensity levels 

above the height of the hangar where the main rotor of the AirDyn is located, and 

there was a corresponding reduction in the peak RMS loads measured by the 

AirDyn. These observations confirm that the ship airwake can be affected by 

modifying the ship geometry, and that the AirDyn is capable of measuring the 

resultant changes in aerodynamic loading of a helicopter. 

 

A number of ship geometry modifications to the SRF were developed with the intention 

of reducing the unsteady RMS loads imposed on the AirDyn. The modifications were 

designed to be effective in oblique WOD angles (G30-G45) and can be separated into two 

categories. First, a number of windward hangar side-face modifications were developed 

to mitigate the effect of unsteady flow features created as the flow separates from the top 

edge of the windward hangar side-face. Second, two modifications were designed and 

tested to mitigate the effect of the shear layer created as the flow separates from the 

windward vertical hangar edge. 

The conclusions of the investigation into the effect of the windward hangar side-face 

modifications were: 

f) In the G45 case, the RMS loads were reduced by up to 30-45% through the lateral 

translation and up to 40-50% over the flight deck compared with the baseline-SRF 

at the corresponding AirDyn location. The Side-Flap and Notch modifications 

were particularly effective and especially at higher rotor heights of 150% HH and 

175% HH. 

 

g) The investigation of the Side-Flap and Notch modifications was extended to the 

G30 case and again reductions in RMS loads were observed, compared with the 
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baseline-SRF geometry. At G30 the Notch modification significantly 

outperformed the Side-Flap, whereas at G45 the effects of the two modifications 

were closely matched. In contrast to the G45 case the modifications, and in 

particular the Notch, were more effective at the lower rotor heights of 110% HH 

and 125% HH where RMS loads were reduced by up to 30-50% compared with 

the baseline-SRF. 

 

h) Unsteady CFD analysis showed that the hangar side-face modifications lowered 

the height above the deck of the re-circulating separated flow from the windward 

hangar side-face. This led to significantly reduced turbulence intensities above the 

height of the hangar, where the main rotor of the AirDyn is located during the 

lateral translation and the hover over the flight deck. 

The conclusions of the investigation into the effect of the windward vertical hangar-edge 

modifications were: 

i) The effect of a Vertical-Sawtooth was relatively small compared to the effects 

seen for the hangar side-face modifications, except to increase RMS loads in 

some isolated areas around the flight deck 

 

j) A 30° Angled-Flap was developed which did show some reductions in RMS loads 

but these were isolated compared to the improvements achieved by the Notch and 

Side-Flap, which were effective across the full lateral translation. Unsteady CFD 

analysis showed that the 30° Angled-Flap had only a small impact on the flow-

field compared with the hangar side-face modifications. 

 

The unsteady CFD airwake data of the baseline-SRF, Side-Flap, Notch and a 

modification of the Side-Flap called the Side-Flap-2 for the G45 case were integrated into 

the University of Liverpool’s motion-base flight simulator to determine whether the ship 

modifications were effective enough to make tangible reductions in pilot workload. The 

airwakes of the baseline-SRF and with the addition of the Mast and the Lead-Flap were 

also tested to relate the results of the AirDyn testing with piloted flight simulation 

experience. The conclusions of the flight trials were: 
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k) The modifications achieved tangible reductions in pilot workload in terms of 

DIPES ratings and Bedford workload ratings awarded to full deck landing tasks 

and 30 second hover tasks compared with the baseline-SRF 

 

l) The DIPES ratings for the full deck landing manoeuvres showed that the Side-

Flap-1 and Side-Flap-2 were likely to increase the safe wind speed for the SHOL 

at G45 by at least 5kts 

 

m) The modifications reduced the Bedford workload ratings awarded to the full deck 

landing tasks by 1-2 levels and by 1-3 levels for the 30 second hover over the 

flight deck tasks, compared with the baseline-SRF 

 

n) As predicted by the corresponding effects on the unsteady aerodynamic loading of 

the AirDyn, the addition of the Mast increased, and the addition of the Lead-Flap 

reduced, pilot workload compared with the baseline-SRF in the headwind 

condition. 

 

o) Comparison of the pilot workload in the headwind and G45 cases for the baseline-

SRF ship geometry showed that the unsteady aerodynamic loading of the AirDyn 

is an effective tool for predicting the comparative pilot workload characteristics of 

different ship geometry configurations 

 

6.3 Recommendations 

a) The study reported in this thesis has shown that it is feasible to modify a generic 

ship geometry to make tangible reductions in the pilot workload caused by the 

unsteady airwake. However, the ship modifications are concepts that need to be 

developed and optimised for realistic ship geometries if the aim of modifying 

operational ships is to be realised. The same is true of any design feature that 

could be built into future ship designs, such as the Notch modification 

investigated in this study.  
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b) There is currently a great need for reliable guidance for warship superstructure 

design relating to the impact on helicopter operations. For example, recent 

‘stealthy’ warship designs have focused on the radar signature and tend to have 

smooth sides and sharp edges. These ships were designed, manufactured and put 

into service without any clear idea of what impact they would have on the nature 

of the airwake and ultimately the SHOL, despite the helicopter being one of the 

ship’s primary tactical systems. Similarly, when specifying the size and shape of 

the hangar, or choosing the locations of large radar and weapons systems, the ship 

designer has little guidance as to what impact these decisions will have on the 

SHOL. A systematic study of all these aspects of ship design and their impact on 

pilot workload is highly recommended to serve as a reference for future ship 

designers so that the design of the ship can be optimised for all of its functions, 

particularly helicopter operations. 

 

c) The present study has shown that the AirDyn is an effective tool for identifying 

the steady and unsteady aerodynamic loading characteristics of a helicopter that 

impact on its handling qualities and pilot workload in a ship’s airwake. It has also 

been shown that, with complementary use of CFD analysis, the causes of the 

aerodynamic loading phenomena can be identified and mitigated through 

modification of the ship’s geometry to have a tangible effect on pilot flying 

experience. There are other environments that helicopter’s operate in where the 

aerodynamic conditions and helicopter handling qualities can be similar to those 

experienced at the ship-helicopter dynamic interface. These environments include 

offshore oil and gas drilling facilities, helipads on tall buildings and in built-up 

areas, as well as geographical features such as cliff faces during search and rescue 

missions. In all these cases, helicopter operations often take place in the 

‘airwakes’ of one or more bluff-bodies. The AirDyn could be used in much the 

same way as in the current study to characterise the steady and unsteady loading 

of a helicopter to get a better understanding of the potential dangers of such 

operations and to help mitigate the effect on operations. 

 

d) As well as the AirDyn experiment, the use of unsteady CFD and piloted flight 

simulation has also been shown to be an effective tool for investigating the effect 
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of modifying a ship’s geometry on pilot workload. However, the time, costs and 

expertise required to use these techniques may prohibit their use or at least limit 

the number of combinations and permutations of ship geometry that can be tested, 

especially if there is no access to high performance computing facilities. An 

interesting study would be to determine whether a lower fidelity but 

computationally inexpensive CFD method, that could now be run on a standard 

desktop PC, could provide enough accuracy to be used during the design phase of 

a ship. 

 

e) Using any CFD method in isolation would be a useful tool for ship designers, 

especially through an iterative design process, however it would not give a 

comprehensive picture of the impact of ship design changes on pilot workload. An 

effective extension of using CFD methods to investigate the effect of ship 

geometry on pilot workload would be to integrate the CFD data with a helicopter 

flight mechanics model in an offline simulation, either using a pilot model to ‘fly’ 

the aircraft through the airwake or by holding the aircraft at a fixed position like in 

the AirDyn experiment. Calculating the net impact on the forces and moments 

imparted on a helicopter flight mechanics model would be a more effective way of 

assessing the effect of ship geometry changes to a ship, rather than looking at 

subtle differences in the airflows derived from the CFD airwake data. This method 

could also be extended for other scenarios such as offshore platforms, tall 

buildings and helipad platforms in the wakes of any similar bluff-bodies. 

 

f) The approach used for the flight simulation used in this study was a one-way 

coupling between the airwake and the helicopter flight mechanics model in that 

the airwake data affects the aircraft model but the presence of the aircraft and, 

significantly, its downwash do not affect the airwake. The effect of including a 

rotor downwash on the fidelity of real-time flight simulation of the ship helicopter 

dynamic interface has been the subject of much discussion and research. Whilst it 

is generally assumed that the downwash of the rotor will have an effect of the 

airwake, especially when the helicopter is close to the superstructure of the ship 

and when the downwash velocities are similar to those in the airwake [35], it is 

not known whether the degree of improvement in fidelity acquired by including a 
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two-way coupling will justify the significant research effort required to achieve it. 

There have already been several studies that have computed CFD ship airwakes 

with a rotor downwash modelled as an actuator disc or using a blade element 

model. It is known that the mean aerodynamic loading and the magnitude and 

frequency of the unsteady fluctuations in aerodynamic loading of the helicopter is 

what most significantly impacts on pilot workload. Therefore it is suggested that 

two airwakes are computed, one with a rotor downwash in a hover position over 

the flight deck and one without, and then placing a flight mechanics model in that 

hover position for the two airwakes. Calculating the steady and unsteady 

aerodynamic loading of the aircraft model for the two cases would be a significant 

step in understanding whether the two-way coupling has a significant effect on the 

pilot experience in the simulator. 
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Ship airwakes have a significant effect on the operation of ship-borne helicopters. This paper describes a 

piloted flight simulation study into the effect of three different aerodynamic modifications to a generic 

ship geometry on pilot workload. Unsteady CFD airwakes have been computed using Detached-Eddy 

Simulation and integrated into the FlightLab simulation environment with a simulated rotorcraft model, 

configured to be representative of an SH-60B helicopter. A series of ship-deck landing and hover 

manoeuvres have been conducted using the University of Liverpool’s HELIFLIGHT-R motion-base flight 

simulator for the different ship geometries and the pilot workload was assessed using the Bedford Rating 

Scale. Analysis of the computed CFD airwake data has shown that the ship modifications have created 

reductions in turbulence intensity levels in the airflow through the flight path. Significant reductions in 

pilot workload ratings from flight tests indicate improved workload characteristics for the modified ship 

geometries compared with the baseline case.  

 

 

Introduction 

 

Landing a maritime helicopter to the flight deck of 

a ship is a difficult and demanding task for even the 

most experienced pilots. As well as operating to a 

restricted landing area and a pitching, rolling and 

heaving ship, the pilot must also contend with the 

presence of a highly unsteady airflow over the 

flight deck. This phenomenon, known as the ship’s 

‘airwake’, is caused by the air flowing over and 

around the ship’s superstructure as a result of the 

combined effect of the prevailing wind and the 

forward motion of the ship. Over recent years, 

collaborative international research into the ship-

helicopter dynamic interface has investigated flight 

deck aerodynamics using techniques such as wind 

tunnel anemometry and flow visualisation [1-5], 

Computational Fluid Dynamics (CFD) [6-8] and 

model-scale helicopter aerodynamic loading 

experiments [9-13]. These studies have done much 

to increase the understanding of ship airwake flow 

phenomena and a review of such studies has been 

published by Zan [14]. 

_________________ 
1Postgraduate Research Student, 2Senior Fluids Engineer, 3Professor of 

Mechanical Engineering. Presented at the 37th European Rotorcraft 

Forum 2010, Milano, Italy, 13 – 15 September 2011. 

 

 

 

Ships are not generally designed with aero-

dynamics in mind, so the sharp edges of the 

superstructure lead to unstable flow separation and 

the formation of vortices, causing large spatial and 

temporal gradients in the airflow over the flight 

deck. The nature and severity of the airwake also 

varies significantly with wind-over-deck (WOD) 

speed and direction.  

 As the pilot moves the helicopter through the 

airwake during an approach to landing, the highly 

unsteady airflow causes large fluctuations in the 

aerodynamic loading and the rotor response of the 

helicopter in the closed-loop pilot response 

frequency range of 0.2-2 Hz [9, 10]. The pilot is 

then required to take corrective action via the 

control inputs in response to displacements in 

altitude, attitude and heading. Consequently, for 

certain WOD conditions, the pilot workload 

required to maintain aircraft stability is so high and 

the pilot’s spare capacity to perform ancillary tasks 

is so reduced, that landing is deemed unsafe. Such 

conditions are then considered to be outside the 

safe operational limits of the ship-helicopter 

combination in question. The spare control margins 

available to the pilot throughout an operation are 

also an important factor to consider in the 

establishment of safe operational envelopes. If the 
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pilot is required to move a control to within 10% of 

its maximum travel during a landing task then the 

capability to respond to large disturbances in that 

axis is severely compromised. This typically leads 

to an operational limit being imposed as the pilot’s 

ability to maintain control of the aircraft and to deal 

with strong gusts encountered in the unsteady 

airwake is reduced.  

 
Figure 1: Ship-Helicopter Operating Limits 

(SHOL) diagram obtained in the Liverpool flight 

simulator 

 

The demanding nature of ship-borne helicopter 

operations means that every ship/helicopter 

combination has its own specific Ship-Helicopter 

Operating Limits (SHOL) which, as illustrated in 

Fig. 1, designates the safe operating conditions, 

based on WOD speed and direction. The 

terminology Red and Green used in Fig.1 refers to 

winds coming from the port and starboard side of 

the ship respectively and will be used throughout. 

 SHOLs are derived from First of Class Flight 

Trials (FOCFTs) which are costly and time-

consuming as they require ships, helicopters and 

crews to be taken out of service for weeks or even 

months at a time. These FOCFTs are also 

inherently dangerous as test pilots will fly WOD 

conditions at the very limit of what would be 

considered safe for fleet pilots to repeatedly 

attempt. The imposition of the SHOL envelope will 

also inhibit the responsiveness and therefore the 

effectiveness of a vitally important naval tactical 

system during operations in difficult weather 

conditions [15]. 

Due to the expenses and inherent dangers 

associated with FOCFTs and the need to maximise 

the operational envelope, much of the research 

concerning the ship-helicopter dynamic interface, 

at the University of Liverpool and elsewhere, has 

focused on the development of high-fidelity flight 

simulation [16-20] as a tool to augment at-sea 

SHOL trials. Mitigating the costs and risks of 

FOCFTs with high-fidelity simulation could also 

improve the efficiency of the trials and thus reduce 

the conservative nature of the eventual SHOL by 

allowing critical WOD conditions to be identified 

more quickly and tested more thoroughly. There 

have also been international research efforts to 

reduce the impact of the unsteady airwake on 

SHOL envelopes through aerodynamic 

modification of ship superstructures [21]. Recent 

work at Liverpool has created an experimental 

facility that places a model-scale AW-101 

helicopter in the airwake of a ship to improve the 

understanding of the complex interactions between 

the aircraft and the large spatial and temporal 

velocity gradients encountered in the airwake [12, 

22]. This experiment was also used to test the 

effects of various geometry modifications to the 

superstructure of a generic frigate-sized model ship 

that were developed to reduce the unsteady 

aerodynamic loading of the helicopter model [23]. 

That study produced a number of successful 

aerodynamic ship geometry features that could 

potentially be fitted to existing ships or 

incorporated into future ship designs. This paper 

will take those concepts that produced significant 

improvements in aerodynamic loading 

characteristics and use piloted flight simulation to 

investigate impact of those ship modifications on 

pilot workload. 

 

Dynamic Interface Flight Simulation at the 

University of Liverpool 

 

Over the past ten years the University of 

Liverpool’s Flight Science and Technology 

Research Group has developed world-class 

rotorcraft and fixed-wing flight simulation facilities 

for teaching and research. The department’s two-

seater HELIFLIGHT-R motion-base flight 

simulator is pictured in Fig. 2. Central to this 

research has been a focus on improving the fidelity 

of flight simulation and one particularly successful 

aspect has been the simulation of operations at the 

ship-helicopter dynamic interface. 

 

 
(a)                                   (b) 

 

Figure 2: The University of Liverpool’  

HELIFLIGHT-R motion base flight simulator 

outside (a) and inside (b) view 
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The development of dynamic interface flight 

simulation at Liverpool can be comprehensively 

traced through the PhD theses of Roper, Forrest 

and Hodge [24 - 26]. Central to the work of Roper 

and Forrest in particular was the accurate 

modelling of the ship airwake and integration into 

the FlightLab simulation environment with an 

appropriate helicopter model so that the unsteady 

disturbances and pilot workload requirements in a 

simulated landing were representative of the actual 

at-sea environment. CFD techniques of increasing 

complexity have been employed as the state of the 

art has developed over time, culminating in the use 

of an unsteady CFD airwake generation method 

developed by Forrest [6, 25] using Detached Eddy 

Simulation (DES) turbulence modelling. Some 

previous methods that had been employed involved 

using steady airwakes with stochastic turbulence 

reconstructed from measured data that was often 

adjusted based on pilot feedback from test 

simulation trials. This was time-consuming and 

required comprehensive pilot experience of the 

ship-helicopter combinations in question and as 

such is not reliable for use on new or ‘prototype’ 

ship geometries. The benefit of using unsteady 

CFD airwakes, provided the method is well 

validated, is that the data is ‘ship-specific’ and 

captures the medium to large scale flow structures 

that most-significantly impact on pilot workload. 

This is especially important if, as in this study and 

the study by Forrest et al. [27], the effect of 

aerodynamic ship modifications on these unsteady 

flow structures and the resulting impact on 

handling qualities and pilot workload is under 

investigation. 

The data from CFD simulations by Forrest et al. 

[6] matched wind-tunnel and full-scale at-sea data 

very well and ultimately led to piloted simulations 

with realistic handling qualities [19, 20, 25]. The 

same CFD airwake generation method has been 

used in this study to investigate the impact of 

aerodynamic ship geometry modifications and 

design features developed by Kääriä et al. [23] on 

pilot workload levels in a motion-base flight 

simulator. 

 

 

Shortened Research Frigate 

 

The ship geometry used in this study is a shortened 

simple frigate shape, which has been named the 

Shortened Research Frigate (SRF), and consists of 

a simplified hull and hangar model (Fig. 3). The 

SRF has been developed as a generic ship that has 

airwake characteristics representative of more 

realistic ship geometries. It has an overall length of 

1.23m, a beam (b) = 0.26m and a Hangar Height 

(HH) = 0.11m.  

In the study by Kääriä et al. [23], a variety of 

geometric modifications were made to the baseline 

SRF geometry in an attempt to reduce the unsteady 

aerodynamic loading caused by its airwake. There 

are two major goals of this work. The first is to 

initiate the development of aerodynamic 

modifications that can be retro-fitted to existing 

ship geometries to alleviate the effect of their 

airwakes on helicopter operations. The second, and 

probably more practical, objective is to serve as a 

source for future ship designers to enable them to 

make more informed decisions about how 

particular geometric features, such as the placement 

of a walkway or the shape of a hangar, can be 

designed so as to minimise adverse airwake effects. 

The study reported herein aims to build on the 

success of that work by investigating the effect of 

the ship modifications on pilot workload levels 

using the flight simulation tools developed at 

Liverpool. 

 

 

 

Figure 3: SRF ship geometry 

 

Ship Geometry Modifications 

 

Three modifications to the SRF ship geometry have 

been investigated for a G45 WOD condition and 

are pictured in Fig. 4.  The Side-Flap and Notch 

modifications were previously investigated by 

Kääriä et al. [23] and were found to produce 

significant improvements in terms of unsteady 

aerodynamic loading of a model-scale helicopter 

compared with the base SRF geometry. In addition, 

a larger Side-Flap-2 modification has also been 

developed and investigated here, using dimensions 

based on the Notch modification but with a 45° 

chamfer at the aft corner to eliminate the possibility 

of creating a vortex that may propagate towards the 

flight deck and adversely impact on the landing 

manoeuvre. These modifications were chosen for 

this investigation not just because they performed 

well in previous studies, but also because their 

simple design means there is a greater probability 

that, given the promising results in experiments and 

simulations, they could be applied to existing ships 

or incorporated into future designs. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 4: Baseline SRF (a) and Notch (b), Side-

Flap-1 (c), and Side-Flap-2 (d) modifications 

 

 

Computational Fluid Dynamics 

 

The unsteady airwake data was generated using the 

commercial CFD code FLUENT, using Detached-

Eddy Simulation (DES) to capture the large-scale 

turbulent structures. Using an unstructured mesh 

containing approximately 6 million cells, the 

computations were partitioned across 32 processors 

of a computing cluster, taking about 60 hours to 

generate 30 seconds of full-scale airwake data. This 

airwake generation method has been extensively 

validated against model-scale and full-scale data, 

provided by National Research Council (NRC) 

Canada and Dstl respectively, for a range of 

generic and realistic ship geometries [3, 25].  The 

comparisons between the computed and measured 

airwakes showed good agreement in both the 

spatial and temporal characteristics. 

 

Airwake Integration and Rotorcraft Model 

 

After computing the ship airwakes, the CFD data 

was interpolated onto a uniform structured grid 

with 1m spacing and integrated into the FlightLab 

flight simulation environment. Due to memory 

constraints the temporal resolution of the data was 

reduced from the 100Hz used in the computations 

to 25Hz and velocity time histories were limited to 

30 second loops (with smoothing). This follows the 

method used in flight simulation studies by Forrest 

et al. [19, 20, 25] which was found to provide 

highly realistic airwake disturbances and 

representative pilot workload levels.   

 

Figure 5: Location of 24 Aerodynamic 

Computation Points (ACPs) 

 

A UH-60A rotorcraft simulation model has been 

re-configured to be representative of a Sea-Hawk 

(SH-60B) helicopter. The model was developed 

using FlightLab, an advanced multi-body dynamics 

modelling and simulation environment, which 

allows complete rotorcraft simulations to be 

constructed from a set of modular components (e.g. 

main/tail rotors, fuselage and empennage). In order 

for the ship airwake to affect the aerodynamic 

loading of the simulated rotorcraft model the 

airwake velocity components must be converted 

into forces and moments at the helicopter’s centre 

of gravity. To do this the airwake velocity 

components are interpolated from a look-up table at 

a total of 24 Aerodynamic Computation Points 

(ACPs) distributed around the model at the 

fuselage, empennage, tail hub and five elements 

along each of the four main rotor blades, as shown 
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in Fig. 5 (the pictured helicopter is not an SH-60B 

and is for illustration purposes only).  

The aircraft setup in FlightLab includes a dynamic 

inflow model and also accounts for the effect of 

rotor downwash. However, the coupling between 

the ship airwake and the aircraft model is ‘one-

way’ in that the airwake affects the helicopter 

response but is not, in turn, influenced by the rotor 

downwash. The importance of coupled 

airwake/rotor-downwash simulations is not yet 

fully understood, and is the subject of further 

research at the University of Liverpool. 

 

 

Results and Discussion 
 

CFD Airwake Analysis 

 

Figure 6 shows the CFD-generated vertical 

turbulence intensity contours at z = 8.91m for the 

baseline and modified SRF ship geometries when 

the wind relative to the deck is 45 knots from a 

direction Green 45°, i.e. in a G45 WOD condition. 

The plane z = 8.91m is 1½ times the height of the 

hangar above the deck and roughly 1m above the 

approximate height of the SH-60B rotor during the 

lateral translation and hover over the spot phases of 

the a deck landing. In the baseline case, there are 

large vertical turbulence intensity levels, 

particularly over the port edge of the deck as large 

flow structures are directed towards this region as 

they separate from the windward (starboard) side-

face of the hangar. Indeed, it has been observed in 

simulation studies and reported from at-sea flying 

experience, for a variety of ship-helicopter 

combinations, that for a G45 WOD angle, the 

largest amplitude airwake disturbances and greatest 

levels of pilot workload occur through the lateral 

translation and particularly over the port-edge of 

the deck [12].  

As can be seen in Fig. 6, all the modifications 

have led to reductions in turbulence intensity levels 

at the port-side approach position and over the 

flight deck. This corroborates the reductions in 

unsteady aerodynamic loading caused by the Notch 

and Side-Flap-1 modifications in the experimental 

study by Kääriä et al. [23]. The Notch modification 

(Fig. 6b), has not only reduced the peak turbulence 

but also shifted the wake slightly towards the port-

side, meaning that turbulence intensities levels over 

the deck at this height are hardly significant at all 

and should lead to a noticeable reduction in pilot 

workload when hovering over the flight deck. The 

Side-Flap modifications have also significantly 

reduced the peak turbulence levels and should also 

lead to reductions in the workload in the piloted 

simulations both for the landing manoeuvre and 

hover over the flight deck task. 

 

 
                   (a)                                    (b) 

 

 
                   (c)                                    (d) 

 
Figure 6: Vertical turbulence intensity contours at 

z = 8.91m for baseline SRF (a) and Notch (b), Side-

Flap-1 (c), and Side-Flap-2 (d) modifications in a 

G45 wind 

 

Piloted Simulation Flight Test Procedure 

 

After the unsteady ship airwakes of the baseline 

SRF and modifications had been computed and 

integrated into the FlightLab simulation 

environment as described in previous sections, an 

experienced former Royal Navy test pilot was 

asked to conduct a series of two different 

manoeuvres using the HELIFLIGHT-R motion 

base flight simulator for the baseline and modified 

SRF ship geometries. Both manoeuvres were 

carried out for a number of wind speeds for each of 

the SRF geometry configurations and the pilot was 

asked to assess the difficulty of the task using the 

10-point Bedford Workload Rating Scale shown in 

Fig. 7. 

The first task was a standard Royal Navy 

approach technique manoeuvre, illustrated in Fig. 

8. This involves an approach to a hover over the 

sea alongside the port-side of the ship, followed by 

a lateral translation to a hover over the flight deck 

and then a descent to the landing spot. Royal Navy 

protocol for the pilot to sit in the right hand seat for 

a port-side approach was not observed due to 

technical issues with the controls in the right-hand 

seat of the HELIFLIGHT-R simulator. Sitting in 

the left-hand seat for a port-side approach can 

sometimes lead to increased workload due to loss 

of visual cues at high bank angles.
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Figure 7: Bedford Workload Rating Scale 

 

 

However, there was no indication in the pilot’s 

comments that it significantly impacted on his 

ability to conduct the manoeuvre in the simulation 

trials.  

 

 

Figure 8: Standard UK Royal Navy Approach 

Technique 

For the second manoeuvre, the pilot was asked to 

conduct a series of 30 second hover tasks over the 

flight deck in the location of the spot hover section 

of a full deck landing. 

 

 

Piloted Flight Trials 

 

Figure 9 shows Bedford workload ratings given by 

the pilot for the full landing manoeuvres for the 

baseline and modified SRF geometries for a range 

of wind speeds between 20-40kts. Linear best-fit 

lines have also been added to the figure to indicate 

the expected general trend of increasing workload 

levels as the amplitude of the peak airwake 

disturbances increases with increasing wind speed. 

Whilst some scatter is to be expected due to the 

subjective nature of the rating system, generally all 

the modifications have reduced the workload levels 

for the full landing manoeuvre, particularly for the 

Side-Flap modifications. Through the mid-range 

wind speeds, 25-35kts, in particular there are 

reductions of one or even two levels compared with 

the baseline SRF results. This represents a 

significant reduction in workload that was indicated 

by the reductions in turbulence intensity observed 

in the CFD airwake analysis in the previous 

section. Indeed, ratings of six and below at speeds 

up to 40kts for the modified ship geometries 

indicate a potential 5kts increase in the limiting 

wind speed for a deck landing at G45 compared 

with the baseline SRF. 
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Figure 10 shows the results from the 30 second 

hover manoeuvre flight tests for the baseline and 

modified SRF ship geometries. Ratings for the 

corresponding SRF geometry configurations and 

wind speeds are generally lower than for the full 

deck landings. This is because in the full landing 

manoeuvre in a G45 wind the peak workload levels 

are encountered in the lateral translation phase, 

particularly over the port edge of the deck, whereas 

the workload over the flight deck is reduced. 

 

 
Figure 9: Bedford pilot workload ratings for deck 

landings using standard Royal Navy port-side 

approach technique 

 

 
Figure 10: Bedford pilot workload ratings for 30 

second hover over the flight deck task 

 

Pilot workload over the flight deck is still 

significant however, especially if there are large 

ship motions and the pilot needs to have adequate 

control of the aircraft to respond quickly during a 

quiescent period in the ship’s deck motion. It is 

also interesting to perform an isolated investigation 

into how the ship modifications influence workload 

over the deck because although a port-side 

approach in a G45 wind has been investigated as 

the worst case scenario, during operations, if 

circumstances allow, a starboard approach will be 

used. At the starboard side of the ship in a G45 

wind angle the aircraft would be in the undisturbed, 

natural ‘free-stream’ wind over the sea and 

therefore airwake-induced pilot workload will only 

be significant over the flight deck. Thus, significant 

reductions in workload over the deck would 

increase the limiting wind speed for a G45 

starboard approach. Reducing workload levels over 

the flight deck is also useful for other hover tasks 

such as slung-load deployment or in-flight re-

fuelling.  

Figure 10 shows that the modified SRF 

geometries produce even more significant 

reductions in workload ratings than those observed 

for the full deck landings. In particular, the Notch 

modification now outperforms the Side-Flaps 

reducing workload by 2-3 levels for the range of 

wind speeds investigated. This is caused by the 

reduction in peak turbulence intensity levels in the 

airwake but also the displacement of the wake 

region away from the flight deck towards the port-

side, discussed in the previous CFD airwake 

analysis section. The Side-Flap modifications have 

again performed well for this manoeuvre with 1-2 

level reductions which, when combined with the 

positive results for the full deck landings, is very 

encouraging progress for this ship design concept 

in terms of ultimately reducing the impact of the 

airwake on helicopter operations. 

 

 

Conclusions 

 
A Notch and two different Side-Flap modifications 

have been made to the SRF ship geometry in an 

attempt to reduce the impact of the unsteady 

airwake on pilot workload in a G45 wind angle. 

Unsteady CFD airwakes were computed for the 

baseline and modified SRF ship geometries and 

turbulence intensity levels were reduced for the 

modified SRF ships geometries compared with the 

baseline case. The Notch modification also shifted 

the wake region towards the port-side away from 

the flight deck.  

The unsteady CFD airwake data was integrated 

into the FlightLab simulation environment and 

piloted flight simulation trials were conducted in a 

motion-base flight simulator. SRF modifications 

were found to reduce the pilot workload levels in 

G45 wind angle for full deck landing tasks, and for 

a 30 second hover over the deck task. In particular 

the Side-Flap-2 performed best for the full landing 

manoeuvres and the Notch modification performed 

best for the hover task due to the shifting of the 

wake region away from the flight deck area.  

The encouraging improvements in pilot 

workload caused by the ship modifications 

highlight the potential for them to be developed 

further, with the aim of incorporating them into 

existing or future ship designs to reduce the impact 
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of the airwake and broaden the helicopter 

operational envelope. 

 

Acknowledgements 

 
The authors are grateful to EPSRC for its financial 

support of the project. Thanks go to Dr. Mark 

White and Dr. Phillip Perfect from the Flight 

Science and Technology Research Group for their 

help running the trials. Special thanks also go to 

test pilot Andy Berryman for his hard work and 

professionalism during the trials as well the 

operational insight he has provided over the years 

which has influenced the design concepts under 

investigation in this study. 

 

 

References 

 
1
Cheney, B.T., Zan, S.J., CFD Code Validation 

Data and Flow Topology for The Technical Co-

operation Program AER-TP2 Simple Frigate 

Shape, National Research Council of Canada, 

Report LTR-LA-294, 1999.  

 
2
Zan, S.J., Surface Flow Topology for a Simple 

Frigate Shape, Canadian Aeronautics and Space 

Journal, Vol. 47 (1), 2001, pp. 33-43.  

 
3
Johns, K.M., Healey, J.Val., The Airwake of a 

DD-963 Class Destroyer,   v   En  n   ’  

Journal, Vol. 101, No.3, 1989, pp 36-42.  

 
4
Healey, J.Val., Establishing a Database for Flight 

in the Wakes of Structures, Journal of Aircraft, 

Vol. 29, No. 4, 1992, pp. 559-564.  

 
5
Rhoades, M.M., Healey, J.Val., Flight deck 

Aerodynamics of a Nonaviation ship, Journal of 

Aircraft, Vol. 29, No. 4, 1992, pp. 619-626.  

 
6
Forrest, J.S., Owen, I., Investigation of Ship 

Airwakes using Detached-Eddy Simulation, 

Computers and Fluids, 39, 2010, pp. 656-673. 

 
7
Polsky, S.A. and Bruner, C.W., Time-accurate 

computational simulations of an LHA ship airwake, 

AIAA Paper 2000-4126, 18th Applied 

Aerodynamics Conference and Exhibit, Denver, 

CO, 14-17 August, 2000.  

 
8
Polsky, S.A. A Computational Study of Unsteady 

Ship Airwake, AIAA Paper 2000-4126, 40th 

Applied Aerospace Sciences Meeting and Exhibit, 

Reno, NV, 14-17 January, 2002.  

 
9
Lee, R.G., Zan, S.J., Unsteady aerodynamic 

loading on a helicopter fuselage in a ship airwake, 

Journal of the American Helicopter Society, Vol. 

47, No.2, April 2004. 
 

10
Lee, R.G., Zan, S.J., Wind tunnel testing of a 

helicopter fuselage and rotor in a ship airwake, 

29th European Rotorcraft Forum, Freidrichstrafen, 

Germany, Sept, 2003. 

 
11

Zan, S.J., Experimental Determination of Rotor 

Thrust in a Ship Airwake, Journal of the American 

Helicopter Society, Vol. 47, No. 2, April 2002, pp. 

100-108. 

 
12

Kääriä, C.H., Wang, Y., Forrest, J.S., Owen, I., 

Padfield, G.D., Aerodynamic loading 

characteristics of a model-scale helicopter, AIAA 

Journal of Aircraft, under review, June 2011. 

 
13

Kääriä, C.H., Forrest, J.S., Owen, I., Padfield, 

G.D., Simulated Aerodynamic Loading of an SH-

60B helicopter in a ship’s helicopter, 35th 

European Rotorcraft Forum, Hamburg, Germany, 

Sept 21-25, 2009. 

 
14

Zan, S.J., On aerodynamic modelling and 

simulation of the dynamic interface, Proceedings of 

the Institution of Mechanical Engineers, Part G: 

Aerospace Engineering, 2005, 219, pp 393-410. 

 
15

Crowe, A., Osborne, N., McCrimmon, A., “Flight 

deck and aviation facility designs for future frigate 

and destroyers,” Warship 2009: Airpower at Sea, 

Royal Institute of Naval Architects, London, UK, 

2009 
 

16
Roscoe, M. F., Thompson, J. H., JSHIP’s 

Dynamic Interface Modeling and Simulation 

System: A Simulation of the UH-60A 

Helicopter/LHA Shipboard Environment Task, 

59th Annual Forum, Phoenix, AZ, 6-8 May, 2003.  

 
17

Hodge, S.J., Padfield, G.D., and Southworth, 

M.R., Helicopter-ship dynamic interface 

simulation: Fidelity at low-cost, Cutting Costs in 

Flight Simulation - Balancing Quality and 

Capability, RAeS Conference, London, UK, 2006.  

 
18

Hodge, S.J., Zan, S.J., Roper, D. M., Padfield, 

G.D., Owen, I., Time-Accurate Ship Airwake and 

Unsteady Aerodynamic Loads Modeling for 

Maritime Helicopter Simulation, Journal of the 

American Helicopter Society, Vol. 54, No.2, April 

2009.  

 
19

Forrest, J.S., Hodge, S.J., Owen, I., and Padfield, 

G.D., Towards fully simulated ship-helicopter 

operating limits: The importance of ship airwake 

fidelity, American Helicopter Society 64th Annual 

Forum, Montréal, Canada, 29 April – 1 May, 2008.  

 



APPENDIX A 

 
 

 
 

 

 
20

Forrest, J.S., Hodge, S.J., Owen, I., and Padfield, 

G.D., An investigation of ship airwake phenomena 

using time-accurate CFD and piloted helicopter 

flight simulation, 34th European Rotorcraft Forum, 

Liverpool, UK, September 16-19, 2008. 

 
21

Investigation of Airwake Control for Safer 

Shipboard Aircraft Operations, NATO Report 

RTO-TR-AVT-102, June 2007. 

 
22

Wang, Y., Curran, J., Padfield, G. D., Owen, I., 

AirDyn: an instrumented model-scale helicopter for 

measuring unsteady aerodynamic loading in 

airwakes, Measurement Science and Technology, 

2011, 22, 045901 

 

 
23

Kääriä, C.H., Wang, Y., Curran, J., Forrest, J.S., 

Owen, I., AirDyn: An Airwake Dynamometer for 

measuring the impact of ship geometry on 

helicopter operations, 36th European Rotorcraft 

Forum, Paris, France, Sept 7-9, 2010. 

 
25

Roper, D. M., Integrating computational fluid 

dynamics and piloted simulation to quantify ship-

helicopter operating limits, PhD thesis, School of 

Engineering, The University of Liverpool, 

Liverpool, United Kingdom 2006. 

 
25

Forrest, J. F., Determining ship-helicopter 

operating limits using time-accurate computational 

fluid dynamics and flight simulation, PhD thesis, 

School of Engineering, The University of 

Liverpool, Liverpool, United Kingdom 2010. 

 
26

Hodge, S. J., Dynamic interface modelling and 

simulation fidelity criteria, PhD thesis, School of 

Engineering, The University of Liverpool, 

Liverpool, United Kingdom 2010. 

 



APPENDIX A 

 
 

 
 

AirDyn: An Airwake Dynamometer for measuring the impact of 

ship geometry on helicopter operations 

 
Christopher H Kääriä1 

c.h.kaaria@liv.ac.uk 
Yaxing Wang2 

yxwang@liv.ac.uk 
John Curran3 

curran@liv.ac.uk 
James Forrest2 

jforrest@liv.ac.uk 

Ieuan Owen4 

i.owen@liv.ac.uk 

 

Department of Engineering 

The University of Liverpool 

Liverpool, UK 

L69 3GH
 

 
 

This paper describes an experimental study using an Airwake Dynamometer (AirDyn) to 

evaluate the effect of geometric modifications to a generic frigate shape (SRF), designed to 

reduce the adverse effects of the airwake on helicopter operations. The AirDyn is a 1:54 scale 

model helicopter, based on a Merlin EH-101, capable of measuring unsteady forces and 

moments resulting from the turbulent airwake of a ship. The AirDyn and the SRF have been 

submerged in a water tunnel, in preference over a wind tunnel. The AirDyn was fixed in space 

at various locations relative to the flight deck of the SRF and immersed in its unsteady airwake. 

The forces and moments at the helicopter CoG have been recorded from which Root-Mean-

Square (RMS) loadings have been derived and used to analyse the effect of ship modifications in 

terms of helicopter handling qualities and potential pilot workload characteristics. The 

implementation of the modifications proved very effective in reducing the severity of unsteady 

loading caused by the airwake and there is certainly potential that the concepts under 

development here could lead to tangible reductions in pilot workload at the dynamic interface. 

A ‘Side-Flap’ fitted to the windward side face of the hangar and the incorporation of a ‘hangar 

notch’ were particularly effective, reducing RMS forces and moments experienced by the 

AirDyn by an impressive 40-50% at important locations around the flight deck. 

 

 

 

Introduction 

 
The role of naval based air support has become integral 

to modern armed forces, and the Vertical Take-Off and 

Landing (VTOL) capabilities of helicopters make them 

well suited for use on the restricted flight decks of 

single spot frigates and destroyers (Fig. 1). However, 

although these operations are now routine, the recovery 

of a helicopter to the flight deck of a ship is fraught with 

difficulties for even the most experienced fleet pilots. In 

addition to the operational challenges of restrictive 

landing areas and movement of the deck caused by the 

pitch, roll and heave motion of the ship, the pilot must 

also contend with the presence of a highly unsteady 

flow field over the flight deck known as the ship’s 

‘airwake’. This phenomenon is caused by the airflow 

over and around the ship’s superstructure as a result of 

the combined effect of the prevailing wind and the 

forward motion of the ship. 
_____________________  
1Postgraduate Research Student, 2Research Associate, 

3Technician, 4Professor 

of Mechanical Engineering. Presented at the 36th European Rotorcraft Forum 

2010, Paris, France, 7 – 9 September 2010. 

 

 

 

Over recent years, collaborative international research 

into the ship-helicopter dynamic interface has 

investigated flight deck aerodynamics using techniques 

such as flow visualisation
 

[1-5], wind tunnel 

anemometry [3-5], and Computational Fluid Dynamics 

(CFD) [6-8]. As a result, the key features of the airwake 

are now relatively well understood [9]. The 

superstructure is essentially an assembly of bluff bodies. 

The flow separates from the sharp edges of the hangar 

forming shear layers and low-speed recirculation zones 

leading to large spatial and temporal velocity gradients 

in the airflow over the flight deck. Vortical flow 

structures are shed from the hangar and typically have a 

length scale similar to the helicopter fuselage and main 

rotor. Smaller-scale geometric features on the ship, such 

as funnels, radar domes and weapon systems, will also 

affect the flow to varying degrees depending on their 

size, orientation and proximity to the flight deck. 

mailto:c.h.kaaria@liv.ac.uk
mailto:yxwang@liv.ac.uk
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As the pilot moves the helicopter through the airwake 

during an approach to landing, the highly unsteady 

airflow causes large fluctuations in the aerodynamic 

loading and the rotor response of the helicopter in the 

closed-loop pilot response frequency range of 0.2-2 Hz 

[10, 11].  The pilot is then required to take corrective 

action via the control inputs in order to stabilise the 

attitude, altitude and heading of the aircraft relative to 

the ship. Consequently, for certain Wind-Over-Deck 

(WOD) conditions, the pilot workload required to 

maintain aircraft stability is so high and the pilot’s spare 

capacity to perform ancillary tasks is so reduced, that 

landing is deemed unsafe for fleet pilots to repeatedly 

attempt.  Such conditions are then considered outside 

the safe operational limits of the ship-helicopter 

combination in question.  

 

 
(a) 

 

 
(b) 

 

Figure 1: UK Royal Navy Type 23 Frigate (a) and Type 

45 Destroyer (b) 

 

The demanding nature of ship-borne helicopter 

operations means that every ship/helicopter combination 

has its own specific Ship-Helicopter Operating Limits 

(SHOLs) which are derived from First of Class Flight 

Trials (FOCFTs). An example of a typical SHOL 

envelope, derived from piloted simulation tests at the 

University of Liverpool (UoL), is shown in Fig. 2. The 

SHOL diagram makes use of ‘Red’ and ‘Green’ naval 

terminology to refer to the port and starboard side of the 

ship respectively. Therefore, Green 30 (G30) refers to a 

WOD angle 30° from the bow of the ship on the 

starboard side. This terminology will be used 

throughout this paper.  

Due to the expense and inherent dangers associated 

with FOCFTs, much of the research concerning the 

ship-helicopter dynamic interface, at the UoL and 

elsewhere, has focused on the development of high-

fidelity flight simulation [12-16] to augment at-sea 

SHOL trials and mitigate their costs and risks.  

The aim of the study reported in this paper, 

however, is to look beyond SHOL classification, and to 

investigate the impact that the ship’s geometry has on 

the severity of the airwake and the associated pilot 

workload levels and helicopter handling characteristics. 

Can current ship geometries be modified to alleviate the 

adverse effects of the airwake? What design features 

could be included in future ship designs to minimise the 

impact of the airwake on helicopter operations? 

Recent work at UoL has involved the development 

of an experimental method, similar to that used by Lee 

& Zan [10, 11], where a model-scale helicopter is 

placed within the airwake of a ship and the resulting 

unsteady forces and moments on the helicopter are 

measured. As this unsteady loading is a key driver of 

high pilot workload levels, it can be used to compare the 

severity of the airwakes of different ship geometries.  

 
Figure 2: Ship-Helicopter Operating Limits (SHOL) 

diagram for Sea-Hawk (SH-60B) helicopter operating 

to a Simple Frigate Shape (SFS2) derived from flight 

simulation at the UoL 

 

The AirDyn  

 

A 1:54 scale physical model of a Merlin EH-101 

helicopter has been manufactured with an externally 

driven main rotor and a six component force block 

mounted inside the fuselage (Fig. 3a). The model 

helicopter is essentially an Airwake Dynamometer 

(AirDyn), measuring the unsteady forces and moments 

that it experiences in an airwake. A full description of 

the design and development of the AirDyn instrument 

can be found in the work by Wang et al. [17].  
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 3: The AirDyn fuselage and strain-gauge 

balance (a), AirDyn orientation (b) and linear and 

rotational traverse system mounted in to UoLI water 

tunnel facility (c) 

 

 

 

 

 

 

Experiments have been carried out in which a model 

ship with the AirDyn in its ‘air’-wake have been 

completely submerged in a water tunnel, which gives a 

number of advantages over a wind tunnel. Using a water 

tunnel means that the Reynolds number matching can be 

achieved with more modest flow velocities; it also 

produces larger, and therefore easier to measure, forces; 

and laser-based flow velocity measurements are easier 

to obtain. Using an electrically driven rotor, as well as a 

strain-gauged force block, submerged underwater 

provided its own challenges but, with intelligent design, 

these difficulties were overcome [17]. Both the AirDyn 

and the ship model were placed upside down in the 

water tunnel, as seen in Fig. 3(b) & (c). 

The frequency scaling of the AirDyn rotor 

compared to the full-scale was chosen to be 1:1 (220 

rpm). Therefore a free-stream velocity scale of 1:54 was 

imposed to match the full-scale Strouhal number. This 

gives Reynolds numbers (based on the beam of the ship) 

in excess of 1.2 x 10
5
, which satisfies the minimum 

requirement for Reynolds number independence for 

sharp-edged, bluff-body flows.  

With the notable exceptions of the work by Lee & 

Zan, previous research into ship airwake modification 

has mainly involved analysis of just the aerodynamic 

data derived from wind tunnel testing and 

Computational Fluid Dynamics (CFD). Whilst these 

techniques can give detailed insight into how the airflow 

has been affected, leading to assumptions of helicopter 

response, the AirDyn experiment has some significant 

advantages. For example, when the ship’s geometry is 

modified the nature of the flow structures emanating 

from its superstructure will be changed. The AirDyn 

allows greater insight into how a helicopter will react to 

the difference in the nature of the two flows. The 

AirDyn technique also inherently incorporates the rotor 

downwash, which is omitted in the aerodynamic studies. 

The effect of airwake/downwash coupling is still poorly 

understood and is impossible to evaluate from looking 

at airwake aerodynamics in isolation. 

 The simulation study by Kääriä et al. [18] 

employed a technique similar to the AirDyn, using 

airwakes generated through Computational Fluid 

Dynamics (CFD) and a FlightLab helicopter model. 

Whilst the technique revealed good insight into 

helicopter response in an airwake, it did not simulate the 

effect of the rotor downwash that is inherently 

incorporated into the AirDyn experiments. 
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Shortened Research Frigate 

 

The ship geometry used in this study is a shortened 

simple frigate shape, which has been named the 

Shortened Research Frigate (SRF), and consists of a 

simplified hull and hangar model (Fig. 4). The SRF has 

been developed as a generic ship that has airwake 

characteristics representative of more realistic ship 

geometries. It has an overall length of 1.23m, a beam 

(b) = 0.26m and a Hangar Height (HH) = 0.11m. The 

AirDyn has a rotor diameter of 0.344m which equates to 

the 18.6m of a full scale Merlin main rotor. 

 

 

 
(a) 

 

 
(b) 

 

Figure 4: Unmodified Shortened Research Frigate 

(SRF) model (a) and CAD geometry with coordinate 

system (b) 

 

A variety of geometric modifications have been made to 

the baseline SRF geometry in an attempt to reduce the 

unsteady aerodynamic loading caused by its airwake. 

There are two major goals of this work. The first is to 

initiate the development of aerodynamic modifications 

that can be retro-fitted to existing ship geometries to 

alleviate the effect of their airwakes on helicopter 

operations. The second, and probably more practical, 

objective is to serve as a source for future ship designers 

to enable them to make more informed decisions about 

how particular geometric features, such as the 

placement of a walkway or the shape of a hangar, can be 

designed so as to minimise adverse airwake effects.  

 

Experimental Details 

 

During testing, the AirDyn was fixed in space at 

different positions relative to the flight deck of the SRF. 

Whilst the AirDyn was held at each location for a period 

of 210 seconds, the unsteady forces and moments, at the 

AirDyn Centre of Gravity (CoG), were recorded. A 

linear and rotational traverse system enables the 

investigation of different AirDyn locations and a full 

range of WOD angles (Fig. 3c). 

The standard UK Royal Navy (RN) approach 

technique (Fig. 5) involves a lateral translation from a 

port side approach position to a hover over the deck. 

The AirDyn was therefore placed at seven points along 

this lateral translation for each of the ship geometries 

tested, to obtain information about handling qualities 

throughout the manoeuvre. This lateral traverse was also 

performed for various heights of the main rotor relative 

to the deck as seen in Figs. 6 & 7.  

 

 
 

Figure 5: Standard UK Royal Navy Approach 

Technique 

 

The heights investigated are normalised by the height of 

the hangar. For example 150% Hangar Height (150% 

HH), refers to the main rotor at a height above the flight 

deck one and a half times that of the height of the 

hangar. For the SRF, 150% HH is roughly 9m above the 

flight deck in full-scale and is the approximate height of 

the main rotor of a Merlin EH-101 helicopter 

throughout the lateral translation and hover over the 

deck phases. However, other rotor heights (110% HH, 

125% HH and 175% HH) have also been investigated 

(Fig. 7). This accounts for the fact that there will be 

variation in the height of the rotor when the landings are 

performed at sea in Merlin helicopters, but also because 

different helicopters, e.g. Lynx, will approach at 

different heights relative to the deck. Also, performing 



APPENDIX A 

 
 

 

tests at different heights may give some insight into the 

performance of a modification to a ship with a larger 

hangar, where the clearance of the rotor above the top of 

the hangar is less than for the SRF geometry. 

 

 
 

Figure 6: AirDyn test-point location grid with AirDyn 

pictured at port side approach position and spot hover 

location 

 

 
 

Figure 7: Lateral traverse rotor heights (110%, 125%, 

150% & 175% HH) 

 

 

Unsteady Aerodynamic Loading 

 

After the time-histories of the unsteady forces and 

moments have been recorded for the specified locations 

of the AirDyn relative to the ship’s flight deck, a 

method is needed to quantify the impact of the unsteady 

loading on handling qualities. It is known that 

disturbances in the closed loop pilot response frequency 

bandwidth of 0.2 - 2Hz most significantly impact on 

pilot workload [19]. Therefore, what is required is a 

measure of the magnitude of the disturbances from 

within that frequency range. 

To do this the method used by Lee and Zan [11, 12] 

has been employed whereby the Power Spectral Density 

(PSD) is calculated from the time-histories and the 

square-root of the integral between 0.2 – 2 Hz is taken 

as the measure of unsteady loading (Fig. 8). This 

quantity is then normalised by ρ(Ω )
2
A and ρ(Ω )

2
AR 

for the forces and moments respectively, and will be 

referred to as the RMS (e.g. RMS Pitch). However, it is 

specifically a measure of the unsteady loading 

disturbances from within the closed-loop pilot response 

frequency range. Therefore, reducing the RMS forces 

and moments experienced by the AirDyn through use of 

ship modifications will indicate a potential reduction in 

the associated pilot workload during a deck landing. 

 

 
 

Figure 8: Closed loop pilot response frequency 

bandwidth 

 

Wind-Over-Deck Conditions 

 

Previous investigations into the effects of ship geometry 

on the airwake have mainly focused on winds coming 

from the bow of the ship, between G15 and R15 and 

especially the headwind condition. Although limited 

success has been achieved, little practical progress has 

been made [20-22]. The headwind condition is generally 

where the SHOL is at its least restrictive and therefore 

significant flow improvements are more difficult to 

achieve and, arguably, less important. 

It is oblique wind angles, especially G30-G45, that 

typically produce much more severe flow features over 

and around the deck, leading to high levels of pilot 

workload. At these WOD angles, operational envelopes 

tend to be much more restrictive. It is a little surprising 

therefore that these wind angles have not been given 

much consideration when it comes to the impact of ship 

geometry on the airwake. Not least because it is at these 

WOD conditions that ship modifications can have the 

greatest impact in reducing excessive airwake-induced 

workload levels. This study has therefore focused 

initially on developing ship modifications and design 

features that will potentially reduce unsteady loading 

and workload levels for WOD angles between G30-

G45. 
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RESULTS AND DISCUSSION 
 

The different modifications to the baseline SRF 

geometry that have been investigated using the AirDyn 

can be divided into three categories and will be 

discussed in turn. First, a range of modifications have 

been made to the windward side face of the hangar, only 

a small sample of which will be discussed in detail in 

this paper. Modifications to the windward vertical edge 

of the hangar have also been investigated and, finally, 

the effect of a hangar ‘notch’, a typical frigate design 

feature, has been investigated along with the effect of a 

Phalanx Close-In-Weapons-System (CIWS).  

 

 

Windward hangar-face modifications 

 

 
 

(a) 

 

 
(b) 

 

Figure 9: SRF with Side-flap modification model (a) 

and CAD geometry (b) 

 

The first set of modification to be discussed will be a 

‘Side-Flap’ fitted at the windward hangar-face, as 

shown in Fig. 9. The aim of this modification was to 

suppress the large-scale vortical structures that cause 

severe unsteady loading particularly through the lateral 

translation phase of the landing and over the deck. 

These vortical structures are caused by the vertical 

acceleration of the ‘free-stream’ as it flows towards the 

windward side face of the hangar. The flow rises up and 

forms large vortical structures that are directed towards 

the flight deck and port side approach positions, causing 

severe unsteady loading of the helicopter throughout the 

landing manoeuvre, particularly at rotor heights above 

that of the hangar (125% - 175% HH) [6]. The Side-

Flap has been designed to suppress the upward 

acceleration of the flow at this face, ‘breaking-up’ the 

larger scale flow features and reducing the height above 

the hangar at which they are significant. 

 
 

Figure 10: RMS Forces and Moments for G45 Baseline 

SRF ( ) and SRF with Side Flap modification  

( ) 

 

The Side-Flap was tested for G30, G40, and G45 WOD 

angles and was found to be very successful in all cases, 

reducing unsteady loading of the AirDyn compared with 

the baseline SRF geometry. For brevity, only results 

from the G45 case are presented and will be discussed 

in this paper. Figure 10 shows RMS Heave and Drag 

Forces and RMS Roll moment for seven points along 

the lateral translation (Fig. 5), at a rotor height of 150% 

HH. The implementation of the Side-Flap has 

significantly reduced unsteady disturbances caused by 

the airwake. Through the lateral translation, where the 

peak loading occurs, RMS levels have fallen by 25-

32%; and over the deck, -0.5 < y/b < 0, RMS levels fall 

by up to 44%. As 150% HH (approximately 9m in full-
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scale) corresponds to the height of a Merlin main rotor 

throughout the port side approach, lateral translation and 

hover over the deck tasks, in a real landing the severity 

of the unsteady disturbances would be reduced and the 

pilot workload required to maintain aircraft stability 

would also be reduced. Further investigation is required 

to evaluate how much impact this modification would 

have on workload levels, but the results are certainly 

encouraging. 

 

 
Figure 11: RMS Forces and Moments for G45 Baseline 

SRF ( ) and SRF with Side Flap modification 

( ) 

 

Figure 11 shows three test points from the deck edge to 

the spot, at 175% HH (roughly 10.5m above the deck). 

At this height, unsteady disturbances are again greatly 

reduced over the deck; by as much as 45% over the spot 

for RMS Drag and 50% for RMS Roll at y/b = -0.25. 

The second objective of the Side-Flap has, it would 

seem, been achieved in that it has reduced the height at 

which wake turbulence is significant over the deck. This 

would lead to a reduction in required workload levels 

for tasks performed at higher hover levels, such as slung 

load deployment.  

The Side-Flap was also investigated for lower rotor 

heights, and similar reductions in the severity of 

unsteady loading were observed. RMS values in other 

degrees of freedom, such as RMS Pitch and Yaw, 

showed similar behaviour to those presented in this 

paper. After these very encouraging initial results, 

further work will involve investigating the effect of the 

Side-Flap to obtain a better understanding of exactly 

how it has impacted on the aerodynamics of the baseline 

SRF. This understanding could aid the design of future 

ship geometries. Investigation is also required to 

evaluate how the reductions in unsteady loading 

observed with the AirDyn impact on the subjective pilot 

workload ratings given to deck landings. This could be 

done by taking the investigation through to flight 

simulation,  as has been done in the work by Forrest et 

al. [23], or by developing correlations between RMS 

loading and flight test results similar to those made by 

Lee & Zan [10, 11]. 

 

 

Windward vertical hangar-edge modifications 

 

Modifications at the windward vertical edge included an 

angled 30° flap and a saw-tooth flap, pictured in Fig. 12, 

which have been investigated for a G30 WOD 

condition. At oblique wind angles, the flow separates 

from this edge of the hangar to create a well defined 

boundary between regions of high-speed and low-speed 

flow that moves or ‘flaps’ in time.  

The intention of the angled flap is act as a splitter 

plate, inhibiting the low-frequency flapping of the shear 

layer thereby reducing the unsteady loading on the 

aircraft, particularly over the flight deck. The intention 

of the saw-tooth is to break-up the flow at the separation 

point, introducing smaller-scale, longitudinally 

orientated vortices to increase the mixing between the 

regions of high speed flow and low-speed flow. These 

modifications were designed especially to improve 

loading characteristics at lower rotor heights, 110% & 

125% HH, in which case they would be more effective 

for a smaller aircraft (e.g. Lynx, Sea-Hawk) or for a 

ship with a larger hangar where shear-layer turbulence 

is significant at 8-9m above the deck. 

The relative performances of the two modifications 

compared with the baseline SRF geometry is presented 

in Fig. 13 for RMS Heave, Pitch and Roll at 125% HH. 

On the whole, the effect of the saw-tooth flap is 

minimal except at the port deck edged (y/b = 0.5) where 

there is improvement of 14% in RMS Pitch. This 

relatively small improvement is unlikely to translate 

into noticeable reductions in pilot workload, especially 

as peak roll disturbances increase slightly through the 

lateral translation. 

The 30° angled flap on the other hand, has led to 

significant improvements over the flight deck and in the 

final stages of the lateral translation where the peak 

unsteady loading occurs for the G30 WOD condition. 

This is especially seen at y/b = 0.5 where RMS Heave, 

Pitch and Roll disturbances have fallen by 40-45%. 

There is also good improvement over the spot for the 
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angled flap, where RMS Pitch and Roll have decreased 

by 33% and 34% respectively. 

 

 

 

 
(a) 

 

 

(b) 

 

Figure 12: SRF with vertical hangar edge modifications 

30° angled flap (a) and saw-tooth flap (b) 

 

 

 

Although, the main benefits of modifications to this 

hangar edge were targeted to improve loading 

characteristics at lower rotor heights, some slight 

improvements are also seen in Fig. 14 at 150% HH, 

although this time the more significant reductions were 

observed for RMS Side Force and RMS Yaw moment. 

Unsteady Side Force and Yaw characteristics are mainly 

influenced by loading of the fuselage. As the height of 

the AirDyn rotor increases to 150% HH, the region 

where the flow has been improved by the modification 

is now occupied by the fuselage and has led to reduction 

in RMS Yaw moment of 30% over the spot.  Therefore, 

inhibiting the flapping shear layer has also had a benefit 

at 150% HH, although to a lesser extent in the heave, 

roll and pitch axes that are mainly influenced by loading 

on the main rotor. This is due to the greater significance 

of the flow features discussed in the previous section as 

the rotor height above the deck increases. 

Figure 14 also shows that the saw tooth flap has 

again had little effect on the loading characteristics 

except to increase the peak RMS levels through the 

translation, particularly for RMS Heave force. 

 

 

 

 
Figure 13: RMS Forces and Moments for G30 Baseline 

SRF ( ), SRF with 30° angled flap  

( ) and saw-tooth flap ( ) 
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Figure 14: RMS Forces and Moments for G30 Baseline 

SRF ( ), SRF with 30° angled flap ( ) and 

saw-tooth flap ( ) 

 

 

Hangar Shape Modifications 

 

In this section, the effect of a ‘notch’ built into the 

starboard edge of the hangar will be discussed. A 

similar feature is present on some existing ships 

including the T23 Frigate (Fig. 1a) and has been 

incorporated into the initial designs of the RN Type 26 

Combat Ship (T26).  

A hangar notch was investigated using the AirDyn 

for a G30 WOD condition and compared with the 

baseline SRF geometry. The effect of a Phalanx CIWS 

placed in the notch, in close proximity to the deck (Fig. 

15), has also been investigated and the RMS forces and 

moments for the heights 110% & 150% HH are 

presented. 

Figures 16 & 17 both show very good improvement 

for the hangar notch compared with the baseline SRF 

geometry, both over the spot and through the lateral 

translation. This is especially so at 110% HH (Fig. 16) 

where RMS Heave, Pitch and Roll have been reduced 

by as much as 40-45% through the lateral translation 

and 30-40% over the landing spot. The overall impact of 

the hangar notch would most likely be to reduce 

required workload levels for real deck landings 

It is suggested that the reasons behind the 

improvements in RMS loading are similar to those 

discussed for the Side-Flap earlier where the notch 

breaks-up the larger scale vortical structures emanating 

from the windward side face of the hangar. Future work 

will investigate further the effect of a hangar notch, 

using time-accurate CFD to obtain a better 

understanding of how the notch impacts on the 

development of the main airwake flow features. 

 

 
 

Figure 15: SRF with hangar notch and Phalanx Close-

In-Weapons-System (CIWS) 

 

When compared with the hangar notch case, the 

addition of the Phalanx CIWS increases RMS loading in 

all six components at 110% HH, especially through the 

latter stages of the lateral translation between -0.8 < y/b 

< -0.25. The increase in unsteady disturbances will lead 

to greater levels of pilot workload during deck landings, 

although Fig. 17 shows this effect is reduced at 150% 

HH as the turbulent wake of the CIWS impacts more on 

RMS Side Force and Yaw moment, through unsteady 

loading of the fuselage, than RMS Heave, Pitch and 

Roll which are mainly influenced by main rotor 

disturbances. 

Although the addition of the CIWS reduces the 

benefits of the hangar notch, there is still a general 

improvement on the baseline SRF geometry. At 110% 

and 150% HH, reductions seen for RMS heave, pitch 

and roll disturbances through the lateral translation are 

maintained, although to a lesser extent than for the 

hangar notch alone. It is at y/b = -0.25 where the CIWS 

has the greatest impact, increasing RMS loading levels, 

back to, or even greater than, the original baseline SRF 

geometry.  

It has been shown that the implementation of the 

hangar notch could be potentially very effective in 

reducing the impact of the airwake on helicopter 

operations. Therefore future work will develop this 

concept further by investigating the effects at different 

WOD conditions and varying the size, shape and aspect 

ratio of the notch, as well as the placement of the CIWS. 

It is hoped that investigation into favourable or adverse 

design features such as those discussed in this section, 

will lead to the development of guidelines for ship 

superstructure design, specifically with helicopter 

operations in mind. 
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Figure 16: RMS Forces and Moments for G45 Baseline 

SRF ( ), SRF with Hangar Notch without 

( ) and with Phalanx CIWS ( ) 

 

 
Figure 17: RMS Forces and Moments for G45 Baseline 

SRF ( ), SRF with Hangar Notch without 

( ) and with Phalanx CIWS ( ) 

 

Conclusions 
 

The effects of modifications to a generic ship geometry, 

SRF, have been presented in terms of the unsteady 

loading characteristics of the AirDyn; a model-scale 

helicopter, fixed in space and immersed in the airwake 

of the SRF.  

 A Side-Flap fitted to the windward side 

face of the hangar significantly improved unsteady 

loading characteristics by suppressing the large vortical 

structures emanating from the windward side-face of the 

hangar. RMS loading reduced by up to 40-50% over the 

spot and through the lateral translation. 

A 30° angled flap, fitted to the windward vertical 

edge of the hangar reduced the severity of unsteady 

disturbances by inhibiting the flapping motion of the 

shear layer close to the hangar face. This modification 

was only effective over the deck, reducing RMS loading 

by up to 40-45% and 20-30% over the port edge of the 

deck and the spot respectively. 

A notch cut in to the side of the hangar also reduced 

unsteady loading in much the same way, and to a 

similar extent, as the Side-Flap, indicating this is a 

favourable airwake design feature. The addition of a 

CIWS placed in the hangar notch was found to increase 

the RMS forces and moments although, due to the 

presence of the notch, there was still improvement 

compared with the baseline SRF geometry. 
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This paper describes a simulation study evaluating the aerodynamic loading of a 
model Sea-Hawk (SH-60B) helicopter in the wake of a simple frigate shape (SFS2). 
Time-accurate CFD airwakes have been computed using Detached-Eddy Simulation 
(DES) for two wind-over-deck (WOD) conditions and integrated into the FlightLab 
simulation environment. A simulated rotorcraft model configured to be representative 
of an SH-60B has been fixed in space at various locations relative to the flight deck of 
the ship and immersed in the unsteady airwake for a period of thirty seconds. The 
forces and moments acting on the helicopter model as a result of the airwake have 
been recorded and analysed in terms of the helicopter location and WOD condition. 
The specific time-averaged and unsteady aerodynamic loading characteristics have 
been identified and analysed in terms of their implications for helicopter handling 
qualities and potential pilot workload. The underlying causes of the aerodynamic 
loading characteristics encountered in the simulations have been identified through 
analysis of the CFD airwake data. The capability of this technique to identify specific 
loading characteristics and to relate them back to the airwake aerodynamics 
demonstrates its suitability as a means of comparing the severity of different ship 
airwakes on helicopter operations. Thus, it is feasible that this method could be used 
to effectively assess the potential benefits of ship geometry modifications to the ship-
helicopter dynamic interface. 
 

 
 

Introduction 
 

Landing a maritime helicopter to the flight deck of a 
ship is a difficult and demanding task for even the 
most experienced pilots. As well as operating to a 
restricted landing area and a pitching, rolling and 
heaving ship, the pilot must also contend with the 
presence of a highly unsteady flow field over the 
flight deck. This phenomenon, known as the ship’s 
‘airwake’, is caused by the airflow over and around 
the ship’s superstructure as a result of the 
combined effect of the prevailing wind and the 
forward motion of the ship.  

Over recent years, collaborative international 
research into the ship-helicopter dynamic interface 
has investigated flight deck aerodynamics using  
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techniques such as flow visualisation [1-5], wind 
tunnel anemometry [3-5], and Computational Fluid 
Dynamics (CFD) [6-8]. As a result, the key features 
of the airwake are now relatively well understood 
[9]. Ships are not generally designed with 
aerodynamics in mind, so the sharp edges of the 
superstructure lead to unstable flow separation 
and the formation of vortices, causing large spatial 
and temporal gradients in the airflow over the flight 
deck. The degree of unsteadiness in the airwake 
can be affected by large scale geometric features 
such as masts, radar domes and weapon systems. 
The nature and severity of the airwake also varies 
significantly with wind-over-deck (WOD) speed and 
direction. 
 As the pilot moves the helicopter 
through the airwake during an approach to landing, 
the highly unsteady airflow causes large 
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fluctuations in the aerodynamic loading and the 
rotor response of the helicopter in the closed-loop 
pilot response frequency range of 0.2-2 Hz [10, 
11].  The pilot is then required to take corrective 
action via the control inputs in order to stabilise 
aircraft attitude. Consequently, for certain WOD 
conditions, the pilot workload required to maintain 
aircraft stability is so high and the pilot’s spare 
capacity to perform ancillary tasks is so reduced, 
that landing is deemed unsafe for fleet pilots to 
attempt.  Such conditions are then considered 
outside the safe operational limits of the ship-
helicopter combination in question.  

The spare control margins available to the pilot 
throughout an operation are also an important 
factor to consider in the establishment of safe 
operational envelopes. If the pilot is required to 
move a control to within 10% of its maximum travel 
during a landing task then the capability to respond 
to large disturbances in that axis is severely 
compromised. This typically leads to an 
operational limit being imposed as the pilot’s ability 
to maintain control of the aircraft and to deal with 
strong gusts encountered in the unsteady airwake 
is reduced. 

The demanding nature of ship-borne helicopter 
operations means that every ship/helicopter 
combination has its own specific Ship-Helicopter 
Operating Limits (SHOLs) which are derived from 
First of Class Flight Trials. Due to the expenses 
and inherent dangers associated with such trials 
much of the research concerning the ship-
helicopter dynamic interface has focused on the 
development of high-fidelity flight simulation [12-
16] to augment at-sea SHOL trials and mitigate 
their costs and risks. 

Recent work at the University of Liverpool has 
demonstrated that realistic unsteady ship airwakes 
can be computed using time-accurate CFD and 
implemented in a full-motion flight simulator to 
enable a pilot to land a helicopter onto a ship in a 
high-fidelity simulation environment [15, 16]. The 
disturbances experienced by the pilot and the 
workload required to perform landings was shown 
to be representative of the at-sea environment.  It 
is therefore possible to obtain a fully-simulated 
SHOL using these sophisticated tools and 
techniques. In addition, it is now also possible to 
use these techniques to investigate different ship 
geometries and to explore how favourable, or 
otherwise, their landing deck is to a helicopter.  
 Helicopter operations to non-aviation 
ships such as single-spot frigates are particularly 
susceptible to adverse airwake effects. Although 
attempts have been made to control the airflow 

over such ships [17, 18], little practical progress 
has been made. The long term objective of the 
work reported herein is to look beyond the ship-
helicopter dynamic interface as defined by existing 
ship geometries by investigating how current ships 
can be modified and ships of the future can be 
designed so as to alleviate the effect of the 
airwake on pilot workload, easing the demands on 
the pilot and broadening operational envelopes. 
However, the use of piloted flight simulations to 
investigate the effect of design changes is likely to 
be a time-consuming and expensive process, 
particularly if numerous design iterations are 
required. The objective of the study being reported 
here is the development of a method that will allow 
the assessment and comparison of the airwakes of 
different ship geometries without the need for 
piloted simulation.  

The method involves holding a simulated 
helicopter model fixed in space immersed in a CFD 
ship airwake and measuring the unsteady forces 
and moments at the model’s centre of gravity.  It is 
widely accepted that airwake induced disturbances 
in the aerodynamic loading and rotor response is a 
major cause of excessive pilot workload [9]. 
Therefore, it is proposed that these loading 
characteristics can be used as a measure of the 
severity of a ship’s airwake and will enable the 
comparison of different ship geometries in terms of 
their potential pilot workload characteristics.   

 

 
 
Figure 1: Sea-Hawk SH-60B helicopter 

 
A simulation model of a Sea-Hawk (SH-60B) 
helicopter (Fig. 1) has been fixed in space at 
various points relative to the flight deck of a Simple 
Frigate Shape (SFS2) (Fig. 2). The model has then 
been subjected to a time-accurate SFS2 airwake, 
generated using CFD with a Detached-Eddy 
Simulation (DES) turbulence model, for a period of 
30 seconds. The unsteady forces and moments 
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imparted to the model as a result of the airwake 
have then been recorded and analysed in terms of 
potential pilot workload. The unsteady 
aerodynamic loading at the various test points has 
been used to identify specific loading 
characteristics of an SH-60B helicopter in the wake 
of an SFS2 for two WOD conditions. The SFS2 
airwake aerodynamics data has also been 
presented to identify the underlying causes of the 
loading characteristics encountered in the 
simulations. 
 
 
Simple Frigate Shape 2 (SFS2) 
 
The SFS2, shown in Fig. 2, is a generic frigate 
shape created under the auspices of The 
Technical Cooperation Program (TTCP) as a 
means of comparing the numerous CFD codes of 
researchers from the member states. The SFS2 
has been chosen for this initial study because of its 
relatively simple geometry and flow features 
compared with more realistic frigate shapes such 
as the Royal Navy Type 23 Frigate. Future work 
will build on this study to investigate more realistic 
ship shapes. A further benefit of using the SFS2 is 
the availability of high quality wind-tunnel data from 
experiments provided by the National Research 
Council of Canada (NRC), which has been used to 
validate the CFD airwakes used in this study. 
Comprehensive comparisons between CFD and 
experimental data can be found in the study by 
Forrest and Owen [6]. 
 

 
 
Figure 2: Simple Frigate Shape (SFS2) 
 
 
Computational Fluid Dynamics (CFD) 
 
The unsteady airwake data was generated using 
the commercial CFD code FLUENT, using 
Detached-Eddy Simulation (DES) to capture the 
large-scale turbulent structures. Using an 
unstructured mesh containing approximately 6 

million cells, the computations were partitioned 
across 32 processors of the University of 
Liverpool’s high performance computing cluster, 
taking about 60 hours to generate 30 seconds of 
full-scale airwake data. This airwake generation 
method has been extensively validated against 
model-scale and full-scale data [6, 15, 16], where it 
has been shown that the spatial and temporal 
characteristics of the airwake are well modelled. 

Airwake data was interpolated onto a 
structured grid for export to the FLIGHTLAB 
simulation environment, utilising a spatial 
resolution of 1m and an update rate of 20 Hz.  
 
 
Rotorcraft Model 
 
A UH-60A rotorcraft simulation model has been re-
configured to be representative of a Sea-Hawk 
(SH-60B) helicopter. The model was developed 
using FlightLab, an advanced multi-body dynamics 
modelling and simulation environment, which 
allows complete rotorcraft simulations to be 
constructed from a set of modular components 
(e.g. main/tail rotors, fuselage and empennage). In 
order for the ship airwake to affect the 
aerodynamic loading of the simulated rotorcraft 
model the airwake velocity components must be 
converted into forces and moments at the 
helicopter’s centre of gravity. To do this the 
airwake velocity components are interpolated from 
a look-up table at a total of 24 Aerodynamic 
Computation Points (ACPs) distributed around the 
model as shown in Fig. 3 (the pictured helicopter is 
not representative of an SH-60B and is for 
illustration purposes only). This includes the 
fuselage, empennage, tail hub and five elements 
along each of the four main rotor blades. 
 

 
Figure 3: Location of 24 Aerodynamic Computation 
Points (ACPs) 
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The aircraft setup includes a dynamic inflow model 
and also accounts for the effect of rotor downwash. 
However, the coupling between the ship airwake 
and the aircraft model is ‘one-way’ in that the 
airwake affects the helicopter response but is not, 
in turn, influenced by the rotor downwash. The 
importance of fully coupled airwake/rotor-
downwash simulations is not yet clear [19], 
however future work at the University of Liverpool 
plans to investigate this further. 
 
 
Test Program and Data Acquisition 
 
This study has employed the use of naval 
terminology, such that ‘green’ and ‘red’ refer to the 
starboard and port sides of the ship respectively. 
Therefore a G30 wind denotes a WOD angle of 
thirty degrees from the longitudinal centreline of 
the ship, originating from the right hand side when 
looking towards the bow. In the discussions to 
follow, velocity and turbulence data is normalised 
by free-stream velocity. Longitudinal, lateral and 
vertical spatial coordinates (x, y, z) are normalised 
by deck length (l), ship beam (b) and hangar height 
(h) respectively. 
The helicopter model was trimmed with an 
airspeed of 40kts at a wind direction consistent 
with the airwake WOD angle. The trim was 
required to reduce the effect of the lift imbalance 
between the advancing and retreating blades; the 
resulting collective and cyclic pitch angles are 
shown below in Table 1. These values were 
retained throughout the simulations at each test 
point.  
 

 
Table 1: Collective and cyclic blade pitch angles 
 
The aircraft was then placed, in turn, at 49 points 
relative to the SFS2 flight deck as shown in Fig. 4. 
The rotor hub vertical (z) position was maintained 
at a constant height of 6.1 m above the flight deck, 
which corresponds to the height of the top the 
hangar from the deck.  

Once fixed at a particular test point, the model’s 
translational and rotational degree of freedom 
states were disabled and the unsteady airwake 
(scaled to a WOD speed of 40kts) was run for a 

period of thirty seconds; this procedure was 
performed for a headwind and Green 30° (G30) 
WOD azimuth.  

 
 
Figure 4: Locations of helicopter model centre of 
gravity in relation to the SFS2 flight deck 
 
The thirty second time-histories of the unsteady 
forces and moments at the model’s centre of 
gravity were recorded. This data has been time-
averaged to enable comparisons of the mean 
aerodynamic loading characteristics between the 
test points and WOD conditions. 
 The simulated unsteady aerodynamic 
loading characteristics have been generated using 
the method adopted by Lee and Zan [10, 11] in 
their experimental investigations of the 
aerodynamic loading of a helicopter fuselage and 
rotor in a ship airwake. It is known that 
disturbances in the frequency range 0.2 – 2 Hz 
have the most significant impact on helicopter 
handling qualities and pilot workload [20]. 
Therefore, when performing statistical analysis of 
unsteady loading, using the root-mean-square 
(RMS) of the deviations from the mean is not the 
ideal way to quantify the impact of the airwake as it 
includes fluctuations at frequencies outside the 
bandwidth known to be responsible for airwake 
induced pilot workload. Instead, Power Spectral 
Density (PSD) plots have been derived from the 
force and moment time-histories and the square 
root of the integral between the limits 0.2 – 2 Hz 
(displayed graphically in Fig. 5) has been used as 
a measure of the RMS loading in this frequency 
bandwidth. This quantity will hereby be referred to 
as the RMS loading of the particular force or 
moment in question (e.g. RMS yawing moment). 
The RMS loading in each of the 6 degrees-of-
freedom has been used to characterize unsteady 
aerodynamic loading of the SH-60B as a result of 
the SFS2 airwake. 

WOD 
azimuth 

Collective 
pitch 

Lateral 
cyclic 

Longitudinal 
cyclic 

Headwind 15.25° -2.50° 2.36° 

G30 15.16° -1.64° 3.05° 
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Figure 5: Closed loop pilot response frequency 
bandwidth 
 
 
Standard Royal Navy Landing Technique 
 
The unsteady aerodynamic loading data presented 
in this paper has been analysed in such a way that 
it relates to the standard Royal Navy landing 
approach technique (Fig. 6). A typical ship-
helicopter landing operation comprises a series of 
Mission Task Elements (MTEs) as follows: 
 

1) Approach and port-side hover 
2) Lateral translation 
3) Station keeping over the flight deck 
4) Vertical descent to landing spot 

 

 
 
Figure 6: Final stages of the recovery of a Royal 
Navy helicopter to a single spot frigate 
 
The operation begins with an approach alongside 
the flight deck to a stabilised hover to the port side 

of the ship. The pilot then executes a lateral 
translation across the deck to a stabilised hover 
over the landing spot. The pilot then maintains 
station over the spot until there is a quiescent 
period in the ship’s deck motion, before finally 
executing a descent to the flight deck. 

For the purposes of this study the landing spot 
is assumed to be on the centreline of the SFS2 at 
a longitudinal location halfway between the hangar 
face and the stern.  
 
 

Results and Discussion 
 

Thrust Characteristics – Headwind 
 
The time histories of thrust at the headwind 
condition for points 1, 3 and 5 (identified in Fig. 4) 
are shown in Fig. 7. These points are all on a 
lateral line aligned with the landing spot which 
corresponds to the approximate path of the lateral 
translation MTE. Figure 7 indicates that as the 
aircraft model translates from the port-side to the 
centreline of the ship, moving from the freestream 
to a location fully immersed in the airwake, mean 
thrust decreases and the magnitude of thrust 
fluctuations increases. 

 
Figure 7: Time-histories of thrust in a headwind at 
points along the approximate path of the lateral 
translation MTE at x/l = 0.5 

 
Figure 8 shows the time-averaged thrust 
coefficient (CT) plotted against lateral deck position 
for various distances from the hangar face. At the 
longitudinal location x/l = 0.5, aligned with the 
landing spot, there is a reduction in thrust of 
approximately 11% as the aircraft moves laterally 
from the freestream to the ship centreline. This 
trend is consistent with the experimental study of 
rotor thrust in a ship’s airwake by Zan [21].  
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Figure 8: Time-averaged thrust coefficient in a 
headwind at various longitudinal locations 

 
During a real landing manoeuvre, this loss of thrust 
over the flight deck during the lateral translation 
MTE would require the pilot to increase the 
collective pitch of the main rotor blades in order to 
maintain the altitude of the aircraft. This would 
reduce the available thrust control margin and 
adversely impact the pilot’s ability to respond to 
fluctuations in lift caused by the unsteady airwake. 
Reduction of the thrust control margin is a common 
issue associated with headwind ship deck 
landings, especially for low WOD speeds [9]. 

The cause of this behaviour can be identified by 
studying the underlying aerodynamics of the SFS2 
airwake. Figure 9 shows the time-averaged 
velocity streamlines over the centreline of the 
SFS2 flight deck for a headwind, coloured by the 
vertical velocity component. The airflow comes 
over the top of the hangar and reattaches to the 
flight deck approximately halfway along the deck, 
creating a significant downward component to the 
mean velocity of the airwake. As the helicopter 
translates over the flight deck a reduction in thrust 
is observed because the steep down drafts over 
the deck reduce the effective angle of attack of the 
main rotor blades and hence the amount of thrust 
force produced by the main rotor. This effect is 
also exacerbated by the reduction in longitudinal 
velocity experienced by the rotor disk as it passes 
into the recirculation region behind the hangar. 
Figure 10 shows contours of mean longitudinal 
velocity. When the helicopter model is over the 
deck, there will be a lower induced velocity to the 
main rotor blades therefore reducing the mean 
thrust produced. 
  

 

 
 
Figure 9: Mean velocity streamlines coloured by 
vertical velocity in the plane y/b = 0 for a headwind 
 

 
 
Figure 10: Contours of longitudinal mean velocity 
in the plane z/h = 1.0 for a headwind 

 
Figure 8 shows that other longitudinal positions 
also exhibit the trend of decreasing mean thrust 
over the flight deck, although the loss of thrust is 
not as severe as the distance from the hangar 
increases. At a longitudinal position of x/l = 0.75, 
the loss of thrust is reduced as the flow is aligned 
more with the horizontal after reattachment (Fig. 
9). At locations towards the rear of the flight deck 
the flow is again deflected downwards due to 
separation from the stern, causing a corresponding 
reduction in thrust. 

The thrust distribution across the deck, shown 
in Fig. 8, is asymmetric which is again consistent 
with Zan’s findings [21]. When the model is on the 
port side of the ship’s centreline the advancing 
blades of the counter-clockwise rotor are in the 
lower velocity wake region and the retreating 
blades are in the higher velocity freestream region 
(Fig. 10). On the starboard side of the centreline 
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the opposite is true and the advancing blades are 
in the higher velocity region. As a result, both the 
advancing and retreating blades are producing 
less lift at y/b = -0.5 than at y/b = 0.5, due to the 
former operating in a region of lower velocity and 
the latter exposed to freestream velocity. The net 
effect is that thrust over the starboard deck edge is 
approximately 4% higher than the port edge. 

The time-histories in Fig. 7 also show significant 
fluctuations in thrust, with variations in amplitude 
seen between the three points. To examine this 
further, spectral analysis has been performed, with 
the resulting PSD plots shown in Fig. 11. At each 
of the points there is significant energy in 
fluctuations within the pilot closed-loop response 
frequency bandwidth of 0.2 – 2 Hz. These 
disturbances in the thrust produced by the 
helicopter will impact on pilot workload as the pilot 
responds through their collective control to 
maintain a stable aircraft altitude. This control axis 
is particularly critical due to the aircraft’s close 
proximity to the deck. The plots also show 
significant energy in disturbances at higher 
frequencies. These high frequency loading 
fluctuations, caused by the rotor harmonics, are an 
inherent effect of the cyclical nature of rotorcraft 
thrust generation. As these peaks occur at 
frequencies above 10 Hz they can be safely 
ignored in terms of pilot workload analysis, 
manifesting themselves as vibrations rather than 
disturbances which must be counteracted though 
pilot control inputs. 

As this study is primarily concerned with the 
loading fluctuations in the closed loop pilot 
response frequency range, the RMS thrust over 
this reduced bandwidth has been calculated as 
described earlier. Figure 12 shows RMS thrust 
plotted against lateral deck position for various 
longitudinal distances from the hangar face, which 
includes the three points in Figs 7 and 11. Figure 
12 shows that as the aircraft translates from the 
port side of the deck into the turbulent airwake 
over the deck, the RMS thrust increases. This is to 
be expected, due to the rotor being fully immersed 
in high levels of turbulence over the landing spot. 
Thus, as the pilot executes the lateral translation 
MTE not only will the thrust control margin 
available to them be reduced but the workload 
required to maintain a stable hover altitude will 
increase as result of the greater unsteadiness in 
the RMS thrust. The combination of these two 
factors is especially problematic as a reduced 
control margin will impact on the pilot’s ability to 
respond to fluctuations in this axis. 

 
 
Figure 11: Power Spectral Density of thrust for the 
headwind condition at three locations relative to 
the flight deck 
 
 

 
 
Figure 12: RMS thrust for various helicopter 
positions 
 
 Figure 12 also shows that RMS 
loading is asymmetric across the deck and is 
higher on the starboard side of the ship centreline. 
As the turbulence is reasonably symmetrical 
across the deck for a headwind, it is postulated 
that this asymmetry is a function of the rotational 
direction of the main rotor and the orientation of 
the SH-60B tail rotor.  A definitive explanation of 
this phenomenon will require further investigation 
possibly through the use of simplified rotorcraft 
models. 
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Effect of WOD azimuth 
 
In this section the RMS forces and moments for 
the headwind and G30 WOD conditions have been 
analysed to identify their specific loading 
characteristics. Figure 13 shows contour plots of 
RMS roll moment for the two wind conditions. 
Greater levels of RMS roll moment are evident in 
the G30 case, especially towards the port side of 
the deck. This is because of the greater 
unsteadiness of the airwake in these regions which 
can be seen in the longitudinal turbulence intensity 
contours shown in Fig. 14.  
 

 
(a) 

 
(b) 

 
Figure 13: Contours of RMS roll moment for 
headwind (a) and G30 (b) WOD angle 
 
The high levels of turbulence over the flight deck in 
the G30 case are caused primarily by shear layer 
separation from the top edge and windward 
vertical edge of the hangar [6] which leads to the 
increased RMS roll moments compared with the 
headwind case. The increase in roll unsteadiness 
in the closed pilot loop response bandwidth will 
increase the pilot workload required to maintain 
aircraft stability throughout the station keeping 
MTE over the flight deck. This was seen in the 
piloted flight simulation study by Forrest et al. [16] 
involving a Lynx helicopter and SFS2 airwakes, 
where G30 WOD conditions resulted in greater 
pilot workload when compared with the headwind 
case. 

 
(a) 

 

 
(b) 

 
Figure 14: Contours of longitudinal turbulence 
intensity for headwind (a) and G30 (b) in the plane 
z/h = 1.0 

 
The greater roll moment unsteadiness for a G30 
wind is also evident when the aircraft is positioned 
to the port side of the ship. The higher levels of 
turbulence in this region, caused by the shedding 
of vortical structures from the windward edge of 
the superstructure, are the source of the greater 
unsteady loading. This means that pilot workload 
during the port-side hover and lateral translation 
will also be greater for the G30 case. The RMS 
loading in the headwind case is low at the port-side 
approach and increases as the helicopter 
translates into the turbulent wake over the deck. 
The G30 case on the other hand has an equally 
significant RMS roll moment at the location of the 
portside hover and along the path of the lateral 
translation as over the flight deck. This will cause 
the pilot to work hard to control the aircraft for a 
considerably longer time period than for a 
headwind landing. Therefore, it is suggested that 
future work should investigate ways of mitigating 
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the effects of port-side airwake turbulence through 
geometrical modifications to reduce pilot workload 
during the port-side hover and lateral translation 
MTEs.  

Figure 13 also shows that on the starboard side 
of the deck the RMS roll loading is greater for the 
headwind compared with the G30 WOD angle. 
This because in the G30 case most of the main 
rotor and the tail rotor have moved out of the 
turbulent airwake into the lower turbulence, higher 
mean velocity, freestream region. Figure 13 shows 
how the RMS roll loading, in the G30 case, falls 
sharply after the helicopter passes the centreline of 
the ship towards the starboard side. In 
comparison, the RMS loading in the headwind 
case remains relatively constant across the deck 
due to the smaller spatial gradients of turbulence 
across the deck. As with the RMS thrust for the 
headwind case discussed earlier the RMS roll 
moment is asymmetric across the deck but this 
time with higher values on the port side. Again it is 
suggested that this is an effect of the rotational 
direction of the main rotor and the configuration of 
the inclined SH-60B tail rotor which will 
significantly affect pitch, roll and yaw 
characteristics. 
 
Effect of Hover Position 
 
Figure 15 shows a comparison of RMS loading for 
two helicopter locations, over the sea on the 
portside and over the landing spot. In the 
headwind case, RMS loading is greater over the 
spot in every degree of freedom. This is because 
in this location, the helicopter model is fully 
immersed in the highly turbulent airwake. The 
unsteadiness in the airflow causes fluctuations in 
the aerodynamic loading and rotor response of the 
helicopter in the closed loop pilot response 
frequency range. When the model is positioned at 
the port side hover, the lower turbulence levels in 
the airflow have led to lower RMS loadings than 
over the spot.  

Therefore, during a deck landing operation in 
this WOD condition, the pilot workload required to 
maintain a stable aircraft attitude, heading and 
altitude will increase as the helicopter translates 
over the deck to the position of the station keeping 
MTE. This was observed is piloted flight simulation 
trials conducted by Forrest et al. [16], where pilot 
comments consistently reported the highest 
workload to be when the helicopter was over the 
deck. 

 
 

 
(a) 

 
(b) 

 
Figure 15: RMS loading comparison of forces (a) 
and moments (b) for the port side and landing spot 
hover locations 
 
In the G30 case, such a clear difference in the 
RMS loading between the two WOD conditions 
does not exist. Figures 15a and 15b show that 
RMS loading in the side force and yaw axes is 
greater over the landing spot. This is because of a 
large unsteadiness in the lateral velocity 
component of the airwake in this region. This 
unsteadiness is caused by the flapping shear layer 
created as the flow separates from the windward, 
vertical edge of the hangar [6]. Figure 16 shows 
that the greatest lateral turbulence intensity is 
concentrated over the flight deck. The lateral 
unsteadiness in the airflow leads to fluctuations in 
the aerodynamic loading of the fuselage and tail 
rotor, resulting in an RMS loading over the spot 
which is 39% and 40% greater than over the port 
side for side force and yaw respectively. 

The headwind case also has a greater RMS 
side force and yawing moment over the spot 
compared with the port side hover. As with the 
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G30 case, the greater unsteadiness of the lateral 
velocity component of the airflow interacting with 
the fuselage and tail rotor in this region has 
resulted in the larger RMS loadings when the 
model is over the spot. This suggests a link 
between unsteady side force and yawing moment 
and that these quantities are especially sensitive to 
the lateral turbulence of the airwake.  

The ability to identify specific loading 
characteristics and their underlying aerodynamic 
causes is a key advantage of using the method 
employed in this study. It will enable the 
identification of airwake features that are 
particularly detrimental to helicopter handling 
qualities and exactly how these flow features 
manifest themselves in terms of unsteady 
aerodynamic loading and rotor response. Thus, 
ship design changes or modifications can be 
implemented to specifically target such features 
and mitigate their effects on pilot workload. For 
example, if a particular ship’s airwake is known to 
cause large disturbances in the yaw axis, a clear 
correlation like the one drawn above would lead to 
ship modifications targeting the reduction of 
airwake lateral turbulence. The method employed 
in this study could then be used to assess the 
effect of such modifications on the unsteady yaw 
characteristics of a helicopter in the airwake.  

Figure 15a shows that, in the G30 case, the 
unsteady thrust characteristic differs from side 
force and yaw in that RMS thrust is slightly greater 
for the port side hover position than for over the 
landing spot.  To identify the reasons behind this 
observation it is necessary to look at the vertical 
turbulence intensity in the airwake shown in Fig. 
17. Although the longitudinal and lateral turbulence 
is greater in the region over the spot, Fig. 17 
shows that the vertical airwake turbulence is 
greatest over the port edge of the deck. There is 
also a region of relatively high vertical turbulence 
intensity over the sea approximately one rotor 
diameter to the port side of the deck. The large 
unsteadiness in the vertical velocity component in 
this region is caused by vortical structures 
emanating from the top windward edge of the 
superstructure and funnel [6].  

The thrust response of the helicopter is 
sensitive to turbulence in the vertical direction 
because as the vertical velocity component of the 
airwake fluctuates, so too will the effective angle of 
attack of the induced airflow to the main rotor 
blades and therefore the magnitude of the thrust 
force produced [22]. When the helicopter is in the 
port side hover position, both the advancing and 
retreating blades are interacting with airflow 

containing a large vertical unsteadiness. The 
influence of the unsteady vertical velocity 
component is the principal reason behind the 
greater RMS thrust observed for the port side 
hover location.  

 

 
 
Figure 16: Contours of lateral turbulence intensity 
in the plane z/h = 1.0 for G30 WOD condition 
 

 
 
Figure 17: Contours of vertical turbulence intensity 
in the plane z/h = 1.0 for G30 WOD condition 
 
Figure 15a shows that the unsteady thrust 
characteristic is different for the G30 WOD 
condition and the headwind case discussed earlier. 
RMS thrust is greater in the G30 case because of 
the greater turbulence intensities in all three 
directions. However, whereas in the headwind 
case unsteadiness in the thrust increases as the 
helicopter translates over the deck, in the G30 
case RMS is equally significant over the port side 
hover. Larger amplitude loading fluctuations in the 
closed loop pilot response frequency bandwidth 
seen in the G30 case will make it more difficult for 
the pilot to respond to disturbances and maintain 
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aircraft stability. Therefore, the greater RMS thrust 
over the spot in the G30 case will enforce a greater 
pilot workload during both the station keeping and 
port side hover MTEs. This will make a landing 
task much more demanding as the pilot has to 
work hard to maintain a stable altitude for a longer 
period of time. 

Figure 15b also shows that in the G30 case the 
RMS pitch moment is greater at the port side hover 
compared with over the spot. At this location the 
advancing blades of the rotor are passing through 
the region of high vertical turbulence intensity over 
the port deck edge (Fig. 17). Due to the 90° phase 
shift, these fluctuations in the vertical velocity 
component will manifest themselves as 
disturbances in the pitch of the aircraft. This, in 
turn, has resulted in the greater RMS pitching 
moment for the port side hover shown in Fig. 15b.  
 
 
RMS yawing moment in a G30 wind 
 
Figure 18 shows PSD plots of yawing moment for 
three different lateral locations along x/l = 0.5. All 
three points show significant energy in the closed 
loop pilot response frequency range, with the 
corresponding RMS yawing moments over this 
bandwidth shown in the legend. The greatest RMS 
yaw moment is observed when the model is at 
point 4; this point has been chosen for analysis 
because in this position the main and tail rotor are 
fully immersed in the highly unsteady region of the 
airwake caused by the flapping shear layer created 
by the flow separation from the windward vertical 
edge of the hangar [6].  

Figure 19 shows the areas swept by the main 
rotor blades of the model SH-60B at the three 
locations, superimposed onto a contour plot of 
lateral turbulence intensity for a G30 wind. The 
airflow interacting with the side of the fuselage and 
tail rotor blades at point 4 is highly turbulent and 
leads to a large unsteadiness in the yaw moment 
in the closed loop pilot response frequency 
bandwidth.  

Figure 18 also shows that Point 1 has a large 
RMS yaw loading at G30 due to the turbulence 
over the port side, caused by the large scale flow 
structures emanating from the windward side of 
the superstructure [6]. When the helicopter model 
is at Point 7, over the starboard edge of the deck, 
most of the fuselage, main rotor and tail rotor are 
no longer interacting with the highly turbulent 
airwake and are instead immersed in the lower 
turbulence freestream region. This has resulted in 
a significantly lower RMS yawing moment at this 

point because of the removal of the majority of the 
disturbances in this axis as a result of the airwake.  
 

 
 
Figure 18: Power Spectral Density of yawing 
moment for G30 WOD angle at three points along 
x/l = 0.5 
 
 

 
 
Figure 19: Contours of longitudinal turbulence 
intensity in the plane z/h = 1.0 and the areas swept 
by main rotor blades  

 
As the pilot translates the helicopter over the deck 
a significant portion of their workload will be 
directed towards responding to unsteady yaw 
disturbances caused by the unsteady airwake. In 
the G30 case, the RMS yaw moment is also 
greatest over the flight deck where the pilot is 
under most pressure to maintain stable attitude 
and heading before any attempted descent to the 
landing spot. Therefore it is recommended that 
future investigations into ship superstructure 
modifications should focus on reducing the effects 
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of shear layer turbulence. There are several 
different possible methodologies that may achieve 
this, including the deflection of the shear layer 
using various configurations of inclined screens or 
through the ‘breaking up’ of airwake turbulence 
into higher frequency disturbances that are outside 
the closed loop pilot response frequency range of 
0.2 – 2Hz. 

 
 

Conclusions 
 

The aerodynamic loading of a model rotorcraft 
based on an SH-60B helicopter, fixed in space at 
various points relative to the flight deck of an 
SFS2, has been simulated for a headwind and 
G30 WOD azimuth.  
 Time-averaged and unsteady loading 
characteristics caused by the airwake have been 
identified. The loading characteristics have been 
analysed and compared for various helicopter 
locations at the two WOD conditions. The 
underlying aerodynamics of the airflow over the 
SFS2 have also been analysed and the principal 
reasons behind the loading characteristics 
encountered in the simulations have been 
identified. Correlations have been found between 
particular airwake flow features and unsteady 
loading characteristics. 

It is concluded that the method employed in this 
study is a suitable technique for the investigation of 
the effect of ship geometry modifications on 
helicopter handling qualities.  

Future work will use this method to investigate 
the effect of ship geometry on aerodynamic 
loading of a helicopter in the airwake. This 
technique will be used to assess the effect of 
modifications to the SFS2 geometry in the attempt 
to mitigate the impact of the unsteady airwake on 
pilot workload. This work will also be extended to 
more realistic ship shapes such as the Royal Navy 
Type 23 Frigate and Type 45 Destroyer. 
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