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Modelling of Airwake Hazards for Helicopter Flight 
Simulation 

Abstract 

This thesis summarises the work performed in the use of flight simulation to assess the 

impact of wake encounters and turbulence on the safety of helicopter operations. An 

initial literature search is presented, revealing a lack of previous research regarding 

the impact of wind turbine wakes on helicopter operations and a lack of accurate and 

easy to implement modelling tools for the assessment of the impact of turbulence on 

rotorcraft handling. The work is divided in two main parts: 

In the first part, following a literature review, results of flight simulation tests 

representing the accidental crossing of a wind turbine wake by a helicopter are 

presented. Encounters are of a ómildô severity, flight safety was not compromised and 

resulted mainly in excursions in the yaw axis and deviations in roll. The pilot 

workload required in the recovery of from the initial encounter was strongly related to 

the aircraftôs handling qualities, especially yaw to pitch and yaw to roll cross 

couplings.  

The second part of the thesis details the development and implementation of a new 

turbulence modelling method for flight simulation. The model is based on an 

adaptation of a synthetic eddy method (SEM). It generates a random turbulence field 

surrounding the aircraft by filling a control volume with turbulence generating eddies 

which are displaced by ambient flow; this is the first time this type of modelling has 

been implemented in real-time piloted flight simulation. The induced turbulence 

automatically cross correlates disturbances across all aircraft elements and can be 

adjusted by changing strength, shape and size of eddies and combining series of 

eddies with different properties. Average frequency of the induced turbulence is 

proportional to the cube root of the number of eddies; increasing the frequency results 

in increased computational costs. Nevertheless, the SEM turbulence generator can 

produce real time disturbances within the 0.1 ï 1Hz frequency range which has the 

most impact on pilot workload. Offline and piloted simulation was used to evaluate the 

model and compare against a precomputed wake using a Mann turbulence model. 

Results show that SEM induced turbulence can impact handling in similar manners as 

the precomputed wake, while offering random turbulence in real time.    



iii  

 

 

Acknowledgments 

The work reported in this thesis was a part of project NITROS (Network for Innovative Training on 

ROtorcraft Safety). Project NITROS has received funding from the European Unionôs Horizon H2020 

research and innovation program under the Marie Skğodowska-Curie grant agreement No. 2016-721920. 

 

I wanted to express my gratitude to all the people who have helped me during these years and without 

whom this thesis would not have been possible.   

My supervisors. Professor Mark White from the University of Liverpool and Professor George Barakos 

from the University of Glasgow. For their mentorship and their guidance, advice, effort, support and help 

and their infinite patience during my thesis.   

To my second supervisor Professor Michael Jump for his support and help, especially during the last 

year of my thesis. 

To the NITROS program for the funding of this project, and all the unique opportunities it provided. 

To Wajih Memon, Christopher Dadswell, Neil Cameron, Thomas Fell, Mushfiqul Alam. For all their 

invaluable help with flight simulation modelling and testing.    

To the test pilots Andy Berrymann, Christopher Dennis Brown and Mark Prior. For their expert flying 

and their advice in planning and preparation of all the trials for this project.  

To my friends and colleagues from the Flight Science Laboratory in Liverpool, the Simulation Laboratory 

in Glasgow and within the NITROS program for their help and for all the good conversations and great 

moments. 

To Mom, Dad and my brothers, for all their, support, patience, help, encouragement and love.   

  

To all of them:  

Thank you  

 

 

 



iv 

 

 

Publications: 

Journal Paper: 

¶ Henriquez Huecas, S.; White, M. D.; Barakos, G.: A turbulence model for flight 

simulation and handling qualities analysis based on a synthetic Eddy method, Journal 

of the American Helicopter Society (2020), Volume 67, Number 3, July 2022, pp. 85-

97(13). https://doi.org/10.4050/JAHS.67.032007  

Conference Proceedings: 

¶ Henriquez Huecas, S.; White, M. D.; Barakos, G.: Helicopter handling qualities 

analysis using a synthetic eddy turbulence model, April 2021, NITROS International 

Workshop on Engineering for Rotorcraft Safety, April 2021 

¶ Henriquez Huecas, S.; White, M. D.; Barakos, G.: Flight simulation testing of a 

turbulence model based on a Synthetic Eddy Method, Published in 46th European 

Rotorcraft Forum, Moscow, Russia, September 2020. Cancelled due to Covid ï 19 

pandemic. 

¶ Henriquez Huecas, S.; White, M. D.; Barakos, G.: A turbulence model for flight 

simulation and handling qualities analysis based on a synthetic Eddy method, 76th 

Vertical Flight Society Forum, October 2020. 

¶ Quaranta G, Masarati P, White MD, Barakos G, Pavel MD, Fasiello S, Henriques 

Huecas S, Morelli M, Ghiasvand S, Noor NH, Taymourtash N, Akel E, Ying Y, 

Friesen D, Scaramuzzino PF.: Assesment of the feasibility of an extended range 

helicopter operational standard for offshore flights, 44th European Rotorcraft Forum, 

Delft, Netherlands, September 2018 

Reports: 

¶ White, M. D.; Barakos, G.; Henriquez Huecas, S.: (2018), GARTEUR HC-AG23: 

Wind turbine wakes and helicopter operations. Final report. Work package 4. Flight 

simulation activities at the University of Liverpool. Distribution Limited. 

 

 

  



v 

 

Nomenclature:  

A ij Cholesky decomposition of Reynolds stress tensor (m/s) 

b Aircraft wingspan (m) 

bk Filter coefficient for term or axis k 

C Gaussian shape function normalization coefficient 

c Wing or blade chord (m) 

Cl / ClŬ Lift coefficient / lift coefficient slope 

ὅ , ὅ , ὅ  Roll, pitch, yaw moment coefficient 

E(ɤ), E(k) Energy spectra across frequency, across wavelength 

coefficient 

Ff Flatness or Kurtosis of function f 

ꞈὪ Fourier transform of function f 

g Acceleration of gravity (m/s2) 

G(s) Transfer function 

GS Glideslope 

h Aircraft flight height (m or ft) 

ὑ  Bessel function of order n/m 

K gain 

k, ȿὯȿ Ὧ Ὧ Ὧ Wave number vector, wave number modulus 

l length 

L / l(r) Lift ( N)/ lift distribution along r (N/m) 

L Characteristic turbulence wavelength 

Mx, My, Mz Roll, pitch, yaw moment (Nm) 

ὓ  Flapping moment at rotor hub (Nm) 

M Mass (kg) 

MVortex Vortex induced induced roll moment 

N Number of eddies 

Nb Number of rotor/ turbine blades 

n Loads factor 

p Flow pressure (Pa) 

pm Eddy strength scaling coefficient 

p, q, r Aircraft roll, pitch and yaw rates (rad/s or deg/s) 

qm Eddy size scaling coefficient 

rc Radius of vortex core (m) 

R, r Radius, Radial distance (m) 

Rij(ɝ) Turbulence cross correlation function for distance metric ɝ 

Re Reynolds number 

Reij  Reynolds Stress Tensor (m2/s2) 

S Aircraft wing area (m2) 

Suj Skewness for turbulent velocity component ui 

SRotor Vorticity source due to rotor 

St Strouhal number 

t time (s) 

u, v, w / ui Velocity components / velocity component along i-th axis 

(m/s) 

U Norm of velocity vector 

VB Eddy control volume for the synthetic eddy method (m3) 

ὠ Vortex core flow velocity 



vi 

 
VT, VP Velocity tangential to rotor, Velocity perpendicular to rotor 
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Vgn Aircraft ground speed 

VVortex Vortex flow velocity 
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x, y, z Cartesian coordinates  

╩▓ FourierïStieltjes vector 
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Helicopter rotor blade flapping components (rad or deg) 
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ũ Boundary layer shear 

‏ ‏ ;  ‏ ;  ‏ ;   Control inputs in lateral, longitudinal, collective, pedal 
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– Kolmogorov scale 

—  — — ÓzÉÎ‪  —

ÃzÏÓ‪  

Helicopter rotor blade pitch components (rad or deg) 

ɚ Rotor inflow 

‘ȟ‘, ‘  ‘ ‘ Helicopter/rotor advance ratio, longitudinal, vertical, norm 

’ Kinematic viscosity 

’ Rotor flapping frequency ratio 

ɝ Distance metric for cross correlation (m or non 
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ɝ Damping ratio 

ɝ Filter scale 

ɟ Air density (kg/m3) 

Ű Characteristic time length (s) 

† Temporal phase delay (s) 

ůi  Standard deviation 

Ɑ „ȟ„ȟ„  Characteristic length of turbulent eddies (m) 

ɮ ; ɝɮ Phase; Angular phase delay (rad or deg) 

 ‰ij(ɤ) Power spectral density for frequency ɤ 

ū, ɗ, ɣ Aircraft roll, pitch and yaw angles (rad or deg) 
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ɤ Temporal frequency (Hz or rad/s) 

ɤ Flow vorticity (m2/s) 

‫  ; ‫  Gain bandwidth ; phase bandwidth 

ɤn Natural frequency (rad/s or Hz) 

ɋ Spatial frequency (1/m) 
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Abbreviations: 
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AC 

Atmospheric boundary layer 

Aircraft 

ACP Aerodynamic Computation Point 

ADS ï 33 Aeronautical Design Standard Performance Specification: 

Handling Qualities Requirements for Military Rotorcraft 

AR Aircraft aspect ratio  

ASRA Canadian Research Council - Advanced Systems 

Research Aircraft   

AW Airwake 

BWR Bedford Workload Rating 

CAA Civil Aviation Authority 

CAP CAA paper 

CETI Control Equivalent Turbulence Inputs 

CFD Computational Fluid Dynamics 

CRIT Critical value 

CS Certification Specifications 

DES Detached Eddy Simulations 

DIPES Deck Interface Pilot Effort Scale  

DLR Deutsches Luft ï und Raumfahrtzentrum ; German 

Aerospace Centre 

DNS Direct Numerical Simulation 

DVE Degraded Visual Environment 

EASA  European Aviation Safety Agency 

EMS Emergency Medical Services 

erf Error function 

FAA Federal Aviation Administration 

FHQ Flight Handling Qualities 

FFT Fast Fourier Transform 

GARTEUR Group for Aeronautical Research and Technology in 

Europe 

GVE Good Visual Environment 

HSAR Helicopter Search and Rescue 

HSDI Helicopter ï Ship dynamic Interface 

HOMP Helicopter Operations Monitoring Programme 

HQ / HQR Handling Qualities / Handling Qualities rating 

IAS Indicated Air Speed 

ICAO International Civil Aviation Organization 

ILS Instrument Landing System 

LES Large Eddy Simulation 

LIDAR Light detection and ranging 

LOS Line of sight 

MBB Messerschmitt-Bölkow-Blohm 

MCA United Kingdom - Maritime Coastguard Agency 

MIL ï STD United States Military Standards 

MOR Mandatory Occurrence Reports 
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NASA National Aeronautics and Space Administration 
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NRL Netherlands Aerospace Research Centrum 

NS Navier Stokes 

OFE Operational flight envelope 

PH Precision Hover 

PhD Doctor of Philosophy 

PIO Pilot Induced Oscillations 

pk Peak values 

PSD Power Spectral Density 

RANS Reynolds Averaged Navier ï Stokes  

RCAH Rate Command Attitude Hold 

RCR Roll control ratio  

RD Rotor diameter 

RECAT ï EU European Wake Turbulence Categorisation and 

Separation Minima on Approach and Departure 

RFR Rotor flapping ratio 

RMC Roll moment coefficient  

RMS Root Mean Square 

SAR Search and rescue 

SAS Stability augmentation system 

SCAS Stability and control augmentation system 

SHOL Ship ï helicopter operating limits 

SEM Synthetic Eddy Method 

S&L Steady and level flight 

SORBET Simulation Of Rotor Blade Element Turbulence 

TAS True Air Speed 

UK United Kingdom 

US United States 

VK Von Karman turbulence spectra 

WT Wind turbine 
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1 Introduction 

1.1 Overview of NITROS Program 

Due to their flexibility, helicopters are used in a wide variety of roles which exposes 

them to a large range of environmental hazards. When combined with their technical 

complexity and difficulty of flying compared to fixed-wing aircraft, this results in 

significantly higher accident rates [1], [2]. Increased demand for the services provided 

by rotorcraft, as well as the possibilities of new applications (for example: on ï 

demand point to point transportation), requires important improvements in safety if an 

increase in the total number of accidents is to be avoided. 

The main aim of the Network for Innovative Training on ROtorcraft Safety (NITROS) 

[3], a Marie Sklowdoska Curie Action Joint European Doctorate programme,  was to 

train future engineering researchers to understand the complex phenomena 

characterizing rotorcraft and take measures to improve rotorcraft safety and design 

standards. To this end, twelve double doctorate projects were undertaken at four 

leading European universities in the field of aerospace engineering (Politecnico Di 

Milano, Technical University of Delft, University of Glasgow and University of 

Liverpool). These projects are interrelated and performed multidisciplinary research 

and development to address rotorcraft safety issues in three main areas: 

¶ Rotorcraft modelling and vehicle design 

¶ Rotorcraft pilot training and human-machine interface 

¶ Environment ï rotorcraft interactions 

1.2 Mitigation of Airwake Hazards 

This PhD study was NITROS project number 7, focusing on the hazards posed by 

encounters with airwakes or turbulence. The novelty here is the development of new 

turbulence models for use in piloted flight simulation and examining its impact on 

aircraft handling qualities and pilot workload.  

Maintaining safe flight conditions in these environments is of great relevance in all 

aerial operations and an important limiter in airport capacity [4]. There has been 

significant research and regulatory effort in the fixed-wing aircraft community to 

enhance safety and improve operations [4], [5], [6].  
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In contrast, there has been only a limited number of similar efforts regarding rotorcraft 

operations, which are dispersed across a larger variety of scenarios, especially 

offshore and shipborne missions [7], [8] and combined fixed wing aircraft ï rotorcraft 

operations [9]. An increasingly important area of concern is the impact on safety 

resulting from encounters with wind turbine airwakes. Between 2005 and 2017 

installed wind power generating capacity in Europe has more than tripled from 40GW 

to over 160GW [10]  (see Figure 1-1), wind turbine installations have grown in size 

and number, and occasionally are being installed near airfields and heliports [11]. 

Helicopters are employed in the maintenance and installation of offshore or remote 

wind turbines [12] and are essential for Search and Rescue (SAR) or Emergency 

Medical Service (EMS) missions near wind turbine fields. The risk of a 

rotorcraft/wind turbine wake encounter is therefore becoming more likely, and the 

severity of those encounters requires examination. Despite this, the CAA does not 

provide any clear regulations on flight near wind farms in their policy and guidelines 

on wind turbines document [13], while the Netherlands Aerospace Research Centrum 

(NLR) proposes helicopters keep a separation to wind turbines of 6 diameters [14]. 

Wind turbines, especially offshore installations are becoming increasingly bigger (see 

Figure 1-2) and such a separation criterion might require the deactivation of large 

proportions of wind farms during maintenance operations. Also, the impact of such 

large wakes might not be possible to extrapolate from what is known from smaller 

installations. Communications with NITROS partnersô, as well as other industry 

stakeholders in the wind energy and helicopter services sectors, have confirmed there 

is a lack of data and the need of further research to address this. 

 

Figure 1-1: Installed wind energy generation capacity in Europe 2005 - 2017. [10] 
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Figure 1-2: Characteristic sizes of current and proposed wind turbine designs compared with size of 

A380. Bell 412 added for scale. Source: National Renewable Energy Laboratory (NREL) newsletter: 

https://www.nrel.gov/wind/newsletter-202004.html  

This thesis seeks to better understand rotorcraft and pilot behaviour during such 

operations to reduce the impact of a turbulent encounter event on safety. Airwake and 

turbulence models, flight dynamic analysis and piloted flight simulation tests were 

employed to research pilot ï rotorcraft dynamics and pilotsô concerns during airwake 

encounters and flight within turbulence with the aim to identify and quantify resulting 

hazards. The resulting findings will inform future developments towards mitigation of 

these hazards such as improvements in simulation fidelity, training procedures and 

regulations, new operational guidance, or the development of new warning systems. 

This thesis is structured as follows. Chapter 2 contains a literature review detailing the 

current status of research in the field of aircraft encounters with airwakes, current 

techniques employed in the modelling of turbulence for rotorcraft flight simulations 

and wind turbine airwake modelling techniques. Chapter 3 describes the objectives of 

the project. Chapter 4 describes simulator trials of wind turbine wake encounters and 

discusses the results. Following this, Chapter 5 describes initial steps in the 

development of a turbulence model based on a Synthetic Eddy Method (SEM) for the 

future assessment of turbulence effects on rotorcraft flight. Chapter 6 describes initial 

flight simulation testing to assess the feasibility of the SEM for handling qualities 

analysis. Chapter 7 describes calibration of the SEM and the subsequent flight 

simulation trials which used this model are described in Chapter 8 comparing the 

impact on handling of SEM induced turbulence with the disturbances from a Mann 

turbulence model. Finally, the thesis conclusions and suggestions for future work are 

presented in Chapter 9. 

https://www.nrel.gov/wind/newsletter-202004.html
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Throughout this thesis the term turbulence modelling is used, in the context of flight 

simulation, as the reproduction of atmospheric flow velocity variations representative 

of those produced by atmospheric turbulence, those resulting from aircraft downwash 

disturbances or those generated from flow structures shed by wind turbines.  
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2 Literature Review 

2.1 Introduction 

This chapter provides an overview of the literature relevant to this research. While the 

initial focus of this work was on the theme of rotorcraft encounters with wind turbine 

wakes, due to the limited previous research on the topic, the review has also 

considered other types of atmospheric turbulence and wake encounters to identify 

possible areas of read-across. 

The second part of the thesis focused to the development of a simple modelling tool to 

represent wake and atmospheric turbulence for use in flight simulation trials of such 

encounters. A review of the available literature of wake and turbulence modelling was 

also performed, focussing on applications for flight simulation.  

The literature review is structured in several parts. Section 2.2 introduces the current 

regulatory and certification framework covering rotorcraft and fixed wing operations 

when encountering airwakes and under turbulence. Section 2.3 focuses on wind 

turbine airwake aerodynamics and modelling and Section 2.4 discusses airwake and 

turbulence modelling techniques applied for flight simulation and flight dynamics 

research. Finally a series of cases studies are discussed, covering research into 

rotorcraft encounters with wakes from fixed wing aircraft (Section 2.5),  use of flight 

simulation to support ship ï helicopter operations (Section 2.6) and rotorcraft and 

fixed wing encounters with wind turbine wakes (Section 2.7). The findings of the 

literature review are summarised and discussed in Section 2.8. 

2.2 Current regulatory framework  

2.2.1 Airplane encounters with airplane wakes:  

The economic and societal importance of civilian air transportation means that most 

research related to aircraft airwake encounters focuses on the problem of a large fixed-

wing aircraft encountering the vortex wake shed by another large fixed-wing aircraft. 

A regulatory framework currently exists to minimize the risk of civilian airplanes 

encountering the vortex wake of other airplanes. Based on aircraft size and weight 

classification, separation distances are defined to allow for dissipation of the shed 
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vortices between lead and following aircraft during takeïoff and landing phases of 

flight. 

A flight test campaign conducted by Airbus to assess the airwake risks posed by the 

A380 to following aircraft on approach and landings, led to an Europe wide effort to 

optimize these rules to increase traffic capacity without reducing safety. This  resulted 

in the European Wake Turbulence Categorization and Separation Minima on 

Approach and Departure document (RECAT ï EU)  [4]. The new categorization (see 

Figure 2-1) retains the existing light and superheavy categories, as F and A 

respectively, and divides the current medium heavy categories into 4: E, D, C and B. 

By keeping current separation distance for the lighter follower aircraft in these 

categories, the heavier follower can safely reduce their distance to the leading aircraft. 

Vortex encounters by a follower aircraft mainly result in upsets in the aircraft roll axis.  

The Roll Moment Coefficient (RMC) [15] has been the main parameter employed to 

define the new RECAT-EU separation criteria and has been positively correlated with 

pilot ratings of encounter severity during simulation experiments [16].  

 

 

Figure 2-1: New RECAT-EU airplane categories. ICAOôs heavy category is divided into categories B 

and C and the medium category is divided into categories D and E [17].  

The RMC is derived from the roll control ratio defined as the ratio between the wake 

induced roll moment (MVortex) on the aircraft and a simplified assumption of the 

maximum moment the follower aircraft can counteract:   
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where ɟ is the air density, Uf is the following aircraftôs indicated airspeed, Sf, is its 

wing area and bf is its wingspan. 

MVortex can be obtained from measurements or simulations or it can be estimated from 

the leading aircraftôs geometry and a simplified vortex strength model as given in Eq 

2-2. 

◔
╦■

ⱬ╤■╢■╫■
 2-2 

where ũ0 is the initial vortex strength shed by the leading aircraft, Wl its total weight, 

Ul its flight speed and Sl and bl its wing area and wingspan respectively. The resulting 

RMC estimation employed in the elaboration of the RECAT-EU separation criteria is: 
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with ῲὶ being the vortex strength at distance ὶ ώ ώ ᾀ from the 

following aircraftôs wing centre, ARf being the follower aircrafts aspect ratio, and bl 

and bf the wingspan of the leading and follower aircraft respectively.  ὥ = 0.035 is a 

coefficient dependent on the vortex core radius and the wingspan of the generating 

aircraft. 

Other parameters have been suggested which take into account flight conditions 

during an aircraft wake encounter. Using data and pilot feedback from a flight 

simulation campaign conducted by Airbus, Luckner et al. [18] proposed a series of 

metrics derived from encounter induced glideslope deviations and roll control ratio: 

Ў╖╢╒╡╘╣ Ў╖╢ Ўz╖╢ ╚zЎ╖╢ 

╡╒╡╒╡╘╣
╡╒╡

Ȣ ▐z Ȣ
 

2-4 
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with ЎὋὛ and τz ЎὋὛ being the current induced glideslope deviations and its 

expected value in 4 seconds and ὑЎ   is a function that decreases as the aircraft 

approaches the ground and deviations from the glideslope increase as the pilot 

manoeuvres for final approach. ὙὅὙ  are roll control ratio values scaled by the 

inverse of aircraft flight height, h, reflecting the increase severity of encounters near 

the ground. Using data obtained from the simulation tests, these metrics produce a 

better prediction of Go Around events than either one by themselves. 

2.2.2 Rotorcraft certification and performance requirements: EASA CS ï 27, 

CS ï 29 and ADS ï 33E-PRF 

The regulatory framework and performance requirements for helicopters operating in 

turbulent environments is less well defined than for fixed wing aircraft. Currently, 

there is no unified approach to the assessment of turbulence or gust effects on 

rotorcraft operations or for severity mitigation through design, regulations or training.  

EASA Certification Specifications  for small (CS ï 27, [19]) and large (CS ï 29, [20]) 

rotorcraft only establish the need to ensure controllability and structural resistance 

under expected gust conditions: ñRotorcraft must be controllable at critical, weight, 

centre of gravity distribution, rotor regimes and power off conditions under wind of up 

to 31 km/h under all azimuths and must withstand loads from vertical and horizontal 

gusts of up to 9.1 m/s.ò 

The US Army Aeronautical Design Standard Performance Specification: Handling 

Qualities Requirements for Military Rotorcraft, ADS ï 33E-PRF (ADS-33) [21] 

provides a more comprehensive set of handling qualities metrics and standardised 

mission task elements with defined performance targets for their assessment. Yaw rate 

limits are defined in response to step lateral gust for all aircraft.  Aircraft with attitude 

hold control systems have to comply with limits on peak deviations when subjected to 

single disturbances in roll and pitch, which shall be modelled as direct inputs in 

actuator surfaces. Level 1 requires return to less than 10% of peak deviations in roll 

and pitch within 10s (20s for pitch under good visual conditions) after a pulse 

disturbance. When evaluating control systems against periodic, high frequency, low 

amplitude disturbances, aircraft response bandwidth is evaluated using the same 

boundaries for temporal phase delay, †, and control bandwidth, ‫ , as defined for 

response to pilot control inputs, which are shown in Figure 2-2.  
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Figure 2-2: ADS-33 defined boundaries for delay and bandwidth boundaries for aircraft response to 

control inputs or disturbances [21] 

Bandwidth values are the lower of either gain bandwidth, ‫ , or phase 

bandwidth, ‫ , and are obtained as defined in Figure 2-3 and phase delay is 

obtained from the formula: 

Ⱳ▬
◕♠ ⱷ

Ȣ ⱷ
 2-5 

were ɝɮ  is the angular phase delay at the double of ‫  which is the frequency 

at which phase delay is 180 deg. 

 

Figure 2-3: Definition of phase delay and gain bandwidth for evaluation of ADS-33 aircraft response 

criteria. 
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While the required boundaries for bandwidth response to pilot control inputs are 

obtained from analysis of data from flight test and piloted flight simulations [22], there 

seems to be little supporting data for applying the same criteria to aircraft response to 

disturbances. An analysis of pilot workload during flight tests performed by Lusardi et 

al. [23] for the extraction of data (see Section 2.3.3) suggests that these requirements 

might not be adequate. This criteria is intended to be replaced by a disturbance 

response bandwidth criteria in the future [24]. 

2.2.3 Rotorcraft Operations 

In contrast to the separation rules to prevent fixed-wing aircraft from encountering 

airwakes during take-off or landing approaches, no similar rules exist for rotorcraft 

operations. However, there are ongoing research efforts to examine the hazards posed 

by turbulent flows in aircraft operations in/around civil airfields, naval launch and 

recovery activities, to offshore platform and in wind turbine farms.  

A variety of test and simulation studies have been performed covering specific 

encounter conditions, and are presented in Section 2.5 of this literature review. 

2.2.3.1 RECAT ï EU and helicopters: 

Garcia and Barakos [25], proposed a methodology to include helicopters within the 

new European wake categorization and separation criteria (RECAT-EU). For 

helicopters in forward flight, the rotor far wake, defined as further away than 3 rotor 

diameters, can be approximated to a vortex pair similar to that produced by a fixed 

wing aircraft which is dependent on the helicopterôs weight and rotor size. By 

applying a decay model obtained from experimental measurements [26], a minimum 

safe distance for follower aircraft can be defined. 

Helicopters present a different dynamic during airwake encounters compared with 

fixed wing aircraft, with pilots expressing much greater concern for upsets in the pitch 

axis rather than in roll (see Section 2.5). To determine a safe separation criterion for 

following helicopters, Garcia proposed an estimation of pitch upsets: 

Ᵽ◄

╥╥▫►◄▄●
╡

Ⱨ♬

Ⱨ
◄z 2-6 
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with VVortex being the vortex induced flow velocity, ɔ the helicopterôs Lock number and 

‘  ‘ ‘ the helicopter advance ratio. 

By limiting the maximum upset to 10 degrees and applying existing limits of rolling 

moment coefficient for following airplanes, helicopters can be classified within the 

existing RECAT-EU airplane categories based on weight and rotor diameter.  

2.2.3.2 Ship Helicopter Operating Limits 

Considerable research effort has been dedicated to studying the safe handling of 

helicopters during shipborne operations. Turbulence produced by the flow of air over 

and around the superstructure of naval vessels is a significant contributing factor of 

pilot workload [27]. Each new combination of naval vessel class and helicopter type 

requires the definition of the Ship Helicopter Operating Limit (SHOL), the conditions 

of wind over deck velocity and azimuth under which launch and recovery operations 

can be safely conducted (see Figure 2-4). These limits are usually determined through 

flight test campaigns. 

 

Figure 2-4: Example SHOL showing wind-over-deck envelope for a UK port-side landing manoeuvre. [8] 

Such tests are expensive and inherently dangerous and are subject to variations in 

weather conditions which make it impossible to adequately cover all possible 
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environmental conditions. Similar limitations also affect the capability to conduct pilot 

training. 

Whilst there has been considerable research conducted in the use of modelling and 

simulation to examine pilot workload issues related to, in part, the turbulence on and 

around the shipôs deck [8] further work is required to characterise the shipôs airwake 

and its impact on aircraft handling. There are some promising new developments in 

predicting safety limits [28], but these may still rely on computationally expensive 

turbulent airwake calculation methods (see Section 2.4.1) and there is scope for 

examining simplified, but representative, airwake models. 

2.2.3.3 Turbulence Criteria for Helicopter Offshore Operations 

For civilian offshore or shipboard operations, the UK Civil Aviation Authority (CAA) 

has established a maximum of 1.75m/s on the standard deviation of vertical wind 

velocity over landing areas [29]. These limits were defined after a series of piloted and 

offline flight simulation studies using time accurate data recordings from wind tunnel 

measurements [7]. Pilots were tasked to perform a landing approach and to maintain 

their position over the helideck under different wind and turbulence conditions.  

The standard deviation of the control inputs used by the pilot model were used as a 

metric to quantify the approach difficulty and, together with results from piloted 

simulations, were used to find a relation between predicted ratings and standard 

deviations in vertical flow velocity due to turbulence.  

The obtained ratings predictor and turbulence criteria were tested against the data from 

the Helicopter Operations Monitoring Programme (HOMP) [30]. A proposed limit on 

maximum standard deviation in vertical flow velocities of „ύ  ρȢχυ over 

offshore landing areas, corresponding to a predicted rating of 5.5, was adopted by the 

CAA.  

Other proposed metrics for workload prediction exist based on control stick activity 

metrics. A higher frequency of pilot control inputs usually correlates with a higher 

workload [31]. In a similar way, wavelet analysis of control inputs has been used to 

discriminate guidance and stabilization inputs, the latter being usually of lower 

amplitude and higher frequency and usually correlated to greater workload 

requirements, in order to predict handling quality ratings [32]. 
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2.2.4 Impact of wind farms on aviation and helicopters  

Assessing the impact of wind turbine installations on aircraft safety and defining 

operational guidance is still a work in progress. The CAA document CAP 764 ñPolicy 

and Guidelines on Wind Turbinesò [13],  describes possible risks for air traffic. For 

example, wind turbines can present obstacles and provide confusing returns to radar 

and navigation systems. The document provides guidance for the planning process of 

wind energy developments near existing airfields or heliports, focussing mainly on 

ensuring enough clearance to ensure obstacle free airspace, assure that wind turbines 

do not interfere with navigation aids, communications equipment or weather radar and 

that adequate lightning and signalling is provided to avoid collisions. But decisions are 

being undertaken on a case by case basis based on local conditions and requirements. 

CAP 764 refers to research conducted at the University of Liverpool [11] (see Section 

2.7.1.2) in regards of general aviation encounters with wind turbine wakes and 

confirms the need for further research in the hazards presented by wind turbine wakes: 

ñAlthough research on wind turbine wakes has been carried out, the effects of these 

wakes on aircraft are not yet knownò and while there have been no ñMandatory 

Occurrence Reports (MOR) or aircraft accident reports related to wind turbines in the 

UKò there have been ñanecdotal reports of aircraft encounters with wind turbine 

wakes representing a wide variety of views as to the significance of the turbulenceò.   

The UK Maritime Coastguard Agency (MCA), also defines requirements to reduce the 

risk of helicopter search and rescue (HSAR) operations near or within wind farms 

[33]. These include, arranging wind turbines in straight, parallel lines to provide, and 

allow for safe access to, flight lanes within wind farms and the installation of adequate 

visual cues to prevent collisions with wind turbines. If navigation through the wind 

farm is solely reliant on instruments, any aircraft shall not access areas where there is 

less than 500m separation between different turbines.  

Winching operations, whether commercial or for SAR purposes, should be performed 

with the aircraft oriented towards the incoming wind, and the turbine should be 

oriented accordingly. Turbine rotation should be locked and the blades set to a 

position where they can be used by the pilot as a visual reference. The MCA also 

considers that a malfunction in the wind turbine might prevent it from shutting down 

to allow safe aircraft operations. As a result, SAR might require operating within the 

turbine wake in unfavourable wind conditions and with limited visual cueing. No 
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substantiated safety guidance has been provided regarding operations in the proximity 

of wind turbines or how to assess their impact during SAR operations.  

2.3 Wind turbine airwake aerodynamics 

The previous section focussed on the regulatory issues involved with helicopter 

operations in turbulent environments. Modelling and simulation can be used to inform 

new safety regulations but there are significant challenges that need to be examined to 

determine the fidelity requirements of such approaches. 

2.3.1 Wind turbine airwake structure 

Wind turbine wakes are characterized by a decrease in flow pressure, axial velocity 

and an addition of rotational velocity downstream of the rotor approximately along the 

main wind direction. As they do so, the diameter of the airwake increases and flow 

velocity gradually increases until reaching ambient flow velocity again.  

Airwake length is usually defined by the distance at which this axial velocity deficit 

can still be measured. The maximum value of the velocity deficit can be over 70% of 

freestream wind velocity and declines exponentially after the first 2 diameters (Figure 

2-5).  It can still be significant 5 diameters downstream and velocity deficits of around 

5% of freestream velocity have been measured up to 15 diameters behind the wind 

turbine rotor [34].  

 

Figure 2-5: Average wind turbine wake velocity deficit over 252 measurement samples, as a function of 

normalized downwind distance (in Rotor Diameter [RD]) from the wind turbine. The error bars indicate 

one standard deviation of all the samples. Measurements performed by Krishnamurthy [34] 

Due to the changes in their structure as they extend downstream from the rotor, it is 

usual to identify two or three separate regions in the wake (Figure 2-6). The near wake 

extends immediately behind the blade rotor and can extend up to 2 or 4 diameters 
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downstream. In this region the influence of turbine geometry on the flow can be 

clearly identified [35]. The most notable effects are the vortex structures shed by the 

blade, forming a structure consisting of a core vortex extending along the centre of the 

wake and a spiral structure of tip vortexes which surround the wake and resulting in a 

strong velocity gradient in its vicinity. 

 

Figure 2-6: Instantaneous surfaces of the velocity magnitude of 8.5 m/s coloured by density 

demonstrating the evolution and breakdown of the wind turbine wake. CFD simulations of the NREL 

WindPACT-1.5MW wind turbine, performed by Kirby [36] 

The region between 2 diameters and 6 diameters downstream is sometimes known as 

the mid ï wake [36]. Vortex structures, begin to show instabilities and interact 

between themselves, resulting in the deformation of the vortex core and the merging 

of vortices leading to the formation of larger flow structures [37].  

The far wake is considered to be the region extending beyond 6 diameters downstream 

of the wind turbine [38]. In this region vortex structures become unstable and 

progressively break down into smaller scale structures, dissipating energy 

progressively until the flow is dominated by small scale turbulence. In free shear 

flows, the rate of energy transfer from large to smaller eddies, ‭, was quantified by 

Kolmogorov [39] and is only dependent on flow velocity, u, and a characteristic 

length, L: 

ꜗ
◊

╛
 2-7 

Flow mixing continues until the smallest possible scale, which depends on the 

kinematic viscosity, ⱨ, and the value of the energy transfer and is known as the 

Kolmogorov scale, –,  which dissipates fully before breaking down: 

Ɫ
ⱨ

ꜗ
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This results in a Gaussian and axisymmetric distribution of axial velocity along the 

wake and its ultimate dissipation until it is no longer possible to recognize the wake 

from the ambient freestream flow.  

The exact nature and location of vortex breakdown and transition from the near wake 

to the far wake and the resulting total wake length is still not clearly understood and 

appears to be dependent on a multitude of factors. Higher wind speeds result in larger 

separation between successive tip vortices, delaying their interaction and merging 

[37]. Atmospheric turbulence seems to be the dominant factor and Sorensen et al. 

propose a logarithmic relationship between turbulence intensity and start of wake 

breakdown [38]. Irregular terrain also influences surrounding turbulence, and offshore 

wind turbines tend to present more stable and longer wakes for this reason [34].  

2.3.2 Airwake Modelling  

Flow behaviours, including the wake behind wind turbines, are described by the 

Navier ï Stokes (NS) equations (2-9). For the simulation of wind turbine wakes and 

wind farms, the assumption of incompressible flow is reasonable.  

♩ ◊z  

⸗◊

⸗◄
 ◊ ♩z ◊z  

ⱬ
♩▬  ⱨ♩◊ 
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Direct solution of Navier Stokes equations, known as Direct Numerical Simulations 

(DNS) are the most precise for low Reynolds number flows at small scales. The wide 

range of characteristic size, velocity and time scales influencing the aerodynamics of 

wind turbine wakes, makes such complete detailed modelling impossible with todayôs 

computational means [38]. A variety of methodologies are therefore applied according 

to the region and the phenomena of the airwake of interest. Rotor models are 

employed to estimate power extracted and structural loads on the wind turbine and 

introduce the loads and rotational velocities it induces on the flow. These are used as 

inputs for modelling the wake. Potential flow models can model the large-scale vortex 

structures of the near and mid wake. Navier ï Stokes solvers can provide greater 

accuracy and are necessary for modelling of the far wake turbulence. Adequate 

modelling of vortex breakdown and the transition from the near wake to the far wake 

still remains an issue [40].  
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2.3.2.1 Rotor Models: 

Actuator models directly apply the required force or vorticity components to the flow 

based on tabulated airfoil data. Depending on the required accuracy, three possible 

implementations are possible. 

Actuator disk models provide the simplest formulation. The force components are 

averaged across the rotor surface disk or across each annular section for non-

uniformly loaded disks. For vorticity formulations, a distribution of circular vortex 

sheets is shed at regular intervals. They cannot be applied for accurate near wake 

modelling. They however provide reasonable results for far wake simulations [41]. 

Actuator line models distribute force or vorticity components along rotating lines 

located at the aerodynamic centre of the blade. Actuator line models provide greater 

accuracy than actuator disk models for simulating near and middle wake 

characteristics, such as tip and root vortex, for a higher computational cost [38].  

Finally, in actuator surface models, blades are represented by planar surfaces. 

Compared with actuator line models they present additional improvements in 

modelling of flow near the airfoils and in the near wake. They require, however, 

tabulated data of the skin friction and pressure distribution of the employed airfoil 

[41]. 

2.3.2.2 Potential formulations 

In potential and vorticity based formulations the airwake is described as spiral sheets 

or lines of vortices shed by the applied rotor model and induced flow velocities are 

computed applying Biot-Savart law [42]. These methods are used extensively by the 

rotorcraft community for flight dynamics modelling and flight simulation [43] and 

have also seen limited application for fast calculation of far wind turbine wakes. They 

tend to fall in two main categories: prescribed and free wake models.  

In prescribed wake models, the geometry of the wake has been predefined from 

experimental data, they require few computational resources and provide good 

agreement with experimental results as shown by  Wang et al. [44]. While prescribed 

wake models are limited in solving unsteady and time varying conditions, results can 

be used as seed values of more complex methods.  
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Free wake models allow the wake vortex structure to deform itself under its own 

influence. This reduces reliance on experimental results and allows simulating time 

changing conditions or external influences on the wake, like ground effect. However, 

they require more computational resources, with simulation time being proportional to 

the square of the number of total vortex elements [40], [43]. Among others, some 

strategies employed to reduce the costs are reducing the number of vortex elements 

used to represent the wake and grouping or neglecting the effect of far field vortex 

segments [43].  

Potential formulations do not simulate turbulence and their effects on the structure of 

the airwake. They have to be modelled separately, usually based on empirical data. 

Vortex strength decay is usually assumed to be exponential with distance or vortex 

age. Vortex instability and merging can be imposed by adding small initial 

imperfections in the vortex structure [45].  

2.3.2.3 Turbulence modelling 

Large Reynolds number flows means a reduction in the Kolmogorov scale of the 

smallest turbulent structures (Eq. 2-8). Grid sizes and computation time steps need to 

be larger for computations to be feasible, which require making an assumption about 

the behaviour of turbulence at scales below grid sizes.  The two main methodologies 

employed for simulation of turbulence while maintaining a reasonable grid size are 

Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simulations (LES) [41], 

[42].  

RANS methods employ a statistical description of the flow, splitting the velocities into 

the sum of a constant velocity distribution and a distribution of velocity fluctuation 

with time: 

◊●ᴆȟ◄ ◊● ◊ ●ȟ◄ 

◊●  ◊● 
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When substituting into the Navier Stokes equations, the term ◊◊  is unclosed. It is 

known as the Reynolds stress tensor and can be interpreted as the effect of diffusive 

turbulent forces. It is considered using algebraic models, such as Kolmogorovôs 

energy decay model, Jones and Launderôs  Ὧ ‭ model [46], or based on experimental 

data.   
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RANS methods offer a fast engineering method capable of solving the flow in wind 

turbine airwakes in a few hours of simulation. Its applicability is however limited to 

those situations where the applied turbulence model is valid. Carrion et al. [37] have 

shown the capability of RANS methods for full airwake simulations, including 

predicting the occurrence of vortex breakdown. However, accurate modelling requires 

fine mesh structures with cell size smaller than the vortex core, otherwise artificial 

breakdown of the wake might occur due to numerical dissipation, all of which 

increases the computational cost. 

LES models solve some of this issue by solving large scale turbulence components 

and filtering out turbulence components smaller than the size of the grid by means of a 

convolution integral.  

◊●ȟ◄  ◊Ⱪȟ◄ ╖z● Ⱪȟ◕▀Ⱪ 2-11 

With the convolution kernel ╖● Ⱪȟɝ dependent on the filter width ɝ. Application 

of the filtering to the Navier Stokes equations leads to the appearance of the term 

◊◊ ◊◊ representing the effect of sub grid scale stresses and are solved using 

viscosity models, which relate stresses with the resolved strain and an estimated 

viscosity or experimental data. 

LES methods tend to provide more accurate results for a wider range of situations than 

RANS, however computational costs scale with the square of the Reynolds number, 

making them unsuitable for many engineering applications but are useful to provide 

benchmark results which can be used to calibrate other models. 

2.3.2.4 Boundary conditions and inflow turbulence models 

Boundary conditions have an important effect on the resulting flow field simulations. 

RANS simulations use models to represent the impact of turbulence on average flow 

velocities. In the case of LES and DNS simulations, for a realistic simulation of flow 

behaviour at the point of interest, the simulation domain upstream needs to be large 

enough to allow for the boundary layer and turbulence to fully develop. This adds 

important computational costs to the simulation.  

Adding disturbances at the inflow can reduce the required upstream distance for 

turbulence conditions to fully develop [47]ï[49] if the required turbulence properties 

are to be reproduced with ósufficientô fidelity. Ideally such methods should be easy to 
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implement and have low computational and storage requirements and should not 

induce spurious or artificial periodicity in the resulting turbulence. Such models 

should be able to reproduce low order turbulence statistics such as mean velocity 

profile, turbulent kinetic energy, Reynolds Stress tensor and two point spatial and time 

correlations and produce turbulent eddies of the correct shape and size. 

2.3.2.4.1 Precursor simulations  

Precursor simulations are performed independently of the main simulation. Using a 

control volume which includes ground boundary conditions and ground obstacles or 

initial disturbances and can be added to start the generation of turbulence. The outflow 

plane is usually connected to the inflow. When adequate conditions of turbulence and 

velocity profile are reached at a given location in the domain, these conditions are 

used to generate the inflow at the main simulation.  

Precursor simulations can be performed concurrently with the main simulation, this 

avoids the need to precompute the inflow and saves storage but requires performing 

additional computations during the simulation.  

On the other hand, velocity distributions can be stored and reproduced periodically at 

the inflow of the main simulation, this can be time evolving turbulence at a given 

location or a snapshot of the entire domain reproduced one slice at a time using 

Taylors frozen field hypothesis. This requires preparation  and storage of the precursor 

simulation but the stored turbulence can be applied to multiple simulations with 

similar geometry and scaled to the required amplitude conditions [50].  

Precursor simulations can be performed using LES or DNS simulations, and result in 

the most accurate method of generating turbulence, the main drawback being the 

additional expense in time or computational resources to perform the additional 

simulation [41]. In the case of simpler geometries, such as atmospheric flow over flat 

terrain, faster turbulence models, such as the Mann atmospheric turbulence model [51] 

(see Section 7.2) can be used to generate inflow planes [52]. 

2.3.2.4.2 Synthetic turbulence models. 

Synthetic turbulence models apply random fluctuations in real time at low 

computational costs directly at the inflow without the need of a stored library of 

precomputed or measured turbulence. The eddies generated by these models tend to be 
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of incorrect shape and size, requiring some downstream development distance, but this 

still allows for faster generation of turbulence in a precursor simulation or directly at 

the main simulation. Most methods allow adjustment of the model inputs to reproduce 

the desired values of one or more of possible turbulent statistics, mean velocity 

profile, turbulent kinetic energy, Reynolds Stress tensor and two point spatial and time 

correlations. However, prior knowledge of the flow to be simulated is required to 

correctly adjust for these values.  

Synthetic turbulence methods can be broadly classified as algebraic methods that 

generate random fluctuations in physical space and spectral methods which generate 

random disturbances in the frequency space.  

2.3.2.4.3 Algebraic methods 

Algebraic methods work in the physical space, disturbances are generated using 

random number generation. A series of random numbers, r j, with normal distribution 

and variance „ ρ, will result in disturbances with zero cross-correlation as well as 

two-point and two-time correlation and with equal distribution of energy across all 

turbulence scales.   

In order to produce disturbances with the intended cross ï correlation from a series of 

random numbers, r j, with normal distribution and variance „ ρ, scaling using the 

Cholesky decomposition of the target Reynolds stress tensor, ( ὙὩ  ộόόỚ ) is 

applied [50]: 

◊░ ►▒z ═░▒ 2-12 

where ὃ  is the Cholesky decomposition of the target Reynolds stress tensor, ( ὙὩ
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To obtain a more realistic spread of turbulent energy across frequency scales and 

improve two point and two time correlation, filter coefficients, bk, can be used to scale 

the resulting turbulence [53]: 

◊ ▒ ╫▓►▒ ▓
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with the resulting two-point correlation based on the shape of the applied filter: 
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A recent Algebraic turbulence generator is the Synthetic Eddy Model (SEM) which 

was developed by Jarrin [54] and has been widely applied in the generation of inflow 

conditions for LES simulations. The method defines a control volume surrounding the 

inflow and fills it with randomly placed synthetic eddies which are convected with the 

main flow direction through this volume and regenerated upstream once they leave it. 

Each eddy generates random turbulence oscillations within its óreachô based on its 

shape function Ὢ● and a randomly assigned sign ‐: 

◊░
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Due to its potential to produce turbulence associated to a specific location in space and 

time, this method has been further explored in this work as a potential turbulence 

generator for flight simulation. A more extensive explanation of the method can be 

found in Section 5.2. 

2.3.2.4.4 Spectral based methods 

Spectral turbulence models generate disturbance in the frequency or wavelength 

domain and then apply inverse fast Fourier transformations (FFT) to transform them to 

the physical domain. The signal is synthetized from a prescribed energy spectrum, 

ὉȿὯȿ, and a phase dependent on time, ‰. For a flow evolving in the x-direction:  

◊ ● ╔▓◐ȟ▓◑ȟⱷ ▄
░ ▓ꜚ◐ȟ▓◑ȟⱷȟ◄
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To reduce signal periodicity, phases, ‰ are shifted once every characteristic time 

interval at a random moment by a random amount. However, the greater phase 

dependence on time will produce turbulence that differs from the intended energy 

spectrum and shape of turbulent structures.  Turbulent velocities can be rescaled to 

match intended values of, ὙὩ . Alternatively, amplitudes can be varied randomly, 

preserving energy spectra and turbulent structure information at the expense of losing 

the match with the target Reynolds Stress tensor. 

Spectral methods are usually applied to reduce the flow length and computation time 

of precursor simulations. Additionally, they can be used in combination with algebraic 

methods, using Fourier generators, to produce isotropic turbulence fluctuations which 

are then filtered to produce the target energy spectra.  

2.4 Turbulence and airwake modelling for flight simulation: 

Direct application of turbulence models used for fixed wing aircraft design and 

certification is inappropriate for the broad range of possible flight and environmental 

conditions in which helicopters can operate, especially for low speed and low level 

flight [55]. There is a lack of validation data for proposed helicopter turbulence 

models [56]. Instead, a variety of methods can be applied to generate helicopter 

órelevantô turbulence depending on the objectives of the simulation and the available 

resources. They can be very broadly classified in three main methods: use of stored 

time accurate airwake solutions, random gust generation and generation of equivalent 

control inputs. 

2.4.1 Time accurate airwakes: 

Time-accurate airwake solutions can be precomputed using Computational Fluid 

Dynamics tools (CFD). The resulting flow field is interpolated into a structured grid 

and stored as a look up table. During flight simulation the flow field at the relevant 

locations of the aircraftôs model, known as aerodynamic computation points or ACPs, 

is extracted by interpolating from the surrounding points in the grid at each time step. 

This is one of the most realistic means of simulating a particular environmental 

turbulence and corresponding aircraft responses. The method was first proposed by 

Bunnel [57] and has been widely employed in the simulation of the Helicopter-Ship 

Dynamic Interface (HSDI) [58] [8]. However, the computational costs and storage 
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requirements limits the duration of an airwake (to about ~30s) which are typically 

time-looped to produce longer periods for the disturbance.  

To reduce the number of airwakes that need to be generated, flow velocities can be 

directly scaled with ambient wind speed [59] while the frequency at which the airwake 

is reproduced has to be adjusted to preserve the same value of the Strouhal number 

[58]: 

╢◄
ⱷ ╛z

ȿ╤ȿ
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where  is the frequency at which the airwake is replayed, l is the size of the obstacle 

generating the turbulence and |U| is the magnitude of ambient wind. This also allows 

to scale the airwake with the size of the wake generating object [60]. 

 

Figure 2-7: Generation of time-accurate airwakes and integration with flight dynamics model [61] 

Only one way coupling of airwake effects on the aircraft can be modelled this way. 

The simultaneous solution of the fluid field and resulting aircraft dynamics, might be 

required for accurate modelling of hover and low speed flight as discussed by 

Whitehouse at al. [62]. Crozon et al. [63] demonstrated the technical feasibility of 

non-real-time fully coupled CFD ï flight mechanics simulations. The process is, 

however, too computationally expensive for real-time simulation with current 

computational capabilities. Watson et al. [63], demonstrated how a large CFD dataset 

can be integrated into a real-time piloted simulation environment (Figure 2-7). The 
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CFD data are interpolated onto a structured grid and velocity perturbations from the 

freestream values are applied to the aircraft modelôs ACPs. 

2.4.2 Stochastic gust modelling 

Stochastic gust models are based on the random generation of turbulent flow velocities 

on the relevant locations of the simulated aircraft model. Most models are usually built 

around implementation of von Karmanôs formula [64] or Drydenôs model [65]. Both 

assume a homogeneous, isotropic and frozen turbulence field, meaning that the spatial 

distribution of flow velocities does not change with time. For fixed wing aircraft, this 

approximation is considered valid as long as the ratio of  wind to flight speed stays 

above 1/3 [66]. For helicopters in hover or low speed flight, the assumption is made 

that the turbulence field drifts towards the aircraft with ambient wind velocity [67]. 

The spectral density for homogeneous, isotropic turbulence is given by [55]:  

░ꜚ▒♦
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with ɱ being the spatial frequency component along axis i, ɱ  ɱ ɱ ɱ  and 

Ὁɱ  the energy spectra, which is given by von Karmanôs high altitude turbulence 

formula as: 
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with „ being the turbulence velocity RMS value, ὒ the characteristic length scale of 

turbulence, ὥ is a constant whose value for high altitude turbulence is determined as 

ὥ ρȢσσω.  

The cross-correlation functions are given by the inverse Fourier transform of the 

spectra.  

╡░▒Ⱪ ░ꜚ░♦ ▄
░♦Ⱪ▀♦●▀♦◐▀♦◑ 2-21 

where ‚Ӷ ‚ᴆ ‚ᴆ ‚Ὧᴆ is the separation vector between two points.  
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von Karmanôs formula offers a good approximation for high altitude turbulence but 

fails to consider effects near the ground. Harris [68] suggested a correction in which 

the resulting turbulence spectra is represented as a power series of the form: 

╡◊◊Ⱳ ♫ ◊╡◊◊Ⱳ ♫ ◊╡◊◊Ⱳ ♫ ◊╡◊◊Ⱳ Ễ  ♫▪◊╡◊◊
▪ Ⱳ 2-22 

The parameters ‍ , ‍ , é must fulfil the condition: 
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and the functions for spectra and cross correlation must comply with the normalization 

conditions: 

Ɑ░
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Equations [2-22] to [2-24] allow to obtain a solution for ὥ and the parameters ‍  that 

fit  the resulting spectra to results obtained from measurements or CFD simulations. 

This approach was also applied by Gaonkar et al. to account for obstacle induced 

effects [69] in shipboard operations. 

For simplicity an approximate exponential model is often applied for the 

implementation of von Karmanôs turbulence: 

╡◊◊Ⱳ Ɑ◊▄
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While Drydenôs turbulence model is considered to be less representative of real world 

atmospheric turbulence [66], it is applied for aircraft design and for handling qualities 

analysis. MIL ï STD 1797A [70] provides the following model for turbulent power 

spectral densities for a given characteristic turbulence length, Li, and spatial 

frequency, ɋi: 
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When generating turbulence directly on the rotorcraftôs components, the rotation 

effect of the blades must be considered when computing the resulting spatial and 

temporal cross correlation functions. Gaonkar et al. [71] define a distance metric, 

‚ ►░ὸ  Ўὸ  ►▒ὸ , between all combinations of two blade elements i and j at 

time steps t and t + ȹt. This metric is applied to compute a vertical turbulence cross 

correlation matrix, Ὑ ‚ , of size ὗὔὼὗὔ, where N is the total number of rotor 

blades and Q is the number of elements on each blade: 
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where K1/3 and K2/3 are the modified Bessel functions of order 1/3 and 2/3 

respectively, and ɜ is the Gamma function. 

Their results show that considering the cross correlation between all rotor blades, and 

therefore all the non-diagonal elements on the cross-correlation matrix, is necessary 

for an accurate prediction of turbulence effects (Figure 2-8). However, the 

consideration of multiple blade segments has a limited effect compared to the 

application of turbulence at a point located at 75% of the blade radius (see Figure 2-9).  

 

 

Figure 2-8: Blade flapping displacement and velocity RMS when for three blade rotors when considering 

blade to blade correlation (all terms included) and only single blade correlation (only diagonal terms). 
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Figure 2-9: RMS of blade flapping displacement and velocity for a three bladed rotor for 1, 2 and 3 blade 

elements. 

SORBET (Simulation Of Rotor Blade Element Turbulence) is a simpler approach 

developed by McFarland et al. [72].  The rotor disk surface is divided in stations along 

the direction of the incoming flow velocity projection, vh, over the rotor plane and an 

initial velocity field is precomputed by assigning turbulent flow velocities to each 

station (Figure 2-10). At each time step, velocities on each station are moved to the 

next one and new correlated turbulent velocities at onset points at the first station are 

generated using Drydenôs turbulence model. Induced velocities on each blade element 

are computed from the velocity distribution at their station by applying a Gaussian 

interpolation.  

The implementation maintains the number of stored stations as a fixed value, and the 

rotor hub advances one station at each time step. Therefore, the size of stations 

increases with the aerodynamic velocity. Also, the minimum velocity for which this 

method is applicable is set by the ratio: 

○▐ □░▪
╡
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where R is the rotor radius, Nstations is the number of turbulence storage stations and Ўὸ 

is the simulation time step. Under constant wind and flight conditions, this method 

ensures that disturbances across the rotor are coherent in space and time. 
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Figure 2-10: Definition of incoming aerodynamic velocity (vh), onset points and turbulence stations 

across the rotor plane 

Pilot comments after flight simulation testing indicated that the turbulence model 

generated realistic disturbances. However, pilots complained about the bland feeling 

of stochastic turbulence, the lack of upsets in the horizontal plane and in heading and 

the lack of correlation between turbulence and terrain. The first issue was addressed 

by adding random changes in mean wind speed and scaling the magnitude of 

turbulence, so that the model presented patches of turbulence and changes in wind 

within period of calm air. For the consideration of upsets within the horizontal plane, 

the implementation of turbulence effects on the aircrafts tail, tail rotor and fuselage 

would have to be considered. 

A 3 dimensional extension of the method developed by Ji et al. is described in [73], 

(Figure 2-11). This allows to account for the impact of turbulence across all of the 

aircraft surfaces in addition to the rotor. A volume is defined surrounding the aircraft, 

oriented and divided into stations along the direction of aerodynamic velocity. The 

inflow station is populated by a grid of von Karman turbulence generators whose 

output is related by means of a correlation matrix. The generated turbulence is 

displaced towards the back of the volume at one station with each time step. The main 

limitation shared by both SORBET and Jiôs approach, is that by distributing the 

turbulence by one fixed station each timestep, the model does not allow to account for 

rapid changes in flight or environmental conditions.  
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Figure 2-11: Distributed turbulence model by Ji. [73] 

2.4.3 Equivalent control inputs 

An alternative experimental method described by Lusardi et al. [56] is the use of 

system identification techniques to develop an empirical turbulence model from flight 

test measurements. The resulting disturbances are applied to the aircraft as control 

equivalent turbulence inputs (CETI) (Figure 2-12). 

A series of flight tests were performed in which an instrumented UH-60A helicopter 

performed a hover task behind a hangar. The task was performed with ñtightò (+/- 5ft 

deviations in x-y horizontal position) and ñrelaxedò (+/- 15ft deviations) position 

tolerance standards, with the aircraft orientation facing the hangar and perpendicular 

to it and under wind speeds of 17kts and 22kts.  

The turbulence identification process involves comparing recorded pilot inputs with 

recorded aircraft attitude rates in the presence of a disturbance. By feeding recorded 

aircraft attitudes and rates into an inverse aircraft model, the resulting output provides 

an estimate of required control inputs to achieve, in the absence of disturbances the 

same aircraft response as recorded under turbulence. The difference between the 

required inputs and the real inputs made by the pilot are the turbulence equivalent 

inputs.  

Extracted equivalent control inputs were bandpass filtered to preserve only the content 

within the 0.2 to 15 rad/s frequency range which has the largest effect on pilot 

workload. Recorded equivalent inputs for the ñtightò tolerance task showed a higher 

coherence with real world recorded pilot inputs. So only equivalent inputs computed 
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from the relaxed task were employed in the generation of the turbulence model, as the 

aircraft motion used for their generation is mainly due to the turbulence generated 

upsets, rather than from pilot inputs. 

 

Figure 2-12: Extraction of turbulence equivalent control inputs from inverse aircraft model. 

From these results, a gust to input transfer function was obtained that matches a 

turbulence model with the spectra of obtained equivalent control inputs. If Ὃ ί is 

the equivalent transfer function that produces the turbulent von Karman velocity 

spectra for vertical gust from a white noise input, Ὓ ‫ ρ: 
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Then by multiplying by a scale factor, the gust to control transfer function can be 

obtained for lateral, longitudinal and collective inputs: 

╖♯▌▼ ╚▌ ╖z◌ ▼ 2-30 

To match the white noise input with the recorded collective equivalent input, a second 

order transfer function was required: 
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By matching the output of Ὃ ‫  to the obtained equivalent control spectra, the 

value of ὑ „  for each control axis can be obtained. 

Piloted flight simulation tests [74] in which pilots performed the same task as during 

the flight tests were performed with the extracted turbulence model and the SORBET 

model (see Section 2.4.2). Results show that the pilot input cut off frequency, power 

spectral density and RMS, as well as resulting aircraft rates show similar behaviour 

between both models for tight and relaxed tasks under conditions of light and strong 

turbulence. The similar results of both methods were deemed as a good validation of 

SORBET. 

Simulation results with both models also showed similar behaviour when compared to 

flight testing, although simulation testing resulted in the collective control being the 

main contributor to pilot workload in contrast with the longitudinal input for flight 

tests. 

Seher-Weiss et al. [75] describe a similar experiment to develop a gust model for the 

EC-135 helicopter. Instead of using an inverse aircraft model, an observer centred 

approach is applied. The difference between the aircraft model response to recorded 

pilot control inputs and the actual recorded aircraft attitude rates is treated as an error 

to be minimized. This is achieved by adding the equivalent control inputs to the 

recorded pilot inputs, which requires estimating the corresponding gain function that 

links rate error to equivalent control inputs (Figure 2-13). The obtained equivalent 

control input spectra is used to obtain a gust to noise transfer function as given by 

equations [2-29] to [2-31]. 

 

Figure 2-13: Observed centred extraction of turbulence equivalent rotor inputs. 

This extraction of turbulence parameters from flight test data results in the generation 

of realistic turbulence models which also include all complex effects related to 
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rotorcraft systems and interaction with the environment that are not usually captured 

by flight simulation models. However, these models are valid only for very specific 

combinations of aircraft, environmental conditions and task and therefore not 

applicable for simulation in other conditions. 

Hess [76] proposed a simple scaling methodology for equivalent control inputs 

between different helicopter sizes and flight speeds. The method relies on the 

assumption that turbulent length scales are large enough, when compared to the rotor 

diameter, that gust across the rotor disk can be approximated as a linear distribution. 

To ensure this, high frequencies are filtered out for the scaling process: 
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Equivalent control inputs are obtained from gust upsets at the main rotor hub or tail 

rotor hub respectively:   
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The approximation of control inputs from gust spectra would therefore be obtained as: 
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The scaling method has not been validated and is proposed for a first order approach 

for analysis or design. 

A further improvement is made, and successfully demonstrated, by Memon et al. in 

[28] to adapt CETI disturbances based on precomputed airwake data to account for 

aircraft location. The process is shown in Figure 2-14. The RMS of turbulent flow 

velocities in all three axis, „ȟ„ȟ„ , at the aircraftôs location are extracted from the 
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airwake and used as inputs for the transfer functions for each of the different control 

inputs: Ὃ „  , Ὃ „ ,  Ὃ „  and   Ὃ „ .  

 

Figure 2-14: Enhanced spatial CETI model proposed by Memon. [28] 

2.5 Case studies of rotorcraft and fixed-wing aircraft wake 

encounters 

When compared with research related to wake encounters between fixed wing aircraft, 

there has been less research on the effect of fixed wing wakes on rotorcraft safety. 

Results from a flight test campaign conducted by NASA in 1977 [77] (see Section 

2.5.1) represent the most significant study in this literature search. In addition some 

flight dynamics analyses were also conducted in the 1980s [78], [79] (see Section 

2.5.2) but their relevance to the current research is limited. The possibility of increased 

frequency in simultaneous operations of helicopters and fixed-wing aircraft at civilian 

airports has led to a number of studies which have made use of flight simulation to 

investigate the effect of wake encounters between fixed wing aircraft and rotorcraft 

(Section  2.5.2) and a fluid dynamics study of aircraft and rotor wake interactions 

(Section 2.5.3). More recently, flight simulation was also employed at the University 

of Liverpool to assess the impact of helicopter wakes on the safety of light fixed wing 

aircraft (Section 2.5.4).  

2.5.1 NASA Langley Research Center flight test campaign 1977 

NASA Langley Research Center conducted a flight test campaign to study the 

response of a rotorcraft during an encounter with a fixed-wing aircraft wake [77]. This 

is the only flight test campaign results regarding these types of encounters that has 

been found during this literature review. 
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The campaign was conducted with an instrumented UH-1H helicopter and a C-54 

aircraft to generate the wake. During each flight the aircraft flew at an indicated 

airspeed of 115kts and the helicopter at 60kts. The initial distance between aircraft and 

helicopter was reduced for each successive flight, covering a range of encounters with 

separations between 0.42 and 6.62 nautical miles. When the desired distance between 

rotorcraft and airplane was reached, the helicopter crossed the airwake obliquely from 

below left (Figure 2-15). After the first crossing, the helicopter would cross the wake 

several times as the distance between rotorcraft and airplane grew, leading to several 

encounters at different wake ages. Helicopter parameters, including attitude, engine 

output and main rotor angles, pilot control inputs and main and tail rotor blade 

bending were recorded. However, no pilot feedback on the severity of the encounters 

or workload ratings are reported.  

 

Figure 2-15: Schematic of vortex wake intercept by a helicopter. [77] 

Identification of the resulting upsets was performed by comparison of helicopter 

attitude changes against pilot control inputs. The amplitude of changes in pitch and 

roll attitude rates was found to be linearly related to the size of the corresponding 

corrective control inputs, while no such correlation was found for yaw rates 

suggesting that yaw deviations were the main upsets from the encounters. Overall, the 

attitude response of the helicopter was lower than those observed for general aviation 

aircraft of the same weight encountering a similar wake. Finally, increases in loads on 

the main rotor were within the helicopterôs operational envelope, and considered to 

not present any structural risk. 

2.5.2 Flight simulation and analytical studies of rotorcraft wake encounters 

A series of offline simulations were performed in 1986 and 1987 by Saito et al. [78], 

[79] studying the dynamic response of articulated and hingeless helicopters, as well as 

light fixed-wing aircraft, to the wake vortex induced by a Boeing B-747 sized aircraft.  
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A potential flow formulation was applied to relate vortex strength to the size of the 

generating aircraft and to define the induced flow velocity field. Simulations were 

performed comparing crossing the vortex at different encounter angles and distances 

to the generating aircraft. Both hingeless and articulated helicopters experienced 

similar attitude upsets which were usually less than those experienced by fixed-wing 

aircraft under the same conditions. Perpendicular crossings tended to result in pitch 

and yaw upsets and roll and yaw upsets were predominant for parallel encounters. 

Attitude upsets could reach up to 10deg. Losses in thrust coefficient and downward 

vertical acceleration were also obtained. 

Piloted and offline flight simulation tests were conducted in the 2000s at the 

University of Liverpool by Padfield et al. [9], [80]ï[82] with the aim of assessing the 

severity of rotorcraft encounters with fixed-wing wakes to explore criteria that could 

be utilised to quantify the effect on safety of these encounters. 

Predictions of vortex strength and induced velocity provided by Burnham and 

Hallockôs dispersion model (Eq. 2-35) were favourably compared against LIDAR 

measurements performed at London Heathrow airport [80]:  
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with rc being the radius of the vortex core, VT being the vortex induced tangential flow 

velocity at a distance r from its axis and Vc the vortex induced flow velocity at r =  rc, 

ɟ is the air density, Ul the indicated air speed of the vortex shedding aircraft and Sl and 

bl its wing area and wingspan respectively.  

Crosswinds can lead to displacement perpendicular to the runway of vortices near the 

ground [5] [83] and can result in more severe encounters when helicopter heading and 

vortex axis are parallel to each other [9], [78], [79]. 

Offline simulations [80] were conducted for a lateral encounter with a vortex 

representative of the wake of a Boeing B-747 (ũ å 600 m2/s). The helicopter response 

following a wake encounter showed a significant initial upset in pitch, which is larger 

when the relative velocity between helicopter flight and vortex displacement 

decreases, resulting in longer crossing times. For an encounter at 3m/s, pitch upsets 
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could reach up to 40 deg and rates of up to 30 deg/s within the first three seconds 

following a wake encounter; inter-axis coupling led to subsequent upsets in roll. The 

wake encounter also resulted in alterations in heading and an initial vertical 

acceleration dependent on the position of the rotorcraft relative to the vortex and could 

reach up to 0.5g. Independently of the direction of the initial vertical accelerations, the 

helicopter tended to leave the encounter with a downwards vertical velocity, resulting 

in a net loss of altitude.  

Increases in vertical distance between the helicopterôs rotor and the vortex core 

resulted in less severe upsets, as did decreasing the strength of the wake vortex. 

Encounters in which the helicopter was moving at a higher indicated airspeed resulted 

in greater attitude rates and vertical accelerations, but lower total attitude upsets, 

possibly due to the shorter duration of the encounter. In contrast with the results 

obtained by Saito et al., helicopters with hingeless rotors or stiffer blade articulations 

suffered greater attitude upsets. Stability augmentation systems (SCAS) helped in 

mitigating total attitude upsets, whilst their effect in counteracting altitude losses 

seemed to be more limited. 

Overall results are qualitatively similar as those from encounters with wind turbine 

wake vortices as will be described in Section 2.7.2.1, but are significantly larger due to 

the much higher strength of aircraft shed vortexes when compared to wind turbine 

vortices (ũ å 600 m2/s against ũ å 70 m2/s for a 3MW wind turbine). 

Resulting upsets were compared against ADS-33 handling qualities requirements for 

control power, which is the maximum attitude rate achievable with full stick input, 

quickness (Figure 2-16), which gives a measure of how fast an aircraft can change its 

attitude,  and maximum allowed attitude upset and loads transient after failure (Figure 

2-17). This provides an idea of whether the rotorcraft satisfying the requirements for 

level ï 1 or level ï 2 handling qualities might allow for sufficient margin to mitigate 

the effects of an encounter. 

While satisfying Level 1 control quickness and power margin requirements for 

tracking and aggressive manoeuvring provides the helicopter with sufficient margin to 

compensate the vortex induced upsets, this will not be the case when only general 

mission tasks criteria are considered [81] (Figure 2-18). Pitch attitude upsets and 

normal vertical loads within the first three seconds tend to reach or even surpass Level 
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3 transient limits after control failure. Resulting normal loads increase with encounter 

velocity while encounters without SCAS resulted in significantly worse upsets. 

 

Figure 2-16: ADS - 33 moderate amplitude (quickness) limits for pitch control. [21] 

 

Figure 2-17: ADS-33 Transient limits after flight control failure. [21] 

Flight simulation tests of wake encounters were conducted where pilots were required 

to flight an Instrumented Landing (ILS) approach Mission Task Element (MTE) [9] 

which might lead to an airwake encounter. A pilot rating scale for Wake Vortex 

Encounter (WVE) severity, (Figure 2-19) was developed. Based on the pilotsô 

subjective evaluation of excursions in flight path and aircraft attitudes and the effort 

and urgency necessary for recovery, pilots provided a rating ranging from A (minimal 

excursions and no corrective action needed) to H (catastrophic encounter with no 

recovery possible). 

A trend was found of increasing severity ratings with greater attitude upsets, either 

averaged between all axes or the maximum individual axis value (Figure 2-20). By 

assigning a flight handling qualities value to the upset value based on ADS ï 33 

transient after failure upset limits (see Figure 2-17), pilot awarded ratings were 

assigned an ADS-33 handling qualities level. 



39 

 

 

Figure 2-18: Pitch upset quickness against ADS-33 criteria.[81] 

 

 

Figure 2-19: Wake Vortex Encounter severity scale. [7]  

Pilot ratings and the tendency to perform a go-around were related to absolute 

deviation from intended flight path, especially in height [80], [82]; this has also been 

observed when studying fixed wing approaches [18]. Comparison of the average 

attitude upset in all axes against the ADS-33 transient after failure criteria suggested a 

link between upset and severity.  
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Figure 2-20: Pilot awarded wake vortex encounter severity ratings against averaged upset in all axes 

(lower line) or maximum upset in any axis (upper line) [9]. Attitude upset values are classified for 

handling qualities levels according to ADS-33 transient after failure criteria. 

Visual conditions play an important effect on pilotôs handling of a wake encounter. 

Under good visual conditions, encounters with vortices of greater strength and 

encounters at lower altitudes correlated strongly with higher pilot severity ratings and 

go-around frequency (Figure 2-21). Under degraded visual conditions, however, 

encounters at higher altitude, where the ground was not clearly visible, could disorient 

the pilots and also lead to a go-around. Also, upsets from lower strength vortices under 

conditions of poor visibility  were also more difficult to perceive initially, and sudden 

changes in flow direction could catch pilots by surprise. 

 

Figure 2-21: 3deg Approach profile for encounters at different vortex height and strength under good 

visual conditions. [9] 

2.5.3 Interaction between helicopter rotor and airplane wakes 

Whitehouse and Brown [62] modelled the mutual interaction between an airplane shed 

vortex and the airwake produced by a helicopterôs rotor. Assuming that viscosity of air 

is negligible, velocity distributions, scaled by rotor tip speed ɋ*R, can be defined as a 
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potential field, ‫  ɳ ὺ, and the rotor as a vorticity source dependent on the local 

flow velocity distribution, Ὓ ὺ .  

Applying the vorticity transport equation, the resulting velocity fields induced by the 

rotor, the rotor wake and the airplane vortex can be described: 
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The interaction between all three elements results from the addition of the resulting 

velocity fields: 
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Four levels of simulation fidelity were defined (named as 0, 1, 2 and 3) by 

progressively dismissing the deformation of the vortex due to the rotor wake, the 

deformation of the rotor wake due to the vortex and finally the influence of the rotor 

wake on the rotorôs own flow field: 
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The results were used to assess the validity of the frozen vortex assumption employed 

on most encounter simulations. Results of simulations with different degrees of 

fidelity tend to converge as the rotor advance ratio increases (Figure 2-22). During 

hover, interaction between rotor wake and vortex can lead to the airwake being re-

ingested by the rotor. The resulting fluctuation in rotor response is not reflected by 
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lower fidelity models which tends to over predict vortex induced changes in rotor 

thrust and blade flapping.   

 

Figure 2-22: Perturbations to rotor trim states from vortex encounter.[62] 

2.5.4 Helicopter wake encounter study 

A more recent study conducted in 2015 by Wang et al., at the University of Liverpool 

for the CAA, employed flight simulation to assess the hazards that rotorcraft wakes 

could present to light aircraft during approach and level flight [84].   

An evaluation of different wake modelling techniques for rotorcraft wakes for their 

fidelity and ease of computation was conducted. Beddoeôs prescribed wake model 

combined with a decay model was applied to simulate encounters during level flight. 

For encounters during approach scenarios, a free wake model was employed to 

include ground effects on the flow field. 

Several simulations were performed of a final landing approach. The airplane 

experienced upsets mainly in roll and vertical accelerations (Figure 2-23), pilot ratings 

on the WVE scale (see Section 2.5.2) ranged from mild (A-B) when happening above 

the helicopter rotor plane to hazardous (D-F) when the aircraft encountered the wake 

below a helicopter hovering or flying at low speed less than one diameter of distance 

to the wake centre. Pilot feedback revealed altitude to be most important factor 
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influencing their ratings, with encounters at low altitudes leaving little margin for 

recovery even for small attitude or flight path excursions. 

Helicopter advance ratio also had an important effect, the wake of a hovering 

helicopter produced larger sudden upsets while the skewed wake produced by a 

helicopter in forward flight was easier to detect from a distance. Offsets between the 

rotorcraft and the runway tended to reduce severity, but for offsets lower than one 

rotor diameter, the asymmetry of induced flow across the airplaneôs wing could result 

in larger roll upsets.  

 

Figure 2-23: Airplane upsets during encounter with helicopter rotor wakes. Helicopter height 50ft, speed 

40kts. Located over runway centre, heading parallel to runway. [84] 

2.6 Case studies of flight simulation of ship helicopter operations 

Currently the definition of ship helicopter operating limits requires the realization of 

flight test trials in order to declare a specific wind over deck speed and azimuth as 

safe. In addition to being expensive and dangerous to conduct, conditions that could 

not be tested can result in limits on the flight operations that can be cleared. There is 

therefore considerable interest in the use of flight simulation to assist in the definition 

of Ship Helicopter Operating Limits [8]. Forrest et al. [85] describe a technique to 

study landing operations around several ship designs. Employing detached eddy 

simulations (DES), the time varying distribution in air velocities around the ship deck 

can be obtained and recorded. Combined with ship motion time histories, these 

precomputed airwakes were then integrated at The University of Liverpoolôs 

HELIFLIGHT-R flight simulator [86].  
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A series of simulated landing approaches to a Royal Navy type 23 frigate and a Wave 

class auxiliary oiler were conducted with a FLIGHTLAB model representative of an 

SH-60 helicopter under a range of wind over deck velocities. The deck recovery 

procedure was defined as three MTEs: lateral displacement to landing spot, hover for 

ten seconds and vertical descent. Pilot ratings awarded in the simulation trials were 

used to define a virtual SHOL envelope for both ships (Figure 2-24).  

 

Figure 2-24: SHOL diagrams for top) Type 23 frigate, down) Wave class auxiliary oiler, defined using 

awarded pilot ratings on the DIPES scale. [85] 

Results show a significantly lower limit on lateral wind velocities than for headwinds. 

For all directions, the larger auxiliary oiler also shows a narrower SHOL envelope. 

Analysis of the CFD results show that, especially under winds from oblique directions, 

turbulence resulting from the flow shed at the edges of the shipôs superstructure can 

affect the rotorcraft during the lateral translation and station keeping over the spot 

(Figure 2-25). This effect is more pronounced for larger ships, whose superstructure 

sheds larger vortices at lower frequencies but which generate larger upsets. This 

results in larger flow velocity oscillations which require a greater effort from the pilot 

to counteract. Power spectral density analysis of pilot control inputs during the deck 

landings to a Type 23 frigate confirm larger Power Spectral Density (PSD) levels for 

lateral and pedal control inputs under oblique wind conditions (Figure 2-26). This 

metric is used in this thesis to examine pilot workload in different MTEs and 

application of turbulence models. 
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Figure 2-25: turbulence intensity over flight deck of Type 23 frigate under 40kt headwind (left) and 40kt 

wind 45deg azimuth (green 45) (right). Circle indicates approximate position of rotor during station 

keeping. [85] 

 

Figure 2-26: PSD of pilot control metrics during station keeping over the Type 23 flight deck under 40kt 

headwind and green 45.[85] 

2.7 Case studies of wind turbine airwake encounters 

2.7.1 Airplane encounters with wind turbine wakes 

Research on airplane encounters with wind turbine airwakes is limited but is becoming 

more common as an increase in the number of wind energy installations near airfields 

has led to the need to assess their influence on general aviation safety. Three main 

studies, each of them employing a different methodology and metrics, have been 

found during this literature review, and their findings can inform how to analyse 

rotorcraft operations in similar environments.  

2.7.1.1 Kansas department of transportation 2014 

A 2014 project commissioned by the Kansas Department of Transportation [87] 

studied the influence of proposed wind farm installations near Rooks County regional 

airport and Pratt regional airport on general aviation. The vortex airwake of a 91.4m-

diameter wind turbine was estimated by directly scaling the radius and wind velocity 

from published wind tunnel test results [88], and a prescribed helical vortex model 

combined with a vortex decay model was employed to estimate the velocities induced 

by the airwake downstream of the wind turbine.   
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The maximum horizontal and vertical velocities induced by the blade tip vortices were 

estimated for wind speeds between 10mph to 40mph, resulting in crosswind speeds of 

almost 100ft/s in regions near the wind turbines. The derived velocity distributions 

were then employed to estimate maximum lateral crosswind and rolling moment 

coefficients induced on a 10m wingspan general aviation aircraft and compared 

against FAA limits. 

From the results, the report concludes that an aircraft can experience dangerously high 

roll moment coefficients (see Eq. 2-1) of around 0.5 and lateral crosswinds of up to 30 

mph at distances of over two miles covering almost the entire approach area for both 

airports analysed  (Figure 2-27).  

 

Figure 2-27: Roll moment coefficient induced from wind turbine wakes at Pratt Regional Airport 

(Kansas, US) under 40mph wind. [87] 

2.7.1.2 University of Liverpool 2015 

A more recent study was conducted in 2015 at the University of Liverpool for the 

CAA [11] to assess the impact of wind turbine wakes from two WTN 250kW 30m  

diameter wind turbines installed near East Midland Airport, UK. Offline and piloted 

real-time flight simulations were employed to study the effect of disturbances on a 

light general aviation aircraft when encountering the airwake of a wind turbine during 

a landing approach and the resulting pilot response.  

Kocurekôs prescribed vortex wake model [89], combined with a Beddoes vortex decay 

model [90], was used to precompute a steady velocity field generated by the airwake. 

The resulting velocity distribution was validated against CFD simulations and wind 
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tunnel measurements by Wang et al. and Carrion et al. [44] [35] as well as LIDAR 

field measurements performed at the East Midlands Airport site for these tests (Figure 

2-28).  

a)  

 

b)  

 

Figure 2-28: Comparison between a) Kocurek's wake axial velocity deficit estimations and b) one hour 

averaged LIDAR measurements of Line Of Sight (LOS) velocities. Wind speeds averaged around 10m/s. 

[11] 

The computed flow velocity field was then integrated with a flight dynamics model of 

a generic light general aviation airplane, with dimensions and performance similar to 

those of a Grob Tutor. Pilots performed simulated landing approaches during which 

they would cross the wind turbine wake either perpendicularly or  obliquely at a 45 

degree angle. Aircraft responses and pilot control inputs during each flight were 

recorded and pilot feedback and ratings on the wake vortex encounter severity scale 

[9] (see Section 2.5.2) were collected after each flight. 

Even at small distances from the wind turbine, recorded aircraft upsets were minor, 

mainly in the yaw and roll axis (Figure 2-29) as a consequence of the velocity deficit 

in the direction of the wind turbine axis.  All encounters were rated by pilot as either A 

or B on the WVE rating scale (see Section 2.5.2), implying minor to minimal aircraft 

excursions demanding corrective actions with minimal urgency or none at all. 

A further series of offline simulations were performed in an attempt to reproduce the 

results obtained by the Kansas report. Applying Kocurekôs airwake model, combined 

with a Beddoes decay model, resulted in significantly smaller vorticity circulation 

values and therefore induced wake velocities than the values obtained in the Kansas 

report by directly scaling with wind velocity. The velocity fields of the airwake of a 

250kW 30m diameter wind turbine and for a 3MW, 90m diameter wind turbine were 

computed for a wind velocity of 20m/s. At this velocity the wind turbine regulates its 
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pitch in order to limit its total power output, something not considered in the Kansas 

report.  

 

Figure 2-29: Airplane upsets resulting from perpendicular crossing of the wake at 1.5diameters distance 

and 10m/s flight speed. [11] 

The aircraft was flown through the computed airwakes with all the body states frozen. 

Variations in forces and moments experienced by the aircraft model during the 

encounter were recorded and compared. The impact of crossing the Beddoes wake 

(Figure 2-30) and the Kansas wake (Figure 2-31) was qualitatively similar, but the 

magnitude of the effect was much larger. The most important effect was noticed in 

lateral force and rolling moment components, as well as a smaller induced yaw 

moment, which acted on the aircraft during the entire duration of the encounter. 

Smaller variations in vertical in vertical forces could also be detected when entering 

and exiting the airwake.  

Increasing the distance to the wind turbine at which the airwake was encountered from 

three diameters to five and ten resulted in small reductions in induced moments but 

did not change the nature of the encounter qualitatively. However, crossing the 

airwake with an angle of 45 degrees to the airwake resulted in much larger upward 

force components appearing, which lasted for the entire duration of the encounter, as 

well as in a change in the direction of induced lateral forces and roll and yaw 

moments. The effects were similar, although of a larger magnitude for the airwake of 

the larger wind turbine and induced vertical forces were present during the entire 

encounter even when crossing perpendicularly to the airwake.  
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Figure 2-30: Variations in forces and moments experienced by the aircraft during the encounter with WT 

vortex wake using Kocurek's and Beddoe's wake model. 

 

Figure 2-31: Variations in forces and moments experienced by the aircraft during the encounter with WT 

vortex wake, using the Kansas wake model. [11] 

2.7.1.3 University of Naples and Fraunhofer Institute 2014 

A collaboration project between the department of industrial engineering at the 

University of Naples and the Fraunhofer Institute for Wind Energy and Energy 

Systems conducted research into the dangers presented by wind turbine wakes to 

general aviation aircraft.  

An initial analysis was published by the Fraunhofer Institute in 2014 [91]. The 

airwakes of four different wind turbines with diameters in the range between 110m to 
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120m and nominal power output between 2MW and 3MW was researched. The 

velocity field behind an actuator disk was computed using a RANS solver with a k-Ů 

turbulence model. Turbulence velocities, Uô, were averaged and added to total wind 

velocities, w, to produce a static steady airwake: 
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An estimation of changes in aircraft load factor, n, was used to evaluate the severity of 

an encounter at different points of the airwake. The load factor is calculated based on 

the EASA Certification Specifications for Very Light Aeroplanes and compared 

against operational boundaries of an Ikarus C-22 ultralight aircraft: 
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with ɟ0 the air density at sea level, M the airplaneôs mass, W its weight, S the wing 

surface, Ucruise its cruise speed, ClŬ its lift slope, and ὧӶ its average chord.  

Based on the flight envelope of the Ikarus C-22, the following limits for operational 

cruise velocity under vertical gust were defined: 
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The flight envelope diagram defines UA = 36.5m/s and a no exceed velocity UD = 

46.6m/s. The precomputed steady airwake velocity field was used to obtain Umin and 

Umax to maintain flight envelope, against downstream distance to the wind turbine for 

wind velocities of 16mph and 30mph (Figure 2-32, Figure 2-33): 
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Figure 2-32: Left: Maximum vertical gust velocities (UBoe) for 13.3 wind speed. Right: Maximal loads for 

flight speed VC = 33m/s. [91] 

 

Figure 2-33: Maximum and minimum cruise flight velocities against distance to wind turbine for 13.3m/s 

wind speed. [91] 

Minimum separation distances for intermediate wind velocities were obtained by 

interpolation.  A minimal separation of 2 diameters which increases at higher wind 

velocities was recommended. 

More recent research in collaboration with the University of Naples [92] applies the 

same load factor criteria to assess the hazards when crossing the airwake of a 126m 

diameter, 5MW wind turbine. Static turbulent airwakes extending up to 2800m 

downstream were generated for wind velocities of 5m/s and 12m/s and incidence 

angles on the turbine rotor of 0deg and 15deg.  

A generic ultralight aircraft model of similar size and mass as an Ikarus C-42 was 

obtained by modifying the model of a Cessna C-172. Using an automatic pilot model, 

offline simulations of landing approaches at 50kts and 100kts flight speeds were 

conducted. During each run, the aircraft would cross the airwake through its centre at 

different downstream distances from the wind turbine. A further set of encounters 

were run with initial position, flight velocity and descent path randomly determined, 

so as to generate a distribution of possible encounter scenarios (Figure 2-34).  
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Figure 2-34: Top left: Altitude profile of simulated approach flights. Bottom left: Velocity profiles of 

approach flights. Right: ground track of approach flights. [92] 

Results show that limits of the flight envelope were not exceeded (Figure 2-35). 

However, there were important differences in the nature of the encounter depending 

on whether they occurred within the near or the far wake region. The far wake is the 

region that extends downstream for a distance beyond 6 diameters and where vortex 

breakdown leads to a region dominated by small scale turbulence. Higher increases in 

load factor occur when entering the far wake and are much milder near the wind 

turbine. The frequency of the resulting upsets is also much higher in the turbulent 

regions. Encounters at higher aircraft speeds also present higher upsets.  

 

Figure 2-35: Increase in aircraft loads during the encounter. Top left: 5m/s wind aligned with wind 

turbine axis. Bottom left: 12m/s wind aligned with wind turbine axis. Top Right: 5m/s wind with 15 deg 

yaw to wind turbine axis. Bottom right: 12m/s wind with 15 deg yaw to wind turbine axis. [92] 

Wakes at higher wind speeds also present higher induced load factors on the aircraft 

and a longer turbulent zone behind the turbine. Wind velocities not aligned with the 

wind turbine axis result in the formation of a turbulent airwake nearer to the wind 
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turbine. At lower wind speeds, this results in an earlier dissipation of the wake, at 

higher wind speeds on the other hand this results in a longer turbulent region, leading 

to increased probability of encountering greater normal loads during the encounter. 

2.7.2 Helicopter encounters with wind turbine wakes 

There is limited knowledge on the effects on helicopters encountering a wind turbine 

wake. The main research was conducted by the Group for Aeronautical Research and 

Technology in Europe (GARTEUR) action group, HC-AG23 [93] consisting of 

several European universities and aerospace research institutes including among 

others the Universities of Glasgow and Liverpool, the Technical University of Delft 

and the NLR who are also members of the NITROS project.  

The work was divided into several work packages: a survey of available wind turbine 

airwake data was conducted to identify characteristics that result in relevant effects on 

helicopter dynamics, the application of airwake modelling techniques for flight 

dynamics analysis and flight simulation, and a series of offline and piloted flight 

simulation experiments were conducted to assess helicopter upsets and demands on 

the pilot during a wake encounter. The results have been published in conference 

papers and are summarized below. 

2.7.2.1 Helicopter encounters with wind turbine wake vortices 

Van der Wall and Lehman [94], [95] applied an analytical model to study steady state 

interactions between a helicopter rotor and wake vortexes. The assumption was made 

that compared to the size of the helicopter rotor, wind turbine blade tip vortices can be 

approximated as a straight vortex line. The first paper studied cases in which 

helicopter heading during the encounter is parallel to the vortex line (Figure 2-36). 

 

Figure 2-36: Geometry of rotor encounter with wind turbine vortices.[94] 
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A vortex induced velocity model is applied to estimate a static field of perturbations in 

rotor inflow ‗ induced by a vortex of strength ῲ and core radius rc at a distance y ï 

y0. A decay model was applied to determine vortex strength and core radius 

downstream from the wind turbine. 
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Blade element momentum theory is applied to relate alterations in total rotor lift and 

blade flapping moments to changes in flow velocity induced by the vortex over the 

rotor.  
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Changes in flow velocities around the rotor blade are given by vortex induced 

velocities and resulting changes in rotor inflow and blade flapping: 

Ў╥╣  

Ў╥╟  ◕ⱦ░ ⱦ╥ ⱧЎ♫╬▫▼ⱶ ►
▀Ў♫

▀ⱶ
 

2-51 

Required control inputs to compensate for vortex induced upsets were approximated 

by differences in rotor trimming required to maintain total rotor thrust and blade 

flapping moments constant when the vortex axis is located at different distances from 

the rotor centre. By maintaining blade pitch controls constant, changes in blade 

flapping angles induced by the vortex can also be studied. 

Results are similar to the encounters with aircraft vortex wakes described in Section 

2.4, although the strength of vortices shed by a 3MW wind turbine are around one 

tenth of the vortex of a Boeing B747 aircraft (ũ0 = 63.7m2/s, Rc = 0.05m. and ũ0 = 

660m2/s, Rc = 0.25m respectively). They also show good correlation with those 
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obtained by DLRôs S4 isolated rotor simulation model and HOST helicopter flight 

dynamics model [96]. As the vortex approaches the helicopter rotor from the side it 

induces longitudinal blade flapping, producing changes in thrust and reduced rotor 

power requirements. Encounters during forward flight also induce lateral blade 

flapping. The sign of these changes depends on the geometry of the encounter with 

induced longitudinal flapping moments reversing sign as the vortex enters and exits 

the rotor disk and changes in thrust reverses as the vortex crosses the rotor centre (see 

Figure 2-37). 

If longitudinal and collective blade pitch are changed to maintain constant attitude and 

thrust, changes in rotor power demand will alter its sign as the vortex crosses the rotor. 

This will lead to yaw moments due to changes in main rotor mast torque and power 

availability for the tail rotor, although only effects on the main rotor have been 

considered in this study. 

  

Figure 2-37: Upper row: vortex induced rotor flapping and changes in rotor thrust and power 

requirements. Lower row: required control trimming to compensate for vortex upset and resulting 

changes in rotor power requirements. [94] 

Two wake encounter severity metrics were proposed, the Rotor Control Ratio (RCR), 

relating required control inputs to the maximum available control power, while the 

Rotor Flapping Ratio (RFR) relates the vortex induced flapping to the maximum 

allowed flapping angle of the helicopter: 
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The methodology was applied for several rotor models, representing the rotors of an 

ultralight coaxial helicopter, a Bo 105 light helicopter, a UH-60 medium helicopter 

and a CH-53 heavy helicopter. RCR and RFR values were obtained when the rotors 

encountered vortices of different strengths, representative of wakes of 3MW and 

7MW wind turbines (ũ0 = 63.7m2/s, Rc = 0.05m and ũ0 = 98.6m2/s, Rc = 0.068m 

respectively) and the vortex wake of a B-747 airplane (ũ0 = 660m2/s, Rc = 0.25m).   

Results show that medium (Figure 2-38) and heavy rotorcraft encounters with a wind 

turbine airwake leave sufficient control and blade flapping margin for safe helicopter 

flight. For light rotorcraft, like the Bo 105 (Figure 2-39) and ultralight coaxial 

rotorcraft (Figure 2-40), there is enough control power available to counteract an 

encounter with a wind turbine wake. But in the case of an encounter with the vortex 

wake of a heavy airliner, a light helicopter will have very little margin in control 

power to recover. An ultralight rotorcraft will require more control power than 

available and experience induced flapping angles above the maximum permitted for 

safe flight. Since the limit  does not consider initial trim inputs and rotor tilt during the 

encounter, the implication is that the encounter leaves very little margin for 

compensating action. (Figure 2-39, Figure 2-40) 

 

Figure 2-38: RCR and RFR for a UH-1D rotor encountering the vortex of: A) a 3MW wind turbine, B) a 

5MW wind turbine, C) a 10MW wind turbine, D) a B-747 airplane. [94] 
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Figure 2-39: RCR and RFR for a Bo 105 rotor encountering the vortex of: A) a 3MW wind turbine, B) a 

5MW wind turbine, C) a 10MW wind turbine, D) a B-747 airplane. [94]  

 

Figure 2-40: RCR and RFR for the rotor of an ultralight coaxial helicopter encountering the vortex of: A) 

a 3MW wind turbine, B) a 5MW wind turbine, C) a 10MW wind turbine, D) a B-747 airplane. [94] 

A later conference paper applies the same model to study effects of a vortex 

orthogonal to the rotor plane crossing the rotor through its centre [95].  In this case 

perturbation velocities are given by:  

Ў╥╣ ⱦ╥╬▫▼ ⱶ ⱶ╥  
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Overall, induced upsets are of smaller magnitude to those induced by parallel vortices 

of similar strength. For a vortex spinning in the opposite direction as the rotor, the 

encounter results in an increase in rotor thrust, rotor coning and power consumption, 

as well as induced longitudinal blade flapping, which change in orientation as the 

vortex enters and leaves the rotor disk and crosses its centre. If control inputs are 

applied to nullify moments and maintain rotor thrust constant, rotor power 

requirements fall and a slight reduction in rotor coning ensues (see Figure 2-41).  
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a)  b)  

  
c)  d)  

  

Figure 2-41: Upper row: a) vortex induced changes in rotor flapping and b) required compensating 

control trim. Lower row: c) Vortex induced changes in rotor power coefficient and d) thrust coefficient in 

case of no retrim.  [95] 

Changes in thrust requirement were compared to experimental results measuring the 

effect of an orthogonal vortex on thrust output and power requirements of a propeller 

showing a good agreement.  

2.7.2.2 Interaction between helicopter rotor and wind turbine airwake 

Visingardi and Pavel [97] made use of a blade element momentum model to compute 

the wake aerodynamics of an NREL 5MW wind turbine [98] and a Bo 105 helicopter 

rotor. An atmospheric boundary layer was also taken into account for the solution of 

the wind turbine blade. 

The much higher speed of the helicopter rotor blade compared with the speed of the 

wind turbine blades leads to important differences in characteristic times, making a 

coupled simulation computationally expensive. A decoupled approach was therefore 

followed, solving first the aerodynamics of the wind turbine wake and storing a time 

averaged solution. Aerodynamic simulations of the helicopter rotor within this steady 

state flow velocity field were then performed. 
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The rotor was trimmed for hover and forward flight under no wind conditions. 

Different aerodynamic simulations were performed under the conditions of uniform 

side wind and at different fixed locations within the time averaged airwake flow field. 

Estimations of induced blade flapping and resulting changes in rotor moments on the 

hub were estimated through the application of equation [2-48].  

Results (see Figure 2-42) show that the effect of uniform side wind on the rotor 

changes the incident tangential velocity on the blades around the longitudinal axis 

(azimuth positions 90 and 270deg) and, due to rotor coning, the incident perpendicular 

velocity on the blades around the lateral axis (azimuth positions 0 and 180deg) 

changing the effective bade angle of attack. Resulting rotor loads lead to pitch up and 

right roll moments for flight under port wind conditions (and opposite for starboard 

wind conditions). 

Solving the rotor inside the wind turbine wake shows alterations in the effective angle 

of attack of the blades, ɝ‌, a slight increase in the forward half of the rotor and a 

change in the 270deg azimuth positions that decreases the effects of side wind. 

Changes in effective angle of attack at the 90deg azimuth position however increase 

the effects of port side wind and decrease them in case of starboard side wind.  

a)  b)  

  

Figure 2-42: a) Changes in blade angle of attack due to uniform wind, b) changes in angle of attack 

within airwake (differences from conditions of uniform wind).[97] 

These changes manifest themselves in rolling moments against the direction of the 

wind turbine, slight pitch down moments under conditions of port wind and strong 

pitch up moments under conditions of starboard wind. Overall effects on rotor thrust, 

torque and yaw moments are limited (Figure 2-43).  
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The solution of the wake vortex strength has been used to estimate instantaneous 

upsets from an orthogonal encounter between the rotor and a wake vortex and 

compared them against control quickness requirements of ADS-33, which provides an 

idea on whether aircraft satisfying level ï 1 or level ï 2 requirements would be able to 

counteract resulting disturbances. The results show that for a left to right crossing 

upsets in pitch and roll can exceed Level 1 quickness requirements (Figure 2-44).  

a)  b)  

  
c)  d)  

  

Figure 2-43: Clockwise from upper left: Changes in rotor rolling moment coefficient, pitch moment 

coefficient, torque coefficient and thrust coefficient when operating inside the airwake. [97] 

a)  b)  

  

Figure 2-44: Quickness of a) pitch and b) roll upsets from a rotor encountering an orthogonal axis. [97] 



61 

 

Androkinos et al. [99] followed a similar procedure to decouple the wind turbine 

aerodynamics simulation from the helicopter rotor. A prescribed wake lifting line 

model was employed for the generation of the wake flow and a free wake vortex 

particle model for the aerodynamic simulation of the helicopter rotor. Both models 

showed good agreement when applied to the simulation of the wind turbine wake.  

Aerodynamic analysis of the helicopter rotor under uniform port wind and on fixed 

positions within the time averaged airwake flow field are performed. A trim analysis 

of the helicopter rotor is also performed. Results are qualitatively similar to those 

obtained by Visingardi et al. [97] described earlier. For right to left crossings, main 

effect seems to be due to the velocity deficit on the wake acting against the effect of a 

uniform side wind and leading to pitch down moments and roll moments towards the 

left side of the rotorcraft (Figure 2-45). 

a)  b)  

  
c)  

 

Figure 2-45: Ratio with respect to no wind forward flight conditions of: a) roll moment, b) pitch moment 

and c) vertical forces of the rotor within the airwake. [99] 

2.8 Summary of the literature review 

This chapter has provided a review of the of the literature related to the modelling and 

simulation of rotorcraft operations in turbulent environments. At the time of writing, 

there is a lack of informed regulatory guidance for rotorcraft operations when at risk 
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of encountering airwakes or turbulence. Further, the literature regarding the impact of 

wind turbine wakes on rotorcraft is also very limited and warrants further research.  

The wind turbine wake encounter literature has focussed on offline simulations of a 

helicopter main rotor operating within a wind turbine wake or crossing a blade tip 

vortex. Results point towards a low severity for vortex encounters even for large wind 

turbines, but crossing the lower flow velocity deficit region within the wake results in 

pitch and roll upsets which can require pilot compensation. There is however no real-

world flight data or results from piloted flight simulation trials available that would 

allow verification of these initial findings, and addressing the simulation element of 

rotorcraft turbine wake encounters is the first step of the Thesis. 

A wider literature review study was performed related to rotorcraft operations in 

turbulent environments, covering areas where existing research and methods could 

inform the Thesis. Topics reviewed included research into wind turbine wake 

encounters by fixed-wing airplanes, encounters of large fixed-wing airwakes by 

rotorcraft, and rotorcraft shipborne and offshore deck landings within a turbulent 

airwake.   

Offline and piloted simulations of fixed wing aircraft encountering wind turbine 

wakes, and initial offline assessments of rotorcraft response during such encounters, 

suggest the main effect is a single large disturbance due to the wind velocity deficit 

inside the wake. Compared to wake vortices from large airplanes, wind turbine blade 

tip vortices are much weaker. Helicopters tend to be less susceptible than fixed wing 

aircraft of the same weight to such disturbances, so overall upsets are expected to be 

smaller. Nevertheless, wind turbine wake encounters might occur under conditions, 

such as lower altitude or closer proximity to obstacles, that might contribute to a larger 

safety hazard.  

Accidental crossings of wind turbine wakes will probably be relatively quick, similar 

to encounters with wing wake vortices. Wake modelling methods applied in flight 

simulation for these encounters, such as the use of steady time-averaged wakes or 

prescribed wakes, might also be suitable for hazard assessments. Regarding encounter 

severity assessments, a suitable hazard metric might be related to absolute peak 

deviations of attitudes and/or flightpath and needs further investigation.  

Some offline studies suggest that light airplanes crossing the far field turbulent wake 

of the wind turbine might experience larger upsets than crossing the more uniform 
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region near the turbine. Given that most flying should occur at a significant distance 

from operating wind turbines, such encounters might be more common. 

Helicopters can be involved in operations requiring precision manoeuvring and 

divided crew attention, such as SAR operations. During these operations turbulence 

levels can vary significantly when winching personnel to wind turbines, which should 

be turned-off, but where the aircraft is still subjected to the turbulence from the wind 

turbine structure. In these circumstances, the steady state and prescribed wake models 

employed in the literature of wind turbine wake encounters might not be 

representative of the situation encountered in real-word operations. 

Such missions share some similarities with helicopter ship and offshore deck landings. 

There has been significant research in helicopter ship dynamic interface modelling for 

real-time piloted flight simulation. Results point to unsteady turbulence, especially 

low frequency upsets in heave, as the main contributor to workload and degraded 

handling qualities in these conditions. In addition, modelling of unsteady airwake 

effects is required to accurately capture the impact these airwakes can have on pilot 

workload during such operations.  

Wake and turbulence modelling methods employed for flight simulation of wake 

encounters were also examined. There is no established standard for modelling of 

aerodynamic disturbances and assessing the impact they can have on flight safety. 

Instead, a variety of different approaches are used depending on the situations being 

studied.  

Precomputed time accurate CFD solutions which are reproduced during trials 

represent the current highest fidelity models but are complex to implement, and 

storage requirements mean that only short time periods can be stored and need to be 

repeated in a periodic manner. Potential or prescribed formulations can be used to 

rapidly precompute a structured flow field, such as an aircraft or wind turbine wake, 

but would not reproduce the turbulence when the wake breaks down or behind 

obstacles such as a ship deck or wind turbine nacelle. Stochastic turbulence models are 

usually easy to implement and provide completely random disturbances, but models 

developed for fixed wing aircraft applications have limitations to represent the wide 

range of environmental and flight conditions helicopters operate in and do not account 

for varying spatial conditions and low speeds. Control equivalent turbulence methods 
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solve this by using flight test data to calibrate random control inputs but are limited to 

the specific aircraft and flight conditions for which such data is available. 

There is a need for using flight simulation to assess the impact of turbulence and 

airwakes on the safety of rotorcraft operations in support of the offshore wind energy 

sector. A simple, fast turnaround method that can generate realistic disturbances 

applicable to such situations is required and is the focus of this research.  

The objectives of the thesis are laid out in the following chapter. 
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3 Research Objectives: 

The literature review presented in the previous chapter showed that there are no 

unified criteria or procedures for assessing and minimizing the impact of wind turbine 

turbulence or accidental wake encounters on rotorcraft flight safety. Despite the 

growth of rotorcraft operations in support of the offshore wind energy sector there is a 

paucity of óreal-worldô data on the impact of rotorcraft encounters with wind turbine 

wakes. Hence a tool which could be used to assess the potential safety issues 

associated with such encounters would be very useful for developing new safety 

criteria that can be used for planning, certification, training and mitigation of these 

hazards.  

The aim of this research is to address some of these shortcomings.  

The research objectives of the thesis, are divided in three parts: 

¶ Identification of hazards: 

Use offline and piloted flight simulation testing to explore possible wake hazard 

scenarios to identify hazard performance metrics. Through piloted flight simulation, 

examine the effect of accidental encounters with wind turbine wakes on flight safety 

as part of the University of Liverpoolôs contribution to GARTEUR HC/AG-23 action 

group using a steady airwake. Develop simulation trials to investigate how the aircraft 

and pilot would respond to these encounters and to find a relationship between 

environmental and flight conditions, aircraft handling qualities and determine the 

resulting impact on encounter severity and workload.  

Examine the suitability of using a steady airwake on hazard assessment and determine 

whether including a more realistic unsteady atmospheric or airwake turbulence would 

result in a similar outcome.  

¶ Identify fidelity requirements and modelling techniques: 

Realistic flight simulation for wake hazard assessment requires reproduction of 

unsteady and time ï varying disturbances. This leads to the requirement to develop a 

simple turbulence model, that provides órandomô but representative turbulence which 

is spatially accurate, that could be employed for real-time piloted simulation studies. It 
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should also provide an intermediate solution between high fidelity but computationally 

expensive models provided by CFD wakes and low fidelity stochastic models.  

An examination of currently used tools for turbulence modelling which provide 

accurate spatial turbulence effects, while having reduced computational requirements 

and can be utilised in real-time simulations is required and, where necessary, develop 

new tools to provide that capability. To this end, examine the utility of a synthetic 

eddy model, which tracks the location of turbulence relative to an aircraft, as a 

candidate method for producing órealisticô disturbances for real-time piloted 

simulations.  

¶ Test feasibility of new tools to explore criteria and requirements for 

mitigation of hazards: 

Identification and development of new wake modelling techniques that can be 

employed in real-time piloted flight simulation; real-time operation is a key 

requirement. Development of a calibration methodology so that resulting turbulence 

results in realistic disturbances as judged by the pilot and objective metrics. 

Examination and assessment of the wake fidelity requirements for flight conditions 

from hover to forward flight is needed.  

Evaluation of the model will be based on whether resulting turbulence produces 

aircraft disturbances and leads to pilot responses and impact on workload that are 

representative of real-world conditions. Ideally, evaluation against flight test data 

would be desired, however such data was not available to the project. As a surrogate, 

reproduce turbulence from other currently employed models and use them to calibrate 

new methods to aid in the assessment of the sensitivity the new modelôs parameters 

for disturbance generation. Based on this this initial calibration further examine the 

effect of the model parameters on the subjective and objective assessments of pilot 

workload.  Develop a new, órealisticô turbulence generator that can be utilised in 

future wake hazard assessment studies.  

These results provide a basis to calibrate the model against real world data, should it 

be available for future development. 
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4 Simulation tests of Wind Turbine Airwake 

Encounters 

4.1 Introduction 

This chapter describes offli ne and piloted flight simulation trials performed for an 

initial hazard assessment of a helicopter encountering a wind turbine wake. Trials 

were conducted as part of the GARTEUR HC-AG/23 work [93]. The test objectives 

are presented in Section 4.2 whilst the University of Liverpoolôs flight simulator used 

for the study is described in Section 4.3. Section 4.4 describes the steady wind turbine 

wake from the NREL wind turbine [98] used for the trials and its integration with the 

flight simulation scenario. Section 4.5 describes the Bo 105 helicopter flight dynamics 

model [100] and provides an overview of relevant handling qualities. Offline gust 

response and wake encounter simulations are described in 4.6. The airwake and 

aircraft models were used as a common database source amongst GARTEUR partners 

due to their open access in the literature. The planning of the piloted flight simulation 

trials is described in Section 4.7 and trial results are reported in 4.8. Finally, a 

discussion of the results and a summary of the chapter is provided in Sections 4.9 and 

4.10 respectively.   

4.2 Objectives 

Offline and piloted flight simulation tests were performed to study the effects on 

rotorcraft flight and handling as well as pilot response during the crossing of the 

airwake of a 5MW 126m diameter NREL wind turbine. The aim was to identify 

resulting helicopter upsets from crossing wind turbine airwakes and, with the help of 

pilot feedback, relate them to hazards.  

The objectives of the test can be summarized as follows:  

¶ Measure upsets in rotorcraft dynamics resulting from the encounter with the 

airwake of a wind turbine. 

¶ Study pilot reaction to the identified upsets. 

¶ Identify which upsets results in workload increases for the pilot and greater 

encounter severity. 
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It was anticipated that the results would enable the development of guidance regarding 

upsets from rotorcraft-wind turbine wake encounters that is currently lacking in the 

literature [13]. 

4.3 Flight simulator  

The studies reported in this thesis were conducted using the HELIFLIGT-R simulator 

at the University of Liverpool [86]. HELIFLIGHT ï R (Figure 4-1) is a 6 degree of 

freedom, configurable flight simulator for training and research applications. It is 

employed in conjunction with Advanced Rotorcraft Technologyôs (ART) 

FLIGHTLAB multi -body dynamics software designed for aircraft modelling and 

analysis [101]. FLIGHTLABôs aircraft models are based around a reconfigurable 

library of parameters and control models which can be altered to suit the currently 

studied flight vehicle. The cockpit controls includes basic rotorcraft controls (stick, 

collective and pedals) and a series of displays used as reconfigurable instrument 

panels. 

 

Figure 4-1: Left: HELIFLIGHT-R Flight simulator. Right: Cockpit interior and wind turbine farm 

scenario. 

4.4 Airwake and integration within FLIGHTLAB 

The NREL 5MW offshore baseline wind turbine [98] is a model representative of 

utility scale wind turbines intended to be used as a conceptual model for wind energy 

studies and analyses.  Open access to the data makes it well suited to be used as a 

common airwake for GARTEUR activities. Relevant specifications of the wind 

turbine model are summarised in Table 4-1.  
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The airwake used for the trials described in this chapter was modelled and validated 

by Leble and Barakos [102] using the helicopter multiblock flow solver (HMB) [37] 

with a Ὧ turbulence model. The grid consisted of 9.3M cells with a size at the ‫ 

blade surface of 10-5 times the maximum blade chord of 0.737m. A uniform inflow 

was defined 2 diameters upstream and the domain extended up to eight diameters 

downstream. The original disturbance velocities across the airwake were non-

dimensionalised by blade tip velocity. Due to data transfer and storage limitations the 

obtained flowfield was time averaged for implementation in the simulator, producing a 

steady airwake. Axial flow velocities are represented in Figure 4-2, while values of 

flow velocities when crossing the wake perpendicular to its axis are shown in Figure 

4-3. 

Table 4-1: Main characteristics of the NREL 5MW reference wind turbine [98]. 

NREL 5MW wind Turbine specifications 

Rating 5 MW 

Rotor Orientation, Configuration Upwind, 3 Blades 

Control Variable Speed, Collective Pitch 

Rotor, Hub Diameter 126 m, 3 m 

Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s 

Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm 

Rated Tip Speed 80 m/s 

Overhang, Shaft Tilt, Precone 5 m, 5º, 2.5º 

 

 

Figure 4-2: Non-dimensional axial velocity distribution of airwake. Coordinates are: z downstream along 

the wind turbine axis, x is upwards, perpendicular to z, and y is defined using the right hand coordinate 

system. Coordinate system of the original flow data is independent of flight simulation scenario. 

 

 



70 

 
a)  b)  c)  

   

Figure 4-3: Velocity perturbations induced by the wind turbine 202m downstream at hub height in wake 

box axis. Coordinates of the wake box data are: a) v, downstream along wind turbine axis, b) w (down) 

vertical, upwards and c) u oriented according to the right hand coordinate system. 

The airwake was integrated with the FLIGHTLAB flight mechanics model using the 

VirAirDyn module, a Simulink lookup table developed at the University of Liverpool 

[103], and is shown schematically in Figure 4-4. The lookup table stores the 

interpolated flow velocity disturbances on all three axes of the wake flow domain 

across a uniform grid distributed along a right prismatic control volume with 

rectangular sides. 

 

Figure 4-4: Flow diagram of Lookup table for airwake integration. 

For each simulator run, the magnitudes of the velocities were scaled according to the 

environmental wind velocity. Maintaining the velocity deficit proportional to the wind 

velocity is a reasonable approximation for wind strengths between the cut in and rated 

wind speed, but not applicable for stronger winds. According to Betzôs law [104], 

assuming no other mechanical inefficiencies, optimum energy output is obtained when 

the resulting axial velocity deficit is one third of the wind velocity.  All simulations 

performed for this case have been calculated under a 20kts wind. This results in axial 

velocity deficits of about 4.5m/s (15ft/s) and induced rotational velocities of around 

0.8m/s (2.6ft/s) at a downstream distance to the wind turbine of around 2 diameters. 

Magnitudes comparable to results obtained by GARTEUR partners [97], [99]. 
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There is also a distortion in horizontal velocities perpendicular to the wind turbine axis 

of around 1m/s (3ft/s). When crossing the airwake, this will manifest itself as a 

perturbation in forward airspeed for the aircraft.  

Cell locations and flow velocity components are stored in their own coordinate system 

(independent of the CFD and the wind simulator coordinate systems). For each time 

step, FLIGHTLAB transfers the location of all aircraft ACPs to the VirAirDyn 

module, which translates them to airwake coordinates. If the ACP is located within the 

airwake box, the corresponding disturbance flow velocities are obtained by 

interpolation between cells. After translating them to airwake coordinates the velocity 

components are transferred back to FLIGHTLAB and added to the flow velocities 

computed by FLIGHTLAB for this location (see Figure 4-4). 

4.5 Bo 105 FLIGHTLAB model 

The Messerschmitt BolkowïBohn Bo 105 is a light, twinïengine, multipurpose utility 

helicopter with a four bladed hingeless rotor (Figure 4-5). This feature provides the 

rotorcraft with high response bandwidth manoeuvrability and control power.  This 

might also make the rotorcraft more susceptible to wake encounters. Table 4-2 

presents a summary of the aircraftôs main specifications.  

The helicopter is still operational in many parts of the world and has been used 

extensively in research projects across Europe. As a result, there is ample information 

available on flight performance for the Bo 105 [105] and most partners involved in 

GARTEUR HC/AG-23 or NITROS had access to flight simulation models or are 

familiar with the aircraft. 

The FLIGHTLAB model of the Bo 105 employed at the University of Liverpool is a 

medium fidelity model [106] of the Messerschmitt Bolkow ï Bohn Bo 105 based on 

the following features:  

o Rigid body fuselage model. 

o Blade element theory main rotor model with quasi-steady airloads. 

o Bailey rotor tail model. 

o Aerodynamic models for stabiliser and fin. 

o A simplified engine model. 
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Aerodynamic forces and moments on the model are calculated from the flow 

velocities at 25 Aerodynamic Computation Points or ACPs. Five are located on each 

blade of the rotor, while the other five are located at the aircraft centre of gravity, the 

tail rotorôs hub and at the vertical and horizontal tails. 

In its current implementation, the model features no SCAS system and response 

delays due to the actuators are not considered during the simulation. 

Table 4-2: Main specifications of the MBB Bo 105 helicopter. [105] 

Geometry 
  

Power plant   

   

2 × Allison 250-C20B 

turboshaft engines   

Length 11.86 m 38 ft 11 in Take off power 298 kW 400 shp 

Fuselage 

length 8.56 m 28 ft 1in Max continuous power 287 kW 385 shp 

Fuselage 

width 1.58 m 5 ft 2.2 in    

Height rotor 

hub 3.00 m 9 ft 1.1 in    

Empty mass 1400 kg 3086.5 lb    
Max take off 

mass 2300 kg 5070.6 lb 

Main Rotor  

  
Performance 

  Rotor diameter 9.84 m 32 ft 3.5 in 

Max cruise 

speed 136 kts  Normal rpm 424 rpm  
Never exceed 

speed 145 kts  Hinge offset 14% (aprox)  
Service 

ceiling 17000 ft  Tail Rotor    
max rate of 

climb (60kts) 1600 fpm  Diameter 1.90 m 6 ft 2.8 in 

max rate of 

climb (hover) 400 fpm  Normal RPM 2200 rpm  
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Figure 4-5: Above: DLRs Bo 105 flight test helicopter [105]. Below: Schematics of the Bo 105 helicopter. 

Source: Public Domain, https://commons.wikimedia.org/w/index.php?curid=131824  

4.5.1 Bo 105 simulation model, Flight Handling Qualities 

In preparation for a previous round of testing, an off line simulation study of handlings 

qualities at hover and low speeds was performed for the Bo 105 model [100]. Results 

were measured against ADS -33 criteria and compared to published results from 

handling qualities flight tests performed by the DLR [105].  

Overall, the Bo 105 model presents good handling qualities but has considerable inter-

axis couplings due to the design of the rotor hub. Responses to control inputs satisfy 

Level 1 requirements for bandwidth, quickness and control power in pitch and roll and 

Level 2 in yaw. Small amplitude mid-term response (stability) falls between Level 2 

and 3 in the phugoid mode (divided attention criteria), with a tendency towards 

instability as flight speed increases, and Level 1 and 2 for the Dutch roll mode 

(divided attention criteria), becoming more stable as flight speed increases (Figure 

4-6). Inter-axis couplings present the main handling qualities deficiencies for the 

model and the real-world Bo 105 with yawïcollective and pitch-roll couplings falling 

well within Level 3 (Figure 4-8). The Bo 105 is also particularly susceptible to lateral 

gusts (Figure 4-10). 

https://commons.wikimedia.org/w/index.php?curid=131824%20


74 

 

Published flight test data [105] differs in available yaw bandwidth compared with the 

results predicted by the software model and falls into Levels 2 and 3 according to 

ADS-33 criteria. Otherwise, flight test data results while, slightly less optimistic about 

the predicted rotorcraft handling qualities, seem to be in reasonable agreement with 

the software model (Figure 4-7, Figure 4-9). 

a)  b)  

  

Figure 4-6: Bo 105 FLIGHTLAB model, a) Longitudinal and b) Lateral modes. Ref: Neil Cameron Hover 

and low speeds flight handling qualities. Internal report. 

a)  b)  

  

Figure 4-7: Bo 105 Flight test results: a) longitudinal and b) lateral modes in hover. [105] 
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a)  b)  

  

Figure 4-8: Bo 105 FLIGHTLAB model: control axis cross- couplings in a) Pitchïroll and b) yaw ï 

collective. Ref: Neil Cameron. Bo 105 Helicopter Model Hover and low speeds flight handling qualities. 

Internal report. 

 

a)  b)  

  

Figure 4-9: Bo 105 Flight test results: control axis cross- couplings during hover  in a) Pitchïroll and b) 

yawïcollective. [105] 

 

 

Figure 4-10: Bo 105 FLIGHTLAB model. Yaw responses to lateral Gust and collective input. Ref: Neil 

Cameron. Bo 105 Helicopter Model Hover and low speeds flight handling qualities. Internal report. 

To select between the most critical test scenarios and flight conditions, a trim analysis 

was performed for the rotorcraft model under different flight conditions. These 
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included hover and slow speed forward flight at 20kts and 40kts ground speed 

subjected to winds of up to 30kts impinging on the aircraft from different directions 

between 0deg to 360deg Azimuth.  

a)  b)  

 

 

c)  d)  

 

 

Figure 4-11: Bo ï 105 model: Required control inputs in a) lateral stick, b) longitudinal stick, c) 

collective, d) pedal, for trim at 40kts flight speed, red dots indicate conditions at which trimming 

conditions could not be achieved 

Results for 40kts flight speed are shown in Figure 4-11. Values in the vertical axis 

indicate wind velocity component along the aircraftôs longitudinal axis, positive 

values, corresponds to wind coming from the frontal sector (azimuth of ± 90 deg). 

Horizontal axis represents lateral wind velocity components with positive values 

corresponding to wind coming from the green sector (right side, azimuths of 0 ï 180 

deg). The colour of the field indicates the control trim position as a percentage of total 

available control range (with the neutral position being 0). Under conditions of 

rightwards wind, required pedal input to maintain helicopter heading and flight path 

increases with forward flight speed to the point that when flying at 40kts groundspeed 

the model cannot be trimmed for certain wind velocities and azimuths (Figure 4-11). 
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Results are consistent with those published by the other members of the GARTEUR 

group for the rotor of the Bo 105 under conditions of uniform side wind (See Section 

2.7.2.2). 

4.6 Offline simulations: 

4.6.1 Gust response: 

Further analyses were performed of helicopter attitude upsets following a gust. The 

flight conditions chosen were hover and low-speed forward flight at 20kts and 40kts 

with a 20kts lateral wind with either 90deg (green wind) or -90deg (red wind) azimuth 

(aircraft is trimmed using ground speed, Vgn).  

The helicopter was subjected to step inputs in wind velocity of a similar magnitude 

that might expected for an encounter with a wind turbine airwake. Lateral gusts of 

around 4.5m/s (15ft/s) opposite to the wind direction and vertical upward and 

downward gusts of 1.3m/s (4ft/s) were tested, comparable to the axial velocity deficit 

and rotational velocities the aircraft will encounter while crossing the NREL 5MW 

wind turbine wake (see Section 4.4).  

Results (Figure 4-12) show that maximum attitude upsets and attitude rates might 

result mainly from lateral wind velocity deficits along the wake when the helicopter 

flies under portside wind (azimuth = 90deg red). At hover, yaw and roll upsets are the 

most significant and can reach over 20deg in the first three seconds, well within Level 

3 according to the ADS-33 transient following a failure criteria (see Section 2.5.2). 

Increasing the helicopter flight speed decreases the magnitude of pitch and roll upsets. 

At 20kts, yaw upsets increase, but reduce significantly at 40kts.  

Upsets resulting from vertical gusts (Figure 4-13), while small compared to those from 

a lateral gust, present a very different behaviour. Roll and yaw attitude upsets and 

rates tend to increase with aircraft flight speed. And when flying in a portside wind 

(azimuth of 90 deg) resulting upsets in roll and yaw are of opposite sign in hover than 

in forward flight.  

It is important to realize that the encounter with the airwake will be as a result of 

simultaneous gusts upsets in the lateral, longitudinal and vertical axes and therefore 

the helicopter response might differ considerably from the results presented here. 
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a)  

 
b)  

 
c)  

 

Figure 4-12: Bo 105, 20kts wind speed, azimuth 270deg. 15ft/s gust step with 90deg azimuth. Attitudes 

after upset (at t = 0s) 
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a)  

 
b)  

 
c)  

 

Figure 4-13: Bo 105, 40kts ground speed, 20kts wind speed, azimuth 90deg. 4ft/s gust step from above. 

Attitudes and angular velocities after upset (at t = 0s) 
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4.6.2 Wake crossings 

To identify cases of interest for piloted flight simulation tests, offline simulations of 

wake encounters were conducted. The rotorcraft model was trimmed outside the 

airwake and allowed to fly freely through the precomputed airwake. No corrective 

action was performed, so while the simulation lasts, resulting upsets will build up and 

attitude deviations can reach values larger than those which a pilot would allow to 

happen during online flight simulation. Results are still useful to inform about the 

nature of initial upsets just after the encounter and how these might evolve in case the 

pilot might not be able to correct them, (for example due to the need to focus on 

correcting upsets in more critical axes).  

Results show a multiaxial response with attitude upsets of similar magnitude in all 

axes and a loss of flight altitude and helicopter airspeed. The nature and magnitudes of 

resulting upsets are similar to those obtained in offline simulations of the helicopter 

gust response study (see Section 4.6.1). Two main upsets in yaw and smaller ones in 

roll can be observed when entering and exiting the wake. Afterwards, the aircraftôs 

attitude in roll and yaw tends to oscillate within a limited range until it finally diverges 

after some seconds; at higher airspeeds, the aircraft might already have left the 

airwake behind explaining the attitude changes observed.  The direction of long-term 

roll response seems to change with increasing helicopter flight speed, a phenomenon 

already observed in offline gust response tests. Upsets in the pitch axis tend to start 

with a delay but start growing immediately. Encounters at higher helicopter flight 

speeds tended to result in higher maximum attitude upsets; this was particularly 

noticeably for upsets in the pitch axis (Figure 4-14). On the other hand, a limited 

effect was noticed for encounters at higher wind velocities or for reducing the distance 

to the wind turbine below two diameters (Figure 4-15). 

Changes in forces and moments on the different components of the rotorcraft are 

shown in Figure 4-16. Vertical forces and forces in the direction of flight do not 

change substantially during the encounter. However, there are changes in the lateral 

force components which seem to stem mainly from the tail rotor and the aerodynamic 

forces on the fuselage. The main rotor seems to be the main source of pitch moments 

and, together with the tail rotor, an important contributor of roll moments. Meanwhile, 

yaw moments during the wake crossing originate mainly from changes in tail rotor 

thrust during crossing.  



81 

 

 

 

a)  

 
b)  

 
c)  

 

Figure 4-14: Offline simulation results.  Helicopter attitude upsets when crossing the airwake (at t = 0s) 

without pilot control inputs. 
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a)  

 
b)  

 
c)  

 

Figure 4-15: Offline simulations. Attitude upsets resulting from airwake encounters at different distances 

or under different wind speeds. 
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a)  

 
b)  

 
c)  

 
d)  

 

Figure 4-16: Induced lateral forces (Fy), and roll (Mx), pitch (My) and yaw (Mz) moments when crossing 

the airwake. 

  






















































































































































































































































































































































































































