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Modelling of Airwake Hazards for Helicopter Flight
Simulation

Abstract

This thesis summarises the work performed in the uligittfsimulation 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 ofierss 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 simulatitasts
representing the accidental crossing of a wind turbine wake by a helicopter are
presented. Encounters are of a 6émildé sev
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 aircraftés handling qualities, espec

couplings.

The second part of the thesis details the development and implementatioewf a n
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 retime piloted flight simulation. The induced turbulence
automatically cross correlates disturbances across all aircraft elements and can be
adjusted bychanging 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 compational costs. Nevertheless, the SEM turbulence generator can
produce real time disturbances within the 0.1Hz frequency range which has the
most impact on pilot workload. Offline and piloted simulation was used to evaluate the
model and compare againa 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.
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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 fixesing aircraft, this results in
significantly higher accident ratgg], [2]. Increased demand for the services provided
by rotorcraft as well as the possibilities of new applicatiofsr example:on i
demand point to point transportation), requires important improvements in safety if an

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

Themain aim ofthe Network for Innovate Training on ROtorcraft SafetiN(TROS)

[3], a Marie Sklowdoska CuriAction Joint European Doctorafgogramme, wasto

train future engineering researchers to understand the complex phenomena
characterizing rotorcraft and take measures to improve rotorcraft saigtgesign
standards. To this end, twelve double doctorate projeete undertakerat four
leading European universities in the field of aerospace engineering (Politecnico Di
Milano, Technical University of Delft, University of Glasgow amthiversity of
Liverpool). These projects are interrelated and perormultidisciplinary research

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

1 Rotorcraft modelling and vehicle design
1 Rotorcraft pilot training and humamachineinterface

i Environment 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 modelgor 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 airporpawdty [4]. There has been
significant research and regtdey effort in the fixedwing aircraft community to

enhance safety and improve operatigfs[5], [6].



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 missiof, [8] and combined fixed wing aircraftrotorcraft
operations[9]. An increasingly important area of ratern 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 160GW10] (seeFigure 1-1), wind turbine installations have grown in size
and number, and occasionally are being installed near airfields and hejiddrts
Helicopters are employed in the maintenance andliguist@ 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 re@gi examinationDespite this, the CAA does not
provide any clear regulations on flight near wind farms in their policy and guidelines
on wind turbines documeiit3], while the Netherlands Aerospace Research Centrum
(NLR) proposeshelicopters keep a separation to wind turbine$ afiametes [14].

Wind turbines, especiallgffshore installations are becoming increasingly biggee
Figure 1-2) and such a separation critamimight require the deactivation of large
proportions of wind farms during maintenance operatiéso, the impact of such
large wakes might not be possible to extrapolate from what is known from smaller
installations. Communications with NITROS a r t,rae weall s 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.
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Figure 1-1: Installed wird energy generation capacity in Europe 20@917.[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 scal®ource: Mtional Renewable Energiaboratory (NRELhewsletter:
https://www.nrel.gov/wind/newslett&02004.html

This thesis seeks to better understand rotorcraft and pilot behaviour during such
operations toeduce the impact of a turbulent encounter event on s#fietyake and

turbulence models, flight dynamic analysis and piloted flight simulatsts were
employed to research pilotr ot or cr aft dynamics and pil ot
encounterandflight within turbulencewith 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

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

This thesis is structured as followShapter2 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
andwind turbine airwake modelling techniqu&hapter3 describes the objectives of

the project.Chapter4 describesimulator trials of wind turbine wake encountarsd
discusses the results. Following thi€hapter 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 fligiapteré 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 describecCapter8 comparing the
impact on handling of SEM induced turbulence with the disturbances fristana
turbulence modelFinally, the thesis conclusions and suggestions for future work are

presented ilChaptero.


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

Throughout this thesis the term turbulence modelling is,lsetie context of flight
simulation as the reproduction of atmospheric flow velocity variations representative
of those producelly atmospheric turbulencthoseresultingfrom aircraft downwash

disturbancesr those generated from flow structures shed by wind turbines



2 Literature Review

2.1 Introduction

This chaptermprovides an overview of the literature relevant to this rese@bile 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 alsas
considered ottr types ofatmospheric turbulence amndake encounters to identify
possible areas of reatross.

The second part of the thesis focused to the development of a simple modelling tool to
represent wake and atmospheric turbulence foriruigght simulationtrials of such
encounters. A review of the available literature of wake and turbulence modelling was

also performed, focussing on applications for flight simulation.

The literaturereview is structured in several parBection2.2 introduces the current
regulatory and certification framework covering rotorcraft and fixed wing operations
when encounteringirwakes andunde turbulence.Section 2.3 focuses on wind
turbine airwake aerodynamics and modelling &adtion 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
rotorcraftencounters withwakesfrom fixed wing aircraft(Section2.5), use of flight
simulation to support ship helicopter operationgSection 2.6) and rotorcraft and

fixed wing encounters with wind turbine wakeSe¢tion 2.7). The findings of the

literature review are summarised and discuss&tation2.8.
2.2 Current regulatory framework

2.2.1 Airplane encounters with airplane wakes:

The economic and societal importance of civilian air tranagiort 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 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



vortices between lead and following aircraft during taie and landing phases of
flight.

A flight test campaign conducted by Airbus to assess the airwake risks posed by the
A380 to Pllowing aircraft on approach and landg# 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 Deparre document (RECAT EU) [4]. The newcategorizatior(see

Figure 2-1) retairs the existing light and superheavy categories, as F and A
respectively, and diviesthe current medium heavy categories into 4DEC 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 upsetsdraifcraft roll axis.
The Roll Moment Coefficient (RMC]L5] has been the main parameter emptbyo
define the new RECAEU separation criteria and has been positively correlated with
pilot ratings of encounter severity during simulation experimigiiis

Medium

60 70 80

Light

Figure2-1: New RECATEU ai r pl ane c at eantegoly is dividedin®AdegmiesBe a vy
and Candthe mediumcategoy isdivided into categories D and [EE7].

The RMCis derived from the roll control ratio defined as the ratio between the wake
induced roll moment Mivorey ON the aircraft anda simplified assmption of the

maximum moment the follower aircraft can counteract:
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wherelp is the initial vortex strength shed by the leading aircké&ftits total weight,
U, its flight speed an& andb its wing area and wingspan respectively. The resulting

RMC estimation employed in the elaboration of the REGEAT separation criteria is:
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with @i being the vortex strength at distance 0w W a from the

followingai r cr af t 6 sAR being the fal@vertaircefts aspect ratio, and
andbr the wingspan of the leadirand follower aircraft respectivelyw= 0.035 is a
coefficient dependent on the vortex core radius and the wingspan of the generating
aircratft.

Other parameters have been suggested which take into account flight conditions
during an aircraft wake encownt Using data and pilot feedback from a flight
simulation campaign conducted by Airbus, Luckner e{l8] proposed a series of

metrics derived from encounter induced glideslope deviations and roll control ratio:
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with ¥'O"Yand 1 2 Y'O"Ybeing the current induced glideslope deviations and its
expected value in 4 seconds amgl is a function thatdecreases as the aircraft
approaches the grounand deviations from the glideslope increase as the pilot
manoeuvres for final mproach.’Y éY areroll control ratio values scaled by the
inverse of aircraft flight height), reflecting the increase severity of encounters near
the ground.Using data obtained from the simulation tests, these metrics produce a

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

2.2.2 Rotorcraft certification and performance requirements: EASA CS T 27,
CSi 29 and ADSi 33E-PRF

The regulatory framework and performance requirements for helicopters operating in
turbulent environmentssiless 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 Spedications for small (C$ 27,[19]) and large (C$ 29,[20])
rotorcraft only establish the need to ensure controllability and structural resistance
under expect edRorarafttmust lmercahirotlable at sritical fiweigh
centreof 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 wup to 9.1 m/s. o

The US Army Aeronautical Design Standard Performance Specificatlandling
Qualities Requirements for Military RotorcrafADS i 33EPRF (ADS33) [21]
provides a more comprehensive set of handling qualities metrics and standardised
mission task elements with defined performance targets forat@issment.aw rate

limits are defined in response to step ldtguast 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 surfaced.evel 1 requires rern to less than 10% of peak deviations in roll
and pitch within 10s (20s for pitch under good visual conditions) after a pulse
disturbanceWhen evaluating control systems against periodic, high frequency, low
amplitude disturbances, aircraft responsediadth is evaluated using the same

boundariedor temporal phasdelay,t , and control bandwidth, , asdefined for

response to pilot control inpytahich are shown ifigure2-2.
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Figure 2-2: ADS-33 defined boundaries for delay and bandwidth boundaries for aircraft response to
control inputs or disturbancg1]

Bandwidth values are the lower of either gain lveidth, ] , or phase
bandwidth1 , and are obtained as defined Rigure 2-3 and fhase delay is

obtained from the formula;

o4
o 2-5
VL 8 o
weresf3 is theangularphase delay at the doublejof which is the frequency

at which phase delay is 180 deg.

OBW = “BWphaee

10
N‘Vgain

|L I
P GM=6dB

(X=6,0,y)
(Xj=Fgordg) T\

-20

90

D (deg) N l
Dy = 450

-180 ‘ ‘t

270

Frequency (rad/sec)
(log scale)

Figure 2-3: Definition of phase delay and gain bandwidth éealuation ofADS 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 simulaf@2isthere
seems to be little supportingia 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 (s&ection2.3.3) suggests that these requirements
might not be adequate. This criteria is intended to be replaced by a disturbance

response bandwidth criteria in the fut{@4].
2.2.3 Rotorcraft Operations

In contrast to the separation rules to prevent fiw@ey aircraft from encountering
airwakes during takeff or landing approacheso similarrules exist for rotorcraft
operations. However, there are ongoing research efforts to examine the hazards posed
by turbulent flows in aircraft operations in/around ciaitfields, 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 presente8idation2.5 of this literature review.

2.2.3.1 RECAT 1 EU and helicopters:

Garcia and BarakoR5], proposed a methodology to include helicopters within the

new European wake categorization and separation criteria (RETAT For

helicopters in forward flight, the rotor far wake, defined as further away than 3 rotor
diameters, can be approximated tocatex pair similar to that produced by a fixed

wing aircraft which is dependent on the
applying a decay model obtained from experimental measurefi@&jtaa mnimum

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 rolsee Section2.5). To determine a safe separation criterion for

following helicopters, Garcia proposed an estimation of pitch upsets:

o P h
P < Eiz< 2-6

H
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with Worex being the vortex induced flow velocity, t he hel i copter 6s

‘ ‘ ‘ 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 RECATEU 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 significanibating factor of

pilot workload[27]. Each newcombination 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 conductédeeFigure2-4). These limits are usually determined through

flight test campaigns.

Aircraft Type- Ship Type
Day Forward Facing (Port Approach)
Wind Helicopter CAUM
Speed 13500 kg
(ka) Relative Wind
20 o 1w 20 Direction (deg)
RED " @ GREEN
WINDS 4, so WINDS

73
X5

X
XA
‘\{‘ *
e

AN
AN
[T\
[T

|

il

Max Pitch | Max Roll

Figure 2-4: Example SHOL showing wiralerdeck envelope for a UK peside landing manoeuvrs]

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

weather conditions which make it jpossible to adequately cover all possible

Lo
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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 woltiad issues related to, in part, the turbulence on and
around the8thiplber deockk i s required to c¢h
ard its impact on aircraft handling. There are some promising new developments in
predicting safety limitd28], but these may still rely on computationally expensive
turbulent airwake calculation methods (sBection2.4.]) and there is scope for

examining simplified, but representative, airwake models.
2.2.3.3 Turbulence Criteria for Helicopter Offshore Operations

For civilian offshore oshipboard 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 ared29]. These limits were defined after a series of piloted and
offline flight simulation studiesising time accurate data recordings fraind tunnel
measurementg’]. Pilots were tasked to perform a landing appltoand 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 antbgether with resultfrom piloted
simulations, were used to find a relation betwegeadicted 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 @erations Monitoring Programme (HOMPB0]. A proposed limit on

maximum standard deviation in vertical flow velocities ,0bh o0& uv- over

offshore landing areas, corresponding to a predicted ratibgpolvas 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 frequencand usually correlated to greater workload

requirements, in order to predict handling quality ratii3g3.
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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
operationabuidance isstill a work in progress The CAA document CAP
and Guidel i nes [D3h deatrimes possible risks fioe ar draffic. For
example, wind turbines can present obstaclespsodide 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 frggedrsassure 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 badedabiconditions and requirements.

CAP 764refers to research conducted at the University of Liverfiddl(seeSedion

2.7.1.2 in regards of general aviation encounters with wind turbine walkes

confirms the need for further research in the hazards presented by wind tuskese w

fAlthough research on wind turbine wakes has been carried out, the effects of these
wakes on aircraft are not yet knooon and whi | e t hBandatorhave be
Occurrence Reports (MOR) or aircraft accident reports related to wind turbines in the

UKOt her e h aameedotdd eegorts ofiaircraft encounters with wind turbine

wakes representing a wide variety of views as to the significancetafiiudenc® .

The UK Maritime Coastguard Agency (MCA), also defines requirements to reduce the
risk of hdicopter search and rescue (HSA®)erations near or withiwind farms

[33]. These includearranging wind turbines in straigiarallel linesto provide,and

allow for safeaccess taflight laneswithin wind farmsand the installation aidequate
visual cues to prevent collisisrwith wind turbines If navigation through the wind
farm is solely reliant on instrumentmy aircraft shallnot access areas where there is

less tharb00m separation between different turbines.

Winching operatias, whethercommercial or for SAR purposeshould be performed
with the aircraft oriented towards the incoming wirathd the turbine should be
oriented accordinglyTurbine rotation should be locked and the blades set to a
position where they can be usby the pilot as a visual referencEhe MCA also
considerghat a malfunction in the wind turbine might prevent it frehutting down

to allow safe aircraft operationfs aresult, SAR might require operating within the

turbine wake in unfavourable windiditions and with limited visual cueing No
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substantiated safety guidance has been provielparding operatiain the proximity

of wind turbines or how tassessheir impact during SAR operations.
2.3 Wind turbine airwake aerodynamics

The previoussection 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 fidelityequirements 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 directionAs 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 whincé axial velocity deficit

can still be measure@he maximun valueof the velocity deficittan be over 70% of
freestream wind velocity and declines exponentially after the first 2 dianfEtguse

2-5). It canstill 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].

lﬂo L] T ] L} lJ i 1

O Observations
w653 [Near Wake Model|
m— 150x"""? [Far Wake Model|
= 98x"% [Barthelmic et al., 2002]
56x"7 [Other field experiments] |
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Velocity Deficit (%)
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Figure 2-5: Average wind turbine wake velocity defimiter 252 measuremergamples, as a function of
normalized downwind distance (in Rotor Diameter [RD]) from the wind turbine. The error bars indicate
onestandard deviation of all the samplé4easurementperformed by Krishnamurth34]

Due to the changes in their structure as they extend downstream from the rotor, it is
usual to identy two or three separate regions in Weke (Figure2-6). The near wake

extends immediately behind the blade rotor and can extend up to 2 or 4 diameters



15

downstream. Irthis 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 vortexdsieh surround the wake and resulting in a

strong velocity gradient in its vicinity.

Figure 2-6: Instantaneousurfacef the velocity magnitude of 8.5swolouredby density
demonstratinghe evolution and breakdown of the wingbinewake.CFD simulationof the NREL
WindPACTF1.5MW wind turbingperformed by Kirby36]

The region between 2 diameters and 6 diameters downstream is sometimes known as
the mid i1 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 structyg3g.

The far wake is considered to the region extending beyond 6 diameters downstream
of the wind turbine[38]. In this reion vortex structures become unstable and
progressively break down into smaller scale structures, dissipating energy
progressively until the flow is dominated by small scale turbuletrcdree shear
flows, the rate of energy transfer from largestoaller eddies , was quantified by
Kolmogorov [39] and is only dependent on flow velogity, and a characteristic
length L:

2-7

0
-
Flow mixing continues until the smallest possible scalkich depends on the

kinematic viscosity,h, and the value of the energy transfer anckriswn as the
Kolmogorovscale;—, whichdissipatsfully before breaking down

N h-_ 2-8
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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 undemshaod
appearso be dependent on a multitude of factors. Higher wind speeds resultén larg
separation between successive tip vortices, delaying their interaction and merging
[37]. Atmospheric turbulence seems to be the dominant factdiSorensen et al.
propose a logarithmic relationship between turbulence intensity and start of wake
breakdown38]. Irregular terrain also influences surrounding turbulence, and offshore
wind turbines tend to present more stablé mger wakes for this reas{3¥].

2.3.2 Airwake Modelling

Flow behaviours, including the wake behind wind turbjree® described by the
Navieri Stokes (NS) equation®-9). For the simulation of wind turbine wakes and

wind farms, the assumption of incompressible flow is reasonable.

1290
z ¢ 2-9
0zy 29 ZJ—h,JO

z <

Direct solution of Navier Stokes equations, known as Dikeanerical 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 wito d ay 6 s
computational meari88]. A variety of methodologies are therefore appbedording

to the region and the phenomena of the airwake of inteRestior 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. Potentfldw models can model the largeale vortex
structures of the near and mid wake. NavieBtokes solvers can provide greater
accuracy and are necessary for modelling of the far wake turbulence. Adequate
modellingof vortex breakdown and the transition from the near wake to the far wake

still remains an issugO].
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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

implementatios 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 circulartesor
sheets is shed at regular intervals. They cannot be applied for accurate near wake
modelling. They however provide reasonable results for far wake simulptins

Actuator line models distribute force or vorticity components along rotating lines
located at the aerodynamic centre of the blade. Actuatorodels provide greater
accuracy than actuator disk models for simulating near and middle wake
characteristics, such as tip and root vortex, for a higher computationf8&lost

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 reghiogvever
tabulated data of the skin friction and pressure distribution of the employed airfolil
[41].

2.3.2.2 Potential formulations

In potential and vorticity based formulations the airwake is described as spiral sheets
or lines ofvorticesshed by the apigld rotor model and induced flow velocities are
computed applying BieBavart law{42]. These methods are used extensively by the
rotorcraft community for flight dynamics modelling and flight simulatid3] and

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

tend to fallin two main categorieprescribed and free wake models.

In prescribed wake models, the geometry of the wake has been predefined from
experimental data, they require few computational resources endde good
agreement with experimental results as shown by Wang [@d&l.While prescribd
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 elemé¢a@, [43]. Among others, some
strategies employed to reduce the costs are reducing the number of \emextes

used to represent the wake and grouping or neglecting the efféant fodld vortex

segment$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
ace. Vortex instability and merging can be imposed by adding small initial
imperfections in the vortex structu#b].

2.3.2.3 Turbulence modelling

Large Reynolds number flows means a reduction in the Kolmogorov scale of the
smallest turbulent structur€gq. 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 siZd® two main methodologies
employed forsimulation of turbulence while maintaining a reasonable grid size are
Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simulations (KES)

[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:

O e O e 2-10
0 eh«

When substituting into the Navier Stokes equations, the tértn is unclosed. lis

known as the Reynolds stress tensor and can be interpreted as the effect of diffusive
turbulent forces. Itisconsi dered wusing algebraic mo d e
energy decay modelQ | moolel46k or kased on exparimental r 6 s

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 id.v@érrion et al[37] have
shown the apability of RANS methods for full airwake simulations, including
predicting the occurrence of vortex breakdoWowever, accurate modelling requires
fine mesh structures with cell size smaller than the vortex core, otherwise artificial
breakdown of the wa 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 ofi@ans

convolution integral.

O eh« O Kheazq o Kn Hg 2-11

With the convolution kernej, e Kfe- dependent on the filter width. Application

of the filtering to the Navier Stokes equations leads to the appearance of the term
o ¢ 00 representing the effect of sub grid scale stresses and are solved using
viscosity models, which relate stresses with the resolved strain and amatedti

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 appboa butare 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 modeto represent the impact of turbulence on average flow
velocities. In the case of LES and DNS simulatidos a realistic simulationof flow
behaviour at the point of interest, the simulation domain upstream needs to be large
enough to allow for the bodary 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 develdd7]i[49] if the required turbulere properties

are to be reproduced with &ésufficiento

f
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implement and have low computational and storage requirements and should not
induce spurious or artificial periodicity in the resulting turbulence. Suckeis

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 Precusor simulations

Precursor simulations are performed independently of the main simulation. Using a
control volume which includes ground boundary conditions and ground obstacles or
initial disturbancesindcan be added to start the generation of turbuléftoe 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 simulatican 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 grddeced 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 hypothesi$his requires preparation andrstge of the precursor
simulation but the stored turbulence can be applied to multiple simulations with

similar geometry and scaled to the required amplitude cond[&&js

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 reses to perform the additional
simulation[41]. In the cas of simpler geometries, such as atmospheric flow over flat
terrain, faster turbulence models, suclir@Mann atmospheric turbulence mog#l ]

(seeSection7.2) can be used to generate inflow plajiey.
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 ofoaed 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 sitioul 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 twb guatial 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 plogdi space and spectral methods wigelmerate
random disturbances in the frequency space.

2.3.2.4.3 Algebraianethods

Algebraic methods work in the physical space, disturbances are generated using
random number generation. A series of random numbexgith norma distribution

and variance  p, will result in disturbances with zero cresarrelation as well as
two-point and twetime correlation and with equal distribution of energy across all

turbulence scales.

In order to produce disturbances with the intended drassrelation from a series of
random numbers;, with normal distribution and variange p, scaling using the

Choleskydecomposition of théarget Reynolds stress tensorY' Q @ 0 O) is
applied[50]:

2-12

whereod is theCholeskydecomposition of thearget Reynolds stress tenspiy 'Q
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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 coefficiertig,can be used to dea
the resulting turbulend®3]:

2-14

_H...H.. - 2-15

A recent Algebraic turbulence generator is the Synthetic Eddy Model (SEM) which

was developed by Jarr[b4] and has been widely applied in the generation of inflow
conditions for LESsimulations. 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 generte r andom turbulence oscillations

shape functiofQe and a randomly assigned sign

o B E=E” o of 2-16

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 inSection5.2
2.3.2.4.4 Spectral basethethods

Spectral turbulence models generate disturbance in the frequency or wavelength
domain and then apply inverse fast Foutiansformations (FFT) to transform them to
the physical domain. The signal is synthetized from a prescribed energy spectrum,

'0 s, and a phase dependent on tifaeFor a flow evolving in the-direction:

2-17
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To reduce signal periodicity, phasé& 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. Turbulelotities can be rescaled to
match intended values oi¥Q . 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.

Spedral methods are usually applied to reduce the flow length and computation time
of precursor simulationg\dditionally, they can be used in combination with algebraic
methods using Fourier generators 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 inappropriatefor 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
0r el e v a nce depending bnuHe @bjectives 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 fielthe relevant

|l ocations of the aircraftos model |, k nown
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 particulairommental
turbulence and corresponding aircraft responses. The method was first proposed by
Bunnel[57] and has been widely employed in the simulation of the Helic&bigr

Dynamic Interface (HSDI]58] [8]. However, the computational costs and storage
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requirements limits the duration of an airwake (to about ~30sghwhie 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 spefg®] while the frequency at which the airwake

is reproduced has to be adjusted to prestrgesame value of the Strouhal number
[58]:

ozd
ST
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where is the frequency at which the airwake is replayeslthe size of the obstacle
generating the turbulence andl js the magnitude of ambient wind. This also allows

to scale the airwake with the size of the wake generating dbf#ct

Real-time SH-60B flight model

Structured airwake data Look-up tables

Figure 2-7: Generation of timeccurate airwakes and iagjration with flight dynamics modgd1]

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
Whitehowse at al.[62]. Crozon et al[63] demonstrated the technical feasibility of
nonreaktime fully coupled CFDi flight mechanics simulations. The process is,
however, too computationally expensive for #dale simulation with current
computational capabilitie$Vatson et al. [63], demonstrated how a large CFD dataset

can be integrated into a rea@the piloted simulatio environment (Figure-2Z). The
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CFD data are interpolated onto a structured grid and velocity perturbations from the

freestream values are applied to the airci
2.4.2 Stochastic gust modelling

Stochastic gust models are based on the random ¢gjeneshturbulent flow velocities

on the relevant locations of the simulated aircraft model. Most models are usually built
around implementationofon Kar man {4 of o Dmy H a [65.8Bottmo d e |
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 lorgythe ratio of wind to flight speed stays

above 1/366]. For helicopters in har or low speed flight, the assumption is made

that the turbulence field drifts towards the aircraft with ambient wind velf&ity

The spectral density for homogeneous, isotropic turbulence is giviespy

¢
T T2 ot cw, 219

with m} being the spatial frequency component along axig m m m and

‘O m the energy spectra, which is given vy n K a r higla altifude turbulence

formulaas:

_ZGJ=|=J‘v 2-20
44, -

Ty

with ,, being the turbulence velocifgMS valug 0 the characteristitength scale of
turbulence @is a constant whose value for high altitude turbulence is determined as

O P 0.w

The crosscorrelation functions are given by the inverse Fourier transform of the

spectra.

1K T ot e N B 2-21

where,! , » , p , Bisthe separation vector between two points.
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von Karmanés formula offers a good approx
fails to consider effects near the ground. HgBB] suggested a correction in which

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

={<>0W 7 O:IOOW 7 &IQQW J &IQ(}W E ﬂ.<>=|<.><>W 2-22
The parametefs ,T ¢ must ful fil the condition:
T 2-23

and the functions for spectra and cross correlation must comply with the normalization

conditions:

— oWy 4
a
2-24
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Equations P-22] to [2-24] allow to obtain a solution faidand the parametefrs that
fit the resulting spectrao results obtained from measurements or CFD simulations
This approachwas 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

implementationofon Kar manés turbul ence:

ey 2.25

oo W Com =

Whil e Drydendés turbulence model i sldconsi d
atmospheric turbulendé6], it is applied for aircraft design and for handligualities

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

spectral densities for a given characteristic turbulence length,and spatia

frequencyq:
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. g4 4.0
¢ Z 3.6,
When generating turbulence directly on ttworcrafb s component s, t he

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

temporal cross correlation functions. Gaonkar etf&l] define a distance metric,

: »0 Yo »0 ,between all combinations of two blade elemérisd] at

time stepg andt  + Thiptmetric is applied to compute a vertical turbulence cross
correlation matrix’Y , , of size0 0 ® 0, WhereN is the total number of rotor

blades and) is the number of elements on each bjade

4.0 K= } Kz 1 K= K e L K 097

where K; and Kz are the modifid Bessel functions of order 1/3 and 2/3

respectively, and is the Gamma function.

Their results show that considering the cross correlation between all rotor blades, and
therefore all the nodiagonal elements on the crassrelation matrix, is necessary

for an accurate prediction of turbulence effectggre 2-8). However, the
consideration of multiple blade segments has a limited effect compared to the
application of tirbulence at a point located at 75% of the blade radiug-{gaee2-9).
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Figure 2-8: Blade flappingdisplacement 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 blaé 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 §f2]. The rotor disk surface is divided in stations glon

the direction of the incoming flow velocity projectiom, 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 Drydenés tur buadeealement mod e |
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. Theréfaresize of stations
increases with the aerodynamic velocity. Also, the minimum velocity for which this

method is applicable is set by the ratio:

1 _
b T 2-28

v <F «

whereRis the rotor radiud\staionsiS the number of turbulence storage stations¥nd
is the simulation time stefpJnder 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)vonset points and turbulence stations
across the rotor plane

Pilot comments after flight simulation testing indicated that the turbulence model
geneated 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 implementabn 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 descrif#3],in

(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,
orientedand divided into stationalong the direction of aerodynamic velocifjhe

inflow stationis populated by a grid ofon 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 eacktém&he main

limitation shard by both SORBET and Ji és approacl
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. Jv 3]

2.4.3 Equivalent control inputs

An alternative experimental methatkscribed by Lusardi et g56] is the use of
system identification techniques to develop an empirical turbulence model from flight
test measurement3he resulting disturbances are applied to the aircraft as control
equivalent turbulence inputs (CHTFigure 212).

A series of flight tests were performed in which an instrumebtde50A helicopter
performed a hover task behind a hangar. The task was performefd with {+h %fto
deviationsin x-y horizontal positioh andfi r e | (- elsftdodeviatons) 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 atiide rates in the presence of a disturbance. By feedtuyded
aircraft attitudes and rat@sto an inverse aircraft model, the resulting output provides
an estimate of required control inputs to achjemethe absence of disturbandbs
sameaircraft responseas recordedunder 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 baasipfiltered to preserve only the content
within the 0.2 to 15 rad/s frequency range which has the largest effect on pilot
wor kl oad. Recorded equival ent i nputs for

coherence with real world recorded pilot inpu®. 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.

Pilot 6|ﬂt 6lat-G
Measured AC| _|dlon + Slon-G
mixer inputs Sdir Bdir-G

dcol T Scol-G
Extracted
PAC| [stabilized| |%lat gust
Measured AC | 9ac | | inverse | | Slon muxer
rates rAC UH-60 ddir inputs
Pilot + Gusts | ""AC model Scol

Expected

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 ob&mrequivalent control inputs. 1© i is

the equivalent transfer function that produces the turbulent Karman velocity
spectra for vertical gust from a white noise inpwt, p:
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Then ly multiplying by a scale factor, the gust to control transfer function can be

obtained for lateral, longitudinal and collective inputs:
-"ﬁl v EI z —n(: v 2'30

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

order transfer function was required:

a Tetv P Tt

2-31
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By matching the output ofO 7 to theobtained equivalent control spectra, the

value of0 ,  for each control axis can be obtained.

Piloted flight simulation testg4] in which pilots performed the same task as during
the flight tests were performed with the extracted turbulence model and the SORBET
model (seeSection2.4.9. 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 taomgliof 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 resultedha collective control being the
main contributor to pilot workload in contrast with the longitudinal input for flight
tests.

SehefWeiss 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 isapplied. 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 ischievedby adding the equivalent control inputs to the
recorded ot inputs, which requires estimating the corresponding gain function that
links rate error to equivalent control inpuiSigure 213). The obtained equivalent
control input spectra is used to obtain a gust to noise transfer function as given by
equationg2-29] to [2-31].
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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 ahinteraction with the environment that are not usually captured
by flight simulation modelsHowever, thesenodels are valid only for very specific
combinations of aircraft, environmental conditions and task and therefore not

applicable for simulation inther conditions.

Hess [76] proposed a simple scaling methodology for equivalent control inputs
between different helicopter sizes and flight speelis®e method relies on the
assumption that turbulent length scales are large enough, when compared to the rotor
diameter that gust a@ss the rotor diskanbe approximated as a linear distribution.

To ensure thishigh 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 scalingmethodhas 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 CETIdisturbances based on precomputed airwake data to account for

aircraft location. The process is shownHRigure 2-14. The RMS of tubulent flow

velocities in all three axis, h, h, ,at t he aircraftos | ocat.i

o
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airwake and used as inputs for the transfer functions for each of the different control
inputs:O , ,0 s », O , and 'O

CFD Airwake
(Unstructured) Airwake lookup tables
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Figure 2-14: Enhanced spatial CETI model proposed by Meni28]
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2.5 Case studies of rotorcraft and fixed-wing aircraft wake

encounters

When compared withesearch related twake encounters between fixed wing aircraft,
there has beelessresearch on the effect diked wing wakes on rotorcraft safe
Resultsfrom a flight test campaign conducted by NASA in 1977] (seeSection
2.5.7) representhe mostsignificant study inthis literature searcHn addition ®me
flight dynamicsanaly®s were also conducted in the 198(088], [79] (see Section
2.5.2 but their relevance to the current research is limitée possibility of increased
frequency insimultaneou®perations of helicopters and fixedng aircraft at civilian
airports has led to a number of studies which have made use ofsilighiation to
investigate the effect of wake encounters between fixed aircraft and rotorcraft
(Section 2.5.2 and a fluid dynamics study of aircraft andamtvake interactions
(Section2.5.3. 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 (Sectior.5.4.

2.5.1 NASA Langley Research Center flight test campaign 1977

NASA Langley Research Center conductedflight test campaigrio study the
response of a rotorcraft during an encounter wiikex-wing aircraftwake[77]. This
is the only flight test campaign results regardingsthtype of encounters that has

been found during thigerature review
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The campaign was conducted with an instrumentedlHHhelicopterand a G54
aircraft to gererate the wake. During each flight th@craft flew at an indicated
airspeed of 115kts and the helicopter at 60Kt initial distance between aircraft and
helicopter was reduced for each successive flight, covering a range of encounters with
separation between 0.42nd6.62 nauticalmiles. When the desired distance between
rotorcraft and airplane was reached, the helicopter crossed the airwake obliquely from
below left(Figure2-15). 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. Hglieon parameters, including attitude, engine
output and main rotor angles, pilot control inputs and main and tail rotor blade
bending were recordetiowever, no pot feedbackon the severity of the encounters

or workloadratings are reported.

VERTICAL VELGCITY

Figure 2-15: Schematic of vortex wake intercept by a helicogt@at]

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 rateswas foundto be linearly related to the size of the corresponding
corrective control inputs, while no such correlation was found for yates
suggesting thagaw deviations were the main upsktam the encounterverall,the
attitude response of the helicopter was lower than those observed for general aviation
aircraftof the same weiglgncountering a similar wake. Finally, increases imn$oan

the main rotor were within the e | i ¢ operateraléeavelope, armbnsidered to

not presehany structural risk.
2.5.2 Flight simulation and analytical studies of rotorcraft wake encounters

A series of offline simulations were performed in 1986 and/ 188 Saito et al[78],
[79] studying the dynamic response of articulated and hingelesstelrs, as well as

light fixed-wing aircraft, to the wake vortex induced by a Boeingd sized aircraft.
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A potentialflow formulation was applied to relate vortex strength to the size of the
generating aircraft and to define the induced flow velofigid. 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 erped by fixeeving

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 coeffamentownward

vertical acceleration were also obtained.

Piloted and offline flight simulation tests were conducted in the 2000s at the
University of Liverpool by Padfield et 9], [80]i [82] with the aim of assessing the
severity of rotorcraft encounters with fixedng wakes to explore criteria that could
be utilised to quantify the effeon safety of these encounters.

Predictons of vortex strength and induced velocity provided by Burnham and
Hal l ockds di s p235swere fiavounably edmpared against LIDAR
measurements performed at London Heathrow aiff0ft

2-35

with r¢ being the radius of the vortex cokg, being the vortex induced tangential flow
velocity at a distancefrom its axisandV; the vortex induced flow velocity at= r,
| is the air densitylJ; the indicated air speed of the vortex shedding aircrafiSazald

b its wing area and wingspan respectively

Crosswindscan lead to displacemepéerpendicular tahe runway ofvortices near the
ground[5] [83] and can result in more severe encountdranhelicopter heading and

vortex axis are parallel to each otf@};, [78], [79].

Offline simulations [80] were cowmlucted for a lateral encounter with a vortex
representative of the wake of a Boeing/87 @i a 600 nt/s). The helicopter response
following a wake encounter showed a significant initial upset in pitch, which is larger
when the relative velocity between ieepter 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; int@xis couplingled 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 directibthe initial vertical accelerations, the
helicopter tended to leave the encounter with a downwards vertical velocity, resulting

in a net loss of altitude.

I ncreases in vertical di stance between
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 hingeleders orstiffer 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 fromoenters with wind turbine
wake vortices awill be described irBection2.7.2.1 but are significantly larger due to

the much higher strength of aircraft shed vortexes when compared to wind turbine
vortices( i & %69 Oa gnai ns for aBBMVE wirtd Qurbime).

Resulting upsets were compared against AB3Sandling qualities reipements for
control powey which is the maximum attitude rate achievable with full stick input,
guickness Figure 2-16), which gives a measure of how fast an airczaft change its
attitude, and maximurrallowedattitudeupset and loads transient after failuFég(ire
2-17). This provides an idea of whethtre rotorcraftsatisfying the requirements for
leveli 1 or leveli 2 handling qualitiesnight 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 manoeuvringyides the helicopter with sufficient margin to
compensate the vortex induced upsets, this will not be the case when only general
mission tasks criteria are consider@] (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 incredéseencounter

velocity while encounters without SCAS resulted in significantly worse upsets.

2.5 2.5
2.0 2.0
Peak angular rate Level 1 Peak angular rate
Peak attitude change 1.5 1 Peak attitude change 1.5
Ipk_ 10 9pk ‘o
AB : J J e AB - Level 1
pk Level 2 pk
1/sec
(1/sec) 5 || (1/sec) 5 P L
Level 3 Level 2 ”
!
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Minimum attitude change, A6,..;, (deg) Minimum attitude change, A, (deg)

a) Target Acquisition and Tracking (pitch) c) All Other MTEs (pitch)

Figure 2-16: ADS- 33 moderate amplitude (quickness) limits for pitch confgdl]
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Both Hover and Low
Speed and Forward
Flight Up-and-Away
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Stay within OFE. No
recovery action for 3.0
sec

Figure 2-17: ADS33 Transient limits after flight control failurg21]

Flight simulation tests of wake encounters were conducted where pilots were required
to flight an Instrumented Landing (ILS) approach Mission Task Element (NHE)
which might lead to an airwake encounter. A pilot rating scale for Wake Vortex
Encounter (WVE) severity, (Figure 2-19)

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

was devel oped. Based
and urgency necessary for recovery, pilots provided a ratinghgafrgm 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 indalidwis value Eigure 2-20). By
assigning a flight handling qualities value to the upset value based oni AZ3S
transient after failure upset limits éséigure 2-17), pilot awarded ratings were

assigned an AD83 handling qualities level.
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Figure 2-18: Pitch upset quickness against ARS criteria[81]
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Figure 2-19: Wake Vortex Encounter severity sc4ig

Pilot ratings and the tendency to perform aagound were related to absolute
deviation from intended flight patlespecially in heighf80], [82]; this has also been
observed when studying fixed wing approacki&8]. Comparison of the average
attitude upset in all axes against the ABStransient after failure crii@ 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 lii98) Attitude upset values are classified for

Vi sua

Under good visual contibns, encounters withvortices of greater strength and
encounters at lower altitudes correlated strongly Wigiher pilot severity ratings and
go-around frequency Figure 2-21). Under degraded visual conditionsowever,

handling qualities levels according to AE3S transient after failure criteria.
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an i

mportant

effec

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

the pilots andilsolead to a gaaround. Also, upsets from lower strength vortioeder
conditions of poor vikility were also more difficult to perceive initially, and sudden

changes in flow direction could catch pilots by surprise.
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Figure 2-21: 3deg Approach profile for encounters at different vortex height and strength gooler

253

Whitehouse and Browj62] modelled the mutual interaction betwesmairplane shed
vortex and thairwake producedy a
is negligible, velocity distributias scaled by rotor tip speepFR, can be defined as a

visual conditions[9]

Interaction between helicopter rotor and airplane wakes

hel i c o.AdswEning that viscositef air
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potentialfield,] n 0, and the rotor as a vorticity sourdependenbn the local

flow velocity distribution,”Y 0

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

rotor, the rotor wake and the airplane vortex can be described:

z

_ 2-36
. 4vtEm Or+Ea Or+Bm Ov+Ea’ Or+Hm . <O <« »

z

2-37
- Qe > ame Oy S e S

The interaction between all three elements results from the addition of the resulting
velocity fields:

R H o Ore > ame® O5+En
2-38
O?+|- H o (D'ﬂ'“ ><I'O mf+l.

Ops »ame H 0 0p.hge® Oripy,

Four levels of simulation fidelitywere defined (named as 0, 1, 2 and 3jy
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 theotorés own flow field:

Ofec < » H o Opo > age® O5dEy
2-39
Or+Em H o Orec > age® O54En

Ofre »age H

Ofec < » H o Opo > age® O5dEy

Or+gEm N 0 O0:igg 2-40

Ofre »age H

Odo wor H 00 . (g

Or4+Em N ©Oxigm 24l

Ofre »age H

Theresults were used to assess the validity of the freaelex assumptioremployed

on most encounter simulations. Results of simulations with different degrees of
fidelity tend to converge as the rotor advance ratio incse@sgure 2-22). During

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

ingested by the rotofThe resulting fluctuation in rotor response is not reflected by
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lower fidelity models which terglto over predict vortexinduced changes in rotor

thrust and blad#@apping.
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Figure 2-22: Perturbations to rotor trim states from vortex encourié}

2.5.4 Helicopter wake encounter study

A morerecent study conducted in 2015 by Wang etadlthe University of Liverpool
for the CAA employed flight simulatiorio assess the hazards that rotorcraft wakes

could present to light aircraft during approactd level flight{84].

An evaluation of different wake modelling techniques for rotorcraft wakes for their
fidelity and ease of computation was conducted. Be@dpeescribed wake model
combined with a decay modedas 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 performexf a final landing approachThe airplane
expeienced upsets mainly in roll and vertical accelerat{igure2-23), pilot ratings
on the WVE scaléseeSection2.5.2 ranged from mild (AB) when happening above
the helicopter rotor plane to hazardousKPwhen the aircraft encountered the wake
below a helicopter hovering or flying at low speed less tradiameter of distance

to the wake centrePilot 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 theunway tended to reduce severity, but for offsets lower than one
rotor diameter, the asymmetry of induced

in larger roll upsets.
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Figure 2-23: Airplane upsets dring encounter with helicopter rotor wakes. Helicopter height 50ft, speed
40kts. Located over runway centre, heading parallel to runyé).

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, conditionsulldat co
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 Limit8]. Forrest et al[85] describe a technique to
study landing operations around several ship designs. Employing detadbgd
simulations (DES), the time varying distribution in air velocities around the ship deck
can be obtained and recordedombined with ship motion time histories, these
precomput ed ai rwakes wer e t hen i ntegr at e
HELIFLIGHT-R flight simulator{86].
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A series of simulated landing approaches Royal Navy type 23 frigate and a Wave
class auxiliary oiler were conductedth a FLIGHTLAB model representative of an
SH-60 helicopter under a range of wind over deck velocities. The dmvery
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 sfiigure2-24).

Wave Class AQ/ r;la;ivt
n
SH-60B SHOL Speed (kts)

diagram

w 9 10 Relative Wind
\ 20 Direction (deg)
30

20

i Relati
Type 23 Frigate/ Relative

SH-60B SHOL | gpeed (kts)
diagram

10
20 \

Figure 2-24: SHOL diagrams fotop) Type 23 frigatedowr) Wave class auxiliary oiledefined using
awarded pilotratings on the DIPES scalf85]

Results show a significantly law 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 s¥fitadn oblique directions,
turbulence resulting fromthel ow shed at the edges of 't he
affect the rotorcraft during the lateral translation and station keeping over the spot
(Figure 2-25). This efect 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 counteractPowerspectral density analysis of pilot control inputs during the deck
landingsto a Type 23 frigate confirm larger Power Spectral Density (PSD) levels for
lateral and pedal control inputs under oblique wind conditidiigu(e 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]
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Figure 2-26: PSD of pilot control metrics during station kéeg over the Type 23 flight deck under 40kt
headwind and green 4B5]

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 limitésl iietoming
morecommon 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 duringthis 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 Transpori&iipn
studied the influence of proposed wind farm installations near Rooks County regional
airport and Pratt regionalrport on general aviatianThe vortex airwake of a 91.4m
diameter wind turbine was estimated by directly scaling the radius and wind velocity
from published wind tunnel tesesults[88], and a prescribed helical vortex model
combined with a vortex decay model was employed to eithatvelocities induced

by the airwake downstream of the wind turbine.
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The maximum horizontal and vertical velocities induced by the bladetijzes wee
estimated for wind speeds between 10mph to 40mg3ulting in crosswind speeds of
almost 100ft in regions near the wind turbinéghe 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 esults, the report concludes that an aircraft can experience dangerously high
roll moment coefficients (see E&: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 analysedFgure2-27).

thazard index

high
medium
low

Figure 2-27: Roll moment coefficient inducébm wind turbine wakes at Pratt Regional Airport
(Kansas US) unde 40mph wind[87]

2.7.1.2 University of Liverpool 2015

A more recent study was conducted in 2015 at the University of Liverpoahdor
CAA [11] to assess the impact of wind turbine wakes from two WTN 250kW 30m
diameter wind turbines installed near East Midland Airport, Oifline and piloted
reaktime flight simulatiors were employed to studyhe effect of disturbances on a
light general aviation aircrafthen encountering the airwake of a wind turbine during

alandingapproachtand the resulting pilot response

Kocur eko6s pr es model[B% dombhined witle Reddues koetex decay
model[90], wasused to preaoputea steadyvelocity field generated bthe airwake.

The resulting velocity distribution was lidated against CFD simulations amdnd
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Figure 2-28: Comparisorbetweera) Kocurek's wake axial velocityeficit estimations and) one hour
averaged LIDARneasurementsf Line Of Sight (LOSYelocities Windspeeds averaged around 10m/s
[11]

The computed flow velocity field wabken integrated with a flight dynamics moaél

a generic light general aviation airplane, with dimensions and performance similar to
those of a Grob TutoRilots performed simulated landing approaches during which
they would cross the wind turbine wake either perpendicularlplgiquely at a 45
degee 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] (seeSection2.52) were collected after each flight.

Even at small distancdsom the wind turbine, recorded airdraipsets wereminor,
mainly in the yaw and roll axigrigure2-29) 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 WVFErating scale(seeSection2.5.2), implying minor to minimal aircraft

excursions demanding corrective actions with minimal urgency or none at all.

A further series of offline simulations were performed magtempt to reproduce the
results obtained by the Kansas,conipedr t .
with a Beddoes decay model, resulted in significantly smaller vorticity circulation
values and therefore induced wake velocities than the valuasmed 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 toebiegulates its

Ap
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pitch in order to limit its total power output, something not considered in the Kansas

report.
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Figure 2-29: Airplane upsets resulting from perpendicular crossing of the wake at 1.5diandéstance
and 10m/s flight speefil1]

The aircraft was flown through tlemmputed airwakewith all the body states frozen.
Variations in forces and moments experienced by the aircraft model during the
encounter were recorded and comparBeke impact of crossing the Beddoes wake
(Figure 2-30) and the Kansas waké&igure 2-31) was qualitatively similar, but the
magnitude of the effect was much larg€he nost important effectvas noticed in
lateral fore and rolling moment componentas well as asmaller induced yaw
moment which acted on the aircraft during the entire ation of the encounter.
Smaller variations in vertical in vertical forces coaldobe detected when entering

and exiting the airwake.

Increasinghe distance tthewind turbine at which the airwake was encountdérenh

three diameters to five and teasulted in small reductions in induced moments but
did not change the nature of the encounter qualitatividlywever crossing the
airwake with an angle of 45 degreesthe 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, althougla larger magnitude for the airwake of

the larger wind turbinend induced vertical forces were present during the entire

encounter even when crossing perpendicularly to the airwake



49
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Figure 2-30: Variations in forces and moments experienced by the aircraft during the encounter with WT

vortex wakaisingKocurek's and Beddoe's wake model.
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Figure 2-31: Variations in forces and moments experienced by theadtrduring the encounter with WT

vortex wakeusing theKansas wake moddlL1]

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 YWind Energy andEnergy

Systems condued research ito the dangers presented by wind turbine wakes to

general aviation airaft.

An initial analysis was published by the Fraunhofer Ingtitat 2014 [91]. The
airwakes of foudifferent wind turbines with diameters in the range between 110m to
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120m and nminal power output between 2MW and 3MW was researched. The
velocity field behind an actuator disk was computed using a RANS solver with a k
turbulence model. Turbulence velocitiésp were averaged and added to total wind

velocities,w, to produce a stig steady airwake:

U
2-42
| O v 4D L8
An estimation of changes in aircraft load factgiwas used to evaluate the severity of
an encounter at different points of the airwake. The load factor is calcbidedon
the EASA Certification Specifications for Very Light Aeroplanes and compared
against operational boundaries oflearus G22 ultralight aircraft

. 2-43

2-44

with }o the air density at sea levélt he ai r p IWiits wdight, S the\girng) ,
surface Uauise its cruise speedlyits lift slope,anddiits average chord.

Based on the flight envelope of the Ikaru2Z; the following limits for operational

cruise velocityunder vertical gust were defined:

L
+_ —J-lll o v«
T T ke —hT 45
?D:i:o +_.

The flight envelope diagram definét = 36.5m/sand a no exceed velocityp =
46.6m/s.The precomputed steady airwake velocity fields used to obtairtJmin and
Umax t0 maintain flight envelopeagainst downstream distance to the wind turbine for
wind velocities of 16mph and 30mgRigure2-32, Figure2-33):
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Figure 2-32: Left: Maximum vertical gust velocities §bd) for 13.3 wind speeRight: Maximal loads for
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Figure 2-33: Maximum and minimuroruise flight velocities against distance to wind turbine for 13.3m/s
wind speed[91]

Minimum separation distances for intermediate wind velociuese obtained by
interpolation. A minimal separation of 2 diameters which increases at higher wind

velocitieswasrecommended.

More recent research in collaboration with the University of 8&j812] applies the

same load factor criteria to assess the hazards when crossing the airwake of a 126m
diameter, 5SMW 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 0Odeg and 15deg.

A generic ultralight aircraft modedf similar size and mass as an IkaruglZwas
obtained by modifying the model of a Cessra®2. Using an automatic pilot model,
offline simulations of landing approaches atk&Oand 100ks flight speeds were
conducted. During each run, the aircraft would ctbssairwake througits centreat
different downstream distances from the wind turbine. A further set of encounters
were run with initial position, flight velocity andedcent path randomly determined,

SO as to generate a distribution of possible encounter sce(fdgose2-34).
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Figure 2-34: Top left: Altitude profile of simulated approach flighBottom left: Velocity profiles of
approach flights. Rightground track of approach flight$§92]

Resultsshow that limits of the flight envelope were not exceedEdjure 2-35).
However there werdmportant differences in the nature of the encounter depending
on whetherhey occurred within the near or the far wake regidre 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 turbuldigteer increases in

load factor occuwhen 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.
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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 tubine axis. Bottom right: 12m/s wind with 15 deg yaw to wind turbine [@2a§.

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, AG23 [93] consisting of
several European universities and aerospacean@senstitutes including among
others the Universities of Glasgow and Liverpdbke Technical University of Delft

and the NLRwho are also members of the NITROS praject

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 Lehmd®4], [95] applied an analytical model to study steady state
interactions between a helicopter rotor and wake vortei}es asgsmptionwasmade

that compared to the size of the helicopter rotor, wind turbine blade tip vortices can be
approximated as a straight vortex lin€he first paper studik cases in which

helicopter heading during the encounter is parallel to the vortexHigare2-36).

X

Figure 2-36: Geometry of rotor encounter with wind turbine vorti{@4]
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A vortex induced velocity model is applied to estimat#atic field ofoerturbations in
rotor inflow _ induced by a vortex of strengthand core radius. at a distanceg i
Yo. A decay modelwas applied to determine vortex strength and core radius

downstream from the wind tloine.

y t e o « 2.46
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Blade element momentum theory is applied to reddterations in total rotor lift and
blade flapping moment® changes in flow velocitynduced 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 bféajging
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Required control inputs to compensate for vortex indugesktswere approximated
by differences in rotor trimmingequired to maintairtotal rotor thrust andlade
flapping moments constanthen the vortex axis is located at different distances from
the rotor centreBy maintaining blade pitch controls constanhangesin blade

flapping angles induced by the vorteanalsobe studied.

Results are similar tthe encourters with aircraft vortex wakedescribed inSection
2.4, althoughthe strength of vortices shed by a 3MW wind turbiwe around one
tenth of the vortex of 8oeing B747 aircraft (lo = 63.7n%/s, R. = 0.05m and (o =

660nt/s, R = 0.25m respectivg). They alsoshow goodcorrelation with those
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obtained by DLR6s S4 isolated rotor s
dynamicsmodel [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 thee 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 rotgseentre
Figure2-37).

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 crossestthe roto
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.
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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 requiremenfg4]

Two wake encounteseverity metricwere proposed, thRotor Control Ratio (RCR),
relaing required control inputs to the maximum avaiilgiontrol power, while the
Rotor Flapping Ratio (RFR relates the vortex induced flapping to the maximum

allowed flapping angle of the helicopter:

mu |
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The methodologwas appliedfor several rotor models, representing the rotors of an
ultralight coaxial helicoptera Bo 105light helicopter, a UFB0 medium helicopter
and a CH53 heavy helicoptelRCR and RFRralues wereobtained when the rotors
encounteed vortices of different strengty representative ofvakes of 3MWand
7MW wind turbines (lo = 63.7m?s, R. = 0.05m andlip = 98.6m%s, R = 0.068m
respectively andthe vortex wake of 8-747 airplan€(io = 660n%/s, R. = 0.25m)

Resultsshow that mediun(Figure 2-38) and heavy rotorcraft encounters with a wind
turbine airwake leave sufficient control and blade flapping méayisafe helicopter
flight. For light rotorcraft, like theBo 105 (Figure 2-39) and ultralight coaxial
rotorcraft Figure 2-40), there is enougttontrol power availabléo counteract an
encounter with a wind turbine wakBut in the case of an encounter with the vortex
wake of a heavy airlinera light helicopter wil have very little margin in control
power to recoverAn ultralight rotorcraft will require more control power than
available andexperiencdanduced flapping angles above the maximum permitted for
safe flight.Since thdimit does not consider initiatim inputs and rotor tilt during the
encounter, the implication is that the encounter leaves very little margin for

compensating actioifFigure2-39, Figure 2-40)
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Figure 2-38: RCR and RFR for a UMD rotor encountering the vortex of: A) a 3MW wind turbine, B) a
5MW wind turbine, C) a 10MW wind turbine, D) a/B7 airplane[94]
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RCR

Figure 2-39: RCR and RFR for Bo 105rotor encountering the vortex of)A 3MW wind turbine, Ba
5MW wind turbine, €a 10MW wind turbine, Da B-747 airplane[94]
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Figure 2-40: RCR and RFR for the rat@f an ultralight coaxial helicopteencountering the vortex of:) A
a 3MW wind turbine, Ba 5MW wind turbine, £a 10MW wind turbine, Pa B-747 airplane[94]

A later conferencepaper applies the same model to studffects of a vortex
orthogonal to the rotor plane crossing the ratwough its centr¢95]. In this case

perturbation velocities are given by:

y'"?ﬂ iTJllf LA
o s 254
Ymp 9 w

Overall, induced upsets are of smaller magnitiodbose induced by parallgbrtices

of similar strengthFor a vortex spinning in the ppsite direction as the rotor, the
encounter results in an irease in rotor thrustotor coningand power consumption,

as well as inducedbngitudinal blade flappingwhich change in orientation as the
vortex enters and leaves the rotor disk and crosses its centre. If control inputs are
applied to nullify moments ah maintain rotor thrust constant, rotor power

requirements fall and a slight reduction in rotor coning en@e=figure2-41).
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Figure 2-41: Upper row: a)vortex induced changes in rotor flapping andequired compensating
control trim. Lower row:c) Vortex induced changes in rotor power coefficient dpthrust coefficient in
case of no reim. [95]

Changesn 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 goo@dgreement.

2.7.2.2 Interaction between helicopter rotor and wind turbine airwake

Visingardi and PavgB7] made use of a blade element momentuodehto compute
the wake aerodynamics of an NREL 5MW wind turli@®8] and aBo 105helicopter
rotor. An atmosperic 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)greaki
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 urtlerconditions of uniform

side wind and at different fixed locations within the time averaged airwake flow field.
Estimatiors of induced blade flapping and resulting changes in rotor moments on the

hub were estimated througie application of equatior2{49].

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 2d€g) 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 flightunder port wind conditions (and opposite for starboard

wind conditions).

Solving the rotor inside the wind turbine wake shalksrationsn the effective angle

of attack of the bladesy , a slight increaséan the forward half of the rotor and a
change in the 270degzinuth positions that decreasése 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.
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Figure 2-42: a) Changes in blade angle of attack due to uniform win@hanges in angle of attack
within airwake (differences from conditions of uniform wifa®)]

Thesechangesmanifest themselvem 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 widxkrall effects on rotor thrust,

torque and yaw moments dimited (Figure2-43).
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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 of3&8hich provides an

idea on whether aircraft satisfying leviel or leveli 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 requitsrfréggure2-44).
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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 aif@@ke.
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Figure 2-44: Quickness of a) pitch and b) roll upsets from a rotor encountering an orthogona]%sis.
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Androkinos et al[99] followed a similar procedur¢o decouple the wind turbine
aerodynamics simulation from the helicopter rotarprescribed 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.r@oth 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 pegformed. A trim aalysis

of the helicopter rotor is also performed. Results are qualitatively sitoiltrose
obtained by Visingardi et aJ]97] describedearlier 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 marnseand roll moments towards the

left side of the rotorcraffFigure2-45).
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Figure 2-45: Ratio with respect to no wind forward flight conditionsajfroll momentp) pitch moment
andc) vertical forces of the rotor within the airwal{@9]

2.8 Summary of the literature review
This chater has provided review of theof theliteraturerelated to the modelling and

simulation of rotorcraft operations in turbulent environmeAtsthe time of writing,

there is a lack oinformedregulatory guidancéor rotorcraft operations when at risk
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of encountering airwakes or turbulen€airther,the literature regarding the impact of

wind turbine wakes on rotorcréaft also very limitecand warrants further research

The wind turbine wake encounter literature has focusseofftne simulatiors 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 sesult
pitch and roll upsets which can require pilot compensation. Tihém@veverno real

world flight data or results fronpiloted flight simulation trialsavailablethat would

allow verification of theseinitial findings, andaddressinghe simulation edment of
rotorcraft turbinevake encounters thefirst step of the Thesis.

A wider literature review study was performeelated to rotorcraft operations in
turbulent environmengscovering areas wherexisting research and methods could
inform the Thesb. Topics reviewed included research into wind turbine wake
encounters by fixeaving airplanes, encounters darge fixedwing airwakes by
rotorcraft, and rotorcraft shipborrend offshore deck landisgwithin a turbulent

airwake

Offline and piloted simlations of fixed wing aircraft encountering wind turbine
wakes, and initial offline assessments of rotorare$ponseduring such encounters
suggest the main effect is a single large disturbance due to the wind velocity deficit
inside the wakeCompared to wake vaces from large airplanes, wind turbine blade

tip vorticesare much weakeHelicopters tend to be less susceptible than fixed wing
aircraft of the same weight to such disturbances, so overall upsets are expected to be
smaller. Nevertbless, wind turbine wake encounters might occur under conditions,
such as lower altitude or closer proximity to obstacles, that might contribat@itger

safety hazard.

Accidental crossings of wind turbine wakes will probably be relatively quick,aimil
to encounters with wing wake vorticeg/ake modelling methods applied in flight
simulationfor theseencounterssuch as the use of steatime-averagedwakesor
prescribed wakes, might also &eitable for hazard assessmemsgardingencounter
severy assessments, a suitable hazard metright be related to absolute peak

deviations of attitudes and/or flightpathd needs further investigation

Some offlinestudiessuggest thatight airplanes wssing thefar field turbulent wake

of the wind turbne mightexperiencdarger upsets than crossing the more uniform
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region near the turbin&iven that most flying should occur atsignificantdistance

from operating wind turbines, such encounters might be more common.

Helicopters can be involved in opet#ions requiring precision manoeuvring and
divided crew attention, suchs SAR operations During these operatiortsirbulence
levels can vary significantiwhenwinching personnel to wind turbinesrhich should

be turneebff, but where the aircraft istill subjected to the turbulence from the wind
turbine structureln these circumstanceset steady state and prescribed wake models
employed in the literature of wind turbine wake encounters might not be
representative dhe situgion encountered irealword operations.

Such missions share some similarities with helicopter ahipoffshoredecklandings.

There has beesignificantresearch in helicopteship dynamic interface modelling for
reaktime pilotedflight 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 addition modelling of unsteady airwake
effects is required to accuratetgpturethe impact these airwakes can hawe pilot
workloadduring such operations.

Wake and turbulence modelling methods employed for flight simulatfowadke
encounters were alsexamined.There is no established standdod modelling of
aerodynamic disturbancemd assessing the impact thegn have on flighsafety
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 highesdelity 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 fldield, 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 na&ttiehastic turbulence models are
usually easy to implement and provide cortgdierandom 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 spee@sntrol 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.

Thereis a need forusing flight simulationto assesghe 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 cgenerate realistic disturbances

applicable to such situatiomsrequired 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 esthdmat thereare no

unified criteria or procedures for assessamgl minimizingthe impactof wind turbine
turbulenceor accidental wake encounteos rotorcraft flight safety Despite the

growth of rotorcraft operations in support of the offshore wind energy sectorigleere
paucit ywoorfl débr edaalt a on t he i mpact of rotor
wakes. Hence a tool which could beused to assess the potential safety issues
associated with such encounters wouldveey usefulfor developingnew safety

criteria that can be used for planning, certificatibaining and mitigation of these

hazards.
The aim of this researdhto addressome of thesshortcomings
The research objectives of the theai® dividedn three parts

9 ldentification of hazards

Use offline and piloted flight simulation testintp explore possible wake hazard
scenariogo identify hazard performance metricBhroughpiloted flight simulation

examine the effeadf accidental encounters with wind turbine wakesflight safety

as part of the University of Li-28adatignool 6s
groupusing a steady airwakBevelop simulatiortrials toinvestigate hovthe aircraft

and pilot would respond tthese encountes and to find a relationship between
environmental and flight conditions, aircraft handling qualities datkrmine the

resulting impact on encounter severity and workload.

Examine the suitability of using steady airwaken hazard assessmemtd determire
whether includinga more realistic unsteadmospheric or airwake turbulence would

result in a similar outcome
1 Identify fidelity requirements and modelling techniques:

Realistic flight simulation for wake hazard assessmemtquires reproduction of
undeady and timé varying disturbanceslhis leads to therequirement to develoa
simpleturbulencemodel, thapr ovi des oO6randomd but represe

is spatially accuratéhat could be employed foeattime pilotedsimulation studiedt
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shouldalso provide an intermediate solution between high fidelitycbotputationally

expensive models provided BFD wakes and low fidelity stochastic models.

An examination of grrently used tools for turbulence modellinghich provide
accuratespatialturbulenceeffects,while having reduced computational requirements

and can be utilised in reime simulations is required ajhere necessargevelop

new tools to provide thatapability To this end, examine the utility of synthetic

eddy model which tracks the location of turbulenceelative to an aircraft, as a
candi dat e met hod for pr odueatme pildede al i st

simulations.

9 Test feasibility of new tools to explore criteria and requirements for

mitigation of hazards:

Identification and development ofew wake modelling techniques that can be
employed in reatime piloted flight simulation reakttime operationis a key
requirement Development of aalibrationmethodologyso that resulting turbulence
results in realistic disturbanceas judged by the pilot and objective metrics
Examination and assessment of thake fidelity requirementdor flight conditions

from hover to forward flight imeeded.

Evaluation of the modeWill be based on whether resulting turbulence produces

aircraft disturbances and leads to pilot responses and impact on workload that are
representative of reavorld conditions. Ideally, evaluation against flight test data

would be desiredhowever such dataasnot available to the projecAs a surrogate,

reproduce turbulence from other currently employed modelsisgithemto calibrate

new methods o ai d in the assessment of the sen
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
wor kl oad. Develop a new, 6real isticd tu

future wake hazard assessment studies.

These results provide basis to calibrate the model against real world data, should it

be availabldor future development
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4 Simulation tests of Wind Turbine Airwake

Encounters

4.1 Introduction

This chapterdescribesoffline andpiloted flight simulation trials perforrad for an
initial hazardassessment ad helicopter encountering wind turbine wake Trials
were conductedas part of the GARTEUR HBG/23 work[93]. The test objectives
are presented iBection4.2 whilst the University of Liverpod #ight simulator used
for the study is described Bection4.3. Sectiord.4 describes theteady wind turbine
wake from theNREL wind turbine[98] used for the trials and its integration with the
flight simulation scenaridSection4.5 describes th&o 105helicopterflight dynamics
model [100] and provides an overview of relevant handling qualities. Offline gust
response and wake encounter simulations are describddb.imhe airwake and
aircraft modelsvere used as a common database source amBAGSIEUR partners
due totheir open access in the literatufde planning othe piloted flight simulation
trials is described inSection 4.7 and trial results are reported 8. Finally, a
discussion of the results and a summary of the chapter is provid&edtions4.9 and

4.10respectively.
4.2 Objectives

Offline and piloted flight simulation test&ere performedto study the effects on
rotorcraft flight and handling as well as pilot response dutirgcrossing of the
airwake of a 5NV 126m diameter NREL wind turbine.h@ aimwas to identify

resulting helicopter upsets from crossing wind turbine airwakes andtheithelp of

pilot feedback, relate them to hazards.
The objectives of theest can be summarized as follows:

1 Measure upsets in rotorcraft dynamics resulting from the encounter with the
airwake of a wind turbine.
Study pilot reaction to thielentified 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 rotorcrafvind turbine wake encountetbat is currently lacking in the
literature[13].

4.3 Flight simulator

The studies reported in this thesis were conducted using the HELIFARIGmMulator

at the University of Liverpoo]86]. HELIFLIGHT i R (Figure4-1) is a 6 degree of

freedom, configurable flight simulator for training and research applicatlons.

employed in conjunction with dvanced Rotorcraft Technology s (ART)

FLIGHTLAB multi-body dynamics software designed for aircraft modelling and
analysis[101]. FLI GHTLABO®Gs ai r cr adrdaund moedanfigerableer e b a
library of parameters and control models whadn be altered to suit the currently

studied flight vehicleThe cockpit controls includes basic rotorcraft controls (stick,
collective and pedals) and a series of displays used as reconfigurable instrument

panels.

Figure4-1: 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 turbin®8] 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 speatfans of the wind

turbinemodelare summarised ihable4-1.
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The airwake used for the trials described in tfiapterwas modelled and validated
by Leble and Barais [102] using the helicopter multiblock flow solver (HMEB37]

with aQ 1 turbulence modelThe grid consisted dd.3M cells with a size at the
blade surface of 10times the maximum blade chord of 0.#87A uniform inflow
was defined2 diameters upstream and the domextended up to eight diameters
downstream.The aiginal disturbance velocities across the airwakere non
dimensionalised by blade tip velocitue to data transfer and storage limitations the
obtained flowfield wasime averagefbr implementation in th simulatoy producing a
steady airwake. Axial flow velocities are representedrigure 4-2, while values of

flow velocities when crossing the wake perpendicular taits are shown ifrigure

4-3.

Table4-1: Main characteristics of the NREL 5MW reference wind turlf@3.

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
CutIn, Rated, CuDut Wind Speed 3 m/s, 11.4 m/s, 25 m/s
CutIn, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated TipSpeed 80 m/s
Overhang, Shaft Tilt, Precone 5m, 5°, 2.5°
x w X W
I ! Sos I ! 007
0.05 0.05
Y 0.04 z 0.04
e — 003
] 0.02 0.02
8-01 0.01
o]
02 001
-0.03 -0.03
-0.04 -0.04
-0.05 _0.05
-0.06 -0.06
g -0.07
-0.08 -0.08
-0.09 -0.09
0.1 0.1
-0.11 011

Figure 4-2: Non-dimensional axial velocity distribution of airwakeéoordinates are: z downstream along
thewind turbine axis, x is upwards, perpendicular to z, amldefinal using theright hand coordinate
system. Gordinate systerof the original flow datas independent of flight simulation scenario.
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v distribution at y = 201.775m, z = 185.5086m
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u distribution at y = 201.775m, z= 185.5086m

w distribution at y = 201.775m, z = 185.5086m

100 50 0 50 100 150 200 -1 14 . . . .
x(m) 200 150 100 50 0 50 100 150 200 200 450 100  -50 0 50 100 150 200

x(m) x(m)

Figure 4-3: Velocity perturbations induced by the wind turbine 202m downstream at hub imevggite
box axis Coordinates of the wake box data ag@v, downstream along wind turbine axig,w (down)
vertical, upwards ana) u orientedaccording to theight 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 iRigure 4-4. The lookup table stores the
interpolated flow velocity disturbances on all three axes of the wake dbmain
across a uniform grid distributed along a right prismatic control volume with

rectangular sides.

FLIGHTLAB

xACP

v

FLIGHTLAB to Airwake

L. | -

Lookup table

Airwake to FLIGHTLAB

.

u'ACP

/

Figure 4-4: Flow diagram of Lookup table for airwake integration.

For each simulator run, the magnitudes of the velooitiere 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
B €04 6 s |
assuming no other mechanical inefficiencies, optimum ereugyut is obtained when

wind speed, but not applicable for stronger winds. Accogli t o aw
the resulting axial velocity deficit is one third of the wind velocity. All simulations
performed for this case have bemiculatedunder a 20kts wind. This results in axial

velocity deficits of about 4.5m/s (15ft/s) and inducethtional 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 paif@#;q99].
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There is also a distortion in horizontal velocities perpendicular to the wind turbine axis
of arond 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 sintoilacoordinate 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 viees 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 (séggure4-4).

4.5 Bo 105 FLIGHTLAB model

The Messerschmitt BolkavBohnBo 105is a light, twiri engine, multipurpose utility
helicopter with a four bladed hingeless rofbigure 45). This featue provides the
rotorcraft with high response bandwidth manoeuvrability and control power. This
might also make the rotorcraft momsceptible to wake encountefBable 4-2

presents a summary of the aircraftds main

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 prformance for thédo 105[105] and most partners involved in
GARTEUR HC/AG23 or NITROS had access to flight simulation models or are

familiar with the aircratft.

The FLIGHTLAB model of theBo 105employed at the Universitgf Liverpool is a
medium fidelity mode[106] of the Messerschmitt Bolkoi Bohn Bo 105based on

the following features:

Rigid body fuselage model.
Blade element theory main rotor model with qusisiady airloads.
Bailey rotor tail model.

Aerodynamic models for stabiliser and fin.

O O O o o

A simplified engine model.



72

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 dfygthe

tail

rotoros

hub

and at

t he

verti

cal

and

In its current implementation, the model features no SCAS system and response

delays due to the actuators are not considered during the simulation.

Table4-2: Main specifications of the MBBo 105helicopter.[105]

Geometry Power plant
2 x Allison 250C20B
turboshaft engines
Length 11.86 m 38ftllin Take off power 298 kw 400 shp
Fuselage
length 8.56 m 28ft 1in Max continuous power| 287 kW 385 shp
Fuselage
width 1.58 m 5ft2.2in
Height rotor
hub 3.00m 9ftl.1in
Empty mass | 1400 kg 3086.5 Ib
Max take off Main Rotor
mass 2300 kg 5070.6 Ib
Performance Rotor diameter 9.84m 32ft3.5in
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 6ft2.8in
max rate of
climb (hover) | 400 fpm Normal RPM 2200 rpm
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Figure 4-5: Above: DLRBo0 105flight test helicoptef105]. Below: Schematics of ti3o 105helicopter.
Source: Public Domairhttps://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
gualitiesat hover and low speedgs performed for the Bo05 mode[100]. Results
were measured against ADS3 criteria and compared to publishessults from
handling qualities flight tests performed by the DJ1R5].

Overall, theBo 105model 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 powgtcim and roll and
Level 2 in yaw. Small amplitude migrm 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 Dulicimooe
(divided attention criteria), becoming more stable as flight speed incréi@igese

4-6). Inter-axis couplings present the main handling qualities deficiencies for the
model and the realorld Bo 105with yaw collective and pitchroll couplings falling

well within Level 3(Figure4-8). The Bo 105is also particularlysusceptibldo lateral

guss (Figure4-10).


https://commons.wikimedia.org/w/index.php?curid=131824%20

a)

w (1-CR)05

n

0.5

Published flight test datd.05] differs in available yaw bandwidth compared with the
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results predicted by the software model and falls into Levels 2 and 3 according to

ADS-33 criteria.Otherwise, flight test dataesults while slightly less optimistic about

the predicted rotorcraft handling qualities®em to be in reasonable agreement with

the software moddFigure4-7, Figure4-9).

LEVEL 1

O Okts
¥ 20kts
[ 40kts

— Phugoid
n I

ADS-33E-PRF: 3.3.2.3.2
Limits on Pitch (Roll) Oscillations - Divided Attention Operations

LEVEL 2

LEVEL 3

-0.7 -06

b)
ADS-33E-PRF: 3.3.5.2.2
Limits on Pitch (Roll) Oscillations - Divided Attention Operations
LEVEL 1 LEVEL 2 LEVEL 3
1k
0
>
NJ
=
3
0.5F
O okis
¥ 20kts
[ 40kts
— Dutch Roll
0.7 -06 -05 0.4 -0.3 -0.2 0.1 0 01 02
>€Jn

Figure 4-6: Bo 105FLIGHTLABmMode| a) Longitudinalandb) Lateral modesRef: Neil Cameroidover
and low speeds flight handling qualitiésternal report.
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Figure 4-7: Bo 105Flight test resul: a) longitudinalandb) lateral modesn hover [105]
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Figure 4-8: Bo 105FLIGHTLABmodel control axis crosscouplings in apitchi roll and b) yaw i
collective.Ref: Neil CameronBo 105Helicopter Model Hover and low speeds flight handling qualities.
Internal report.
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Figure 4-9: Bo 105Flight test resultscontrol axis crosscouplings during hover in &itchi roll and b)

yawi collective.[105]

ADS-33E-PRF: 3.3.7.1
Yaw Response To Lateral Gusts
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Figure4-10: Bo 105FLIGHTLABmodel. Yaw responses to lateral Gust and collective input. Ref: Neil
CameronBo 105Helicopter Model Hover and low speeds flight handling qualities. Internal report.

To select between the most critical test scenammkflight conditionsa trim analys

was performed for the rotorcraftnodel 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 diffad@attions
between 0deg to 3@@ég Azimuth.

a) b)

%?1054:3.5 lateral trim (percentage), 40 knots ground speed BG1385-F3-5 I

inal trim (percentage), 40 knots ground speed ©

20 -

=3 =)
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Frontal wind speed (kts)

- R

30 . . . .
30 20 -10 0 10 20 -30 20 -10 0 10 20 30

Wind speed from the right (kts) Wind speed from the right (kts)

c) d)
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Wind speed from the right (kts) Wind speed from the right (kis)

Figure4-11: Boi 105 modelRequired control inputi a) lateral stick, b) longitudinal stick, c¢)
collective, d) pedalfor trim at 40kts flight speed, red dots indicate conditions at which trimming
conditions could not be achieved

Results for 40kts flight speed are shownFigure4-11. Values in the vertical axis

indicate wind velocity component al ong

values, corresponds to wind coming from the frontal sector (azimuth98f deg).
Horizontal axis represents lateral wind velocity components with positive values
corresponding to wind coming from the green sector (right side, azimuths 80

deg). Thecolour 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
increass with forward flight speed to the point that when flying at 40kts groundspeed
the model cannot be trimmed for certain wind velocities and azimbitpsré4-11).

t
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Results are consistent with those published by the other members of the GARTEUR
group for the rotor of th8o 105under conditions of uniform side wind (S8ection
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 amavispeed forward flight at 20kts and 40kts
with a 20kts lateral wind with either 90deg (green wind)a@deg (red wind) azimuth

(aircraft is trimmed using ground spe&fdyn).

The helicopter was subjected to step inputs in wind velocity of a similar tudgni
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 verticalaupand
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 5SMW
wind turbine wake (seBection4.4).

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 underportside 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 tahe ADS-33 transientollowing a failure criteria (se&ection2.5.9.
Increasinghe helicopter flight speed decreases the magnitude of pitch and roll upsets.

At 20kts, yaw upsets increase, but reduce significantly at 40kts.

Upsets resuihg from vertical gustsKigure4-13), while small compared to those from

a lateral gust, present a very different behaviour. Roll and yaw attitude upsets and
rates tendo increase with aircraft flight speed. And when flyimga portsidewind
(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 wiladea 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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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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Figure 4-13: Bo 105 40kts ground spee@dQkts wind speed, azimuth 90deg. 4ft/s gust step from above.
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4.6.2 Wake crossings

To identify cases of interest for piloted flight simulation tesffline simulations of

wake encounterswere conducted.The rotorcraft modelwas trimmed outside the
airwake and allowed to¥flfreely through the precomputed airwake. No corrective
actionwasperformed, savhile the simulation lastsesulting upsetsvill build up and
attitude deviatins can reach values largthan those which a pilot would allow to
happen during online flight simulatiofResults 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 therffor example due to the need to focus on

correcting upsets in more critical axes).

Results showa multiaxial responswith attitude upsets of similar magnitude in all
axes and a loss of flight altitude and helicopter airsp@&ée. rature and magnitudes of
resulting upsets are similar to those obtaiimedffline simulations ofthe helicopter

gust responsstudy (seeSection4.6.1). Two main upsts in yaw and smaller ones in

roll can beobservedwhen entering and exiting the wakkf t er war d s, t he
attitude in roll and yaw tends to oscillate within a limited range until it finally diverges
after some seconds; at higher airspeeds, thmafirmight already have left the
airwake behind explaining the attitude changes observaé. direction ofong-term

roll response seems to change with increasing helicopter flight,speednomenon
already observed in offline gust response tddpsds in the pitch axis tend to start
with a delay butstart growing immediatelyEncounters at higher helicopter flight
speeds tended to result in higher maximum attitugeets;this was particularly
noticeably for upsets in the pitch axiBigure 4-14). On the other handa limited

effect was noticed for encounters at higher wind velocities or for reducing the distance
to the wind turbine below two diametdiEgure4-15).

Changes in forces and moments on the different components of the rotorcraft are
shown inFigure 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 fusabe. 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
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———IAS = 20kts
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Figure 4-14: Offline simulation results. Helicopter attitude upsets when crossing the airatke 09

without pilot control inputs.
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Roll upsets,90deg crossing, windspeed: 20kts, IAS = 60kts
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Figure 4-15: Offline simulations. Attitudepsets resulting from airwalencounters at different distances

or under different wind speeds.
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Figure 4-16: Induced lateral forces (Fy), and roll (Mx), pitch (My) and yaw (Mz) moments when crossing
the airwake.

































































































































































































































































































































































































































































































































































































































