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Abstract

This thesis reports the analysis and design of a hovering equipped with both slotted and
blended trailing-edge flaps. This was accomplished by coimgpia simple blade element method
with 3D inviscid and RANS CFD that allowed for a robust sequeeaf design specification, analy-
sis, and verification. Most modern helicopters have higklkewef blade twist and various tip shape
designs to help improve hover performance. However, suatiebtlesigns face problems due to
compressibility effects on the advancing blade in forwaighfl The twisted blade gives rise to
negative incidence at the blade tip, which acceleratesksfusmation on the lower surface. The
current work looks to evaluate the implementation of a lowstwotor for improved forward flight
performance and recovering any potential losses in hovéonneance by deflecting fixed, trailing-
edge flaps. The following paragraphs detail the process lighwthis was accomplished.

Initially, an extensive review of the current literature smeonducted. This reviewed modern ro-
tor blade performance, its limits, and the need for more lackd concepts. More specifically, the
performance of a rotor in hover is considered with currentho@s for improving performance
evaluated. With the consideration of flap technology, theous flap designs and methods for
modelling flapped rotors are described. Finally, an extenstview of the experimental and com-
putational work conducted so far in the field of flapped rotensresented. This showed that of the
experimental data available, the majority was concernéglyswith active flap technology for for-
ward flight including vibration reduction and Blade-Vortikxeraction noise mitigation. For CFD
validation, only one report based on the HIMARCS | rotor waailable which forms the basic
design of this thesis. Of the computational data, no workvélable for flapped rotor blades in
hover. The CFD presented in this work is the first researahrgit to investigate flapped rotors in
hover.

The mathematical methods implemented in this work were tieseribed. The initial stages were
to be concerned with designing a rotor with trailing-edg@dlaDue to the complexity of CFD,
another fast, accurate method was desired. The currentutitides a blade element method com-
bined with momentum theory and 2D CFD aerodynamics to peothé basis for the design study.
Following this, a description of the CFD solver used to wetife predicted design configurations
is presented, along with explanations of the turbulenceattiad, its hover formulation, and post-
processing techniques.

Validation of the solver was then presented using both st@htest cases and work based on the
HIMARCS | rotor itself. Comparisons were presented agaigterimental rotors in hover and
included data reported by NASA and ONERA. Further validaticas obtained from comparisons
against UH-60A rotor data. The validation was presentedvim ways. Firstly, Cp distribution
along the span of both experimental and computational testdre compared and showed excel-
lent agreement for the NASA (Caradonna and Tung), ONERAaed/H-60A (Lorberet al.) test
cases. Secondly, actual performance data in the form déttbnefficients, torque coefficients, and
figure of merit were presented for the HIMARCS | test case. Qaational results included the
effect of boundary walls on predicted loads. Predictionth woth sets of wall distances fell within



experimental error, with excellent agreement obtainednalialls were more than 4 rotor spans
away.

With confidence in the methods, work then continued with tegigh study. This focused on eval-
uating the effect of various flap parameters including sps@vength, chordwise length, deflection
angle and spanwise location on the performance of the sitIMARCS | rotor blade. A slotted
flap was chosen for this study since it was the original deprgsented in the HIMARCS | report.
This design was located on the outboard portion of the HIMARCwhich is of a different pro-
file of the inboard section. Therefore, simple modificatiortite 2D inboard section geometry was
conducted to allow for the evaluation of an inboard slottag flesign. The blade element method
was combined with a look-up table of 2D aerodynamics geedrasing CFD. The BEM method
allowed for fast and accurate assessment of the variousdtdmarations, with over 7000 different
designs considered for inboard and outboard flap configunsitiThe BEM model indicated that up
to 6° of blade twist could be recovered at high thrust settingsdiygia 32%c slotted flap of 24%R
span, located at 36%R and deflected b§. Jurther performance improvements at medium thrust
settings could be obtained with an outboard slotted flaptéatat 92%R, with spanwise length
8%R, chordwise length 32%c, and a deflection angle 8f 10

The optimum flapped rotor designs were then considered @nGFD. The effect of rotor twist
was first evaluated with CFD and the obtained results agresdwith data available in the lit-
erature. The optimum slotted flap configurations were costpassing inviscid CFD against the
clean HIMARCS | rotor with ? and 13 of twist. Results demonstrated that the low twist rotor
with inboard slotted flap was able to match the hovering perémce of a rotor with near twice
the amount of twist. This was due to the inboard flap providhnglarger inboard contribution to
blade loading that is normally associated with increasiiagédotwist. This also resulted in reduced
collective and coning angles by approximately®018 with losses recovered by flap deployment.
An outboard slotted flap failed to provide any increase irffquarance, although it did reduce the
control angles. The accuracy of the aerodynamics used mthetBEM and CFD methods was
then compared by evaluating performance predictions irehasith the built-in inviscid trimmer
available in the current solver. Results showed that thebenefit in trim settings that combine a
low collective and low coning angle to achieve a specific shaondition. With consideration of
the complexity of a slotted flap design and its deploymenthmaeism with application to a rotor,
a blended design was also implemented. By using the impragedracy of the CFD trimmer, a
blended flap configuration of the same dimensions as thedlatboard flap was then evaluated.
Results demonstrated the equivalent performance of a oiéanwith 1@ of blade twist again with
savings in trim angles of the order df.1

This work highlights the effectiveness of inboard flap dgptent on hovering, low twist rotor
blades for performance enhancement both in hover and fdrilight. It offers a fast design method
based on combining a blade element method with high fidelity”&D, which offers a more robust
scheme for rotor blade evolutionary design. The CFD calicuia presented in this work are the
only available in the open literature with respect to hawgflapped rotor blades.
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Chapter 1

Introduction

1.1 Overview

In the design of a main rotor blade for both commercial andtanyl helicopters, performance in
hover and forward flight must be considered and balancedyradiogly [1]. The most common
methods for evaluating rotor blade design centre on RedQeddr Models (ROM) and experimen-
tal testing, followed by full flight tests. The latter two peoto be an expensive element in the design
process and, more often than not, offer a narrow test matiéxtd high operating costs. They also
require specific equipment and test setups if any elemehediaw is required to be captured such
as Blade-Vortex Interaction (BVI) or the rotor in groundesff. Models, however, have the ability
to evaluate a variety of flight conditions by utilising 2D adynamic data coupled with theoreti-
cal flight mechanics [2, 3, 4]. Compared to both experimeatal flight testing, ROM’s are a fast
and cost-effective design tool. However, due to the conifyled the aerodynamic and aeroelas-
tic problems encountered on the rotor blade, the accuratlyeafinodelling can still be considered
insufficient and experimental testing is still required ¥@alidation. Moreover, data visualisation
for both models and experiments are limited. The formeressectional blade loads are calculated
and offer little scope for presentation of results, and #itet since they are dependent on various
techniques like Particle Image Velocimetry with expensetup costs to try and visually capture
features of the flow. Therefore, an evident gap exists in #sth chain for an accurate method that
will be able to verify model predictions, whilst offeringeagter insight into the flow physics sur-
rounding the rotor. In turn, this could help reduce the amadiexperimental testing required for
validation and cut costs associated with model manufagjuand wind tunnel time, thus promoting

a compact, cost-effective design process for future roafirdevelopment.
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An appropriate candidate would be Computational Fluid Dyica (CFD) based on high-fidelity
Reynolds-Averaged Navier-Stokes (RANS) solvers. Rebseastng RANS has been proven to of-
fer accurate aerodynamic loads predictions and detailedidllol visualisations, with the list of
publications too long for reference here. Initially, CFDvelwpment for rotors was limited to invis-
cid Euler calculations [5]. However, due to the increasedmlexity of the rotor flow environment,
including rotating-blade motion, blade-vortex and -wakieiactions, localised blade stall, and vi-
bratory loadings to name but a few, to be able to fully capthese effects using CFD required
viscous calculations. Fortunately, technological adeario computing power and CFD algorithms
make the daily use of RANS CFD in the design and developmesttegs more feasible and, as

numerical algorithms have evolved, so has the accuracywhtbh rotor flows can be predicted.

Although combined design methods offer potential, curteslicopter performance is gradually
approaching the stage where the rotor blades themselvdbeatmttleneck in the design [1, 6].
A modern rotor blade can incorporate up to three or more béadéon profiles, non-linear blade
twist, blade taper, and a variety of tip shapes; such desigagenerally optimised for specific
flight conditions and suffer high manufacturing costs. Bamaple, helicopters are unigue in that,
unlike other aircraft, they have the ability to hover. Inidesng a rotor for hover or axial flight,
implementing high levels of blade twist can increase theri®performance. Also, applying blade
taper and anhedral to the blade tip can help reduce induegdathd increase thrust. However, prob-
lems can be encountered in forward flight when shocks camliedgorm at the advancing blade
tip. At this point, such designs can exacerbate shock stiengvhich increase control loads and
limit maximum forward flight speeds. The inherent difficuitythe rotor blade design problem is
now obvious. Clearly, a variable blade design for each flaggintdition would be the best solution.
Improving the effectiveness of prediction methods anddasing rotor blade performance feature
highly in the US Army’s vision for helicopter aeromechanjé$ (see Table 1.1). Coupling CFD
and ROM'’s have shown to give excellent benefits in the acgushcotor performance prediction
[7, 8], and there has been various research into flow congwlds such as air-jet vortex gener-
ators [9]. A design that is able to tailor a rotor for specifight regimes was the Controllable
Twist Rotor (CTR) implemented on Kaman aircraft [10], whit&s been further developed to the
Multicyclic Controllable Twist Rotor (MCTR) [11]. A 25%R sm servo-flap was placed at 75%R
on a rotor blade with low-torsional stiffness. Torsionah8mg of the blade was induced via the
external moments produced by the servo-flap, thus allovon@dtive control of the blade twist in
flight. More recently, NASA have been developing the Actiweist Rotor (ATR) [12, 13], which

aims to resolve issues with blade loadings, vibrations,Blade-Vortex Interactions. It's achieved
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by implementing hundreds of piezoelectric actuators umekth the blade’s skin, both in the span-
wise and chordwise directions. By passing a variable ctitreough the actuators, bending can be

induced in each individual actuator, thus allowing for lateformation to suit the present flight

condition.
\ Aeromechanics Improvement (%) |
\ By 2000 By 2005 By 201q
Reduce vibratory loads 20.0 40.0 60.Q
Reduce vehicle adverse aerodynamic forces 5.0 12.0 20.0
Increase maximum blade loading 8.0 16.0 24.0
Increase helo/rotor aerodynamic efficiency 3.0 6.0 10/0
Increase prop/rotor aerodynamic efficiency 1.5 3.0 4.5
Increase rotor inherent lag damping 33.0 66.0 100.0
Aeromechanics prediction effectiveness 65.0 75.0 85(0
Table 1.1: US Army’s objectives set out for improvementsha t
rotorcraft field up to the year 2010 [6].
1.2 Hover

It is common knowledge that fixed wing aircraft are more effitiflying vehicles than helicopters,
as are gyrocopters at low advance ratios. However, thesgaftitack the ability to hover [1].
This allows a helicopter to perform essential tasks sucleagescue, people transport, sky crane
functions, and close troop support extremely efficientljerefore, the hovering performance of a
new rotor has to be carefully considered. The hover effigieria rotor is judged in terms of the

Figure of Merit (FM), which is the ratio of ideal power overtaal power:

£ | deal Power _ CFS/V2
~ ActualPower  Cg

(1.1)

The ideal power assumes all thrust is produced with no ratarep requirements [1]. The actual
power takes into account effects that contribute to in@@astor power requirements such as pres-
sure drag and induced drag. The higher the FM, the betterabering efficiency of a rotor. The
main detrimental factor in a helicopter’s hovering perfamoe is heavy loadings at the blade tip
due to the varying dynamic head and, consequently, strgngpttices and high induced drag. A
few methods are generally used to help improve hoveringiefidy. Blade taper, swept tips, and
varying tip angles can all have beneficial effects. An irggng design study by Le Pape and Beau-
mier [14] using CFD looked to optimise a rotor for hover usgugh design constraints. The final

design included a parabolic, swept tip with anhedral defiecngle. However, the most common
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method is by implementing twist along the span of the rotooras: propeller, making it possible
to distribute the loading on the blade more evenly (see Eigut). This results in a rotor blade
which requires less loading at the tip to achieve similafggarance as a blade with less twist and,
therefore, induced power is reduced due to a weaker tipx:oBg reducing the induced power, it

can be seen from Equation 1.1 that an increase in FM can bmebta

ROOT TIP ROOT TIP

(a) (b)

Figure 1.1: Schematic of the lift distribution over twistelddes at the sant@r. (a) Low twist. (b)
High twist.

The amount of twist implemented on rotor blades varies yrel@pending on the aircraft’s primary
design purpose. A compromise normally has to be reachedebetWover performance and the
limits of the flight envelope for forward flight. For large lepters that are used primarily for large
cargo transport or sea and rescue missions where they wdlthaoperate in hover for long periods
of time, highly twisted blades are used to ensure optimungieffcy. On the other hand, light 2-
or 3-bladed helicopters that are designed for scoutingamsprorting a few people generally have
very low levels of blade twist, since they will operate ind@rd flight more than in hover. This can
be explained with respect to the transonic effects expeeigion the rotor blade of a helicopter in
forward flight. In forward flight, the advancing blade prodadremendous amounts of lift and can
approach near sonic speeds at the blade tip. However, ih&fib&l for limiting induced power and
noise if the strength of shocks is kept to a minimum. Therefdesigners will target a local angle of
attack at the blade tip near the zero-lift angle. Unfortalyatarge amounts of blade twist can make
this very difficult to achieve. The consequence of which iegative effective angle at the blade
tip and the formation of shocks over the lower surface of tierr This has the effect of reducing
thrust, increasing control loads, and reducing the workiegof rotor blades [15]. An example of
the effect blade twist has on the hover and forward flightgremiince of a helicopter rotor can be

clearly seen in Figure 1.2, with the highly twisted bladergsvhat advantage it had in hover over
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the low twist blade when entering forward flight.
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Figure 1.2: Performance data for two identical rotors wihed blade twist. (a) Hover. (b) Forward
flight. Taken from Ref. [15].

In view of the above, being able to achieve good hover perdoice with as little blade twist as
possible would seem ideal. This was exactly what Nocestaah. [16] investigated by considering
a rotor equipped with high-lift devices for hover and fordidlight improvement. The high-lift de-
vices, common on fixed-wing aircraft, included @s3otted flap and two leading-edge slat designs
located at the blade tip region. When deployed, they woulfixeel in hover with very low actua-
tion power requirements. Some benefits were evident with@hkeading-edge slat design, but the
results for the slotted flap, however, were inconclusiveg.[I&erefore, it is still to be seen whether
there is a future in this concept. The idea of using fixed flags given further consideration in ex-
periments and computations by Wachspress and QuackenbrijshThey demonstrated that fixed,
inboard flaps were capable of reducing Blade-Vortex IntevadBVI) noise in low-speed, axial
descent. They noted a shift in circulation to the inboardiporof the blade, greater wake mixing
and, consequently, a weaker tip vortex. Although both cdatmns and experiments offered sim-
ilar results in noise reduction levels, it should be noteat the method for modelling the flap and
the physics associated with the design used in the experianeriundamentally different, but this

will be discussed in more detail later.
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1.3 History of Active Flap Control

Interest in Active Flap Control (AFC) technology has beengoing since the early 1990's. Al-
though the majority of research in AFC has been limited torMtbivers, wind-tunnel testing, and
computational evaluation, some flight tests have been adeduy Eurocopter [18] showing good
results in reducing vibrations and pilot control loads. Thacept of using flow control devices on
rotorcraft, however, is not a new one. Pescara [19] in 1928npad a method of using ailerons to
induce blade twist and hence control local blade pitch angleschematic of the design can be seen
in Figure 1.3. Vertical motion was obtained by increasingexreasing thrust by deflecting the flap,
with horizontal motion obtained by unbalancing the lift guoced on the advancing and retreating

sides by variable blade warping.
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Figure 1.3: An early rotor blade, or screw propeller, by Res§19] with an integrated, trailing-edge
flap (34) for blade pitch and cyclic control.

He was followed by D’Ascanio in 1934 [20] who patented a 2dBld, co-axial rotor helicopter that
used servo-tabs on the blades to control the amount of bitidhdy produced (see Figure 1.4).
Blade control was obtained by varying the tabs separatelyddzontal flight and in unison for ver-
tical flight to increase or decrease the thrust produced éydtor disc. Both ideas were prevalent
in a time when the modern Sikorsky swashplate design wasashlke accepted as the standard for

blade collective and cyclic pitch control.

The Kaman Corporation produce helicopters that use sesps-fit the 3/4 blade chord to induce
blade twist that alters the local blade pitch by means ofvlifiputs from the swashplate, an idea
that Kaman himself had patented back in 1948 [21]. The ea$yguh involved inter-meshing rotor
blades with a flap device located at the blade 3/4-chord. Hpediévice was attached to the blade by
an arm (see Figure 1.5(a), item 29). By applying collectind ayclic inputs to the blade root and
the flap, the distribution of lift along the blade could beimsed by introducing torsional moments

to induce blade twist, which in turn varied the effective lengf attack [10] along the blade span. A
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similar idea to that of Pescara [19]. A modern applicatiothtd concept can be seen on the Kaman
K-MAX heavy lift helicopter, which uses servo-flaps for rotontrol (see Figure 1.5(b)) and has
many improvements over the original design. The developrakéthe Multicyclic Control Twist
Rotor (MCTR) has additional benefits due to higher harmampaiis to reduce vibration levels, as

reported by Wei and Weisbrich [11].

32 22 3| |
28 12 ﬁ94 J'E:mw

Figure 1.4. Schematic of the blade section and the 2-piengp4ab used for thrust variation on
D’Ascanio’s 1934 co-axial helicopter. Taken from Ref. [20]

The advantage of AFC over other existing or aspiring activetrol technologies is the variety of

problems to which it can be applied. So far it has been shovie teffective in reducing noise due
to blade-vortex interaction [22], where the flap can eitigrdisplace the blade position relative to
the approaching vortex so as to avoid it by either increasingecreasing the local aerodynamic
lift and moments, (2) by canceling out the impulsive aer@afgit response induced by BVI using
active flap inputs, or (3) allow for a spanwise shift in ciltidn that reduces trailed vortex strength,
as well as (4) allowing for increased wake mixing and vortessigation. The mitigation of ro-

tor hub vibration levels and pilot control loads [23] hasoaleen shown to be possible. In this
case, the main vibratory hub loads present in the rotor enment, namely the (N-1)/rev, N/rev,

and (N+1)/rev vibrations, are countered by applying equal @pposite aerodynamic loads via a
trailing-edge flap to cancel out the baseline blade loade. riibst demonstrated application, how-
ever, is reserved for blade pitch control [10, 11, 24], whashexplained earlier induces blade twist

(or warping) to effectively alter the local blade pitch amgid lift.

There is also the benefit that, by utilising the progressesigroelectric materials [25, 26, 27],
AFC actuators can now be located on the rotor blade itsedfriof)y reduced complexity and high
efficiencies in terms of flap power consumption and bladefnaintenance. Interestingly, there is
very little work in the open literature evaluating both fixead actuated trailing-edge flaps for im-

proved aerodynamic performance, including the assoclagedfits in increased payloads, forward
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flight speeds, and reduced control loads. As described dditade twist is beneficial in hover, but
retards blade tip efficiency in forward flight. To avoid thiew twist rotors could be utilised with

fixed flaps to recover hover performance.

(@) (b)

Figure 1.5: The progression of blade control on the Kamaitdwters. (a) The design from the
initial patent in 1948. (b) The modern day MCTR. Figure (apieen from Ref. [21].

1.4 Flap Designs

There is an important choice to be made when selecting whighdésign to use for rotorcraft
applications. The most common types of flap are consideredvpeach of which could offer bene-

fits in improving rotorcraft performance. These are integglaslotted, split, Gurney, and servo flaps.

Integrated or plain flaps (see Figure 1.6(a)) are widely usdiked-wing aircraft for lift gener-
ation and as ailerons for flight control. For rotor bladegytlare compact enough to be located
within the blade planform. When they are deflected, effecti@mber is introduced and local suc-
tion peaks at the hinge point give either lift or downforcenftttunately, due to their location at
the rear of the aerofoil, sharp adverse pressure gradiemtshb#ained over the flap and cause the
aerofoil to stall earlier the more flap deflection that is &mpl They are well-suited to dealing with
harmonic problems such as blade vibrations and BVI enceenhte forward flight due to the low
power requirements required to oscillate the flap. For liftancement, they are not as effective as

other designs, but the combination of simplicity and lowgdnaakes them feasible. For this reason,
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the majority of modern research on flapped rotors has coratedton integrated flap technology.

This design would also lend itself well to problems in hoved aetreating blade stall.

Slotted flaps (see Figure 1.6(b)) can also be found on thesah@ircraft and have many advan-
tages over the standard integrated design. The inclusitimediap gap between the main element
and the flap gives both the main element and the flap separateléy layers. This allows for
higher angles of attack before flow separation occurs coeapaith the plain flap with increases in
maximum lift and the static stall angle. Boundary layer mixalso occurs between both elements
and has two effects, (1) due to the low pressure on the uppfrcsuof the flap, the pressure gra-
dients on the main element are improved since (2) the adpeessure gradient is transfered from
the main element to the flap, hence causing the boundary tewtre flap to separate earlier than
expected [28]. Therefore, the flap gap is a very importanigdesriterion. For rotorcraft applica-
tions, the flap gap could cause problems at high inflow veéscgince shocks could form in the gap
on the advancing blade. This would reduce its effectivenassease blade vibrations, and reduce
the integrity of the flap actuation mechanism. However, iuldamake no sense to implement a
slotted flap for vibration and noise mitigation, as it is aigeghat is aimed at pure aerodynamic
performance improvement and not torsional moment conffbiat is why it is especially suited
to a steady-state environment such as a helicopter in ha¥ere it could prove to be extremely

beneficial.

Servo-flaps (see Figure 1.6(c)) are less common on fixed-airgyaft, but are capable of pro-
ducing large aerodynamic pitching moments due to the laffgetafrom the rotor blade’s elastic
axis. When deflected, pitching moments induced by the flapgcaase the blade to elastically dis-
tort in torsion as used in Kaman rotorcraft. There are issuigsthis design, however, as the flap
gap and actuation mechanism can increase drag significaithyough it has proven to be a good
solution for the Kaman KMAX and the Super Seasprite, it isliesting that the design hasn’t been

implemented by other rotorcraft companies.

The split flap (see Figure 1.6(d)) was widely used in earlgraft (pre-1940’s aircraft) since it
was a simple design that could produce a lot of lift. It waemed in 1920 by Wright and Jacobs
[29] and is essentially a thin plate that is hinged on the nsaittion and, when deflected, rotates
downwards like a normal flap, although in this case the maiti@edoes not alter geometry. The
disadvantage of the design is the high drag caused by thiedaldy flow behind the flap.

This makes it ideal for landing and slowing down whilst tagii but poor for enhancing perfor-
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mance on rotors. There could also be potential problemsthlinstabilities in the bluff body flow

behind the flap and their influence on the flexible rotor bladhending loads.

The Gurney flap (see Figure 1.6(e)) was invented by Dan Gumé®71 during testing for his
racing team, AAR, to increase downforce, although it wasenpatentable as Edward Zaparka had
been credited with a similar device in 1934. Liebeck [30] weasfirst to describe the flow physics
behind the design. The Gurney flap has the effect of creatiogbunter-rotating vortices behind it,
which delays the Kutta condition at the trailing-edge armstipces increased lift due to an increase
in effective camber and hence circulation. It is the sintfpdéall the flap designs and it can provide
significant increases in L/D, although its size is limitedhe height of the boundary layer for max-
imum efficiency. It has gained some interest in rotorcraffg@enance enhancement, especially in

conjunction with leading-edge droop, but its high drag igrdting factor.

1.5 Flap Modelling

An important element of design using numerical methods iassure that you are capturing all
the relevant physics properly. Both 2D and 3D RANS CFD hawnlshown in the past 20 years
to be adequate in predicting performance parameters ofcdisrwith flaps, although there have
been consistent problems with drag prediction, stall anglad correct boundary layer mixing (see
Appendix B). However, before RANS CFD was available to thedgnamicist, models were de-
veloped based on potential theory that offered excellectiracy for attached flow. They included
boundary layer lag effects to increase the fidelity of thehoétand offered viable drag models,
which contributed greatly to early fixed-wing aerodynami€@ther models have also been devel-
oped based on various techniques such as lifting-line yhddational Function Approximations

(RFA), and indicial methods, although they weren’t withtheir drawbacks.

Table 1.2 presents a short description of these methodsy ditempass both time-domain and
frequency-domain models in incompressible and compressibw, for fixed and time-varying
freestream velocities. Some require simple superposdiothe aerofoil loads to obtain the total

loads, whereas others contain an entire aerodynamic maidaéfofoil and flap motion.
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Figure 1.6: Flap designs for rotorcraft application. (a)@¥0015 with a 25%c plain flap. (b)
RC(6)-08 blade section with a 32%c slotted flap. (¢) NACA 2B8agrofoil with a 25%c servo-flap
without a flap gap. (d) NACA 23012 with a deflected, 25%c spéipfl (€) Close-up of a NACA

0012 with a micro Gurney flap.
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\ Flap Modelling \
Corrected Loads Comp./
Ref Year C. Cy Cp Cy Incomp. Motion Method
[31] 1935 Y Y Y Y Incomp. Harm. Potential Theory
[32] 1940 Y Y N Y Incomp. Harm. Potential Theory
[33] 1957 Y N N N Incomp. Arbt. Lifting-Line Theory
[34] 1977 Y Y Y Y Comp. Arbt.  RFA
[35] 1994 Y Y Y Y Comp. Arbt.  Potential Theory
[36] 1995 Y Y N Y Incomp. Arbt. Lifting-Line Theory,
[B7] 1996 Y Y Y Y Comp. Arbt.  Indicial Methods
[38] 1997 Y Y Y Y Comp. Arbt.  RFA
[39] 1999 Y Y N Y Comp. Arbt. 2D CFD Modified,
Lifting-Line Theory

[40] 2001 Y Y N N Incomp. Arbt. Lifting-Line Theory

Table 1.2: Various work on flap modelling using various ajpgies.

One of the pioneers in this field was Theodore TheodorsenvjBb]looked to model wing flutter
using incompressible, potential theory in the frequenanaio as early as 1935. Essentially, this
was an extension of thin aerofoil theory to take into accaixtegrees of freedom in the aerofoil
motion (pitch, plun