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The objective of this work is to develop a re ned comprehensive alyais to
predict performance and loads of high advance ratio rotors. Higlpaseds, greater
than 230 knots, are an important capability of the next generatiomotorcraft. To
avoid compressibility e ects, the rotor tip speed has to be reduceaind this means
high advance ratios. At increasing advance ratios, the reverseworegion grows
wherein the rotor faces ow reversal, high angles of attack and gt rates, and large
variations in dynamic pressures. A large region of ow reversal hasiplications
for trim, performance and loads, which need to be understood indar to design
high speed rotorcraft. The focus of this work is to describe the jgabilities and
limitations of a lifting line-based comprehensive analysis to predict highdvance
ratio performance with a particular focus on the thrust reversabhenomena.

Tip speed can be varied by either radius variation or rotor speed vation.
Before focusing on high advance ratios, both approaches are stgated in the

context of a standard helicopter con guration in free ight at a representative range



of ight conditions.

Reducing the rotor radius acts to decrease prole power at the pgnse of
increased induced power. At moderate to high speeds, the de@ean pro le power
on a reduced radius rotor is greater than the increase in inducedvper and overall
performance can be improved. Reducing rotor speed reduces lerpower without
impacting induced power and thus larger power reductions can behé&ved across
the entire ight envelope than with radius reduction. Neither apprach allowed
trimming the helicopter at advance ratios above 0.4 because of seveetreating
side stall, which limited thrust and increased power. Augmented lift aththrust are
needed for either concept to achieve signi cantly higher advancatios. Vibratory
loads were reduced at low speeds, but increased above the baseltri@gh airspeeds
for both variable radius and rotor speed concepts. Variable rot@peed provides
larger performance gains and appears more technologically feasdote is the better
solution to high advance ratio rotorcratft.

The high advance ratio study focused on two wind tunnel tests. & UH-
60A slowed rotor wind tunnel test up to an advance ratio of 1.0 meased rotor
performance, airloads and vibratory loads. The analysis is modi edhd re ned by
evaluating the correlation to the UH-60A performance and airloadest data. The
modi cations included new aerodynamic models for the fuselage andabe root,
yawed ow corrections and re nements to the wake modeling. Theernements are
shown to be important for correctly predicting the thrust, drag ad power of the
UH-60A rotor up to an advance ratio of 1.0. Flap bending loads are rsstive to

strong wake interactions on the advancing tip and on the rear of ¢éhdisk and can



only be predicted if the correct root aerodynamic description and éation of root
trailers are known. The prediction of lift near the blade root is not di#sfactory and
this is attributed to the highly unsteady airloads in the reverse ow hat are not yet
adequately understood and require more detailed testing.

Mach-scaled high advance ratio tests at the University of Marylandre the
second set of test data investigated. The Maryland test includedath beyond thrust
reversal. The re ned analysis is able to predict thrust, including thust reversal,
satisfactorily up to 1.2 advance ratio. Thrust reversal ends whethe reverse ow
stalls, which is seen in both the test and analysis. The test shows gter post-stall
reverse ow lift and this is attributed to lift from dynamic stall. Shaft power and
rotor drag are well predicted. The validated analysis is used to stydhe impact
on thrust reversal due to blade twist, shaft angle, root cut-oytreverse ow stall
angles, and yawed ow corrections. Negative blade twist shifts theegion of thrust
reversal to lower collectives while aft shaft angle moves thrust ressal to higher
collectives. Increasing the root cut-out delays thrust reversdab higher advance
ratios. Yawed ow corrections and increasing the stall limits of the everse ow
airfoil both extend the linear region of thrust reversal. The ap beading moments
of the Maryland rotor are dominated by the 4/rev component andhis is because
the second ap mode is near 4/rev. The 4/rev harmonic content gws with advance
ratio and results in large 4/rev vibratory loads at high advance ratio The blade
torsional moment includes higher harmonic oscillations that determénthe peak-
to-peak torsional loads and these can be simulated in the analysis Bynulating

dynamic stall in the reverse ow.
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Chapter 1: Introduction

The motivation of this dissertation is to investigate the aeromechacs of a heli-
copter rotor at high advance ratios. High speeds in excess of 22ts is the specic
goal for the next generation of military rotorcraft, while high speds help provide
critical capability to search and rescue operations and can improw®st e ective-
ness for civilian applications. Helicopters' high speed performancensw limited by
compressibility e ects on the advancing side tip and reversed ow imading stall on
the retreating side, which in turn result in high power requirements rad excessive
vibrations. Relieving advancing side compressibility can be achieved bgducing
the rotor tip speed through either radius or rotor speed reductioc Because hover
performance always remains important for any rotorcraft, highip speeds continue
to be necessary at low airspeeds and therefore variable tip speetbrs appear an
attractive option. The rst objective of this research is to invesigate both variable
radius and variable rotor speed for their suitability to a high speed torcraft con-
cept. Following this, the aeromechanics of a rotor with slowed tip spd at high
airspeeds is investigated. Reducing the tip speed relative to the giesed implies
high advance ratios. At high advance ratios, a large region of reger ow exists on

the retreating side, which reduces rotor thrust and makes stegdevel and trimmed



ight more challenging. The highly asymmetric ow and large cyclic inpus con-
tribute to large lift di erentials, complex wake formation, unsteady airloads and
a potential for dynamic stall. These complex airloads and their interion with
the rotor are investigated using a comprehensive rotorcraft alyasis, with modeling
re nements, to gain a fundamental understanding of rotor pedrmance and loads
at high advance ratios.

This chapter introduces the subjects of variable rotor radius andariable rotor
speed, focusing on improving rotor performance within the normalht envelope.
Next, the history of high advance ratio aircraft to date is discussk followed by de-
scriptions of rotor experiments that achieved high advance rati@nd the state-of-art
in high advance ratio predictive capability. Finally, the goals, scope animportant
conclusions of the current research are summarized followed by @rerview of the

dissertation.

1.1 Variable Rotor Radius State-of-Art

Variable radius rotors have been investigated for both edgewisetas and
tiltrotors to reduce the compromise between hover and cruise fermance. In hover,
larger disc area reduces the rotor induced power for a given thtushile reducing
radius minimizes pro le power by avoiding compressibility e ects at highr airspeeds
as well as through the reduction of exposed surface area. Vail@ladius concepts
require mechanisms in the rotating rotor frame that are able to egnd and retract

each rotor blade. Designing a concept to be light weight, robust arhmage tolerant



in the high centrifugal loading environment is quite challenging, and asresult, vari-
able radius actuation has not been used in a production helicopter.h&re have been
some research activities on this topic and the following is an overviewimportant
tests and analyses that have investigated variable radius concept

Linden [1] carried out a survey of known radius variation concepts ¢tuding
patents dating to 1913. The aim of the study was to identify the carepts that could
be applied to a large compound rotorcraft and evaluate the most@mising concepts.
Linden described three broad types of radius variation concept$elescoping blades
are composed of at least two blade sections with some mechanicalchamism to
withdraw or extend one section over another to achieve a desireadius (g. 1.1a).
The second concept of folding rotors incorporates hinges alongetepan that allow
the blades to fold in ight (g. 1.1b). The folding rotor concept was inended for
parachute-like deployment where the rotor extends and locks atast up with no
provision for retraction, and hence, is not suitable for active radsivariation. The
third concept of a exible rotor requires a portion of the rotor to ke extremely
exible so that it can be retracted by rolling onto a drum ( g. 1.1c). Linden judged
that the nal exible rotor concept was the most promising althoudh signi cant
challenges relating to control were identi ed. Sicard and Sirohi [2hodeled and
tested this concept on a small scale rotor (diameter of 18 inches) the benchtop
and showed that the concept remained free from utter when fullyleployed.

The telescoping blade concept has shown the most potential foretipractical
implementation of radius variation. Fenny [3] describes the historyfdhe Variable

Diameter Rotor (VDR) rotor as well as his recent contributions. Tle VDR rotor,
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Figure 1.1: Variable radius rotor concepts identi ed by Linden [1] (eitkd for clarity).



(a) Fully extended. (b) Retracted.

Figure 1.2: Variable diameter rotor (VDR) using two telescoping seions, built by
Young at Bell [3].

built by Young and based on his own patent, is reported to be the tdull scale rotor
to achieve powered radius variation (37.5%) at full operating RPM in964 ( g. 1.2).
The design used centrifugal extension and cable retraction of tlwutboard rotor
section. The VDR rotor was further developed at Bell until the enaf the program
in 1971. Fenny identi ed many of the technology hurdles that stallech practical
implementation of the VDR rotor and in his 2005 paper showed a desigor a
new extension/retraction mechanism which, together with digital ight control and
health monitoring, may overcome many of those hurdles.

Sikorsky's telescoping TRAC rotor (name derived from telescopingtor air-
craft) used a jack screw concept to actively control rotor radsiby moving the blade
along the spar [4,5]. The one eighth dynamically scaled rotor was tedtin 1969,
1970 and 1972, and performance, blade stresses, vibrations aedbelastic stability
were measured at maximum radius up to 150 knots and at minimum radiwp to
400 knots. The TRAC concept showed the potential for improvedgsformance and

reduced vibration for a compound or stopped rotor con guration The concept was
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Figure 1.3: Schematic of the Sikorsky TRAC rotor concept [4].

redeveloped as the VDTR (Variable Diameter Telescoping rotor) in # 1990s for
tiltrotor applications, and wind tunnel tests were carried out [6]. e tests success-
fully demonstrated the feasibility of the VDTR concept for tilt rotor applications
and included data points in hover, conversion and cruise. No instabiés were en-
countered and blade loads were considered acceptable. The maliglnot allow for
full tip speed testing (half tip-speed was used) and control stogdsnited the test
envelope during conversion. Prabhakar and Gandhi [7] developedentrifugally ac-
tuated variable radius concept for a model-scale rotor, which wasrted via a spring
connecting the outboard sliding portion to a xed inboard portion. \ariation in
rotor speed directly varied rotor radius. They found that the peiormance of the
concept degraded signi cantly as compared to a baseline rotor lzerse of the high
rotational speeds required to achieve extension (although, theyggested that the
inclusion of a blade locking mechanism could deliver improved perfornea).

Recently, an analysis was carried out by Mistry and Gandhi [8] to ekzate



the performance potential of both radius and rotor speed varian. They showed
that radius variation was more e ective to improve performance fohigh thrust,
high altitude rotors at low speeds and that larger improvement coultie achieved
by reducing RPM in combination with radius variation. These studies & very
insightful, but incorporated simpli ed structural and aerodynamic modeling of the
blades.

In summary, the variable radius concept o ers a potential for pgormance
improvement but it is quite mechanically involved to implement radius vaation

devices in a full-scale system.

1.2 Variable Rotor Speed for Performance

A
Noise and power limits C Retreating blade stall
o Oy,
c 0.«»9
- S,
g : Reverse
2 | Design space . flow
o [
£
o
o
=]
5]
= Autorotationand control limits

Compressibility

v

Advance ratio, p

Figure 1.4: Typical envelope of tip speed selection. Adapted fromikkman [9]

Except for a few notable examples, all rotorcraft operate at a &d rotor speed
normally resulting in a tip speed of 650 - 750 ft/s for the reasons shn in g. 1.4.
At hover and low airspeeds, faster tip speeds result in unacceptatnoise levels,
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while reducing tip speed limits rotor thrust and reduces autorotatig ability. In
cruise and at high airspeeds, high tip speeds are limited by compred#iy while
reducing the tip speed is limited by stall. However, most helicopters epate across a
range of airspeeds and gross weights and a variable rotor speend tzke advantage
of improving performance by optimizing rotor speed at each ight aadition. At
high speeds, o -loading the retreating side rotor with compound wis, or by using
coaxial rotors can remove or reduce the limitations from stall.

Despite the apparent bene ts that could be realized by utilizing varible rotor
speed on conventional helicopters, this has been historically avaidgue to the risk
of blade resonance and the poor e ciency of varying engine or tramission speed.
The following sections describe the current state of variable rot@peed research

followed by a brief outline of the challenges faced in implementation.

1.2.1 Variable Rotor Speed State-of-Art

A 1946 report by Gustafson and Gessow [10] evaluated the e edttp speed
on hover performance and maximum airspeed. The study recomnded that tip
speeds be lowered below what was typical (500 ft/s) to improve hewvperformance
and increased in forward ight to improve maximum airspeed by delaym stall.
(Maximum airspeed at the time did not approach the transonic regimeand so in-
creasing tip speed was bene cial for achieving high speed withoutneating blade
stall). The authors recommended that a two speed gear box wagjuered to achieve

both objectives.



Figure 1.5: The Boeing A-160 Hummingbird used rotor speed variatiqop to 60%)
to achieve high endurance [11].

The unmanned Boeing A-160 Hummingbird ( g. 1.5) used the Optimum j&ed
Rotor concept [11, 12] to achieve unprecedented enduranceitisg a record ight
of 18.7 hr in 2008. Developed by Frontier (then bought by Boeing)he A-160
used a two speed transmission to minimize power required as a funotf airspeed,
weight and altitude. The rotor blades were designed with extremelyigh sti ness to
weight ratio so as to avoid resonance at the rotor speeds of intsteThe low power,
low disk loading rotor was powered by a piston engine for which a varigbspeed
transmission was less challenging than with turbine engines. Recentiile A-160
program was canceled due to scheduling delays after excessiveatibns caused a
crash.

In 2008, Steiner and Gandhi [13, 14] evaluated the in uence of g®weight,

altitude and airspeed on the power of a UH-60A Black Hawk helicoptevith vari-



able rotor speed. A 15% rotor speed variation was chosen to limit eiency losses in
the transmission, although the speci cs were not discussed. Theudy showed that
an 18% power reduction was possible for low altitude and low gross wegy The
rst order analysis modeled rigid blade ap and used blade element toey (BET)
together with table look up and a linear in ow model. Guo and Horn [15] bilt a
controller that controlled optimum rotor speed for the UH-60A heliopter during
climbing, diving and turning ight. The ight dynamics model was basedon a mod-
i ed version of GENHEL [16] for the UH-60A helicopter made available \pNASA.
The study predicted the potential for performance improvementia rotor speed vari-
ation and showed that a controller could successfully follow the conamded rotor
speed schedule. In 2009, Mistry and Gandhi [8,17] extended thesults of Steiner
and Gandhi to include a prescribed wake model. The simulation, agairmased on
the UH-60A rotor, studied both variable rotor speed and variableadius for reduced
power. The study showed that for low thrust and low altitude condibns, up to
14% power reduction could be achieved by saturating the possibleduetion in ro-
tor speed (-11%). The performance improvements reduced withcireasing gross
weight, altitude and at low speeds. Only limited insight could be gaineddm these

simpli ed models.

1.2.2 Challenges for Variable Rotor Speed Implementation

Most helicopters maintain a constant rotor speed to avoid resone@ and be-

cause of the complexity, additional weight and decreased e ciencgf varying the
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rotor speed through a variable speed transmission or by throttlinthe engines. The

following sections discuss these issues brie y.

1.2.2.1 Blade Resonance

o

Frequency, Hz

[ERN
o

0 0.2 0.4 06
Normalized RPM

Figure 1.6: Fanplot of the UH-60A Black Hawk rotor. 100% = 258 RPM.

An example of a UH-60A fanplot is shown in g. 1.6, which indicates the
challenges faced when varying the rotor speed. The modal frequaes of rotating
blades are a function of the rate of rotation because of centrifalgsti ening. At
100% rotor speed, the blade is carefully designed to ensure thaheof the rst few

blade frequencies are near those of the aerodynamic forcing treqcies (which are
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at multiples of the rotor frequency). Changing the rotor speed riks approaching
the resonance condition that can cause enormous excitation ofeoar more of the
blade modes. Unless well damped, resonance results in large deaet, vibrations,
large dynamic loads and can be potentially hazardous.

Approaches to overcome resonance when varying rotor speec dee imple-
mented through advanced blade design or tailored rotor speed taflers. Modern
manufacturing with composite materials allows for new, very light andti blades
that are more resistant to resonance such as were used by thel®0 (claimed in
patent by Karem [12]). Alternatively, advanced controllers or two &ge (or more)
transmissions, chosen to avoid rotor speeds near resonanceehlagen used success-
fully on some high speed rotorcraft such as Sikorsky's X-2 TechngloDemonstrator
(20% RPM reduction [18]), Airbus's X (20% RPM reduction [19]) and the V-22 Os-

prey (18% RPM reduction [20]).

1.2.2.2 Variable Speed Turbines E ciency

Modern turbine engines are designed to operate with peak e cien@t a single
output shaft speed. Turbine e ciency decreases quickly if it is requed to operate
at o -design speeds. The decrease in turbine e ciency with both d@easing speed
and torque is shown in g. 1.7 in terms of increased speci ¢ fuel camsption (SFC,
lower is better). For illustration, consider a rotor optimized for 108 engine output
power at 100% turbine speed resulting the baseline SFC. Slowing theline speed
to 50% and assuming that the engines remain power limited results inew30%

increase in SFC. Alternatively, maintaining the turbine at full speed bt requiring
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Figure 1.7: Typical variation of SFC with turboshaft speed [21].
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70% of its power (comparable to power at 50% turbine speed) cosisly 3%{5%
increase in SFC. The increase in SFC for the reduced speed turbira enore than
overcome any power gain available due to the rotor.

A report by D'Angelo [22] gave the conclusions of NASA's investigatioof tilt-
rotor concepts, which identi ed that a means of propulsion with e dent, widely-
variable output speeds was a key technology for improved tiltrotoe ciencies at
high airspeed. Turbine e ciency drop-o limits the rotor speed rediction to 18%
even though 50% speed reduction was optimal at high speeds. Thiade-o cost
15%-22% in overall e ciency. D'Angelo modeled a theoretical turbineoptimized
for variable turbine speed and showed a 14% overall e ciency increa was possible.
Welch [23,24] used 2D and 3D CFD to con rm the performance tresdshown by
D'Angelo.

Garavello and Benini [25] and Mise and Benini [26] each looked at kiable
turbine speed engine performance speci cally for helicopter applicans. Garavello
and Benini used a simple rotor analysis to determine the power regeiments of a
nominal UH-60A helicopter in steady ight with variable rotor speed. These were
used as inputs to a rst order turbine engine model to determine # fuel ow
rate. For the 16,000 Ib case considered, the net decrease in fuelsm ow rate
for the optimum speed rotor was judged not worthy of the e ort 6 variable rotor
speed because of reduced turbine e ciency. Mise and Benini impheented a steady
state model of a turbine engine to use with a simple rotor analysis, waed to
an optimization routine. The optimization targeted minimizing system pwer and
realized a 16% reduction in fuel ow in cruise for a 16,000 Ib UH-60A hetbipter.

14



Increasing the resolution of the rotor analysis and the steady owurbine model

were suggested for future improvements.

1.2.2.3 Variable Speed Transmission

A multi/variable speed transmission can change rotor speed relatiyee -
ciently, but with a weight penalty. A 2008 report by Stevens et al. [2] evaluated
several transmission concepts for their feasibility for the large d@htilt rotor (LCTR)
investigation conducted by NASA. Two-speed and variable-speeghsmissions were
evaluated. The challenge of a two speed transmission is to ensuratcmous power
delivery. A two input di erential planetary gear was identi ed as a viable solution
to a continuous change in rotor speed between two speeds. Lewekal. [28] and
then DeSmidt et al. [29] developed a dynamic model of the transmissjowhich
compared well with experiment. The weight penalty of the system wanot de-
tailed. Saribay et al. [30, 31] investigated a pericyclic variable speethhsmission
for helicopter applications showing it to be a feasible replacement foonventional
helicopter transmissions with weight and volume reductions compatreo standard
transmissions (evaluated against the KMAX transmission). A patenby Palcic et
al. [32] describes a two-speed transmission with smooth RPM chasder use on dual
engine rotorcraft by placing a clutched intermediate gearbox beeen each engine

and the main gearbox.
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1.3 High Advance ratios

Following from the initial studies investigating variable radius and varible
rotor speed concepts to achieve improved performance, the dyuof high advance
ratios will focus on variable rotor speed alone. Variable rotor speéads fewer techno-
logical hurdles and has a greater scope for performance improenthan variable
rotor radius. This section provides an overview of aeromechanicstigities of ro-
torcraft that used variable rotor speed to attain high speeds. Tk is followed by
descriptions of controlled wind tunnel experiments that achieveddh advance ratios.
Finally the current state-of-art in the analysis of high advance rab performance

and loads is reviewed.

1.3.1 High Speed Rotorcraft

Slowing the rotor to achieve high speeds has been applied to humeraator-
craft including autogiro, tilt-rotor and compound aircratft.

Autogiro Rotorcraft: The 1951 McDonnell XV-1 convertiplane (g. 1.8a)
was a tip jet driven compound autogyro [41]. Full rotor speed (41RPM) was used
during takeo and landing, but the rotor was slowed and o oaded in brward ight.
Unacceptable noise and new engine technology lead to cancellatiortred project.
The British Fairey Rotordyne ( g. 1.8b) also used a tip driven rotor and included two
turboprop engines for forward ight. However, it was canceled duto budget cuts
and concerns about noise. Carter Aviation developed their techiogy demonstrator

(0. 1.8c) that is the rst rotorcraft to exceed = 1.0 in 2005 [42]. The heavy rotor
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(a) McDonnell XV-1 [33]. (b) Fairey Rotodyne [34].

(c) Carter Copter [35]. (d) Bell XV-3 [36].

(g) Sikorsky XH-59 [39]. (h) Sikorsky X-2™ [40].

Figure 1.8: High speed rotorcraft ight demonstrators and prodation tiltrotors.
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was spun up before take o before disengaging a clutch and incrawg collective
during takeo . Wings and a propeller provide lift and propulsion in forvard ight.
Because the autogiro rotor is not powered in ight, it is consideredistinct from the
high advance ratio concepts considered here. An autogiro doeg nceer the same
capabilities as a powered rotor.

Tilt-Rotor Rotorcraft: The Bell XV-3 was the rst stable conversion tilt-
rotor. Rotor speed was decreased from 532 RPM in hover to 324 RREn airplane
mode to limit helical tip Mach number [43]. The XV-1 su ered numerous rashes
and delays owing to stability problems, notably from prop whirl utter, and was
canceled after a nal incident in the NASA Ames 40x80 wind tunnel. Ta XV-3 did
not achieve its high speed goals (maximum speed achieved was 184 niplt the
technology improvement and the development of stability analysesrfhigh speed
ight paved the way for the success of the XV-15 (rst ight 1977) and eventually
the V-22 Osprey (rst ight 1989). Combining a tilting rotor axis with reduced
rotor speed in forward ight (20% tip speed reduction), the Osprg has a maximum
airspeed of 275 knots (sea level, 305 knots at 15,000 ft) with a udgfayload, a feat
which cannot be achieved by any other rotorcraft [20]. A civil variat of the tilt
rotor is being developed, started by Bell and Boeing, then Bell andgistaWestland
and now developed solely by AgustaWestland as the AW609 (earlier BB9 shown
in g. 1.8e). Tip speed variation is achieved on all these aircraft by gne speed
alone

Compound Rotorcraft:  In 1967, the compound variant of the Lockheed XH-
51A (g. 1.8f) used a 5% reduction in rotor speed to avoid critical Meh number on

18



the advancing tip. A larger rotor speed reduction was not feasibleud to structural
resonance of the test rotor. Vibration levels increased at speeatsove 220 knots and
limited the maximum airspeed [44,45]. More recently, Eurocopter deloped the X
experimental high speed helicopter, which set an uno cial speedcerd of 255 knots.
The X3 uses short span wings and two tractor propellers to o -load the tor at high
speeds and slows the main rotor by up to 15% to alleviate compressilyil[¢46].
Coaxial Rotorcraft:  The Sikorsky XH-59 coaxial (g. 1.8g), compound ro-
torcraft reduced tip speed from 650 ft/s in hover to 450 ft/s at lgh speed (236
knots) [47]. High 3/rev vibrations (3 bladed rotor) were attributedto challenges
with rotor speed variation and a heavy, old technology rotor syste. Sikorsky's X-2
Technology Demonstrator coaxial helicopter (g. 1.8h) used a 20%&duction in ro-
tor speed to achieve high e ciency and high speeds upto 250 knotg48]) with low
vibrations in part due to y-by-wire controls, active vibration control and advance

rotor blade design [49].

1.3.2 Measured Test Data for Validation Studies

In order to be able to develop the next generation high speed rotwaft, the
aeromechanics of edgewise rotors at high advance ratios needsdainderstood and
reliable prediction tools need to be developed, which are validated fitre extreme
ight conditions. Developing an accurate predictive capability requies access to
test data of representative rotors in these regimes. This sectialiscusses the high

advance ratio wind tunnel tests that are available, as well as the linations and

19



challenges faced with testing.

Wind tunnel test data is ideally of full-scale rotors that closely reprgent the
desired high speed concept rotor. However, full-scale testing igpersive and com-
plex, while high advance ratio testing speci cally increases the risklegive to lower
advance ratio tests. The cost of full-scale testing comes from these of a large
facility (such as the National Full-Scale Aerodynamic Complex { NFAC)acquiring
and instrumenting a rotor system, and the large team required toonduct the test.
Also, designing a speci ¢ rotor system for high advance ratio regeh is prohibitively
expensive. For this reason, wind tunnel tests typically reuse exisg rotors, not op-
timized for high advance ratios. Slowing the rotor to achieve high adwce ratios
incurs additional risk. Centrifugal sti ness on a slowed rotor is redced, resulting
in the potential for larger apping angles and blade loads. At high adance ratios,
the rotor approaches its stability limits, which may not be well prediotd. Changing
the rotor speed can result in resonance and possible failure, altlghua test matrix
can be designed to avoid critical resonant conditions. Also, reveroow phenomena
can result in unexpected dynamics and high loads. Finally, at high advee ratios,
trimming the rotor becomes more di cult, which decreases the maiigs for error.
For these reasons, there have only been a few full-scale, high asbe ratio wind
tunnel tests and, with the exception of the most recent one, tlse have had only
limited data collection.

Scaled wind tunnel tests o er a less expensive alternative to full-se testing.
In order to represent the important phenomena at high advanceatios, the rotor

speed must be at least match the full speed tip Mach number of thaellfscale rotor.

20



Mach-scaled rotors are smaller and cheaper to produce than futlage rotors and
require less expensive facilities to test. This can allow testing and cparison of
various rotor con gurations that cannot be attempted at full-s@le. The risk factors
persist but are less costly at small-scale. However, at reduced lssa the smaller
blade dimensions can make instrumentation more di cult and greatecare must be
taken to ensure similarity of each rotor blade. The continuing miniatization of
digital sensors has made it possible to instrument Mach-scale rogoto about the
same extent as full-scale rotors, although in practice it remains dialt to achieve
all the details at the model scale.

The following sections are an overview of three full-scale and one dihsaale,
high advance ratio wind tunnel tests conducted prior to 2010. Tlse are followed
by descriptions of the full-scale UH-60A rotor tests at high advamcratios and
the University of Maryland High Advance Ratio tests that are invesgated in this

dissertation.

1.3.2.1 High Advance Ratio Tests Before 2010

Pitcairn PCA-2 autogiro: In 1935, the 45 ft diameter Pitcairn PCA-2
Autogiro was tested in the NACA (predecessor of NASA) full scaleimd tunnel
in auto-rotation, reaching an advance ratio of 0.7 [50]. The rotor vgaunpowered
and rotor speed was controlled by setting tunnel wind speed and ¢it angle. The
test was particularly interesting in that it measured the rotor dragto determine the
Lift-to-Drag ratio (L/D) of the rotor free of the fuselage. In addition to xed frame

loads, a survey of the in ow in a plane 1.5 ft about the rotor disc wasonducted.
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Teetering rotor model: Jenkins [51] described a two bladed, untwisted,
teetering rotor with a 15.5 ft diameter, constant chord and NACAQ12 airfoil section.
The rotor was tested at advance ratios of 0.65 { 1.45 in the LangleulFscale wind
tunnel to investigate high speed compound rotor systems. Rotéorces, torque and
apping angles were measured and blade tufts were used to visualibe ow over
the airfoil section. The study concluded that high rotor e ciency (ift-to-drag ratio
greater than 13) was possible. Jenkins also showed the rst expeental evidence
of a thrust reversal phenomena at high advance ratios @reater than 1.0). Jenkins
described a reduction in the slope of rotor thrust versus collectii®r increasing
advance ratio. For advance ratios above 1.0, the slope becameaiag. The author
used a simple analysis based on [52], concluding that thrust reverseds due to
increasing sensitivity of apping response to collective pitch compad to apping
response to angle of attack.

H-35 and UH-1 rotors: A 1968 paper by McCloud and Biggers [53] sum-
marized a test conducted by NASA on ve rotors in the 40 x 80 wind tanel. Two
articulated rotors based around the H-34 transmission and threetors based around
the UH-1 transmission. The combined test envelope varied twist, tezulation and
tip airfoil section. The untwisted articulated rotor was tested to & advance ratio
of 1.05, one of the teetering rotors (with tapered blade tips) wagsted to 1.00 and
the remaining rotors were tested to = 0.5. Hub forces and moments and control
settings were measured. Charles and Tanner [54] evaluated twotbé teetering
rotors with then-current (1969) predictive capability. They showd that the quasi-
static, two-dimensional analysis techniques gave satisfactoryaqatiction up to about
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= 0.5, but prediction of propulsive force broke down for higher advece ratios.
High Mach number e ects were also investigated independently of eahce ratio
and where predicted well up to an advancing tip Mach number of 0.94d an ad-
vance ratio of 0.45. It was further noted that the rotor became treasingly di cult
to trim at high advance ratios with long transient responses to contl inputs at
=1.1.

Scaled rotor: Quackenbush et al. [55] carried out a crude high advance ra-
tio test up to = 2.0 using an o -the-shelf remote control helicopter in the Glenn
L. Martin Wind Tunnel. The rotor was tested in autorotation only and was not
trimmed during testing and so provides limited value. Hubloads and owisualiza-

tion (blade tufts) were measured.

1.3.2.2 UH-60A Slowed Rotor Testing

In response to a renewed interest in high advance ratio rotorctad comprehen-
sive study in 2008 by Harris [56] evaluated the state-of-art of cqrehensive analyses
to predict high advance ratio loads and performance. The study Hitighted dis-
crepancies in predictive capability for both comprehensive and commational uid
dynamics at high advance ratios. The available high advance ratio dgatdid not
o0 er su cient detail to identify the source of the discrepancies in the prediction. In
response, the UH-60A rotor was tested at high advance ratios poovide important
new detailed data.

In 2010, a full-scale UH-60A rotor was tested at the U.S. Nationalul-Scale

Aerodynamics Complex (NFAC) ( g. 1.9a). The rotor blades were te same as those
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(b) University of Maryland rotor in Glenn L. Martin wind tunn el

Figure 1.9: Two recent high advance ratio rotor tests.
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used in 1993 ight tests as part of the airloads program [57]. The winainnel test
was designed to complement the airloads ight tests by repeating mgurements in
a controlled environment and making measurements not previouslygsible. A por-
tion of the test matrix was allocated for high advance ratio testingThe instrumen-
tation for the slowed rotor testing included measurements of airlda (normal force,
chord force and pitching moment), structural loads, control psitions, shaft bending
moments, oscillatory hub loads, blade deformations and rotor wakeeasurements.
A detailed account of the experimental setup, including complete ilementation
and hardware descriptions can be found in Norman et al. [58].

The slowed rotor portion of this test was conducted to provide a agprehensive
set of data from which to learn about high advance ratio aeromeadhias and to
validate existing modeling capability. Datta et al. [59] described thel@wved rotor
portion of the test in detail. Rotor speeds of 100%\, = 0.65), 65% M, = 0.42)
and 40% Mg, = 0.26) and wind tunnel speeds up to 182 knots were investigated,
restricted primarily by safety of ight considerations. For each aispeed and rotor
speed combination, the collective was set (nominally in Jand 2 increments) and
the rotor trimmed to O rst harmonic apping (measured at the blade root). Shaft
angles of 0, 2 and 4 aft where investigated. The test envelope included advance
ratios between =0.3and =1.0in 0.1 increments. The slowed rotor testing was
conducted late into the test matrix, due to high perceived risk, antby that time a
number of the sensors had failed. Most notably, only three airloadsations, 22.5%,
86% and 92.5%, gave reliable data.

In the discussion of the results, Datta, Yeo and Norman noted s@important
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observations: the decreasing sensitivity of thrust to collective anhcreasing advance
ratios was shown and appeared to result in no sensitivity at = 1.0 for the 0 shaft
angle case. The dynamic loads on the slowed rotor at high advancéoavere larger
than for the nominal rotor despite the slowed rotor producing sigreantly less thrust.
High elastic twist was being excited by a large nose up pitch impulse in theverse
ow region at high advance ratios. Reverse chord dynamic stall wadenti ed in
the reverse ow region by vortices sweeping forward along the aldo Vibratory
loads decreased signi cantly for the slowed rotor, despite increabsstructural loads,
which was attributed to a large frequency gap around 4/rev in the lede modes in
the slowed condition.

The UH-60A slowed rotor data is investigated in chapter 4 of this thsss.

1.3.2.3 University of Maryland Testing

At the University of Maryland, Berry and Chopra [60{64] have cared out
scaled rotor tests on twisted and untwisted 4-bladed articulatedtors in the Glenn L.
Martin wind tunnel ( g. 1.9b). Beginning in 2011, Berry and Chopra tave conducted
ve wind tunnel testsupto = 1.6.

The rst rotor tested had a 3 ft radius, constant chord of 2.67 inkes, the
cambered SC1095 airfoil and -12wist. It was tested to = 0.65 [60] and later to
= 1.2 [61]. A second rotor that was untwisted with a 2.77 ft radius, 3.1kch chord
and NACAO0012 airfoil section was tested to an advance ratio of 1.02012 [62]. The
authors found that thrust reversal occurred for both rotorsbetween = 0.80{0.9

and appeared to be una ected by any of: twist, camber or airfoilickerences. Mean
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thrust and advancing tip Mach number were not an indicator of 4/rg blade loads
while some possible blade resonance was identi ed in th& 2ap at 3/rev.

In 2013, Berry and Chopra built on the previous tests to extend # advance
ratio envelope to = 1.4. The test included a station of 24 pressure sensors at
49% radius to measure the airloads, particularly in reverse ow. A send blade
included two stations of strain gauges for ap bending (26% and 49%adius), one
lag strain gauge (37% radius) and three torsion strain gauges (2644% and 76%).
The strain gauge locations were chosen to coincide with the peak atures of the
blade modes. Finally, two of the pitch links were instrumented. In thexed frame,
the rotor balance measured three forces{, F,, F,) and two moments M, M,)
and rotor torque was measured by a torque sensor the shaft. loads calibration
included a dynamic calibration of the balance to correct for dynamic iaractions
of the degrees of freedom. The test was nominally run at 700 RPM0% of full
tip speed) and limited points at 560 RPM (24%) for the highest advarc ratio
cases. They noted that the rotor response became highly sengtio control input
above = 0.8 and that dissimilarity between instrumented rotor blades and no-
instrumented blades (arranged in opposite pairs) made achievingnsistent trim
dicult. The 4/rev vibratory hubloads increased substantially at advance ratios
above =0.8, butit was not possible to isolate whether trim issues or high aduae
ratio loads were the cause. It was suggested that high 3, 4 and &/rairloads on
the advancing side were the source of the increasing vibrations.ilGee of over half
of the pressure sensors made integration for sectional airloadadourate. Lessons
learned from this test were applied to the nal wind tunnel test in 2Q4.
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A nal test by Berry and Chopra in 2014t [64], using the same rotor gometry
as the 2013 test, moved the advance ratio boundary to 1.61. Thest once again
included a single station of pressure sensors (19) installed at 30%lites in order to
maximize the measurements of the reverse ow region. There wegust two pressure
sensor failures during the test, and improved construction teciques meant that
the pressure data was generally improved over the earlier test. IFbridge strain
gauges measured ap bending and torsion bending at 30%, 40%, 5@ and 70%
stations. Lag bending was not measured. Two pitch links were insmented and
the xed frame hubloads were measured. Care was taken to balanand trim the
rotor so that the blade trim at high advance ratios was normally within 1 of the

0 apping target. This set of data is investigated in Chapter 5 of this hesis.

1.3.3 Prediction Tools

In order to predict the loads experienced by an edgewise rotor agh advance
ratios, the complex interactions of the aerodynamic environmenind the structural
response must be modeled. The aerodynamic forcing for the systeriginates at
the rotor blades and causes a dynamic structural response (hotlastic and rigid
body motions) in the rotor blade. The aerodynamic and resulting in&al forces on
each blade are integrated at the blade root and transferred to ¢hhub and into the
airframe. The airframe itself has aerodynamic qualities (lift, drag,ide force and
pitching moments), as well as being a complex exible structure, whidnteract with

the rotor forces. Finally, trimming the helicopter ensures that thdorces generated
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at the rotor are su cient to achieve the targeted ight conditions (thrust, airspeed,
rates) or apping response (wind tunnel trim). All of the above sgtems must be
modeled accurately within a comprehensive rotorcraft analysis tbo

The rst documented comprehensive code was C81. Bennett [68hted the

objective of C81 as:

First, the analysis must describe a wide variety of helicopter con ga-
tions { single rotor, compound, tandem, or side-by-side; it must ats
cover a broad range of ight conditions { hover, transition, cruise or
high speed. The analysis must have a uniform texture; i.e., the level
of complexity of the di erent phases (aerodynamic, dynamic, andotor
analysis) must be uniform. The program must be applicable to diverse
types of analysis { performance, stability and control, or rotor lods. The
program must be user oriented in terms of preparing the input datand
interpreting the results. And nally, the output format must facilit ate

comparison with ight and tunnel test data.

Furthermore, it is important to maintain the computational cost of the com-
putations low enough that the analyses are useful at the early dgs stage. This
implied a number of simpli cations such as blade element aerodynamiceda1D
beam modes. Growing computational power has allowed expansiorntlidse models
to include unsteady aerodynamics, freewake, and nite element $&d blade models.
More recently, computational uid dynamics (CFD) models have beeused to aug-

ment the lifting line analysis to give improved aerodynamic simulations. His type
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of analysis is called a CFD-CSD analysis.
The following sections summarize the state-of-art in rotorcraftamprehensive

analysis and CFD-CSD analysis.

1.3.3.1 Comprehensive Analysis

RCAS: RCAS was developed as a follow on from 2GCHAS [66] as outlined
in [67]. RCAS is a comprehensive, multi-disciplinary system capable of deding
diverse rotorcraft con gurations from hover to maneuvering idit. The RCAS struc-
tural model employs a hierarchical, nite element, multibody dynamis approach for
coupled rotor-body systems with multi-load path structures [68]. fe lifting line
aerodynamic model has options for both a dynamic in ow model (norally used)
and prescribed wake models. In addition to being used in isolation, itamework
allows straight forward coupling with CFD.

CAMRAD II: CAMRAD Il is a commercial aeromechanic analysis of he-
licopters and rotorcraft that incorporates a combination of advaced technology,
including multibody dynamics, nonlinear nite elements, structural ¢gnamics, and
rotorcraft aerodynamics [69]. Lessons learned in the developmaitthe predeces-
sor CAMRAD/JA ( [70]) showed the need for a modular architecture ad exible
implementation to easily accommodate a variety of rotor con guraons. The aerody-
namic model is lifting line and the wake resolution can choose from urmifie in ow,
dynamic in ow, and various prescribed and free wake models. Variswnsteady
models can be used and there are models for reverse ow aerodwits, spanwise

ow corrections and accounting for radial drag. CAMRAD Il is a prgrietary code
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but is the current benchmark of comprehensive code capabilitiesaving been ex-
tensively validated against a variety of test data.

UMARC: The comprehensive analysis UMARC has been developed at the
University of Maryland by student researchers and its approachas described by Bir
et al. [71]. The structural model solves the Hodges and Dowell [7Z2] order beam
equations using nite elements with modal reduction. The solution initme is by
nite elements in time (FET) for steady ight conditions. Quasi-steady aerodynam-
ics are calculated with a lifting line model with the Leishman-Beddoes steady and
dynamic stall corrections. The far wake can be modeling with varyingomplexity

including both prescribed and freewake models [73,74].

1.3.3.2 Coupled CFD-CSD

Computational uid dynamics (CFD) have been developed to provideetailed
predictions of rotor aerodynamics and o er a signi cant improvemset over the ca-
pabilities of lifting line analyses. It was with this in mind that attempts wae made
at coupling the structural and trim solutions of comprehensive amgses (CSD) with
the improved resolution of the aerodynamics provided by CFD. A mercomplete
overview of the development of CFD-CSD coupling can be found in [75].

The following is a brief survey of key progress in CFD-CSD analyses.

UMARC{TURNS: Datta et al. [76], from the University of Maryland, cou-
pled UMARC with TURNS (Transonic Unsteady Navier Stokes) modi edby Sitara-
man [77]. In this approach, the CFD analyzed the rotor near- eld wite far eld

in ow was captured with a Lagrangian free-wake model. Abhishek 8f developed
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UMARC2 and coupled it with TURNS. UMARC2, expanded on UMARC to allav
for large de ections by using a multibody type blade model.

OVERFLOW{CAMRAD: OVERFLOW-D is a Reynolds-averaged Navier-
Stokes computational code based on OVERFLOW, a general pugm uid dynamics
code developed by NASA. OVERFLOW-2 was modi ed to allow time depelent
rigid body motions necessary for rotor modeling. Unlike the approlacof Datta
and Chopra [79], Potsdam et al. [80] modeled both the near- eld andrf eld using
CFD to evaluate UH-60A airloads ight test data. RCAS was similarly capled
with OVERFLOW-D by Nygaard et al. [81].

HELIOS Framework:  The HELIcopter Overset Simulations software (He-
lios) is a software framework that has consolidated the earlier e t& within a single
software package. Helios uses the structural modeling form RCA& form another
approach to CFD-CSD capability. Helios is being developed by the Deapaent
of Defense (DoD) with a goal to transform the analysis{test padigm in the ro-
torcraft design community to one based on high performance cootmg [82]. It
uses a Python framework to connect analysis modules (possibly ieit in di erent
languages) in an e cient manner. It uses a dual mesh approach witan unstruc-
tured near-body mesh (for ease of meshing) and a structured-fald mesh (for ef-
cient data handling). The near-body CFD solver is NSU3D, which is amnsteady
Reynolds-Averaged Navier-Stokes (URANS) code for unstruced meshes and the
far- eld uses the ARC3D solver. The correlation of Helios with high adnce ratio

experiments is discussed in detail in a following section.
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1.3.3.3 Limitations of Prediction Tools at High Advance Ratios

Comprehensive analyses and CFD-CSD have been extensively valkdbagainst
ight test data for advance ratios below = 0.4, with the most rigorous valida-
tions with the UH-60A airloads ight test data [57,79,80]. Comprehesive analyses
provided reasonably good prediction of rotor performance (thst, power and trim
controls), satisfactory sectional airloads predictions (pitching mment prediction de-
grades approaching compressibility or near stall) and the peak-peak blade load
trends are generally captured (better for apwise bending, themorsion moments
and worst for lagwise bending). For normal advance ratios (below4), compre-
hensive analyses can be a useful design tool to predict rotor merhance and loads
quickly, especially when a new design is an iteration on a well validated oed. How-
ever, new concepts and designs continue to require extensive windnel testing to
validate the analyses and tune the models.

CFD-CSD codes have grown quite robust and, because of a highesalution
aerodynamic model, o er more re ned, detailed and accurate précions of the
key structural loads. Compared to comprehensive analyses, CEISD has shown
very good prediction of important blade bending loads ( ap, lag anddrsion) and
pitch link loads for normal ight conditions (low advance ratio and low trust).
However, performance prediction (power) remains a relative waadss of CFD com-
pared to comprehensive analysis due to the di culty in resolving skinriction drag.
CFD-CSD calculations are considerably more computationally intengvthan com-

prehensive analyses and single cases can take days to computkerathan minutes.
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CFD-CSD also relies on very detailed information about the exact rot geometry,
not always available in early design stages. For these reasons, CEBD has not
yet replaced the comprehensive analysis in design, although theyrieasingly pro-
vide a reliable means to validate simpler analyses, rather than relyingn @xpensive
experiments and wind tunnel tests.

Neither comprehensive analyses nor CFD-CSD codes have beereesively
validated to advance ratios above = 0.4, which results in low con dence in either
approach for design of new high speed rotorcraft concepts. Eexgnce with new
con gurations has shown that both approaches rely on validationgainst test data
in order to tune the analysis or to investigate new aerodynamic reges. High
advance ratios are characterized by a large region of reverse avhere the airfoll
sections operate at low Reynolds numbers and with a blunt trailing edg The
airfoil motion is highly unsteady and the trailed wake system is complexLarge
regions of the rotor may operate in and beyond stall, and spanwis@w on the
fore and aft rotor can impact the lift and drag characteristics oftie airfoil sections
there. These phenomena are not encountered or are small erfotig be ignored at
low advance ratios and their relative importance at high advance riafts is not well
understood. For these reasons, both comprehensive analysed &FD-CSD need
to be systematically validated against good quality test data at highdvance ratios,
before either can be used for the design of high speed rotorcraft

The following section discusses the state-of-art of high advan@dio prediction

and validation with both comprehensive and CFD-CSD analyses.
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1.3.4 Prediction and Validations

A 2008 survey of state-of-the-art predictive capability of high aghnce ratios by
Harris [56] compared the high advance ratio rotor tests of the H43untwisted), UH-1
(34 ft blades) and PCA-2 rotors with state-of-the-art compreténsive codes and CFD-
CSD. The comprehensive codes evaluated included CAMRAD Il [69], RS [67],
the freewake code CHARM [83], and a CFD-CSD case where OVERFAG2 [84]

was coupled with CAMRAD II. Some of the key Harris' key conclusionaere:

1. None of the analyses were able to reliably predict thrust, rotordg and power

at advance ratios above = 0.62.

2. Above = 0.62, the lack of lift, drag and pitching moment measurements in

the reverse ow made it di cult to identify the de ciencies in the analy ses.

3. Some of the high advance ratio data was called into question, in palue to

unsatisfactory rotor trim.

4. All the analyses under-predicted thrust at O collective (ideally there should
be no thrust for untwisted rotors at O collective). This had been attributed
to measurement error but Harris suggested that unknown bladeisional re-

sponse in the reverse ow could result in a thrust o set.

5. The CFD results were satisfactory at low advance ratios whenghreverse ow
region was small, but degraded with increasing reverse ow area. &lability

of CFD to predict airfoil properties in reverse ow was called into qustion.
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6. Rotor axial (H) force was generally under-predicted and shafiower was over-

predicted by each of the analyses, worsening with increasing adearratio.

7. Harris also suggests that the drag of the blade shank (blade toend) was

important for axial force predictions.

8. The thrust reversal behavior was predictable with all the analgs.

9. Finally, the inability to extrapolate predictions from =0.5t0 = 1.0 made
relative comparison of high advance ratio helicopter concepts, impant for

evaluating high speed concepts, impossible.

The H-34 and UH-1 high advance ratio tests were used to validate gufic-
tive codes in the context of the Heavy Lift Rotorcraft Systems Westigation under
NASA [85{95]. A few of these are highlighted below before focusing tite recent

work on the UH-60A Tests.

1.3.4.1 Simpli ed Models

Ormiston [96] investigated the induced power of a helicopter rotorputo high
advance ratios ( = 1.4) using a simpli ed analysis. The model used rigid, untwisted,
cantilevered blades and linearized airfoils. The aerodynamic modellinded only lift
and no unsteady e ects. The in ow was modeled alternatively as urefm or using
the Peter-He [97] dynamic in ow model. Ormiston identi ed a \critical advance
ratio” when the predicted shaft torque was discontinuous (ignorm stall) or where

multiple trim solutions existed g. 1.10. This advance ratio correspais to thrust
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reversal. An interesting result was that the inclusion of a root cubut increased the

\critical advance ratio".

1.3.4.2 Comprehensive Analysis

Floros and Johnson [95] performed an analysis of a notional slowedor com-
pound con guration using the 15 ft teetering rotor high advanceatio tests (Jenk-
ins [51]) to validate CAMRAD Il up to = 1.45. The CAMRAD Il model used
rigid blades and a rigid, prescribed wake model. The analysis predictddust sen-
sitivity to collective satisfactorily for all advance ratios at 0 shaft angle, but with
a persistent thrust o set (attributed to measurement error) g. 1.11a. The thrust
prediction degraded for 5 aft shaft tilt. At high advance ratios and high collectives,
the analysis predicted a attening of the thrust slope (vs. collect®) that was not
evident in the test data and this was attributed to unknown revers ow aerody-
namics. The predicted shaft torque is shown in g. 1.11b after the easurements
are corrected for suspected bias C:-0.0001, 4:-2.5). The prediction shows the
correct general trend with increasing advance ratio, but the abkite values, and the
predictions at negative collectives, are not satisfactory.

In 2009, Yeo and Johnson [93] used CAMRAD Il for correlation of thH-34 and
the UH-1D rotor performance at high advance ratios. The rotorerodynamic model
included non-uniform in ow from a free wake geometry and unstegdaerodynamics.
The authors suggest that reverse ow and yawed ow models [98]ene important
for correlation. Finally, shank and doubler drag was tuned based achieving a

good correlation of power. Only the results for the rotor inducedral pro le power
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Figure 1.12: CAMRAD Il correlation of induced + pro le power for two high ad-
vance ratio tests (symbols: wind-tunnel test, lines: analysis) by &6 and John-

son [93].
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were studied as shown in g. 1.12. The analysis shows generally goadrelation,
even though total power and drag had errors, showing the mainwgge of error was
shank drag. At high thrusts, the analysis tended to under-predidhe power and
the authors suggested that this could be due to optimistic stall chacteristics.
Kottapalli [99] showed preliminary correlations of a comprehensivenalysis,
CAMRAD I, to the slowed UH-60A wind tunnel tests at high advanceratios. The
study used a simpli ed rotor model to predict performance, thrus shaft torque
and rotor drag force, and some limited structural loads (torsiona apwise and
edgewise half peak-to-peak bending) at Ghaft angle. Correlation of trends below
= 0.7 was generally satisfactory, but the magnitudes were not as Weredicted.

Correlation was generally poor for all performance metrics at highdeance ratios.

0.024 - + pu=03 < p=07 0.024 - + =03 < pu=07

O pu=04 X u=08 & nu=04 X pn=08
v u=05 O u=09 7 w=05 O p=09
v =06 O p=10 A p=06 O p=10

0.018 0.018

0.012

0.012 A

0.006 0.006

Induced + profile power, (Cp; + Cpo)/c
Induced + profile power, (Cp; + Cpo)/c

—— 0 T
° 0 2 4 6 8 0 2 4 6 8
Collective, deg Collective, deg
(a) Without shank drag. (b) Including shank drag.

Figure 1.13: CAMRAD Il correlation by Yeo of induced plus pro le powe, showing
e ect of shank drag (Cp = 0.4) [100].

Yeo [100] followed the work of Kottapalli with a more detailed CAMRAD |

model of the slowed UH-60A rotor that included a dual peak wake rdel, yawed
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Figure 1.14: CAMRAD Il correlation by Yeo of sectional normal fore and pitching
moment at r/R = 0.92 [100].
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ow and shank drag. The work focused on correlation of perforrnae predictions

with some sectional airloads and blade loads. The analysis showed adjprediction

of thrust at all advance ratios, while tuning the shank dragCp = 0.4) was required

to predict the total power (g. 1.13).. Sectional normal force pedictions were satis-
factory (gs. 1.14a and 1.14b), but sectional pitching moments we generally poor
(gs. 1.14c and 1.144d).

Ormiston [101] used RCAS to investigate the UH-60A slowed rotor gder-
mance data as well as the H-34 and UH-1 rotor tests, pertinent toigh advance
ratio compound aircraft. The thrust was under predicted for all dvance ratios while
the trends were captured. In addition to the thrust reversal panomena, the anal-
ysis predicted a non-linear thrust behavior at high collectives (similaio [95]), but
signi cant experimental scatter made correlation questionable. &or shaft torque

prediction was not satisfactory.

1.3.4.3 CFD-CSD

Potsdam et al. [102] were the rst to use a coupled CFD-CSD analyqibelios)
to validate and investigate the slowed UH-60A rotor at high advanceatios. The
goals of the work were to validate the analysis and investigate impaurit phenomena
at high advance ratios. This study was the rst visualization of thedll reverse ow in
trimmed ight, highlighting the importance of root vortices-blade interactions. The
results showed that the prediction of normal force was quite goadth magnitude,
phase, trends and ner detail predicted well. The pitching momentsiere somewhat

poorly predicted considering the high level of correlation achievedittv the full
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Figure 1.15: Wake visualizations with increasing advance ratio from Hes. View
from underside of retreating blade [102].
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speed (100% RPM) data. The prediction of performance (powetrust, drag and
control angles) were \not reliable” and thrust and hub drag contined to be under-
predicted. Wake interactions were determined to be important in eiting 3/rev lift
and moment impulses seen on the advancing side. The wake visualizatshowed
complex interactions of vortices released from the tip, inboard dtans, leading and
trailing edge and from the blade root (g. 1.15). The CFD predicted ginamic stall
on the reverse ow airfoil (reverse chord dynamic stall). Finally, it s noted that
the ow direction at 0 and 180 azimuth was signi cantly radial and CFD predicted
a high radial force.

Potsdam et al. [68] completed further correlation of CFD-CSD (Helg) with
the UH-60A high advance ratio tests that included a rst order moél of the blade
shank and root xtures. They estimated that the drag in this regim was or the
order Cp = 0.15-0.18, substantially less than was used to correlate CAMRADCGH
= 0.4) or RCAS (Cp = 1.5).

The CFD analysis provided a unique visualization of some key phenonaen
including dynamic stall, the wake formation and blade deformations #t were not
measured in the test. The visualization helped direct some of the dpsis in this

work.
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Figure 1.16: Comparison of prediction from Helios, RCAS and CAMRADI lof the
sectional normal force at r/R = 0.92, ¢ =4 [68].
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1.4 Present Research

1.4.1 Objective

The current research investigates the potential of variable radsuand variable
rotor speed to achieve high advance ratios. The focus of this didadion is then
to re ne the comprehensive analysis tools to study the fundameait physics and
aeromechanics of an isolated rotor at high advance ratios. Compuling and fuse-
lage aerodynamic interaction are secondary and out of the scopetlus work.

Thus far, analyses of variable radius and variable rotor speed cepts have
made use of simpli ed models that excluded, for example, blade exibilitand non-
uniform in ow. These analyses have generally used power as the garison metric
and ignored the e ect of tip speed variation on vibratory loads. Theobjective of
this research is to perform a comprehensive analysis of these @&pits, including
complete rotor dynamics with non-uniform in ow and unsteady aerdynamics, with
a lifting line analysis to determine the potential for improved perforrance as well
as the implications for structural loads and vibrations.

Following from this, high advance ratio aeromechanics that result dm re-
duced rotor speed are investigated. The variable radius conce@ee determined
to be too complex to be practical, with large technological hurdles drless perfor-
mance potential compared to reducing rotor speed. The compmatsive analysis is
then correlated with high advance ratio wind tunnel tests and theapability of the

analysis is compared to the current state-of-art CFD-CSD analgs.
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The nal objective of this study is to identify the sensitivity of the analysis
to increasing modeling resolution including the impact of the wake molj@nsteady
airloads in the reverse ow, airfoil characteristics in reverse owspanwise ow and
radial drag and the impact of the fuselage. The impact of each levef modeling
re nement on the predicted performance and important loads arevaluated and the

shortcomings relative to higher order analyses are identi ed.

1.4.2 Scope

The focus of this research is to re ne the comprehensive analysiots to study
the aeromechanics of high advance ratios rotorcraft and to evalie the potential
of variable rotor speed and variable radius to achieve high advancatios. The
re nements are introduced in the baseline comprehensive predicticode UMARC
(University of Maryland Advanced Rotorcraft Code), which is basg on nite el-
ement discretization in space and time. The system equations areriged from
Hamilton principles including coupled elastic ap, elastic lag, elastic twisand axial
deformation consistent to second order terms [72]. The solutionqmedure uses -
nite elements in space, each element consisting of 15 degrees efliyen with modal
reduction to reduce the size of the problem. Finite elements in time Ise the pe-
riodic rotor response. Typically, 20 spatial elements and 12 time elemts were
used in this study, while 10 coupled blade modes are used in modal retiion. The
aerodynamic problem is solved using a lifting line analysis including table kaop

format for airfoil coe cients. The near trailed wake is modeled with Weissinger-L
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nearwake model that extends 30behind the blade, and the far wake is modeled
with the Bhagwat{Leishman free wake model [74] for 2 or 4 turns tfie wake at 10
or 15 azimuthal resolution. The unsteady e ects of the shed wake areadeled with
the Leishman{Beddoes attached unsteady [103] and dynamic stllD4] models. For
the independent analysis of the performance of variable rotor ra and variable
rotor speed, the trim solution solves the six degree of freedom igh trim equa-
tions (thrust, side and axial forces, rolling, pitching and yaw momes) iteratively
to obtain the blade de ections and trim control settings for the h&copter in free
steady level ight. For the high advance ratio study, comparison ith wind tunnel
experimental data called for trimming to O rst harmonic apping at the blade root
for a xed collective pitch.

The evaluation of variable rotor radius and rotor speed is achievedy bm-
posing independent changes to the baseline rotor speed and radiu®ugh a high
delity baseline simulation of a UH-60A helicopter. A selection of thrusand air-
speed conditions are investigated. Performance is evaluated witbf@érence to the
baseline performance of the UH-60A helicopter. The objective is &valuate the
performance improvements possible at the rotor and for this reas the details of
the mechanism of variable radius are ignored and no losses to systeriency are
included. The impact of variable turbine speed e ciency on variable ror speed
performance is discussed briey. The implications of variable tip spéeon rotor
vibrations, speci cally in terms of the 4/rev magnitudes are discugsl.

High advance ratios, achieved with large reductions in rotor speedre com-
pared and correlated with wind tunnel data. Two rotors are modete the UH-60A

50



slowed rotor tested in the U. S. National Full-Scale Aerodynamics @gplex (NFAC)
and the slowed rotor tests conducted at the University of Marylash

For the UH-60A rotor, the trim and performance metrics (cyclicsthrust, power
and drag) are predicted for 0 shatft tilt up to an advance ratio of 1.0. The sensitivity
of the results to the wake model, reverse ow unsteady characigtics, reverse ow
airfoil properties, blade root aerodynamic characteristics, radiaow and spanwise
drag and wind tunnel corrections are evaluated. A fuselage modsladded to the
analysis and its e ects are evaluated. The sectional airloads (noahforce and
pitching moment) and blade loads ( ap bending and torsion) are congved over a
range of advance ratios (0.3 { 0.9) and the e ect of the farwake dmearwake models
on the airloads are investigated. The features of the airloads foorcect prediction
of the important structural loads are highlighted and shortcoming in the analysis
investigated.

The University of Maryland high advance ratio tests are evaluatedputo =
1.2. The mechanics of the thrust reversal phenomena is explainetidhe sensitivity
to reverse ow airfoil characteristics is investigated with parametc changes to the
airfoil properties. The rotor vibratory loads before and after thust reversal are
predicted and described in terms of the rotor trim condition, aergthamic loading

and blade response.
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1.5 Contributions of this Dissertation

The contributions of this work has been to understand the perfarance and
loads of high advance ratio rotors. Important re nements to a amprehensive anal-
ysis that are necessary to predict high advance ratio aeromecl@nhave been iden-
ti ed through correlation with wind tunnel test data. The validated analysis has
then been used to investigate some implications of rotor design atrtist reversal.

Key contributions are:

1. Methodology Development:  The in-house comprehensive analysis has been
re ned and corrected for large angles to achieve high advance ic. New ca-
pability includes a logic for consistent variable radius/rotor speed nmiphing,
which can be easily extended; a simpli ed aerodynamic interferenceodel of
the fuselage on the rotor plane; aerodynamic properties of theatocut-out;
freestream deformable nearwake; and yawed ow corrections.eWN wind tun-
nel trim options have been included in the analysis and a reliable appiato

high advance ratio trim has been developed.

2. Prediction, Analysis and Validation: A full-scale UH-60A slowed rotor
wind tunnel test reaching an advance ratio of 1.0, and a new Machade ar-
ticulated rotor test from the University of Maryland that reached 1.2 advance
ratio were analyzed and the predicted performance and blade loaalse vali-
dated. The UH-60A test evaluated the predictions against a repentative,

modern rotor including multiple airfoils, twist and sweep. The Marylandotor
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is new and with a simpler geometry to allow for a more generic predictiofhe
Maryland test also reached higher advance ratios that included theportant

thrust reversal phenomena, which was important for the validatio.

3. Fundamental Understanding: The role of reverse ow lift and stall in the
prediction of high advance ratio performance, especially near thsureversal,
was studied and understood. The aerodynamic lift, drag and wakeofn the
blade root at high advance ratios is investigated in terms of the seéahal
airloads and bending moment predictions. The role of the nearwakadfar-
wake modeling in the airloads and their importance for the predictionfdlade

bending loads are shown and understood.

Speci ¢ conclusions are:

1. At advance ratios above thrust reversal (near 1.0), a rotoran produce large
negative thrusts for positive collectives, which is in uenced by rootut-out,
blade twist, shaft angle, unsteady airloads and the stall charactstics of the

airfoil in reverse ow.

2. The blade{wake interactions on the advancing side and on the reaf the
rotor are signi cant for the peak outboard sectional airloads antllade bending
loads on the advancing side. The retreating side, outboard airloadse benign.
Unsteady loads within the reverse ow are most important for the islloads and

bending moments near the blade root.

3. The presence of a fuselage under the rotor can increase th®rohrust some-
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what at high advance ratios by adding upwash on the front of the tor.

4. Yawed ow appears to alter the reverse ow stall behavior andtis is important

for predicting thrust and loads at high advance ratios beyond thrst reversal.

1.6 Overview of Dissertation

Chapter 1 introduces the background and motivations of investigiag variable
tip speed aeromechanics for high advance ratios. This section inahsda literature
review on previous concepts, wind tunnel experiments and roteoaft that have
employed variable tip speeds for improved performance at high spedollowed by
an overview of the state-of-art in prediction of performance arldads at high advance
ratios. Finally the chapter summarizes the objective and scope diis dissertation.

Chapter 2 investigates the performance of a variable radius coptevaluated
on a conventional helicopter (based on the UH-60A Black hawk). Aoaceptual
model of the radius variation is presented and then evaluated foregormance and
vibrations.

Chapter 3 follows the same approach as chapter 2, to investigatariable rotor
speed for improved performance as well as vibratory loads. The ilgations of the
system e ciency of variable rotor speed (including engine e ciency)are briey
considered. Variable rotor speed is selected as the most viable faghhadvance
ratio studies in chapter 4.

Chapter 4 presents the results of the correlation of the analysigtivtwo sets

of wind tunnel data from the UH-60A slowed rotor test and from a ator tested
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to high advance ratios at the University of Maryland. Re nements ¢ the analysis
that are important for the correlation are made and evaluated. Fially, some key
aspects of the rotor geometry are evaluated in terms of improvingerformance and
reducing structural loads.

Chapter 6 summarizes the key conclusions of this work and reconmds future

work.
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Chapter 2: Variable Rotor Radius

Achieving high advance ratio rotorcraft requires reducing the tipgeed to avoid
compressibility on the advancing rotor, which acts to drive up powerequirements
and increases blade loads and vibrations. Variable tip speed can béiaged by
radius variation or rotor speed variation. Before investigating thgperformance and
loads at high advance ratios, the potential for performance impvement of each
method for variable tip speed is investigated for a typical utility helicpter. This
chapter and the next investigate the performance of variable rags and then variable
rotor speed concepts respectively, before moving on to focustugh advance ratio
aeromechanics.

This chapter presents the prediction of basic performance, airldsiand vibra-
tions for a variable radius rotor concept in steady level ight. The klicopter model
is based on the well validated UH-60A helicopter. The focus of this apter is to
determine the potential of varying rotor radius, in a steady manreto achieve im-
proved performance. The details of the mechanism and the asstethe ciencies
of the means to achieving variable radius are of secondary importaand are not
considered in any detail. Steady changes in radius, implies that radiwvariation is

a function of ight condition (thrust, altitude and airspeed), requiring slow changes,
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and there is no variation with azimuth.

The approach is to investigate a parametric sweep of radius for drent thrust
conditions and airspeed. For each thrust, airspeed is increasedila trim solution
can no longer be achieved. Radius is varied in 2% steps until furthenanges in
radius achieve no additional improvements in performance. The amge in radius
is done in a simpli ed manner but ensures that the blade inertial proptes, mass
and mass distribution, are consistent and assumptions are madeoaib the blade
sti ness redistribution.

The chapter begins by describing the modi cation made to the analiscode,
UMARC, to accommodate variable radius and variable rotor speed oepts. This
is followed by a description of the baseline UH-60A model and the assotions
made for the variable radius study. Following this, the results are psented for the
predicted power, trim and vibratory loads with a discussion of the inlcations of
variable radius in each case. The impact of an alternate concept f@dius variation

is discussed brie y before concluding the chapter.

2.1 Modi cations to UMARC

The following additions to the baseline analysis are those speci c to eéhdis-
cussion of radius and rotor speed variations. Chapter 4 introdusenore extensive
modi cations and additions to UMARC that are important at high advance ratios.
After the introduction of the analysis, the modi cations include howthe rotor power

and its components are calculated in the analysis, following by the alifhm used
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to describe variable radius and variable rotor speed within the analgsis de ned.

2.1.1 Description of Baseline Analysis

The University of Maryland Advanced Rotor Code (UMARC) [79, 105was
used as a baseline platform for this study to model a representagiwutility helicopter.
The blades are modeled as second order, nonlinear, isotropic, ExB&rnoulli beams,
each element is capable of 15 degrees of freedom to allow for coupéy lag,
torsion, and axial motion. The equations of motion are solved using\ariational
methodology with modal reduction in conjunction with nite elementsin space and
time with twenty spatial elements and twelve time elements (each of"Sorder) were
used in this study, while ten coupled blade modes are used in modal bsé&s. The
lifting-line aerodynamic model implements quasi-steady aerodynamiby means of
a table look-up for section lift, drag, and pitching moment coe ciens. Near wake
is modeled via a Weissinger-L representation and assumed to trail 3@ehind the
rotor in-plane with the trailing edge. The trailed wake is discretized ird three
azimuthal segments. The far-wake is modeled by the Bagai{Leishmaelaxation
free-wake model [73]. A 15azimuthal discretization of the wake, with 2 turns
of wake tracking, gave satisfactory resolution of performancea@mmeters. The far-
wake is represented by a single wake trailer de ned to release frofmmetblade tip
with a circulation strength equal to the peak blade circulation outbard of 50%
radius. Unsteady airloads that model attached and separated vo are captured by

the Leishman-Beddoes unsteady model [103]. The coupled bladegpmse and the
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six degree of freedom vehicle trim equations (thrust, side and axifarces, rolling,
pitching and yaw moments) are solved iteratively to obtain the blade a@lections

and trim control settings.

2.1.2 De nitions of Power

It is useful to discuss the components of the total power, indudeand pro le
power, when comparing variable radius or variable rotor speed pennance. To do
so with a comprehensive analysis requires some care to ensure istea1xy, i.e. so
that the power components sum to the total power. The following @lnitions of
power are used throughout this dissertation.

The total power, Cp, is equal to the mean shaft torqueCq, in non-dimensional
form and is composed of contributions from lift §, subscript 'i') and drag (g,

subscript "0'), and can be separated into:

Cp = Cq = Cqi t+ Cqo (2.1)

Adding and subtracting cos sCy = cos ¢(Cui + Cho), Where s the tip
speed ratio (%), gives

Cp = Cqi+ cos sChi + Coot c€0s sCho cos Cq (2.2)

Recognizing thatCq + cos sCy; is the power contribution from lift only,
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R
and is equivalent to  dC; gives:

z
Cp = dCr + Cqo+ c€0S sCho cos Cq (2.3)
Then separating the in ow into induced and airspeed contributions, =

sin s, and the thrust into contributions from lift and drag, C+ = Ctj + Ct,, gives:

Z Z
Cp = dCt; + idCro+ Coo+ €OS sCip sin (Ct cos sCq (2.4)

Noting that Cy sin ¢+ Cy cos s = Cp = Cy is the propulsive force required
to overcome parasitic drag so that the parasitic power is given g, = C x, the

induced power Cpi) and pro le power (Cp,) are de ned as:

Z
Cpi = idCr; (2.5)
Z
Cpo = idCro + CQo + c0s sCypo (2.6)
Cpp =C X (27)
So that nally:
Cp = Cpj + Cpo + Cpp (2.8)

In practice in UMARC, the total power is found directly from the steady
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component of the total shaft torque. Parasitic power is trivial tocalculate from the
hub forces and trimmed shaft angle or directly from the parasitic ég asCp, = %f 3,
The induced power and pro le power both require that the aerodyamic forces be
separated into contributions from lift and drag. This is done by dupliating the
airload calculations with either lift or drag components ignored, andien subtracting
the di erence from the total to nd the compliment so that the normal force becomes
Ct = Ctj + Cr( and the chord force becomeS, = Cg + C. Only one of the pro le
or induced power has to be calculated using eq. (2.9) or eq. (2.103pectively, the

other found from the solution of eq. (2.8).

Z
Cpo= Ng XdCg+ sin( )dCe+ idCro (2.9)
Z
Cpi=Ng  dCy; (2.10)
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Figure 2.1: Components of rotor power vs. airspeed for a 14,000 Hyust rotor.
The baseline rotor power is broken down into its constituent parts ing. 2.1.
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At low speeds, induced power is the dominant power component, bitg magnitude
reduces with airspeed up to near 120 knots. At high airspeeds, theluced power
increases due to non-uniformities in the ow. The pro le power is initily lower
than the induced power at low airspeeds. As the airspeed incregsédse pro le
power increases (initially slowly) to become larger than the induced wer. Pro le
power increases more rapidly at higher airspeeds due to increasirygamic pressure
on the advancing rotor and ultimately due to compressibility. The pasitic power
scales quadratically with airspeed and is the largest component ofvger at high
speeds (greater than 130 knots in this case).

The at plate drag is nominally constant although it is a weak function ¢ fuse-
lage pitch angle ( s), which does not change signi cantly with rotor radius. Because
the rotor is trimmed to the correct propulsive force in each casehé parasitic drag
and the associated power are a function of airspeed only and nomipaconstant
for varying radius. The parasitic power has been subtracted fromme total power
in the discussion for clarity except when dealing with percentage oe#l changes
when it must be included. Finally, the discussion of performance is meagful in
physical dimensions (hp, Ib) rather than non-dimensionalGp, Ct), for a variable

speed rotor.

2.1.3 Variable Radius Algorithm

UMARC is a non-dimensional analysis, which facilitates straight forwad com-

parisons between the performance of rotor concepts. Howeverhen comparing
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variable radius or variable rotor speed concepts it is important to esure that the
rotor description and sectional properties remain consistent. Fexample, the total
mass of a variable radius rotor must remain constant. Also, the inpsito UMARC
are non-dimensionalized by the blade mass per unit lengtim§), rotor radius (R)
and rotor speed () so that the inputs must be re-derived for edt variation in radius
or rotor speed.

In order to avoid user error, a preprocessor has been added tMRARC that
nds the updated mass, twist and airfoil distributions and then calalates an up-
dated mass per unit length (if necessary) with which to correct theon-dimensional
rotor description and sectional properties. The mass redistribigin after radius vari-
ation requires some engineering judgment to ensure that the rottotal mass is
maintained. The algorithm allows for two approaches to radius vari&n, selected
by user input. These are the morphing area concept and the variabroot cut-out
concept.

Morphing Area Concept: A schematic for the morphing area concept is
shown in g. 2.2, which shows the planform and blade mass distributiofm,) at
100% and 90% radius. The example has 15 nite elements and a unifomass
distribution for the baseline rotor. The concept assumes that thehange in radius
is achieved by morphing the blade area such as could be achieved withezible
airfoil surface. The morphing region is de ned by elements 3 and 7rfthe example,
but can be any arbitrary sequence of blade elements. After radivariation, it is
assumed that changes to the blade mass distribution (or any prapy are isolated
to the morphing region and the mass is uniformly redistributed overhie morphing
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Figure 2.2: Variable radius concept: Morphing area, with nominal magedistribu-
tion.

100%
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Figure 2.3: Variable radius concept: Variable root cut-out, with nommal mass
redistribution.
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region alone. The size of the elements in the morphing region scale ta@ammodate
the change in radius.

Variable Root Cut-out Concept: The variable root cut-out concept is
shown in g. 2.3. This concept assumes that the lifting blade area is gstant, so
that radius variation is achieved by sliding the outer blade over the ationary spar at
the root cut-out. In this case, blade elements 3 and 7 de ne the manum region of
overlap, and element 4 de nes the length of stationary spar. Engsering judgment,
or rather a detailed design, determines the length of spar overlageessary at the
maximum radius. With radius reduction, the mass in the spar elementd and 2 at
100% radius) is transferred to the overlapping blade elements ofetliblade (2{5 at
90% radius). Note that when the radius reduction results in reducinthe number
of blade elements, additional blade elements are added to the ou#vd blade by
splitting existing elements (7 and 8 after radius reduction). Partiabverlap of the
spar and a blade element (element 5 after radius reduction) is handlby uniformly
distributing the mass over the element.

Once the new mass distribution is found by either concept, the bladapping
inertia (I ) is found by integration:

ZR
| = Mmpx2dx (2.11)

e

Which is needed to calculate the updated lock number §, which de nes the

ratio of aerodynamic and inertial forces. The blade mass per unit lgth , mo,
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needed for the non-dimensionalization is:

Mg = — (212)
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Figure 2.4: Variation of blade twist with radius { 100% and 80%.

The distribution of blade sti ness properties and other sectional fpperties can
be treated di erently to the mass distribution. A simple approach is aken here that
assumes that the remaining sectional properties are unchangedrhorphing for the
morphing blade area concept, and are equal to the outer blade five variable root

cut-out concept. The blade twist does change with radius variationTwo possible
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scenarios are that that twist rate is xed so that the absolute twisvaries with radius,
or that the absolute twist is xed and the twist rate varies over themorphing region.
Both options are made available in UMARC as a user input, noting that i xed
twist rate is desired, the blade twist must be linear in the region of rads variation
to remain physical. Figure 2.4 shows the twist distribution that resuls assuming a
xed twist rate is maintained. Because the example twist distributions has stepwise
variations in twist rate, the radius variation has been con ned to a egion of linear
twist in order to remain physical. Similarly, care must be taken when déing with
multiple airfoils along the span. The current method assumes that ¢hairfoil does

not change over a region of radius variation.

2.2 Variable Radius Model

2.2.1 Baseline UH-60A Rotor Model

3
12X 10
o Flight test
—UMARC Analysis
100 y
8,
©
o
(@]
6,
s
% 0.1 0.2 0.3 04

Advance Ratio

Figure 2.5: Validation of UMARC power prediction with UH-60A Black Havk air-
loads data Ct= = 0.0783).

The baseline rotor is a representative utility helicopter based on thgH-60A
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Black Hawk because of the ready availability of the rotor descriptioand important

sectional properties which ensures a representative model. Bxtese ight testing of

the UH-60A has made available power measurements for validationtbe analysis.

The measured and predicted power versus airspeed for a steddygel ight is shown

in g. 2.5 for Cy= =0:08, showing good agreement over the airspeeds of interest.

Table 2.1: Rotor properties.

| Rotor properties | Value |
Rotor type Articulated
Number of blades 4
Radius 26.83 ft.
Twist Non-linear ( -16)
Chord 1.73 ft.(nominal)
Rotor Speed (100% 258 RPM
Solidity 0.0832
Lock number 6.33
Flat plate area, f 35 ft*

» Increased from 26 ft to re ect airloads
program aircraft [106].

UH-60A rotor is described in table 2.1. The rotor aerodynamic desption

and structural properties and fuselage properties are availablerough the Airloads

Program [57]. The rotor model uses the accepted airfoil distributip the SC1095

airfoil between 20%{49% and 82%{100% radius and the SC1094r8faiirin the

remaining station between 49%{82% radius. Airfoil tables are availéb for both

airfoils. The measured twist distribution is used, although the tip swep has not

been modeled.
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Figure 2.6: Schematic of variable radius concept with morphing bladeea.

2.2.2 Description of Radius Variation Concept

The previous section introduced two concepts to radius variatiorhat have
been implemented in UMARC. The following results deal only with the mghing
blade area concept, shown again in g. 2.6. The alternate conceptirs/estigated
briey at the conclusion of the results. The morphing area concepassumes a
constant root cutout with a variable span lifting area. Because théaseline blade
properties of the UH-60A rotor vary along the span, the variableadius concept
assumes that the morphing area is between the root cut-out (20%nd the midspan
(50%) to align with the constant twist rate, chord and airfoil in that region. It is

assumed that the twist rate remains constant so that the absolattwist varies with
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radius. Figure 2.4 shows how the aerodynamic twist variation looksrfthe baseline
rotor and when the radius is reduced to 80%.

The blade sti ness properties are assumed to remain unchangeceothe mor-
phing region during radius change. There is no change in chord, centof lift,
tension axis or c.g. o set (chordwise) to accommodate radius chge&. These as-
sumptions are suitable for aerodynamic performance comparisoasd rst order

dynamic comparisons.

Table 2.2: Variation of key aerodynamic properties

‘ % Radius 100% 106% 94% 90%
Radius (ft) 26.83 2844 2522 24.1%
Solidity 0.0817 0.0772 0.0869 0.90F
Cw= 0.0693 0.0582 0.0835 0.09%2
Lock No. () 7.51 8.57 6.53 591
15t Flap (/rev) 1.038 1.036 1.041 1.043
15t Lag (/rev) 0.281 0.272 0.290 0.296
1t Torsion (/frev) 4.251 4.150 4.361 4.439

Table 2.2 presents the variation in the key rotor properties with raids, frac-
tions of 100%, 106%, 94% and 90% for a 16,000 Ibs helicopter. Theustrweighted
solidity ( ) increases with the radius reduction. The thrust coe cient C, ) increases
by 1=R* for a constant weight. The Lock number is a function of the reducinradius
and an inverse function of the ap inertial , which decreases with radius, resulting
in a net decrease with radius. The rst blade ap, lag and torsion frguencies all
increase slowly with a reduction in radius.

Airspeeds between 40 and 170 knots and gross weights betweer0d@! Ib
and 20,000 Ib (in 5 knot and 2000 Ib increments respectively) are calesed for a

representative ight envelope. The radius is reduced in 2% steps tilrthe changes
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Table 2.3: Summary of variable radius cases evaluated

Thrust (Ib) 14,000 { 20,000 (2,000 Ib steps)
Airspeed (knots) 40 { 180 (5 knots steps)
Advance ratio 01 { 04

Radius ratio (% of baseline) 90 { 106 (2% steps).

in performance are no longer favorable at any airspeed for a tatge thrust (90%
RPM was the minimum considered for the 14,000 Ib rotor, and 106% riad was
the maximum for the 20,000 Ib rotor). The rotor speed remains xedor this study
so that tip speed varies linearly with radius. The ight conditions evalated are
summarized in table 2.3. Maintaining trim without auxiliary lift devices ensired
that the advance ratio did not exceed = 0.4 and reverse ow aerodynamics were
not signi cant (but were included in the model).

The evaluation of performance assumes that there is no weight ociency
penalty associated with achieving radius change. The performanpeesented here
should be regarded as the performance of the rotor alone. Besauhe helicopter
is trimmed to the same equilibrium, with the same propulsive force, ppalsive
power is unchanged. Therefore only induced and pro le power arerssidered in the

comparison.

2.3 Variable Radius Performance

The rotor power (sum of induced and pro le power) for the baselinkelicopter
at 14,000 Ib gross weight is shown in g. 2.7a where the radius is varied 296
steps between 102% and 90% of the baseline radius. At 40 knotsY®and 92%

radii require somewhat more power but otherwise the power is indesnable from
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Figure 2.7: Variation of rotor power at 14,000 Ib with varying rotor ralius.
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the baseline. For increasing speeds, the power gets reduced bgiua reduction;
while, increasing rotor radius always increases power. Radius retiogs to less
that 90% radius showed no additional improvement in performancéoth the 90%
and the 92% radius rotors appear to stall above 150 and 160 knatsspectively
indicated by the more rapid increase in power at those speeds relatiw the baseline.
Figure 2.7b shows the di erence between the baseline power and th@ver required
for each variation in radius as a function of airspeed (only cases tldecreased power
are illustrated). For each radius, the di erence in power increasesith increasing
airspeed before stall. The maximum reduction in power is 210 hp at 1&Bots,
which is followed by a sharp decrease in power reduction at higher sgs. At high
airspeeds, the total power (excluding parasitic power) is predondately pro le power.
Reducing the rotor radius, reduces both the blade area and the gimmum dynamic
pressure (on the advancing tip) that bring about the large reduain in pro le power.
At low airspeeds, the induced power is the largest component of paw Induced
power increases with reducing disc area and this counteracts theduction in pro le
power. These two competing power terms appear to cancel at armal 50 knots
regardless of radius (true only for this thrust condition).

Figure 2.7c illustrates the maximum percentage reduction in power dtal
power including parasitic power) that can be achieved through radsuvariation
for the 14,000 Ib thrust case. The percentage power increasestir0% at 40 knots
to 8.5% at 90 knots where it is nearly constant up to 160 knots befostall limits
further improvement. Finally, the radius schedule that maximizes pger reduction

at each airspeed is shown in g. 2.7d. A maximum reduction in radius to09%
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is required to maximize performance, although comparing the powegduction in

g. 2.7b suggests that 92% would perform almost as well.

Table 2.4: Aircraft blade loading coe cient with increasing gross weigh

Gross Weight (Ibs) | 14,000| 16,000 18,000/ 20,000
Cr= 100% Radius| 0.0593| 0.0698| 0.0762| 0.0847
Cr= 92% Radius | 0.0762| 0.0896| 0.0980| 0.1089

The impact of gross weight on the rotor power reductions due to daus varia-
tion is shown in g. 2.8, which shows the power di erence from baseliras the radius
is varied for increasing gross weights between 16,000 and 20,000 kbld@ 2.4 shows
the blade loading for each thrust at 100% and 92% radius. The 98%dras cases
for the 16,000 Ib and 14,000 Ib thrust cases behave similarly, eachecasducing
power by 80 hp at 155 knots, indicating that both cases have thetars operating
away from stall. At 96% radius and 155 knots the power reduction meains similar,
but for larger reductions in radius, the 16,000 Ib rotor shows no ftrer improve-
ment in performance indicating that the rotor, operating at a higheblade loading,
is becoming stalled. At 18,000 Ib, the power reduction available at 98%dius is
lower than for the lower thrust cases indicating that the higher blae loading rotor
is already impacted by stall. Finally, at 20,000 Ib, the change in power &b can
be achieved by radius reduction is marginal at any airspeed above K@ots. The
relative dominance of induced power at low airspeeds is seen by thefpenance
improvement possible by increasing radius near 40 knots (and this ispected to
grow for lower airspeeds). Both the 18,000 Ib and 20,000 Ib rotorsosh a large

reduction in power at 40 knots with 2%-4% increase in radius. Finallyhe results
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Figure 2.8: Reduction of rotor power at 16,000 Ib, 18,000 Ib and 20,0@0with
varying rotor radius.
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con rm that the baseline UH-60A helicopter runs out of stall marginat 20,000 Ib
and 160 knots, which agrees with the known limitations of the helicopt and further

validates the analysis.

127
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Power reduction, %
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__180001b g

2L N
. 0,000 Ib
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(a) Maximum % reduction in total power (b) RPM schedule for minimum power

Figure 2.9: Maximum % power reduction and associated radius sché&s(14,000 Ib
- 20,000 Ib).

The maximum reduction in power as a percentage of the total poweand the
radius schedule that gave the result is shown in g. 2.9b as a functiaf airspeed for
14,000 { 20,000 Ib thrust. The trend is similar in each case, with an apptimately
constant percentage improvement in power (8.5%, 5%, 3% and 1%spectively)
between 100 { 150 knots and decreasing rapidly thereafter. Bothe 18,000 |b and
20,000 Ib thrust cases show a consistent performance increaslewe0 knots when
increasing the radius. A range of radius between 90% { 104% would teguired to
minimize power for the range of thrusts and airspeeds consideredissuming that
reducing high speed power requirements is a priority, and noting théhe di erence
in performance between 90% and 92% radius was small for 14,000 lkhoéist, a
reasonable range of 92%{100% radius would maintain current caplith as well as
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signi cantly reducing power at high airspeeds for lower thrusting rors.

2.4 Aerodynamic Analysis

This section breaks down the performance improvements availabterh radius

variation into contributions

from induced and prole power and invetigates the

impact of stall. The analysis focuses on a 18,000 Ib thrust conditio@{= = 0.076

for baseline radius) as being representative of a typical rotor.
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pro le power variation with reducing rotorradius (W =
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Figures 2.10a and 2.10b show the impact of radius variation on the incied
and pro le power components with airspeed for a 18,000 Ib helicopteReducing
the radius (i.e., increasing disk loading) increases the induced powéradl speeds;
while, increasing the radius to 102% marginally decreases induced powThe result
follows from the relationship between induced power, thrust and disarea while
maintaining the same thrust on a smaller disc area implies higher inducedlocities
and thus higher induced power. The induced power is largest at low sjireeds, and
reducing radius has the largest penalty at low airspeeds. The 90929% and 94%
radius cases show divergent induced power behavior near theirgestive maximum
speeds that is due to increasing non-uniformity in the induced in ow uk to stall.

The motivation for reducing rotor radius is shown in the change in pri@
power with radius for increasing airspeds g. 2.10b. Reducing the tar radius,
reduces blade area and the dynamic pressure at the blade tip wheheg power
losses are greatest. This results in reduced pro le power requirents at the cost
of increased blade loading. Increasing blade loading does not incurignscant
drag penalty if the sectional angles of attack do not approach dtaThe reduction
in pro le power for the 98% radius case increases with airspeed andgi®atest at
the highest airspeed considered (170 knots). The pro le powerdeces more at
higher airpseeds due to delaying compressibility e ects at the adveimg tip, which
is captured through airfoil tables. At 96% radius, the decrease inrgple power
no longer grows continuously with airspeed and the pro le power ineases more
rapidly at high airspeeds (above 150 knots) than the 98% or the k&Eme radius.
The increased blade loading together with growing ow asymmetry (is higher
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for the smaller radius at the same airspeed) promotes earlier statl the retreating
rotor resulting in a rise in pro le and induced power. By the 90% - 94%adius cases,
stall becomes more severe with the pro le power exceeding the blse rotor and
nally resulting in limiting the ight envelope to lower airspeeds. The 90%shows no
additional reduction in pro le power over the 92% radius case. Theld&de loading
at 90% radius Cr= 0.1) has been increased to the extent that the increased
sectional drag overcomes the reduced blade area, and the prodewer cannot be

reduced further.

104% 100%

(a) [Angle of attack distribution (b) Stall distribution

Figure 2.11: Angle of attack and stall locus at 120 knots (W = 18,000 ){Disc area
is scaled to represent the radius and the dashed circle indicates theseline rotor)

The distribution of angle of attack for radii between 104% and 90%t &20

knots and a gross weight of 18,000 Ib is shown in g. 2.11a. Decreasthg radius,

79



resulting in increasing blade loading as indicated by increasing mean &ngf attack.
To maintain trim in forward ight, blade pitch is such that the angle of attack
increases more rapidly on the retreating blade. Because the baselmotor is highly
twisted, the advancing tip is negatively loaded for the baseline rotat this airspeed.
Decreasing radius decreases the absolute blade twist becausettvete is assumed
to remain constant for this concept ( g. 2.4), which in combination \vith increasing
blade loading results in the negative tip loading disappearing with radiugduction
to 90%. This e ectively exacerbates the lift imbalance and requires riger still
longitudinal cyclic to maintain roll balance, further increasing retrating side angle
of attack. Figure 2.11b compares the sectional angle of attack tioe break in the lift
coe cient at the onset of stall to show regions of probable statictall (dark shading).
At the root cut-out, a region of reverse ow exists with associate high angles of
attack that exceed the stall limits but these are not important forperformance due
to very low dynamic pressures seen there. At 96% radius, corresping to the
radius for minimum power for this airspeed, the stall map indicates #t outboard
regions on the retreating blade are at the stall limit, which correspuls to the best
e ciency of the airfoil. Reducing the radius further to 90% results insigni cant
stall, increasing sectional drag and overall degraded performan@Eompared to 96%
radius).

The normal force distribution for the 18,000 Ib gross weight helicopt at 120
knots is shown in g. 2.12a. As already mentioned, the negative lift oime advancing
tip is e ectively reduced as the radius is decreased and larger longilimal cyclic pitch

is required to ensure roll trim. For the rotor to produce enough ttust, lift must
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Figure 2.12: Total and pro le power locus at 120 knots (W = 18,000 IBs
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increase elsewhere and the fore and aft rotors are producing ti@jority of the lift.
Reducing the radius causes the aft rotor to carry a larger sharé the total lift.

The change in total rotor power with variation of radius for the sarma ight
conditions is shown in g. 2.12b. This illustrates the competing roles giro le and
induced power. Reducing the radius negates the high dynamic preses of the tip
region, and reduces the overall blade area to return a reduction pro le power.
Reducing the radius also increases blade loading and the airfoil sesticoperate
at higher mean e ciency (in terms of “=;) resulting in some of the power savings
in the second quadrant. The induced power is increasing on the afttor as the
aft rotor carries more lift. When the rotor is stalled (90% radius fothis airspeed)
a much larger share of the lift is carried on the aft rotor giving rise tdhe large
induced power penalty. Figure 2.12c shows just the pro le compomeof the total
power and con rms that pro le power in the stalled regions contribte a relatively
minor component of the total power, compared to the induced p@w on the aft

rotor (the colors scales are similar for comparison).

2.5 Trim with Radius Variation

Figure 2.13 shows the variation of vehicle trim controls and orientatiowith
airspeed for a gross weight of 18,000 Ib. The rotor collective increasas the radius
is reduced in order to maintain trimmed thrust on a smaller rotor. Logitudinal
( 1s) and lateral ( 1c) cyclic correct trim for the increasing collective and the e ec-

tive reduction in twist, which both act to increase cyclic magnitude rative to the
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baseline. At stall, both cyclics increase (absolute values) more rafyido achieve
roll and thrust trim. The longitudinal cyclic looses authority with radius reduction,
indicated by the increasing slope. At 90% radius, a larger change in ptudinal
cyclic is required to e ect a unit change in airspeed. Longitudinal anthteral shaft
angles are not signi cantly impacted by radius variation with about 0.5 variation

for the radii considered.

2.6 Vibratory Hubloads
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Figure 2.14: Variation of rotor frequencies with radius.
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The variation of blade frequencies with radius is shown in g. 2.14. Fan
articulated rotor the rst ap and lag frequencies are not strongfunctions of radius
( P 1+ 3=, P %=, wheree is the non-dimensional hinge o set). The
higher blade frequencies increase with reducing radius primarily due the reduced

ap inertia of the contracted blade. This radius variation con guration has the fth

mode (torsion) crossing the 5/rev rotor passage frequency mex6% radius.
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Figure 2.15: 4/rev hubloads vs. airspeed at 18,000 Ib with varying rat radius

The primary vibratory loads generated by the four bladed rotor a the 4/rev
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xed frame hubloads. These are the vertical shear load~{), the in-plane shear
load (p FZ+ F2), and the in-plane moment P M2+ M2), shown for a 18,000 Ib
gross weight rotor at a selection of radii in g. 2.15. Included in the gures are the
expected hubloads that result for the rotor at its minimum power rdius (dashed
blue line). The 4/rev vertical hub shear is reduced by decreasingdiradius at low
to moderate speeds (less than 110 knots). At higher airspeedse treduced radius
rotor would be penalized by higher vertical vibrations than the badi@e rotor. The
hubloads associated with minimum power are marginally lower than theabeline
rotor at low speeds, and similar to the baseline at higher airspeedshd in-plane
vibratory forces for the reduced radius rotor are always largehan the baseline, but
only signi cantly for larger radius reductions (90%) at higher airspeds (above 100
knots). The in-plane shear force hubloads for minimum power will bedher than
the baseline, but again not signi cantly so. The in-plane moments dezase for the
reduced radius cases at low speeds but are much larger than thesdélane at high
airpseeds.

The 4/rev hubloads are plotted as functions of advance ratio (raer than air-
speed) in g. 2.16 that show that the trends are consistent with achnce ratio and
are not strongly in uenced by the impact of radius variation or of agtancing tip
compressibility. There is also no evidence of increased hubloads n8&%o radius,
where the fanplot indicates the ¥ torsion can be excited in resonance. The increase
in 4/rev loads seen in the in-plane shear and in-plane moments occemsistently
around = 0.27 suggesting that ow asymmetry is the dominant cause. The ste-
what dissimilar trend for the 90% radius case is due to signi cant staljiving rise
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to higher vibrations at earlier advance ratios.

The vibration results must be viewed in light of the limitations of the andysis.
Namely, above an advance ratio of 0.35 (for the 100% radius rotc©FD-CSD is
needed to capture the e ects of compressibility on the advancingpt Also, while the
analysis has assumed a single tip vortex in the wake model (suitable p@rformance),
a second wake trailer that captures the region of negative lift on éhadvancing side

can be important for vibrations at high speeds.

2.7 Alternative Radius Variation Concepts

(a) Morphing blade area concept

(b) Constant blade area concept

Figure 2.17: Alternative variable radius concepts
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Figure 2.17 shows the baseline radius variation concept ( g. 2.17e well as an
alternative concept that mimics the TRAC rotor design (derived fran Telescoping
Rotor AirCraft), shown in g. 2.17b. The second concept varies & root cutout to
accommodate radius variation and will highlight the importance of theoot cutout
to variable radius rotors. For a consistent comparison, drag in theot cutout must
be included. It is assumed that root cut-out is an elliptical fairing witha drag

coe cient of 0.02 and a chord of half that of the rotor blade.
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Figure 2.18: Comparison of power for alternative radius variation caepts at 14,000
Ib.

Figure 2.18 shows the total of induced and pro le power between ¢htwo pro-
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posed concepts for a rotor at a gross weight of 14,000 Ib at 106%0% and 94%
radius. The power at 100% is indiscernible between the two concepts expected.
The di erence in performance between the concepts is marginak flooth the larger
(106%) and smaller (94%) radius rotors with the constant blade aameconcept requir-
ing slightly less power at 94% radius, but otherwise there is no visible drence.
The constant blade area concept exchanges root cutout sparhieh has a relatively
high drag coe cient (Cq4 = 0:02), with the blade which has a relatively low drag co-
e cient of the airfoil ( C4  0:01). The dynamic pressures in the root cutout are low
and keep the total power di erence to a small value. The magnitudef the power
di erence is strongly in uenced by the drag associated with the raocutout; how-
ever, for the range of thrusts and airspeed considered hereetti erences between

these models is small.

2.8 Chapter Summary

This chapter has evaluated the impact on performance and loads afrotor
capable of radius variation on a representative utility helicopter. Té analysis was
performed using the comprehensive code, UMARC. The model is bdn a nominal
UH-60A Black Hawk helicopter for a gross weight of 18,000 Ib and trimed in free
level ight. A selection of alternate thrust conditions are also condered. Rotor
radius was varied in 2% decrements until the performance degrader the rotor
could not achieve trimmed ight especially due to stall. The conclusionsf this

chapter are:
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1. The performance of the baseline rotor at 18,000 lbs can be impedvby reduc-
ing the radius in forward ight. The largest reduction in power is achieed at
high speeds where power is reduced by about 70 hp (3% power redung at
150 knots with a 4% reduction in radius. The power was reduced c@stently

by about 3% for airspeeds above 100 knots.

2. Induced power increases for the reduced radius rotor due tigher in ow when
the disc loading increases. Reducing the radius shifts higher lift ontbe fore
and aft of the rotor disk in order to maintain trim. High lift on the aft r otor
results in increasing induced power that limits performance improvesnts from

larger radius variation.

3. Pro le power decreases for the reduced radius rotor by e dgely reducing the
dynamic pressure at the blade tip and by reducing total blade wet aa. The
reduction of pro le power is largest at high airspeeds so long as thetor does
not begin to stall. At high speeds, reducing the radius delays comgszbility

e ects to higher airspeeds.

4. Larger reductions in radius (greater than 4% for a 18,000 |b gmosveight)
cannot provide additional performance improvement because ¢fe high blade

loading and stall.

5. Thrust cases between 14,000 and 20,000 Ibs are considered. [ahgest in-
crease in performance is available for low thrust conditions at high epds by

reducing the radius. Above 20,000 Ib, the change in induced and ple power
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with radius variation almost cancel at all speeds and performance lsrgely
insensitive to radius variation. For high thrusts, performance is sigcantly
improved at low speeds (below 60 knots) by increasing the radius. Atgh

speed and high thrust, stall limits the use of radius reduction.

6. Helicopter trim controls, collective (o) and cyclics (1, 1s), increase in mag-
nitude as rotor radius is reduced. Roll angle,s, and longitudinal shaft angle,

s, are not signi cantly a ected by radius variation below stall.

7. The 4/rev vertical shear hubloads decrease with radius redumh below 110
knots but increase with radius reduction at higher speeds. In-plarvibratory
forces are slightly increased at all airspeeds by reducing the radiushe in-
plane moments behave similarly to the vertical shear loads. The trés of the
4/rev hubloads are determined by advance ratio and not radius. Alye an
advance ratio of 0.27, the 4/rev loads increase above the baseline for the

reduced radius rotor.

In conclusion, variable radius rotors have a relatively small potentidor per-
formance improvements at high speeds, and then only when the tist is low. The
results do not include any penalty for the weight and complexity of aariable ra-
dius system, which would further reduce the modest improvemenis performance
available. The complexity of the mechanism for variable radius, as eently envis-
aged, is a strong deterrent to its practical implementation withoumore signi cant

performance gains.
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Chapter 3: Variable RPM for performance

In the last chapter, a variable radius rotor was discussed as an appch to
varying tip speed for improved performance for a conventional tarcraft con gura-
tion. The alternative approach to reducing tip speed is to vary rotospeed, which
is discussed in this chapter.

The goal of investigating a variable speed rotor is to examine its patial for
improved performance and to describe the important aerodynamphenomena that
are involved. It is also important to ensure that the impact of slowinghe rotor
on trim, hubloads and blade structural loads is understood. Aftedescribing the
variable speed rotor model, the section investigates the scope fotor performance
improvement possible over a range of thrusts and airspeeds thapresent the ight
envelope of a utility helicopter. The key aerodynamic phenomena thaescribe
the performance improvement are then described in detail. This islimved by
highlighting the implications of the slowed rotor for trim, vibrations ard blade loads.
Before the nal conclusions, system e ciency of a slowed rotor isrie y investigated

by accounting for the impact of drive train e ciency on the overall performance.
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3.1 Rotor Model

The University of Maryland Advanced Rotor Code (UMARC) [79, 105was
used as a baseline platform for this study to model a representagiwtility helicopter
(based on the UH-60A Black Hawk). The description of the baselin@tor and key
elements of UMARC and its modi cations are already given in Chapter.2Unlike the
variable radius concept, varying the rotor speed does not requiagy modi cations
to the rotor key parameters and sectional properties other tlmensuring that the

non-dimensionalization is handled correctly.

Table 3.1: Summary of variable rotor speed cases evaluated

Thrust (Ib) 14,000 { 20,000 (2,000 Ib steps)
Airspeed (knots) 40 { 180 (5 knots steps)
Advance ratio 01 { 04

Rotor speed (% of baseline 74 { 100 (2% steps).

This study intends to present the absolute gains and limitations of #gavariable
rotor speed concept with a focus on performance. Airspeeds Wweén 40 and 180
knots and gross weights between 14,000 Ib and 20,000 Ib (in 5 knot a2@00 Ib
increments respectively) are considered for a representative higenvelope. The
RPM is reduced in 2% steps until the changes in performance are nader favorable
at any airspeed for a targeted thrust (74% RPM was the minimum caidered for
the 14,000 Ib rotor). The ight conditions evaluated are summarizednh table 3.1.
Maintaining trim (lift and propulsive force) without auxiliary lift devices ensured
that the advance ratio did not exceed = 0.4 and reverse ow aerodynamics were

not signi cant (but were included in the model).
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The evaluation of performance assumes that there is no weight ociency
penalty associated with achieving variable rotor speed. The perfoance presented
here should be regarded as the performance of the rotor alone.later section of
this chapter brie y considers the e ect of variable speed turbinergine e ciency on

system performance but this is not a focus of this study.

3.2 Measure of Performance

The following sections refer to total power, induced power and pte power
and these are de ned in the same way as was introduced in ChapterPhe parasitic
power was found to be nearly independent of rotor speed, varyirmgly as a very
weak function of shaft pitch angle (s) which does not change signi cantly with
RPM. Because the rotor is trimmed to the correct propulsive forcen each case,
the parasitic drag and the associated power are a function of aiegd only and
nominally constant for varying RPM. The parasitic power has been siracted from
the total power in the discussion for clarity. Finally, the discussion fgperformance
is meaningful in physical dimensions (hp, Ib) rather than non-dimermal (Cp, Cyt),

for a variable speed rotor.

3.3 Slowed Rotor Performance

This section discusses the potential of rotor speed variation to clease the
power required in forward ight.

The rotor power (sum of induced and pro le power) for a rotor trimmed to
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Figure 3.1: Variation of rotor power at 14,000 Ib with varying RPM.
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14,000 Ib of thrust is shown in g. 3.1a for reducing rotor speed. At4P6 RPM, there
was no additional improvement in performance over 76% RPM and themulation
was not continued further. For the range of airspeeds betweefl 4nd 180 knots, the
power is always reduced below the baseline rotor (100% RPM) with RPMduction.
Figure 3.1b shows the rotor power reduction at a selection of rot@peeds. For a
small reduction in RPM (e.g., 98% RPM), the reduction in power growsrgdually
with airspeed from about 10 hp at 40 knots to about 100 hp at 180 kis. At high
airspeeds, the rotor power is predominately from pro le drag (igrmong parasitic
power) and a small reduction in dynamic pressure, from reducingtos speed, can
result in large reductions in power. Decreasing the rotor speed floer to 94% RPM
returns nearly 300 hp at 180 knots. At 86% RPM, the rate of decasing power
with increasing airspeed is greater still, but the maximum power redtion occurs
at a lower airspeed (150 knots) before the trend abruptly turnspy indicating stall.
The pro le power penalty due to retreating blade stall o sets the educing pro le
drag on the advancing rotor resulting in less overall power reductio For larger
decreases in RPM, the peak power reduction occurs at earlier aieggls and the in-
cremental decrease in power required plateaus. By 74% RPM, thas no additional
performance bene t compared to 76% RPM. At low airspeeds, theotor power is
dominated by induced power which is less a ected by rotor speed vations. The
relatively small contribution to total power made by pro le power atlow airspeeds
means that larger variations in RPM result in smaller power reduction.

Figure 3.1c shows the maximum possible power reduction as a perega of
the total power (including parasitic power) at di erent forward speeds. The largest
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percentage improvement in performance is available at lower speexdy because of
the small contribution made by parasitic drag to the total power alower airspeeds.
The apparent lack of smoothness in the power reduction is in part duo the nite
steps in RPM and airspeed but also from the rotor wake interacting ith the rotor
plane at consistent airspeeds (60-100 knots). Figure 3.1d showe RPM schedule
associated with the maximum power reduction. The RPM required fominimum
power is continuously increasing with airspeed and the total rangéRPM is between
76% and 92%.

The reduction in rotor power from decreasing rotor speed is shovwm g. 3.2
for rotor thrusts of 16,000, 18,000 and 20,000 Ib. The reduction irower that can
be achieved with RPM change reduces with higher thrust (or highernsk loading).
Comparing the 98% RPM case for each thrust condition shows a similaehavior to
the 14,000 Ib result; the power reduction increases continuously tiairspeed. The
maximum reduction in power is decreasing with increasing thrust (10 { 50 hp
{ 40 hp for 16,000 Ib, 18,000 Ib and 20,000 Ib respectively) on accoumtimcreasing
blade loading. At higher blade loading, the pro le drag penalty from inasing the
mean rotor angle of attack (as a result of slowing the rotor) increas which in turn
reduces the power reduction. Larger reductions in RPM progress a similar way
to the 14,000 Ib case, but stall limits performance at earlier RPMs a$é thrust
increases. In this way, the bene ts of RPM reduction decrease meorapidly at high
speeds than at low speeds, for increasing thrust. At 60 knots,dlpower reduction
decreases from 150 hp at 16,000 Ib to 100 hp at 20,000 Ib, while at 150tk the
power reduces from 230 hp to 70 hp respectively.
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The maximum reduction in power as a percentage of the total poweand the
corresponding RPM schedule is shown in g. 3.3b as a function of aiegd for each
thrust. The 14,000 Ib rotor makes use of the largest RPM reductiomlown to 76%
RPM at low speeds that corresponds to a peak of 20% power redoat Increasing
airspeed is accompanied by increasing RPM to 92% at 180 knots. Thgher thrust
cases have the same trend requiring large RPM reductions near 4tbts and more
modest reductions near 180 knots. The peak percentage poweduction decreases
with increasing thrust to 14%, 10% and 7% for 16,000 Ib, 18,000 Ib an@,@00 Ib
respectively. The range between the maximum and the minimum rot@peeds is
consistently about 16% RPM for each thrust, while the mean RPM ineases with
thrust.

Comparing g. 3.3 for reducing RPM to g. 2.9 for reducing radius shas
that there is a much greater improvement in performance availableylreducing
rotor speed, and that the reductions in RPM are larger than thostor radius. The
di erence arises from the e ect on blade loading. Reducing RPM incases blade
loading with _1RT while reducing radius increases blade loading witli;. From this
observation, reducing radius reduces the stall margin faster thareducing RPM
does so that smaller radius variations can be achieved before stall itsnfurther
improvements in performance.

Accompanying a change in RPM is a change in rotor torque. Figure 3.Aavs
that the torque increases for the minimum power RPM schedule, wiigs consistent
for all thrust cases. The largest increase in torque is at low speeddere the

reduction in RPM is largest. Above 100 knots, the torque di erencés less than
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2000 ft-Ib over the baseline. At high speeds and thrusts, the tramission may be
torque limited before being power limited, but this should not be an iseuwhen

targeting performance at low speed and cruise.

3.4 Analysis of Slowed Rotor Aerodynamics

Decreasing RPM

2090 60 80 100 120 140 160 180
Airspeed, knots

Figure 3.5: Induced power vs. airspeed at 18,000 Ib with reduced RPM

Figure 3.5 shows the induced power contribution to the total powelfor the
18,000 Ib thrust rotor with reducing RPM. The induced power, a furtton of rotor
thrust, is una ected by RPM variations at low airspeeds. At increaed airspeeds,
the induced power becomes larger for a slowed rotor than that féhe baseline
due to increasing non-uniformity in the in ow at increasing blade loadig - a well-
understood departure from Glauert's uniform in ow. The 84% and 8% RPM cases
show larger increases in induced power at low speeds as a resultalf and increased
in ow non-uniformity.

The source of the improved performance for a slowed rotor is theduction
of prole power, which is shown for 14,000 Ib and 18,000 Ib thrusts in .g3.6.
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Figure 3.6: Pro le power vs. airspeed for reduced RPM

Decreasing the RPM reduces dynamic pressure which in turn redscero le drag.
Decreasing rotor speed comes at the expense of increased bladditg, or increas-
ing angle of attack, which results in increasing airfoil drag coe cient For 14,000 Ib
of thrust, reducing the rotor speed to 80% RPM decreases thegde power signif-
icantly between 40 and 120 knots before it increases dramatically fatrther higher
airspeeds. For 18,000 Ib, reducing the rotor speed to 80% RPM stiliopgluces larger
pro le power reduction at 40 knots but that immediately tapers o with increasing
airspeed. This indicates that the bene t of reducing dynamic presse is almost com-
pletely o set by increasing sectional drag coe cient. A rotor with ahigher baseline
blade loading (higher gross weight) has less margin for RPM reductidrefore the
balance of decreasing dynamic pressure and increasing drag coert occurs. A
result re ected in total power reduction available at low speeds ( g3.2).

Reducing the rotor speed to 94% RPM for the 14,000 Ib case showe tte-

duction in pro le power increases with airspeed. At high airspeedsgeducing the
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dynamic pressure also delays compressibility on the advancing rotarlarge contrib-
utor to total power and vibrations). The same result is seen for #1 18,000 Ib rotor
for airspeeds below 140 knots and thereafter the pro le powerdection narrows rel-
ative to the baseline. Aerodynamic asymmetry at higher airspeedsgmotes earlier
stall and a large pro le drag penalty which degrades performancé&tall impacts the

higher thrust (higher blade loading) rotor earlier than the low thrus cases.

0 0

100% 96%

0
\ 0
0, 0,

Stall 92% 88%
0 0

84% 80% 84% 80%

(a) Angle of attack distribution (b) Stall distribution

Figure 3.7: Angle of attack and stall locus for 18,000 Ib thrust case¢ &0 knots with
RPM variation.

Figure 3.7a shows the angle of attack distribution on the rotor diswf the
reference 18,000 Ib rotor thrust at a representative cruise sgleef 80 knots while
decreasing rotor speed from 100% to 80% in 4% decrements. As RRM is re-

duced, the global angle of attack increases, with the most signi noachanges on the
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retreating side of the rotor disk. At this speed, the retreating siel incidence angles
are not yet high enough to result in a signi cant stall region. Slowinglte rotor
reduces the dynamic pressure and the rotor requires larger pitefputs to produce
the thrust and roll moments for trim, disproportionately impacting the retreating
side which can lead to stall. For the purpose of this analysis, staticadl is de ned
for each available Mach number as the angle of attack where thereaidreak in the
lift curve slope, determined from the airfoil tables. The stall regiom of the rotor
gradually expand as the rotor speed decreases and this is shownrhwvitte stall con-
tours in g. 3.7b. The impact of stall on performance is initially small beause of
the low dynamic pressure on retreating side. However, at 80% RPNhe stall is
progressed su ciently to include some of the outboard part of theotor, and pro le
power increases dramatically.

-3
14% 10

—W = 20,000 Ibs, 100% RPM
-\W = 18,000 Ibs, 94% RPM
12} |...w = 16,000 Ibs, 90% RPM
W = 14,000 Ibs, 84% RPM

#1 015 02 025 03 035 04
Advance Ratio

Figure 3.8: Non-dimensional total power@,= ) vs. advance ratio atCy= 0:084.

It is instructive to consider the performance results in non-dimer@al form to
isolate higher order e ects of slowing the rotor other than varyinglynamic pressure

(compressibility, stall, etc. any departure from linear aerodynam&). Figure 3.8
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(a) Angle of attack, =0:19 (b) Angle of attack, =0:37

(c) stall, =0:19 (d) Stall, =0:37

(e) Torque coe cient, =0:19 (f) Torque coe cient, =0:37

Figure 3.9: Low and high advance ratio aerodynamic environment, ect of RPM
(Cr=  0:084).
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shows the non-dimensional power for four thrust levels and RPM mbinations that
result in the same non-dimensional thrust = 0:084). At low advance ratio
( < 0:2) the power coe cient is nominally the same for each case which is exgted
for nominally linear aerodynamics. Increasing advance ratio showsat the power
coe cient increases more for the higher thrust (higher rotor sped) case. Figure 3.9
considers the aerodynamic environment (angle of attack, stall drpower distribu-
tion) at two advance ratios for the 16,000 Ib rotor at 90% RPM and tb 20,000 Ib
rotor at 100% RPM (constantCy= ). At = 0:19, corresponding to indiscernible
power coe cient between cases in g. 3.8, the angle of attack digtsution and stall
maps are very similar and give indiscernible torque distributions. This idespite
operating at di erent dimensional thrusts and airspeeds. The regtion in power
at low airspeeds is primarily due to lowering dynamic pressure. At= 0:37, where
there is a spread of power coe cient, the angle of attack and stafilots remain simi-
lar but the advancing tip of the 100% RPM rotor shows increasing pre power due
to compressibility. At high airspeeds, reduced compressibility e estand reduced
dynamic pressure contribute to reducing the pro le power of thelewed rotor.

The improved performance can also be viewed in terms of improvingetinotor
e ciency at the blade element level. The most e cient operating point for the
airfoil section is at its maximum lift-to-drag angle of attack {¢'=,). Figure 3.10
shows the®=;, at the 75% span section for a 16,000 Ib thrust rotor at 80 knots for
100%, 96% and 88% RPM. They are compared to the maximum lift-to-aly ratio
of the airfoil (dashed lines - as a function of local Mach number). TEhreduced
RPM rotors operate at higher e ciencies, particularly on the retrating side. The
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88% case is approaching the maximum e ciency of the airfoil sectionAlthough
not shown, further reductions in RPM start to show degraded e ¢ency as the rotor
stalls. This improvement in e ciency is less apparent for increased tor thrust,
where the airfoil sections operate closer to their peak e cienciesnd there is less
margin for improvement via RPM reduction. An airfoil with a higher maxmum
%=, would allow for larger reductions in rotor speed before stalling and artger
potential for power reduction.

Figure 3.11 shows the non-dimensional thrust vs. advance ratio 80% RPM
for the four thrust cases (14,000, 16,000, 18,000 and 20,000 IbhtéNthat the rotor
thrust, in the shaft axis, is not constant with advance ratio becase the rotor must
produce increasing propulsive force due to parasitic drag. Also shhoare theCr=
values for each thrust and airspeed (advance ratio) that resutfein the minimum
power. The minimum power condition merges for the four thrusts éoo a single
trend line (within the resolution of the steps in RPM and airspeed). Tk trend
line decreases as advance ratio increases. At an advance ratio:df the minimum
power trend line approaches the 20,000 Ib thrust condition and thers no further
margin of performance improvement through RPM reduction at thighrust. Also
shown is the McHugh thrust boundary [107] which is an indication of & useful
thrust margin of a rotor. The minimization of power reduces the thust margin
(before stall), but does not negate it for advance ratios below 0.8eyond = 0:4,
it appears that there may not be thrust margin at the minimum powetthrust level.
This implies that unless the thrust is reduced considerably (14,000 Ibasready less

that the empty weight of the UH-60A helicopter), = 0.4 is close to the maximum
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advance ratio for which RPM variation is e ective to improve perfornance for this

con guration (single main rotor).

3.5 Slowed Rotor Trim

The trim angles for the 18,000 Ib helicopter with decreasing RPM are ®hin
in g. 3.12. The amplitude of the collective (g. 3.12a) and cyclics (gs 3.12b
and 3.12c) increase for the slowed rotor compared to the baselibet they do not
exceed the baseline limits before stall limits the maximum speed of thewed rotor.
This implies that the maximum stroke of the swashplate actuators reains within
the bounds of the baseline rotor. The trend of the collective ) and lateral cyclic
( 1c) remain similar for the slowed rotor whereas the slope of the longituml cyclic
( 1s) increases as the rotor slows. From a control perspective, thiewed rotor will
require a larger cyclic input to e ect a unit change in airspeed compad to the
baseline. A variable RPM rotor controller would have to account forhe loss of
control authority to alleviate pilot workload. The longitudinal shaft tilt ( <) and
lateral shaft tilt ( ), shown in gs. 3.12d and 3.12e, are less a ected with variation

of RPM.

3.6 Vibratory Hubloads

Before rotor speed variation can be implemented to improve perfaance, the
impact on structural and vibratory loads must be understood. Th starting point

for this discussion is the fanplot in g. 3.13. Care must be taken whedesigning
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Figure 3.12: Trim angles vs. airspeed at 18,000 Ib with reduced RPM
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rotors for variable RPM to avoid resonance with rotor harmonics. fie 4" blade
mode (3¢ ap) crosses the 5/rev rotor frequency at around 87.5% RPM, i 5"
mode crosses 5/rev near 97% RPM and 6/rev at 77% RPM and nally th6" mode

crosses 6/rev at 81% RPM.
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Figure 3.14: 4/rev hubloads vs. airspeed at 18,000 Ib

The primary vibratory loads generated by the four bladed rotor a the 4/rev
xed frame loads. These are the vertical shear load~{), the in-plane shear load

P s : MZE M2 Ei
( FZ+ Fy), and the in-plane moment E) Mg+ My). Figure 3.14 shows the three
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resolved vibratory hubloads (4/rev magnitudes) with decreasing RV for the 18,000
Ib rotor. The 4/rev vertical shear loads are signi cantly and constently reduced as
the RPM is decreased for airspeeds below 115 knots. Above 115t&nthe slowed
rotor vertical shear loads increase to become somewhat largeaththe baseline.
The in-plane shear forces are always larger than the baseline withvgilng the rotor.
The signi cant increase in the in-plane vibratory forces that occuy above 120 knots
for the baseline case, begins at progressively earlier airspeedshesrbtor speed is
reduced. This means that at high speeds, the in-plane loads of thieveed rotor
can be much higher than the baseline rotor. The in-plane moments\eaa similar
behavior to the in-plane forces at high airspeeds, although the skedvrotor loads
are lower than the baseline below 80 knots. Figure 3.14 also highlightetvibratory
loads that would result at the RPM schedule for minimum power. The vécal
shear forces would be reduced at low speeds and cruise but martiyniarger than
the baseline above 130 knots. Both the in-plane shear forces andments increase
signi cantly above 100 knots. This may result in unacceptable vibraon levels unless
the increased vibrations can be mechanically isolated or actively coolled.

Figure 3.15 shows the percentage change from the baseline of eddhe three
4/rev hubloads, as contour plots. This is of interest for minimizing hioi vibrations,
independent of power. The vertical shear force and the in-planeoment are each
well behaved and have a single minima at each airspeed and the minimuibra-
tions rotor speed schedule nearly follows the schedule for minimumwses for low
airspeeds. The in-plane shear force has two minimums around 60 teychowever,
the percentage decrease in hubloads that can be achieved is smalD.8%) and
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Figure 3.15: Contours of percent change in 4/rev hubloads as a fition of rotor
speed and airspeed at 18,000 Ib (Max limited to 50%)
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can be ignored. At high speeds, slowing the rotor is consistently dietental for

vibratory hubloads.
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Figure 3.16: 4/rev vertical and in-plane shear forces and moments. advance ratio
at 18,000 Ib.

The 4/rev vertical and in-plane shear force and in-plane moment rgaitudes
are plotted as a function of advance ratio in g. 3.16. The verticalteear forces have
a consistent trend that follows the baseline for rotor speeds alabout 88% RPM.

For the 80% and 84% RPM rotor speeds, the trend does not remaiansistent for
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higher advance ratios and the airloads over those airspeeds swgggbat lift stall
plays a role. The in-plane shear forces and in-plane moments have ansistent
trend with advance ratio and the increase in the vibratory loads tads place near
= 0:27 for all rotor speeds except 80% RPM. The consistency of thisha&ior with
advance ratio, rather than airspeed, suggests that aerodynarasymmetry plays a
larger role than compressibility (which would be primarily a function of dvancing
tip speed). For 80% RPM, the loads are increasing from= 0:22 due to extensive
stall and does not follow the trend. The blade bending loads o er sarinsight into

these trends at high advance ratio.

3.7 Blade Loads

Understanding the magnitude of the blade loads is critical for rotoblade
design and for minimizing vibrations. The 4/rev vibratory loads showe that the in-
plane forces and moments of the slowed rotor remained comparatidehe baseline
rotor untii = 0:27 and thereafter the slowed rotor loads increased signi cantly
about the 100% RPM rotor. The following blade loads are compared af) the
combination of airspeed and rotor speed that match an advancetimof = 0:27;
and at b) the highest airspeed for each RPM that a trim solution coulde found
(termed \Near stall").

Figure 3.17 compares the half peak-to-peak ap bending momenttoag the
span for rotor speeds between 100% and 84% RPM at= 0:27 and near stall.

At = 0:27, the half peak-to-peak ap bending is increasing with reducing tar
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speed. At airspeeds near stall for each rotor speed, the half gega-peak loads are
similar for each case although the peak loading shifts outboard fronear r/R =
0.4 to outboard of r/R = 0.6 for larger reductions in rotor speed. Fom this result,
the maximum ap bending loads are not increased over the baseline biowing the
rotor.

The 3, 4 and 5/rev harmonics of the ap bending can help explain the/rev
vibratory loads and are shown in g. 3.18. Only 4/rev loads contribug to the vertical
shear vibrations while the 3 and 5/rev harmonics contribute to the iplane moment
vibrations. At = 0:27, the 4/rev vertical shear loads are decreasing with reduced
RPM and this is consistent with the 4/rev blade loads. At the high spekcase near
stall, the magnitude of the 4/rev vertical shear loads are quite simitabetween the
84% RPM and the 100% RPM, as well as between the 88% RPM and 92% NRP
which agrees with the 4/rev blade bending results. The fanplot shevthat there are
no blade frequencies near 4/rev rotor frequency which suggestat the source of the
reduced vibrations at low speeds must come from reduced 4/rewadynamic forcing.
Slowing the rotor speed increases the 3/rev ap bending loads aleothe baseline at

= 0:27. The fanplot shows that the 2° ap mode approaches 3/rev as the rotor
speed is reduced, which may have a contribution to the blade loadsowever, near
their respective stall speeds, the 3/rev blade loads are similar foaah rotor speed,
which suggests that 3/rev aerodynamic forcing at stall is the domamnt forcing again.
The 5/rev blade loads increase signi cantly for the 88% and 84% RPMases at high
speeds due to the interaction of the'$ ap and the 5/rev rotor frequency (crossing

near 87% RPM). However, the contribution of the 5/rev blade load® the in-plane

119



moments appears to be small compared to the 3/rev bending loads.
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Figure 3.19: Half peak-to-peak torsion moment vs. spanwise locatiat 18,000 Ib.

The half peak-to-peak torsion moments are shown in g. 3.19. Theottsion
moment at the blade root correspond to the pitch link loads. The thee cases
considered are at a) 80 knots, before any of the cases approatdil, b) 120 knots,
which corresponds to deep stall for the 84% RPM case and c) the gt airspeeds
before stall for each RPM. At 80 knots, the four rotor speed cas considered have

very similar torsion moments. At this airspeed, the four cases aretyet stalled and
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compressibility e ects are negligible. At 120 knots, the torsion monmgs increase
for the slowed rotor cases and most signi cantly for the 84% RPM sa which is
because of stall driving up torsional loads. Finally, at the highest geds before
stall for each RPM, the torsional moments are highest for the fubpeed rotor at
an airspeed of 180 knots. Compressibility e ects at high speeds a¢h addition to

stall loads to increase the total blade torsion moments for the 1%ORPM case. The
slowed rotor cases stall at lower airspeeds (for a gross weight 8faDO Ib) and thus

have reduced torsion loads at the limit of the ight envelope.

3.8 Turbine E ciency

Chapter 1 introduced the importance of turbine e ciency in evaluaing the
total system e ciency of a variable rotor speed concept. Althouly this is not a
focus of this dissertation, it will be brie y considered here.

The generic variation of SFC with both power output and turbine sped is
shown again in g. 3.20. For a rst order analysis, the gure is digitizel and inter-
polated to determine the fuel ow rates for combinations of turbie load (power)
and shaft speed. To ensure that this approach is applicable to theHJ60A turbine
engine (T700-GE-701C), it is compared with a result from Ballinn [108}ho used
the G.E. STATUS-81 model, made by General Electric speci cally to nael their
engines. The variation of SFC with shaft power for the two approaes show good
agreement at 100% turbine speed as shown in g. 3.21. Ballin did notreader

o -design turbine speed cases which limits further comparison; hewer, this simple
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Figure 3.20: Typical variation of SFC with turboshaft speed [21].
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result provides con dence to continue with this method of analysis.
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(14,000 Ib - 20,000 Ib)

The approach is to reevaluate the performance data, with the indion of a fuel

ow correction based on g. 3.20, to nd the minimum fuel ow rate. Figure 3.22

shows the maximum percentage improvement in fuel ow rate and ¢hassociated

rotor speed for each thrust condition. The result is very similar tolte earlier result
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that considered the rotor power in isolation. The fuel ow result is ontrary to the
expectation that turbine e ciency degrades at o -design speedput is consistent
with the assumed fuel ow map. Figure 3.23 plots the SFC required faninimum
fuel ow rate (red) with selected points from the baseline (blue) floa sweep of
airspeeds (40 - 170 knots) at 18,000 Ib of thrust. Compared to thaseline case, the
SFC of the slowed rotor increases at high airspeeds (140 and 160tk is similar
near 120 knots and tends to decrease slightly at low speeds (ne@ukéots). However,
these small changes in SFC are greatly outweighed by the reducedor power that
is achieved. To see a larger impact of the turbine e ciency, the turine speed would
have to be reduced further (below 70%) or the di erential rotor pwer must be larger.
The requirement for the helicopter to maintain trim, without auxiliary thrust or lift,

precludes this situation from arising.
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3.9 Chapter Summary

This chapter has evaluated the impact on performance and loads witor
speed variation (70%-100% of baseline) on a representative utilitelicopter up to
180 knots ( = 0:4). The analysis was performed using UMARC. The model is
based on a nominal UH-60A Black Hawk helicopter generating 18,000db thrust
and trimmed in free ight. Rotor speed was varied in 2% decrementsntil the
performance degraded or the rotor could not achieve trimmed ighespecially due
to stall. The impact of disc loading is investigated by varying the thruslevel

between 14,000 and 20,000 Ib. The key conclusions of this chaptes:ar

1. For an 18,000 Ib thrust, a mean reduction of 100 hp across the hgenvelope
can be realized by tailoring the rotor speed between 80% and 96% RPM
Further reductions in RPM result in stall and an increase in power ovethe

baseline.

2. At lower thrusts, the maximum power reduction increases with aspeed, while
at higher thrusts, the power reduction decreases with airspeed.he largest
reduction in RPM is necessary at low speeds and as such a range afald 6%

RPM was required to achieve the maximum power reduction for eachrust.

3. For minimum power, the rotor torque is increased over the basedéin The
increase in torque is less than 2000 ft-Ib at high speeds for all thtsisonsid-
ered. The highest torque increase occurs at low speeds (60 khothere the
maximum RPM reductions are required.
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4. The rotor collective and cyclics increase to maintain the trim statéor the
slowed rotor, but do not exceed the limits of the baseline rotor. Thingitu-
dinal cyclic requires larger inputs to e ect a change in airspeed fohé slowed
rotor. The vehicle shaft angles (s and ) are not signi cantly a ected by

RPM variation.

5. The induced component of power is not impacted by slowing the ot until
stall, when the induced power increases. The pro le power is the goa of
all of the power reduction when slowing the rotor and is a result of deced
dynamic pressure and reduced compressibility drag. For large redions in
rotor speed, high pitch angles result in increasing drag coe cientsna limit

further reductions in pro le power.

6. The minimum power for this rotor is de ned by the optimum Cy= as a
function of advance ratio. TheCy= for minimum power is a reduction in
the stall margin of the rotor, but does not come close to the McHingstall
boundary before an advance ratio of 0.4. For 20,000 Ib thrust, thequired
thrust is coincident with the Cr=for minimum power at an advance ratio of
0.4. Improving performance at higher advance ratios requires deasing the

rotor thrust.

7. The vertical shear vibratory loads are less a ected for a slowedtor. The in-
plane forces and moments increase signi cantly over the baselingaovalues
at high speeds. The increase in loads is a function of advance ratialarccurs
near an advance ratio of 0.28 regardless of RPM unless the rotor talled.
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10.

11.

The loads for the stalled rotor increase prematurely. The minimum peer

rotor will incur a vibrations penalty at high speeds.

Contour surfaces of the hubloads for reducing rotor speedosted that the
vertical shear force and the in-plane moments have unique minimurfar each
airspeed and a signi cant reduction in these hubloads is possible at Iepeeds.
The in-plane shear force can be reduced by less than 1% at low spseedll
of the hubloads are uniformly and signi cantly increased over the Is&line at

high airspeeds when the rotor is slowed.

Blade ap bending moments are larger than the baseline for the gted rotor.
In the limiting case of stall, the slowed rotor and the baseline half pedk-peak
ap bending loads are similar but the peak moves outboard for the sied
rotor. Stall drives up the 3/rev harmonics of ap bending for the owed rotor
at high speeds. The 5/rev harmonics of ap bending are much largénan the
baseline for the 88% and 84% RPM rotors due to 5/rev excitation ohe 3¢

blade ap mode.

Half peak-to-peak torsional moments are not signi cantly a eted by rotor
speed below stall. For the same airspeed, the torsional momentstod slowed
rotor increase over the baseline as it approaches stall; howeveeag torsional
moments are determined by compressibility at high airspeeds which sha

greater impact than stall.

There is minimal impact of reduced turbine e ciency on the perfomance of
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the rotor system due to the relatively small di erential in rotor power for the
variable speed rotor system and the small (less than 30%) reductgin rotor

speed investigated.

Concluding chapters 2 and 3, variable rotor speed appears to beestmore at-
tractive option to improve the performance of convention edgevasotorcraft. Vari-
able rotor speed o ers a larger improvement in performance at merhte to high
speeds than from variable radius alone. At low speeds near hoveeld@v 50 knots),
variable radius o ers an advantage if the radius can be increasedthough there are
practical design trades and limitations to this. The complexity of implmenting the
two approaches to variable tip speed heavily favor rotor speed vation over radius
variation.

Challenges for rotor speed variation are in avoiding blade mode crivgs dur-
ing speed changes and achieving e cient power transmission at multgrotor speeds.
Sti, light weight rotors that are resistant to resonance during RRMM changes have
already been built and tested and composite construction technigs should allow
greater control and tailoring of this in the future. For the relativdy modest changes
in rotor speed considered for the UH-60A helicopter (20%{30% nection) turbine
e ciency reduction with reducing turbine speed is small compared tdhe normal
variation of turbine e ciency across the ight envelope. Advancenents to gas tur-
bine technology will improve the performance of rotor speed varian further.

Variable radius concepts require complex mechanisms to change tilade ra-

dius in ight. Technology to achieve this has been shown in wind tunndésts with
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some success, but has never transitioned to ight tests. The rabtness of the pro-
posed mechanisms is a huge concern, as is the parasitic weight introed. The
increased complexity and weight in the rotating frame will result in ovall vehi-
cle weight penalties that will further degrade the modest potentidior performance
improvement. The increased complexity implies increased parts causnd higher
maintenance and cost. In summary, the obstacles to variable radisseem insur-
mountable in the foreseeable future unless larger performancengacan be achieved
to warrant further investigation.

Chapters 4 and 5 goes on to investigate the variable rotor speedncept at

high advance ratios, with comparison to wind tunnel test data.
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Chapter 4: Investigation of the UH-60A Rotor at High Ad-

vance Ratios

This and the following chapter present the prediction and validation foperfor-
mance and loads for a rotor in high advance ratio ight. High speed torcraft are
limited by compressibility at the advancing rotor tip. Compressibility b&omes im-
portant as the incident ow speeds approach the speed of sounas(ially by M apy =
0.8{0.85) and results in high power requirements and unacceptablération levels
that become limiting to ight. The solution to reducing tip compressibility is to re-
duce the tip speed by either reducing the rotor radius or the rot@peed. Chapters 2
and 3 introduced both approaches as applied to the UH-60A Black & helicopter
in free ight. Both showed the potential to improve performance atypical ight
speeds and thrusts, but the larger improvement was shown podsilby reducing the
rotor speed, while also being the technologically simpler solution. Thehas also
been recent interest in slowed rotor helicopters resulting in new, higuality data
with which to correlate analyses. For these reasons, the study lwfjh speed rotors
will progress considering reduced speed rotors only.

High speed ight with reduced rotor speed implies high advance ratiosAt
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high advance ratios, the rotors ability to produce thrust and conbl authority to
trim becomes diminished as the ow becomes more asymmetric. Thereating side
is required to operate with large regions in reverse ow (from trailingdge to leading
edge), which is a complex ow environment. In order to design the regeneration
of high speed rotorcraft, it is important to understand and to be ble to predict
both the performance and the limiting loads at high advance ratios. e goal of
this chapter is to validate the predictions of the modi ed comprehesive analysis
UMARC, to highlight key modeling requirements and to identify what slertcomings
remain within the scope of a comprehensive analysis at high advanegios. This
is achieved by correlation with high quality wind tunnel test data at hi¢p advance
ratios.

There have been two recent e orts to collect a comprehensive @aset at high
advance ratios. These are the slowed rotor testing of the UH-6QAtor carried out
by NASA-Ames/Army-AFDD that achieved an advance ratio of 1.0, ad a series of
wind tunnel tests on a Mach-scaled rotor by the University of Mahand that have
reached an advance ratio of 1.5. These two sets of data stand dp@aom earlier
tests because of the scope of the instrumentation that includeed frame loads
and torque, vibratory loads, pitch link loads, trim controls as well adlade bending
moment and airload measurements.

This chapter deals with the UH-60A rotor. The UH-60A rotor is the ame
as that ight tested in the airloads program [57] and is the most stueéd modern
rotor. The rotor description and blade properties are generally aged upon, allowing

for direct comparison between dierent analyses. The UH-60A rot is also an
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articulated rotor including multiple airfoils, a high twist rate, trim tabs and tip
sweep. The complexity of the rotor allows a realistic assessment afadytically
models against realistic future rotors; however, the complexity alsmeans that it
can be quite di cult to isolate di erent aspects of the rotor systemwhen identifying
limitations of the analyses. For this reason, the University of Marylad has tested
a simpler Mach-scaled rotor that has uniform blade properties andlgmform, is
untwisted and has a simple NACA0012 airfoil. This test data is validateth chapter
5.

This chapter describes modi cations made to UMARC that can be impant
for resolving the performance and loads at high advance ratios. @$e include a
fuselage model, aerodynamics of the root cut-out, and radial oworrections. The
modi cation are evaluated by validation with the UH-60A slowed rotorwind tunnel
tests. In addition, the sensitivity of the analysis to modeling re nerents is inves-
tigated. This includes wake model re nement and treatment of thenearwake in
reverse Ow.

Data available from the UH-60A slowed rotor wind tunnel tests inclue per-
formance measurements for a range of collective at increasing agee ratio, pre-
dominantly at 0 shaft angle, and a few selected cases where airloads measuresnent
(normal force and pitching moment) and blade bending loads and pitdinks loads
are available. The approach will be to determine the baseline correlat before
investigating which model re nements are important to achieve a gl correlation.
Once the performance predictions are established, the details dietsectional air-

loads and blade bending moments will be investigated in some detail.
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4.1 UMARC Modi cations

The modi ed University of Maryland Advanced Rotorcraft Code, aglescribed
in chapter 2, was used in this study. This section describes the impant modi ca-
tions and re nements made to UMARC that were relevant at high adance ratios.
Before describing each modi cation, the treatment of the unstety airloads at high
advance ratios must be explained.

The earlier analysis of variable rotor speed and variable radius copte in-
cluded the Leishman-Beddoes unsteady models for attached owHowever, the
unsteady models (as implemented in UMARC) are not suitable for theeverse ow.
At the reverse ow boundary, the airfoil sees large angles of attl, high pitch rates
and a change in ow direction resulting in large and seemingly non-phgal lift and
pitching moment impulses. The resulting unsteady impulses excite a ¢gg blade re-
sponse and the rotor analysis could not nd a steady trimmed solutio Neglecting
the unsteady airloads in the reverse ow at low advance ratios is assed to have
little impact on the result due to low dynamic pressures seen there.oldever, as will
be shown in this and the following chapters, unsteady airloads may beportant for
predicting lift and pitching moment at high advance ratios (near 1.0) &ithe dynamic
pressure in the reverse ow becomes large. Validating these uresly models for
the extreme conditions in the reverse ow requires careful wind twnel testing and
is the subject of ongoing research elsewhere [109].

In the current analysis, non-circulatory lift is included in the revers ow with

Theodorsen's quasi-steady model while the higher order LeishmBrédoes attached
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and dynamic stall models are used only outboard of the reverse owut show little
impact there.
The following section describes the important modi cations made to MARC

that were relevant at high advance ratios.

4.1.1 Trim procedure at High Advance Ratios

One of the biggest challenges of studying high advance ratio with analysis
like UMARC is solving the trim equations. Trim is found in UMARC by building
a Jacobian matrix from the trim equations before minimizing the trim egation
residuals until satisfactory convergence is reached. In additiotihe change in blade
de ections between iterations must be suitably converged.

At normal advance ratios € 0:4), the well established procedure in UMARC
is that the Jacobian is generated once, during the rsh + 1 iterations where n is
the number of degrees of freedom in the trim solution. The Jacobias built before
the non-linear in uence of airfoil tables, unsteady airloads, neaake or farwake are
turned on in the analysis. The quality of the Jacobian is determined bthe quality
of the initial guess of the trim angles (o, 1., 1s, s and ) and the initial value
of inow ( ), derived from the desired rotor thrust. Two methods were availde to
create the initial conditions, either by user input or solving the rigid lade equations
of the helicopter. The later approach is generally reliable unless triming to high
speeds or high thrusts when assumptions in the rigid blade calculatebreak down

and an educated initial guess gives better convergence rates.
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For the high advance ratio studies, rotor thrust is not a trim targé, which
left in ow unde ned. An optional input argument IG _.inow was added to the
input routine (defaulting to 0.05 unless a target thrust is speci ed) At moderately
high advance ratios (0.4 { 0.8), initial guesses for the trim controlsna in ow were
generally required to nd a trim solution. The initial values can be detamined
intelligently by incrementally increasing advance ratio from a known tmmed so-
lution. Over this range of advance ratios, the trim solution is somevet forgiving
to the initial guess although better guesses can decrease the tamof iterations
considerably.

At high advance ratios approaching and exceeding 1.0, the solutionogedure
becomes increasingly sensitive to the initial conditions. Above an awe ratio of
about 0.9, the baseline trim procedure could not consistently nd tm solutions,
regardless of the initial conditions. As will be shown in this chapter,he stall
behavior of the rotor is very in uential on the rotor trim condition at high advance
ratios. The Jacobian, constructed without airfoil tables, used lirar lift coe cients
without stall and resulted in a poor quality Jacobian. To remedy thisan option has
been added to the analysis to include the airfoil tables in the Jacobiaralculation.
The drawback of this approach is that the initial guess of the trim aatrols and
in ow must be reasonably good otherwise the solution quickly diverge However,
with incremental increases in advance ratio (0.1) and collectives {1lthe trim is
reliable beyond an advance ratio of 1.2 (the limit investigated in chapteb). For
advance ratios above the point of thrust reversal (discussed ini§ chapter) the guess
for in ow must generally be negative for positive collectives to re dcthe negative
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thrust of the rotor.

4.1.2 Table Look-Up in Reverse Flow

The sectional angle of attack, , is de ned by the velocity components tangent
to the chord, u;, and perpendicular to the chordu,, so that the angle of attack in

the table look up to determine the airfoil coe cients ¢, ¢y and ¢, is given by:

8
arctan( Up=u) u >0
arctan( up=u) + U Ou<O
= . arctan( up=w) C U< Ou <0
% > Up> Ou =0

5+ D U< Ou =0

For small angles of attack, , it was convenient to express the lift, drag and moment

coe cients as linear functions of

G=C+C (4.1)
Ca =do+ ds (4.2)
Cn =fo+ f; (4.3)
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From the airfoil coe cients, the chord force (L, positive towards the leading edge),

normal force () and pitching moments M ) are described by:

\é—(q( ysin( ) el )cos()) (4.4)
2

Lu = —(@( Yeos( )+ ca( )sin( ) 45)
V<

M =—= tm( ) (4.6)

The nonlinear trim solution in steady level ight is found using nite elements in
space and time. The aerodynamic forcing terms are non-linear fuions of the blade
de ections. To ensure stable solutions, the linear contributions tthe forcing terms
are moved the left hand side of the solution as e ect sti ness and daping terms,
while the constant and non-linear (linearized about the current sta) terms remain
on the right hand side. The angle of attack is assumed to be small andis large

compared tou, so that:

V U
U=, (4.7)
cof ) 1
sin( ) = %
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So that the chord force, normal force and pitching moment expssions become:

vV 2

Ly =5 dotf  (Co dn)uplic + 1) (4.8)
\4 2 2 2

Lw = o (Couy (€1 + do)upuy + dyuy) (4.9)
V 2c

M = H(fout2 fiupuy) (4.10)

The error introduced to the analysis from the small angle assumpticon is
small for less than about 20, which is satisfactory for normal rotorcraft analysis.
However, the small angle assumption on introduces errors that are important at
high advance ratios where there is a large region of reverse ow. &hrst error is
illustrated in g. 4.1, which shows the angle of attack (), sin( ) and the normal
force (Cy M ?) distributions around the azimuth at a radial station within the re-
verse ow for an arbitrary trim condition. The gures include the exact calculation
of and the small angle assumption result. The angle of attack result ®hs a
discontinuity in the small angle results wheru; goes to 0 and that the small angle
approximation is 180 out of phase. To avoid an error in the table look up, the
exact angle of attack is used in UMARC to nd the airfoil coe cients. However,
taking the sin of the angle of attack, needed to rotate the lift and 1&g into the
airfoil xed frame, results in a sign error so that the lift (Cy M ?) in the reverse ow
has the wrong sign. Note that the small angle assumption does notrimduce any
perceptible error under normal (forward) ow conditions. To corect this error, the

normal and chord forces must be multiplied by the sign af; to give:
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Figure 4.1: Error in normal force from small angle approximations.

139



Ly =5 dou? (o c)upth + Cuf)sgn(uy) (4.11)
\/ 2 2 2

Lu = —5—(colf (1 + do)upui + chu?)sgn(uy) (4.12)
V 2c

M :H(fout2 fiupuy) (4.13)
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Figure 4.2: Error in lift from small angle approximations in table look-up

The small angle assumption also creates an error from the table leog despite

using the exact angle of attack. The lift coe cients are linearized abut (exact)

to nd ¢, ¢, do, €tc., so thatg = ¢+ ¢;  (eq. (4.1); however, from eq. (4.8), the

140



linearized coe cients are actually evaluated at “r=,,. The error that is introduced
to the lift coe cient by this disconnect is shown in g. 4.2, which showsthe lift
coe cient around the azimuth at a radial station including reverse ow. The error
is only present in the reverse ow region, but results in the lift and dag coe cients
being orders of magnitude too large. The correction made to UMARG to nd

the airfoil coe cients using the exact angle of attack, and then caect the linear

coe cients to be evaluated at the small angle such that:

a( )=co+c()

G+ c( )+ al =) ol =)

o+ Ca( =) (4.14)

where

G= G Cl( up:l.lt)

and repeating the process for the drag and moment coe cients. he corrected

normal force, chord force and pitching moments become:

V 2 .
Ly = ( o (G d)upl + cyud)sign(ur) (4.15)
2
Lw =%(cou$ (c1 + do)upu + daud)sign(uy) (4.16)
2
M = \gac(f ouZ £ luyuy) (4.17)

The above two corrections to UMARC are valid for all ight conditionsthat
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include a region of reverse ow; however, the corrections do notake a meaningful
di erence to the rotor performance at low advance ratios (below = 0.4) because
of the low dynamic pressures in the reverse ow. The correctionsly become
important at high advance ratios when the airloads of the reverseow region start

to in uence the rotor trim state.

4.1.3 Fuselage Model

Figure 4.3: NASA's Large Rotor Test Apparatus (LRTA) fuselage.

Initial results for the UH-60A rotor showed that the rotor thrust was generally
under-predicted by the analysis with similar results shown by Yeo [1p@nd Ormis-

ton [101] using comprehensive analyses (lifting line analyses) and {GED results

142



Figure 4.4: In ow at the rotor plane due to HART fuselage, = 0:15, 45 shaft
tilt.

from Potsdam et al. [102]. The UH-60A rotor was tested above tHarge rotor test
apparatus (LRTA), which includes a fairing as shown in g. 4.3. The mivation to
investigate the e ect of the fuselage on rotor thrust at high advace ratios came from
early thrust measurements of the University of Maryland high advace ratio tests,
which suggested that the exclusion of the test stand fairing (fulsge) decreased the
measured thrust in the presence of a spinning rotor.

The two interactions possible from the fuselage are with the wake @rby
disturbing the freestream. At high advance ratios, the wake is spkaft and is not
expected to interact with the fuselage. However, the freestm@afuselage disturbance
is expected to grow at high advance ratios. Figure 4.4 shows a CFDsué by
Amiraux et al. [110] showing the velocity induced at the rotor plane byhe HART
fuselage, which is predominantly a region of upwash over the fusedagose and

a reciprocal downwash over the tail. The velocities are small, but cloube large
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relative to the induced in ow for rotors producing little to no thrust at high advance
ratios. The simplest model of the fuselage is to model it as a soursik pair to

create a Rankine Ovaloid.

4.1.3.1 Rankine Ovaloid

Figure 4.5: Rankine Oval in 2D.

The Rankine oval is a result of a source and sink pair of equal strehg in a
uniform ow. Where the stream function of the resulting ow is equ&to zero, and
describes the Rankine body as shown in g. 4.5. The shape of the lyod de ned
by the stagnation point, X5, and the radius,R,, in terms of the unknown mass ux,

, and the separation, 2a, of the source{sink pair.
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Solving for the mass ux and the source{sink separation distancequires two

equations. These are:

1) The ow velocity in the x direction, u, must be zero at the stagnation point,

@ X+ a X a
u= —= U+ — = =
@x 4 (x+ary’rA)= (x aFtyre )
) ax
Ujy=z=0 =0= U —m (4.18)
S

2) The mass ux at the half body must equal the mass ux of the sawe/sink.

Z g,
=2 uR dR (4.19)
0
where
2a
u= U + 4__(a2 + R2)3:2
R - y2+ 22

The disturbed ow at the rotor plane can be calculated for a known gometry and
wind speed after solving for anda. From a description of the LRTA fuselage shown
in g. 4.6a, it is approximated as 384 inches longxg = 192 inches) with a diameter
of 100 inches R, = 50 inches) and the rotor plane is 80 inches above the center
of the fuselage ). The predicted upwash at the rotor plane for the approximate
LRTA fuselage is shown for an advance ratio of 0.3 in g. 4.6b and fomaadvance

ratio of 1.0 in g. 4.6c¢.

A simple modi cation is to assume that the wake behind the rotor hub @drupts
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(a) Sketch of LRTA fuselage.
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Figure 4.6: Sketch of LRTA fuselage with the induced upwash at adwee ratios of
0.3 and 1.0.
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the downwash on the rear of the rotor disk so that only the upwasbwver the nose is

included.

4.1.4 Trailed Wake Models
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Figure 4.7: Trailed near and far wake geometry.

The trailed wake system is modeled by a farwake model that trackke rolled-
up, tip trailer, and a nearwake model that represents the near ailed wake. It is
common practice to treat the nearwake as a planar sheet of trailedrticity behind
the blade. The roll up is represented by a tip weighted triangular disibution of
the nearwake. The geometry of this model is shown for an advancaio of 0.3
in g. 4.7a and an advance ratio of 1.0 in g. 4.7b. At = 0.3, there is a small
inconsistency between the nearwake model and the farwake oretretreating side
but this is assumed unimportant relative to the simplicity of the model.However,
at an advance ratio of 1.0, the rigid nearwake model does not repeait the ow
direction nor does it align with the position of the farwake vortex.
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Figure 4.8: CFD wake visualization of underside of retreating blade atcreasing
advance ratios showing the formation of multiple trailers [68].
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The roll up of the trailed wake is expected to follow the freestreamyhich
is supported by CFD wake visualization of high advance ratio ows calucted by
Potsdam et al. [68] and shown in g. 4.8. The CFD result shows vortigit from
the point of view below the retreating blade for increasing advancetios. The
complex ow shows evidence of leading and trailing edge tip vorticeswaake vortex
from the edge of the reverse ow and a root vortex that leads thblade. Because
the aerodynamics of the reverse ow grows in importance at high eance ratios,
correctly modeling the multiple trailer system and the nearwake mayebimportant

for loads correlation. These are investigated in the following section

4.1.4.1 Weissinger-L like Nearwake Models

The Weissinger-L nearwake model has been implemented in UMARC tohge
for the nearwake in ow, Vywk ,, and circulation strength, ;, along the span at
each azimuthal location. The blade is represented by a series of mpese horseshoe
vortex elements. The bound vortex is at thé=, chord location and ow tangency is
imposed at the®=, chord location, consistent with thin airfoil theory. The nearwake

in ow is found from imposing ow tangency for each spanwise element

Vo = (Up + Vawk ;) (4.20)

where,V,, is the velocity induced by the bound vortex system andy,, is the normal
velocity composed of the freestream, blade de ections and therfiake in ow. The

bound and trailed induced velocity are described in terms of in uenceoe cients
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(I;; from Biot-Savart) and the bound vortex strengths ():

Vo= Iy, | (4.21)

Wwk ; = lNWKj;i j (4.22)
j=1

There are two approaches that can be followed to nd . The rst isto form and

solve the algebraic equation for the bound vortex strength as givéy:

X
fly, + Inwk; 9= Up (4.23)
j=1

This is strictly the Weissinger-L approach, giving a linear equation toadve for .
The alternative is a Weissinger-L like approach, otherwise called a ntinear lifting-
line approach, which is to nd ; based on the lift distribution directly,

v (4.24)

Once the bound vortex strength is known, the velocity induced byhe nearwake
system, Vnwk , , IS determined and an e ective angle of attack, , is calculated and

used to lookup the airfoil coe cients:

(Up, + Vnwk ;)

e = arctan(
U

) (4.25)
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The second approach, requires sub-iterations to ensure thatlhift is consistent with
the e ective angle of attack (usually 10 iterations is su cient), but does not require
inverting the in uence matrix. The second approach has proved me robust in the
reverse ow where the angles of attack are large and exceed stalld was adopted
for this work.

The nearwake in ow depends on the nearwake geometry throughe in uence
coe cients Iy, + Inwk,; - The following investigates the in uence of the shape of

the nearwake geometry at high advance ratio predictions.

4.1.4.2 Fixed Geometry Nearwake

The rst modi cation to the baseline analysis is the inclusion of the rigid
nearwake in ow in the reverse ow. The baseline model neglected ar@vake in ow
in the reverse ow due to issues related to small angle assumptiomiscussed earlier),
which have since been resolved. For the large reverse ow regionhaegh advance
ratios, the reverse ow nearwake should not be neglected.

Figure 4.9a shows the e ective angle of attack compared with the gle of
attack excluding the nearwake (but including farwake) in ow at an a@vance ratio of
1.0. The inclusion of the nearwake in ow reduces the e ective angld attack at the
root cut-out from -9 to -3 (relative to the wind), with diminishing e ects moving
outboard. The e ect is to reduce the negative lift in the reverse w region, and
delay stall. Figure 4.9b shows the circulation distribution. Notice thatthe entire
circulation is negative, and the peak circulation is near the blade rodtvhere the

dynamic pressure is highest). The circulation distribution suggestsdominant root
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vortex and a relatively weak tip vortex.

4.1.4.3 Free Geometry Nearwake

v
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Figure 4.10: Nearwake geometry deformed with the free stream at= 1.0.

A potential improvement to the nearwake modeling is to allow the neamake
to deform with the freestream. This approach tries to represerthe wake roll up
shown in the CFD to give better agreement between the far and reaake markers.
It also appears acceptable to assume from thin airfoil theory thah reverse ow,
the bound vortex moves to the®*=, chord position and ow tangency is imposed
at 1=, chord location. A vortex core size equal to Oclis included in the model
to remove singularities. It is also assumed that the nearwake trailedo not cross
over the blade so that the trailer is entirely either in front of or behid the blade
depending on the ow direction. The free geometry nearwake is sho in g. 4.10

at an advance ratio of 1.0. The nearwake aligns well with the farwalexcept on
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the advancing rotor. A small discrepancy remains in the reverse wothat arises
from the stipulation that the nearwake does not cross over the e, but this still
represents an improved physical description of the nearwake.

The resulting angle of attack and circulation strength in the revees ow are
shown in g. 4.11 and there is negligible di erence from the deformedake geometry.
The di erence in circulation is in uenced by the length of the trackednearwake (30
in this case) and is not signi cant. A larger impact of the free wake genetry is
apparent over the front of the rotor shown at 180 azimuth in g. 4.12. In this
case, the deformed wake trailers are running nearly parallel to tHdade control
points (especially near the root), increasing the nearwake in ow a@ndecreasing the
e ective angle of attack.

In conclusion, nearwake in ow should be included in the reverse owegion.
The nearwake in ow acts to decrease the reverse ow e ective gie of attack (rel-
ative to the wind), which reduces lift and delays stall. Allowing the neavake to
deform with the freestream has only a small e ect in the reverse w at 270 for
an advance ratio of 1.0, but can have a signi cant impact when the é@med wake

trailers are swept in closer proximity to the control points.

41.4.4 Farwake Trailers

The farwake induced in ow is calculated using the Bagai-Leishman &ewake
method [73]. The wake model has the option for multiple wake trailergut the
baseline analysis usually assumes a single wake trailer from the rotigr. tThe single

tip vortex model assumes that the trailed wake entirely roles up athe blade tip.
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The strength of the vortex at each azimuth is de ned by the maximm circulation
strength along the span. For highly twisted rotors, two wake trailes that represent
negative tip loading (positive inboard) have been shown to be impoméa [76] to
model the phase of advancing side lift. For the dual-wake trailer med a vortex is
shed at the tip with a strength equal to the minimum circulation near he tip and
a second vortex is shed from the point of zero circulation with a singth equal to
the sum of the maximum and minimum circulation strength along the blagl The
CFD results of Potsdam et al. in g. 4.8 show the potential for an adtional two
trailers, from the inboard blade at the root cut-out (root trailer) and from the edge
of the reverse ow.

The baseline azimuthal resolution of the wake is 1&nd this is used for the
majority of the study looking at global performance measures. Véim comparing
sectional airloads, the resolution of the wake is increased until tipeedicted airloads
converged. Increasing the wake resolution does not have a sigant e ect on steady

hub forces, moments or power predictions.

4.1.5 Yawed Flow Corrections

Figure 4.13 shows a section of a rotor blade with the in-plane velocitprmpo-
nents. In general, the rotor blade is swept by an angle to the fre#ream. The
independence principle states that only the velocity components gpendicular to
the blade span axis de ne the aerodynamic characteristics of theaion, such as

angle of attack, Mach number and Reynolds number. This is the bdse model in
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Figure 4.13: Geometry of yawed ow across a blade. Adapted fronokdnson [111].
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UMARC with an additional approximation for spanwise dragc, to give:

G =0, (;M) (4.26)
Ca =Cup (s M) (4.27)
Cm = Cmyp (M) (4.28)
G =tan cyy (M )= E—iCdZD(;M ) (4.29)

where subscript D indicates 2D sectional airfoil properties and is found perpen-
dicular to the blade axis. This approach ignores any e ect of spanvesow on the
airfoil coe cients. However, it has been shown experimentally thafor large yaw
angles, the sectional drag coe cient increases and stall is delayeBigure 4.14 shows
the yaw angles around the azimuth for low and high advance ratios.h& impact of
yawed ow is small at = 0.3 but could have a signicant e ect at = 1.0 when

yaw angles reach 90at the root.

—80 —80
70 70
60 60
50 50
40 40
30 30
20 20
10 10
(@ =0.3 () =1.0

Figure 4.14: Radial ow angles (degrees) around the azimuth at higkdvance ratio.
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The correction for yawed ow is found from equivalence with swept wgs and
is derived by Harris [112]. It is assumed that the lift for the un-yawedection is the
same as for the yawed section (subscrig) and that the drag of the yawed section

can be found from un-yawed airfoil characteristics so that:

G( )=cy () (4.30)
Cdy( y) = Cdzo( y) (4.31)
(4.32)

From the geometry of the swept bladeq, = qcos and = cos , which gives

the yawed ow corrections:

— L - L - C'y( y) - C|20( CO§)

a( )= qS N qyco§y() S~ co¥() T co3() (4.33)
B _ Dycos() _ ¢ y) _ Cg,p ( COS)

G )= qS N qyéo§() S~ cos() " cos() (4.34)

Notice that the nal expression for ¢, comes from noting that below stall the lift

curve slope isa and,

__ a _a
a()=a = coé(y) - co;() (4.35)

a,( y)= cos() (4.36)

The yawed ow corrections have shown reasonably agreement wi@FD and
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experiment [112,113] for incompressible ows below stall and forwaangles below
60 . Notice that there is no e ect of the yawed ow corrections on lift kelow stall,
but it tends to delay stall. The drag coe cient is increased below staland decreased
somewhat above stall. The validity of the models above stall has nogbn established
while Johnson [111] suggests that the radial ow corrections be sl@ed out as the
normal angle of attack approaches 90 In this implementation, the yawed ow

correction smoothly decays for angles of attack above stall (35until 45 .

4.1.6 Root Cut-Out Aerodynamics

UMARC follows the general convention that the aerodynamics of ghroot cut-
out are ignored. The root cut-out is, at a minimum, a circle prescrileeby the blade
attachment to the shaft, but can be enlarged for aerodynamic asons in the reverse
ow. Drag from the hub is usually included in the at plate area of the tiselage, and
there is no lift attributed to this region. Figure 4.15 shows a sketchfdhe planform
and an image of the blade shank (8%-13% radius) from the UH-60A wliiunnel
tests. Between 13% radius and 20% radius, the blade grip transit®@smoothly into
the airfoil section and this is considered non-aerodynamic. The cleairfoil sections
begins at 20% radius. The root cut-out for the UH-60A is normally deed to extend
to 20% radius. The wind tunnel test included taking tares of the stad (LRTA) that
included the blade root attachments up to 8% radius. The blades inae a region
called the blade shank, which de nes the region from the root atthment at 8%

radius, to the beginning of the clean airfoil at 20% radius. The regiomside of
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(a) UH-60A blade planform.

(b) UH-60A instrumented blade shank.

Figure 4.15: UH-60A root geometry.
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20% radius is considered the root cut-out and the aerodynamics t(l&nd drag) are
normally (advance ratios below 0.4) neglected in analyses owing to tlesv dynamic
pressures present. The blade shank comprises blu , unfaired wttures from 8% to
13& radius followed by a nominally smooth transition to the airfoil se@dn at 20%
radius. The region from 13% to 20% included wiring and electrical hancre for
instrumentation that was surface mounted. Harris [56], investigatg the older H-34,
UH-1 and PCA-2 high advance ratio rotor tests, and showed thatllaanalyses under-
predicted rotor drag force signi cantly, which could be correctedby assigning drag
to the blade shank region. Yeo [100] and Ormiston [101] saw similar dencies
comparing CAMRAD Il and RCAS respectively with the UH-60A slowed otor
tests. Yeo found that assigning the shank region a drag coe cierfc,,,,, ) of =
0.4 between 8% { 13% and 0.01 between 13% { 20% gave reasonableelziion,
while Ormiston assigned it 1.5 (further details not given). Both valueare assumed
based on the correlation with test data. Potsdam [68] has modelelet blade shank
using a rst principles approach, although this does not appear todve included
the exposed wiring. These results suggest drag coe cients of tlehank between
0.14{0.18. Drag on the non-aerodynamic blade could not be deterrath The CFD
also showed that the non-aerodynamic region contributed 50%{&0of the lift of
the adjacent clean airfoil section (20% radius). This has implicatiorfer predicting
thrust at high advance ratios where the lift at the blade root, paricularly in reverse
ow, is important. This also a ects the location of the blade root votex (if it exists),
by shifting the starting location from 20% to 13% corresponding taie physical end
of the blade chord ( g. 4.15a).
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The root cut-out region in UMARC now accounts for root drag and lif, based

on the CFD results, as follows:

0%! 8% : Removed in tare

8%! 13% :Drag = Cyy,,. , = 0:4
: Lift =0:0
13%! 20% :Drag = Cy,, , = 0:4

. Lift =0:5¢

clean airfoil

where the shank drag coe cients ¢y ) have been determined by best t of

shank; 1;2

rotor drag predictions at 0.

4.2 Description of UH-60A Test

The UH-60A rotor was tested in the NASA Ames National Full-Scale Aedy-
namics Complex (NFAC) 40- by 80- ft wind tunnel in 2010. The test hé several
phases designed to provide good quality test data for correlationtiv analyses and
to better understand the aeromechanic interactions at high adwae ratios. The
last phase of the test was to investigate high advance ratios. Theotivation of the
high advance ratio tests was to collect detailed measurements oethub forces and
moments, blade loads and pressures at a resolution that was nohewved with the
earlier high advance ratio tests. The UH-60A rotor was chosen fthis test because

it has already been modeled in detail for normal ight conditions and its expected
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to provide insights on the important aspects of high advance ratioows. A detailed
description of the hardware, measurement systems, data acqtics systems and an
overview of the test program is given by Norman et al. [58] and a mocetailed
description of the high advance ratio tests by Datta et al. [59]. Théollowing is a

brief summary.

Table 4.1: UH-60A blade properties.

| 100% RPM | 258 |
Radius (ft) 26.833
Solidity 0.0826
Lock No. () 7.0
. SC1095
Airfol SC1094r8
Twist -16
Sweep 20 at 93%

The UH-60A rotor was mounted on the NFAC Large Rotor Test Appeatus
(LRTA) as shown in g. 4.3. The instrumented rotor blades were thesame as those
used during the airloads ight tests of the UH-60A Black Hawk [57] aliough they
were refurbished for the wind tunnel test. Important propertis of the rotor are listed
in table 4.1 and a plan view has already been shown in g. 4.15a. The instnenta-
tion included; hub forces and moments and shaft power; pressuransducers placed
between 22.5% and 99% spanwise stations (only the 22.5%, 86.5% a2z Stations
survived the test); strain gauges were placed between 13.5% ar@¥®stations to
gather blade bending information and pitch link loads were measured.

The rotor was set to 100%, 65% and 40% of nominal operating roi@nal
speed (258 RPM) to achieve tip Mach number of 0.65, 0.42 and 0.26pestively.

The maximum tunnel speed was 175 knots to provide an advance imbf 1.0 for
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the 40% RPM cases. The rotor shaft angle was set to,® and 4 (positive aft).
For each test condition, the collective was set and the cyclics wersadl to trim the
rotor to zero rst harmonic apping at the blade root. From the tunnel dimensions
a shaft angle correction was derived to account for wind tunnel ldkage given by
Datta et al. as:

s = 8:6101Cy = ?) deg (4.37)

The tunnel correction is positive aft and has been applied to the alysis based

on the measured, rather than predicted, rotor normal forceQy ).

Table 4.2: Test conditions for the UH-60A tests.

[Rotor | UH-60A |
RPM Variation 40%
Tunnel runs 91 (0 shatft tilt) and 93,95(4 shatft tilt)
Shaft Angle (Degrees) 0,4 (aft)
Wind Speed (knots) 50-175
Advance Ratio 0.3-1.0

Table 4.3: Airload and bending moment comparison points.

| RunNo.| & 0 1c 1s = BM Airloads PL |
9116 0 03 40 155 -3.99 0.062 50% 92%
9125 0 04 6.0 1.70 -6.50 0.072 X

9133 0 05 6.0 0.87 -7.35 0.062 50% 92%
9145 0 06 793 0.27 -10.10 0.062 50% 92%
9162 0 09 00 -3.65 -0.30 0.020 X

9175 0 1.0 194 -511 -2.73 0.022 50% 92% X
9318 4 04 196 0.65 -4,02 0.062 X X X
9325 4 05 196 0.13 -4.81 0.062 X X

9518 4 0.7 296 -0.82 -6.85 0.061 X X

9528 4 09 6.16 -3.12 -11.62 0.063 X X X

Only a portion of the test data is publicly available, limited to the 40% RPM

rotor speed at O shaft tilt with a few points at 4 shaft angles. The test conditions
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are shown in table 4.2. For these test points, a limited set of perfoance and trim
values are available. Airloads, blade bending moments (BM) and pitch knloads
(PL) are available only for the speci c cases listed in table 4.3X(: indicates 22.5%,
86.5% and 92% stations for the airloads and every 10% for the bladeds). The

test points were chosen to match thrust coe cients ofCy = 0.062.

4.3 Performance Results

This section concerns the prediction of rotor performance in tesnof thrust,
power and drag coe cients and the vehicle trim angles. Once the bakne predic-
tions have been established, the in uence of the modi cations andomrections to
UMARC are investigated. Recall that the baseline analysis includes angle wake
trailer at the blade tip, nearwake in ow has a xed geometry (30 behind the blade)
and is ignored in the reverse ow, the root cut-out is at 20% radiughere are no

yawed ow corrections and no fuselage to disturb the ow.

4.3.1 Baseline Results

Figure 4.16 shows the comparison of the measured and predictecust (°7 =),
axial force ¢+ =) and power (°» =) coe cients versus collective and the trim cyclics
( 1c, 1s) versus thrust for increasing advance ratios (= 0.3{1.0). The thrust
in g. 4.16a is under-predicted by the analysis for all advance ratipglthough the
trends are reasonably well predicted. The thrust sensitivity to diective ( Cr=  75)

around small collectives is shown in g. 4.16b. The analysis over pretfiche thrust
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sensitivity starting from = 0.6 and does not predict the zero sensitivity of thrust to
collective at an advance ratio of 1.0. The reason for the thrust oef is not obvious,
although this is one of the motivations to investigate the in uence oé fuselage on
the thrust. Figure 4.17 repeats the thrust prediction with a consint o set added
to the analysis of ©7= = 0.013 (485 Ib) to match thrust at 1 collective. With
the o set, the thrust for advance ratios 0.3 { 0.5 agree well, but ahigher advance
ratios the predicted thrust is higher than the test.

The axial force coe cient (Cy) is shown in g. 4.16¢c. Other than at = 0.3,
where the prediction is quite good, the axial force is under-predexd for increasing
advance ratios by as much as 30% at = 1.0. The trend of the axial force with
increasing collective is well predicted including at high advance ratiosThe pre-
dicted power ( g. 4.16d) agrees well at = 0.3 only. For increasing advance ratios,
the predicted power shows the correct trend, but there is a sigmant deviation
in magnitude. In particular the measured power at Ocollective decreases slightly
with increasing advance ratio, but the analysis predicts increasingoper. At ad-
vance ratios of 0.9 and 1.0, the power is decreasing with increasinglemive but
autorotation is not achieved. The poor prediction of power at highdvance ratios is
a signi cant issue that has been shown other analyses, both corepensive analysis
([100,101]) and CFD-CSD ( [68]). The lateral cyclic is predicted with ansall o set
at = 0.3 and 0.4 but the analysis does not predict the change in slope at hig
advance ratios. Longitudinal cyclic is well predicted as a function dhrust at all

advance ratios.
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4.3.2 Root Cut-Out Model

The e ect of the root cut-out model on performance is shown in g4.18. A
drag coe cient of ¢g = 0.4 was used between 8% { 20% blade radius based on
best tat O collective. The lift coe cient on the non-aerodynamic blade between
13% { 20% was corrected to 50% of the table look-up value. An impmey axial
force correlation is achieved as expected; although, this is primariéyg O collective
and the trend with increasing collective has a small under-predictionThere is a
small e ect of the root cut-out model on the thrust that grows nore apparent at
high advance ratios. The trim condition is nominally unchanged by thex¢ra blade
area. Moving the blade root further inboard, reduces the edge ects (downwash)
from the inboard blade edge allowing increased lift on the inboard bladéhis is
discussed further in the discussion of sectional loads). The edgects of the blade
is captured with the nearwake model as a result of the blade root d3% radius
instead of 20% radius. The predicted shaft power increases sormatbecause of the
increased drag and the discrepancy with test remains unresolvedverall, the drag
in the root cut-out is an important element in determining axial forceand results

in higher lift prediction at high advance ratios.

4.3.3 Fuselage Model

Figure 4.19 shows the performance impact of including the fuselagedel be-
low the rotor. The left hand results include only the upwash over theose assuming

that the hub disrupts downwash behind the rotor. The right hand esults are in-
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cluding the complete fuselage model. The motivation for including theigelage is
to improve thrust prediction; however the e ect on thrust is negéve and small at
low advance ratios for the full fuselage model. At = 1.0, the full fuselage model
signi cantly decreases thrust compared to the baseline. The axifrce and the
slope with increasing collective increase somewhat, but full fuselag®mdel shows
no additional e ect. The power decreases for small collectives, tothe di erence

tends to be negligible as the collective increases. The decrease ingrd&/somewhat
larger for the full fuselage model, but a discrepancy with measuremts remains at
high advance ratios.

The fuselage upwash acts to increase the angle of attack over fnent of the
rotor and decrease it on the aft rotor. Figure 4.20 shows the angbé attack, stall
and normal force contours for the baseline, upwash only and fulidelage models.
The angle of attack on the front rotor increases due to the upwashowever, lateral
cyclic corrects for this to maintain trim ( ;¢ =-2.09! -1.71! -1.29 respectively)
and the change in angle of attack and lift is minimized. Near the roothe blade
stalls due to the low dynamic pressure and high twist. The full fuselagnodel also
has downwash on the aft rotor, which decreases angle of attackdareduces lift.
Downwash on the aft rotor determines the nal thrust responsef the rotor. The

power reduction is because the rotor is producing less lift on the afttor.
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4.3.4 Yawed Flow Corrections

The in uence of the yawed ow correction on performance prediains is shown
in g. 4.21. Large radial ow angles are a high advance ratio phenoma and this
is shown in the results. The thrust prediction is una ected at = 0.3 but the
predicted thrust increases relative to the baseline with increasingleance ratio be-
cause of yawed ow corrections. The motivation for the yawed oveorrections was
to delay stall at high advance ratio (approaching 1.0) and improve thprediction
of thrust sensitivity to collective. Figure 4.21b shows that the thrst sensitivity at
high advance ratios is now well predicted with the yawed ow model. Fige 4.22
shows the stall contours for increasing collective with and withoutayved ow cor-
rections at = 0.9. The reverse ow region remains unstalled at each collective.
Reverse ow stall determines the thrust slope at high advance rats and is crucial
in determining thrust reversal (negative thrust for increasing dtective), which is
discussed in further detail in the next chapter.

Rotor axial force is not signi cantly changed because the yawed vo correc-
tions to drag are approximately symmetric. Predicted shaft poweancreases signi -

cantly due to the increased drag coe cients on the yawed sections

4.3.5 Nearwake in Reverse Flow

Including the nearwake in ow in the analysis, shown in g. 4.23, has mimal
e ect until high advance ratio, > 0.9. It has already been shown that the nearwake

in ow decreases the angle of attack in the reverse ow at the blad®ot. The lift in
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the reverse ow, and hence the circulation and in ow, is small until ahigh enough
advance ratio is reached for it to aect rotor thrust. This occursaround =

0.8. Decreasing the angle of attack in the reverse ow region redrgcstall and the
thrust sensitivity to collective gives better correlation with the te$ ( g. 4.23b). The

change in thrust slope is primarily a ected for 0 and 2 collective, thereafter the
rotor continues to stall as before. Figure 4.23b shows the thrusensitivity for both

the xed nearwake geometry and the nearwake deformed by theséstream. The
deformed nearwake model compares better to the test. The Btenaps in g. 4.24
(compared to the baseline in g. 4.22a) show that the deformed newake reduces
the stall region more than the xed nearwake, particularly when te blade enters
the reverse ow. This is because the nearwake trailers sweep aslytto the blade
and have an increased in uence on the blade loads. Both the xed gmetry and

deformed nearwake are fully stalled by 4collective. There is nearly no e ect of
reverse ow nearwake on the axial force and the discrepancy inghpower prediction

remains.

4.3.6 Wake Trailers

4.3.6.1 Dual Wake Trailers

Dual wake trailers are important when there is a change in sign of lifleng the
span, such as negative lift near the blade tip on twisted blades. Irstd of assigning
the peak blade circulation (outboard of 50% radius) to the blade tip ake, the dual

trailer model assigns only the negative circulation to the tip wake andheds the
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inboard circulation (positive) at the point when the circulation is zero Dual wake
trailers are important for predicting the sectional airloads, showihater.
Performance predictions using the dual wake trailer are shown in.@.25. The
e ect of dual trailers on the predicted thrust is small but the trerd with increasing
collectives is generally improved. Comparison to the test data (withhe o set,
Cr= =0.011) is shown in g. 4.25b and shows signi cant improvements conaped
to the baseline. Axial force is not signi cantly a ected. The dual trailer model
predicts lower shaft power and gives better agreement with the debut still not
satisfactory. Figure 4.26 shows the dual wake trailer system andrdours of the
change in thrust and power. The trailer system is complex and impacmost strongly
on the advancing rotor. The change in normal force is predomindyea shift of
lift onto the advancing rotor tip region. This is caused by the counterotating
trailed wake from the leading blade at 180azimuth. The longitudinal cyclic is
more negative for the dual trailer model (-4.5to0 -4.8 ) to maintain trim and results
in a net decrease in thrust on the advancing rotor. The change in wer follows the
pattern of the change in lift and suggests that the induced contrildion to power is
reduced for low advance ratios. The e ect of including a trailer fronthe edge of the
reverse ow had no impact on performance because the retreaiside trailers are

swept aft before interacting with the rotor.

4.3.6.2 Dual Wake Trailers and Root Trailer

The root trailer is modeled together with the dual wake trailers for he per-

formance predictions in g. 4.27. The thrust prediction increasesgni cantly with
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(a) Root trailer wake system (Tip wake hid-
den). (b) Change in normal force, Ib/ft.

Figure 4.28: Root wake system and contours of the change in nodnfarce, =0.3,
4 collective, 0 shaft angle).

the addition of the root trailer, predominantly at low advance ratios reducing to
no change at = 0.7. The global e ect on thrust is to decrease the thrust o set
to about 330 Ib from 500 Ib for the baseline. The axial force is incress over the
baseline at higher collectives. The shaft power is signi cantly redudeand gives an
overall improved correlation with the test, which is a signi cant impravement.

The root wake trailers and a contour of the change in normal fordeelative to
the dual wake trailer system) are shown in g. 4.28 for the low advae ratio case
(= 0.3) where the largest increase in thrust is shown. The change inmaal force
is an increase on the aft rotor near the advancing tip and a decreaaround 30
azimuth. Because of high twist, the advancing inboard rotor prodies the majority
of advancing side lift, which results in a high circulation strength of té root trailer.
The trailer interacts with the aft blade to cause the reduction in lift aound 30
azimuth. The net increase in rotor thrust is because less longitudinhayclic (-4.4
to -2.7) is required to trim lateral moments, allowing for more advancing sidkft.
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(@) Change in in ow velocity ( R). (b) Change in shaft power, ft.lb.s L/ft.

Figure 4.29: Contours of the change in normal force and power ifinodual wake
trailer system, = 0.9, 4 collective, 0 shaft angle)

The signi cant improvement in shaft power prediction comes from aeduction in
induced power on the rear of the rotor disk. Figure 4.29 shows thhanges in both
the in ow distribution and the shaft power distribution after the addition of the root
wake trailer model (the reference is now the dual tip trailer modelather than the
original baseline). The root vortex system creates an upwash @eive in ow means
upwash) on the rear of the rotor disk ( g. 4.29a), which brings abat the reduction
in induced power and shaft power in that immediate region while minimizingny

changes elsewhere.

Table 4.4: Summary of UMARC modi cations for the UH-60A test.

‘ Root cut-out Drag ‘ 8%{13%: Cp = 0.4, 13%{20%:Cp = 0.3 ‘

Root cut-out Lift 13%{20%: L shank = 0.5L ¢lean section
Fuselage model Ro = 0.06R, a = 0.5R, h = 0.25R

Yawed ow not included

Nearwake Deformed by freestream, included in reverse ow
Wake trailer Dual, including from edge of reverse ow
Root wake trailer Yes, from 13%R
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Figure 4.30: Rotor performance and predictions with UMARC modi ctons, for
increasing advance ratioMg, = 0.26, 0 shaft angle (Symbols: Test, - - Analysis).
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4.3.7 Summary of Performance Prediction

The nal performance predictions in g. 4.30 include all of the modi ations
to UMARC (excluding yawed ow corrections). These are summarizkin table 4.4.
None of the modi cations accounted for the general under-préegdion of thrust and
a uniform increment to thrust of ¢7= = 0.011 has been added to the all the pre-
dictions. Compared to the baseline results (see g. 4.16), the prietion of thrust,
axial force and power are all improved, while the trim cyclic predictioms somewhat
worse. Modeling the root cut-out drag is important for predicting &ial force; al-
though, a physical model rather than an empirical t is warranted The fuselage
has negligible e ect on thrust and axial force but the fuselage upwh could re-
duce shaft power somewhat. Yawed ow corrections improved th&ope of thrust
against collective at high advance ratios by delaying retreating sidéadl but it also
signi cantly increased power required. The yawed ow correctiongould not be
consistently trimmed together with the remaining UMARC modi cations and is not
included. Including nearwake in the reverse ow improves high advaa ratio thrust
prediction by reducing reverse ow stall, particularly at the root cu-out. Allowing
the nearwake to deform with the freestream gave a small improvemt in thrust
slope at high advance ratios. Modeling the dual wake trailers was impant for
capturing the thrust trends at high collectives for all advance rats. Including root
trailers signi cantly reduced the predicted power (in better agrement with the test)
and generally improved predicted thrust. However, the root trailes are the cause for

degraded longitudinal cyclic prediction at low advance ratios. The al prediction
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of power remains unsatisfactory, despite the improvements availe from adding
the root wake. This is because the e ects of the root trailer are evcome by the

increased power predicted by the yawed ow corrections.
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Figure 4.31: UH-60A lift-to-drag ratio with baseline and modi ed predttions, My
= 0.26, 0 shaft angle (Symbols: Test, - - Analysis).

Finally, the rotor lift-to-drag ratio with the UMARC prediction is comp ared
in g. 4.31 for the baseline and modi ed analysis. The lift-to-drag raib combines
the inuence of thrust, axial force and shaft power to describehie overall rotor
e ciency. This result summarizes the improvements from the newly iplemented
UMARC modi cations. Both predictions include a thrust o set based on best cor-
relation at 1 collective. The modi cations to UMARC give a very good prediction
of rotor e ciency at all advance ratios. The modi cations to UMARC also summa-
rize the minimum model delity required to accurately predict high adance ratio
performance. Assumptions about the root drag are key to validiaig the result, and

the source of the thrust o set is not yet identi ed. However the inprovements in
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the predicted thrust trends and shaft power prediction remain sig cant.

4.4 Airloads Prediction

The UH-60A slowed rotor test to high advance ratios is unique fromrevious
high advance ratio tests because of airloads measurements framgsure transducers
installed at several radial stations along the span. The previousci®n discussed
the global performance of the rotor at high advance ratios, whiotan be somewhat
insensitive to the details of the airloads. The airloads are useful bofor validating
the details of the aerodynamic model and for understanding the llla bending loads
and the vibratory loads transferred to the xed frame. The bladdoads are discussed
in the nal section.

There are a limited number of test conditions for which the airloads da is
available, listed in table 4.3. Comparisons are made for selected casd®re the
analysis is trimmed to match collective, but the cyclics and rotor thrat generally
di er as determined by trim. The approach is to introduce the baselia predictions
using the simpli ed UMARC analysis before introducing the modeling immvements

important at high advance ratios by studying speci c test points.

4.4.1 Baseline Sectional Airloads

The sectional normal force at 92% radial station at a selection ofd@ance
ratios and shaft angles are shown in g. 4.32, and at 22.5% radius in. g.33.

The force coe cients are scaled by the local Mach number squardgd account for
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the dynamic pressure. The baseline analysis is the same as used Fa& initial
performance predictions and does not include the dual wake andotovake trailers,
which are investigated in a later section.

The normal force predictions at 92% radius show signi cant errorrothe ad-
vancing side lift and on the aft rotor, while the retreating side is gemally well
predicted. The measured normal force on the advancing side is daated by a
negative lift impulse around 90 azimuth. The negative lift results from high in-
stalled twist and large longitudinal cyclics required for trim. The badae analysis
under-predicts the magnitude of the impulse worst at low advanceatios and for
0 shaft angle, improving at higher advance ratios and for aft shaftrgles. Above
an advance ratio of 0.3, lift is well predicted from 180azimuth and over most of
the retreating side. At = 0.3, the lift is somewhat under-predicted, but the blade
vortex interaction near 300 azimuth is captured well. For higher advance ratios,
the wake is swept aft of the rotor before interacting with the retating blade and
the retreating side correlation is quite good. On the aft rotor, the is a lift peak
near 330 azimuth that is consistent for all advance ratios but not predictedy the
analysis. Lift in the rst quadrant is poorly predicted for the low adwance ratios
cases (0.3 and 0.4) independent of the shaft angle, but the lift magrde is other-
wise generally captured. The rst quadrant prediction error is sigincantly reduced
after the introduction of addition wake trailers shown in the followingsections.

At 22.5% radius, shown in g. 4.33 for 4 shaft angles only, the section is
just outside of the traditional root cut-out (20%) and highlights the reverse ow
dynamics. The prediction generally captures the trends, but the tilmagnitude on
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the advancing side is under-predicted by up to 50% and the negatiii# in the
reverse ow is highly over-predicted, but the magnitudes are geradly small. The
inboard station lift is much higher than the tip region due to twist. Uncer-predicting
the lift at 22.5% radius likely is responsible for the global under-predion of thrust
shown in the previous section. The spike in the measured force oretaft rotor at
low advance ratios is not predicted. At 0.9 advance ratio, there is eleevidence of
dynamic stall in the reverse ow, as pointed out by Datta et al. [59].The analysis
does not model dynamic stall in the reverse ow so that this will not b captured.

The sectional pitching moments are shown in g. 4.34 for the 92% gtan and
in g. 4.35 for the 22.5% station for the same test conditions usedrfthe normal
force. The mean pitching moment has been removed in both measiieand predicted
values. For the tip region, the pitching moment is not well resolved. Aveak 1/rev is
captured by the analysis by the details of the pitching moment arouhthe azimuth
and the magnitudes are not predicted. The best correlation is at éhhighest advance
ratio, = 0.9, which somewhat resolves the advancing side pitching moment.t A
22.5% radius, the pitching moment prediction is generally improved artie general
shape is predicted well at all advance ratios. At higher advance ras, the pitching
moment is dominated by the reverse ow. In the reverse ow, the lifmoves to the
3=, chord location resulting in a large pitching moment. The analysis overedicts
the reverse ow pitching moment, consistent with the over-predted lift in that
region. The similar peak magnitudes at = 0.9 is misleading because of dynamic
stall which is not present in the analysis.

The poor pitching moment prediction, particularly at 92% station, is ot well
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understood. Similar poor predictions have been shown with CAMRADI,|RCAS
and Helios (CFD-CSD) [68], despite each showing good correlation farmal rotor
speeds in level ight. The low tip speeds and Mach numbers mean thtite pitching
moment for the slowed rotor should be benign. Potsdam et al. [68]&Norman [114]
have each investigated the discrepancy and have not found anarin the pitching
moment integration, nor do di erences in trim ( ;s) explain the dierence. The
elastic twist response of the blade is unknown but could result in a phadi erence
if not well predicted. None of the modications to UMARC have a signicant

improvement on the trends and they are not considered further.

4.4.2 Modi ed UMARC results

4.4.2.1 Dual Wake Trailers

The results of the performance analysis showed that dual wakeatiers are
important for predicting thrust, particularly at lower advance ratios. The e ect of
dual wake trailers on the sectional tip normal force is shown in g..86 including
the e ect of wake resolution (15! 10). The largest impact is for low advance
ratios where the dual wake model improves the magnitude and pleasf the normal
force at 90 azimuth. The improved correlation on the retreating side at = 0.3
is in response the new trim state of the rotor. The impulse in the rsiguadrant
is somewhat improved as well. The reason for the improvement is th#ie with
the negative vortex at the tip, the larger inboard vortex is releagewith the right

trajectory to interact with the following blade correctly. For 0.4 ard 0.9 advance
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ratios, the shaft is 4 aft, which reduces wake interaction and the dual trailer model
has less e ect but still improves the advancing side correlation. Theetreating side
is largely unchanged. To ensure that the wake resolution is adegaathe same dual
wake trailer case was run with 10 azimuthal resolution (baseline was 1%. Once
again, only the lower advance ratio case shows a signi cant e ect wfake resolution
and only in the rst quadrant where it can be important for blade wale interactions.
There is no e ect of the wake trailers on the root force predictionand there is no
signi cant change to the pitching moments. The remaining results ctinue with

the dual wake trailers with 15 azimuthal resolution as the baseline.

4.4.2.2 Root Modeling

Figure 4.37 shows the e ect of the root trailer on the tip (92%) and oot
(22%) stations. At 92% radius (g. 4.37a), the root vortex is respnsible for the
peak in normal force near 300azimuth as well as improving the predictions of the
wake interactions generally on the aft rotor. Two results are shawfor the inboard
station, the rst is releasing the trailer from the traditional root cut-out at r/R =
20% ( g. 4.37b) and the second is releasing the trailer at r/R = 13% e¢oesponding
to the physical end of the blade (g. 4.37c). Released from 20% riad, the root
trailer disrupts the normal force on the advancing side and someatimproves the
retreating side lift prediction. At 13% radius, the root trailer captues the spike
in normal force around 20 azimuth caused by the blade interacting with the root
vortex. The root trailer appears to improve advancing side lift preidtion. The

increase in lift is caused by moving the e ective end of the lifting bladeufther
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inboard from the 22% station to the 13% station. This reduces theowwnwash on
the inboard blade and increases thrust. It is possible that the bladghank disrupts
and disperses the advancing side root vortex, which could improvertist prediction
further. Evidence of the shank disrupting the root vortex was stwn with CFD by

Potsdam et al. [102], but it was not pursued.
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Figure 4.38: E ect of reverse ow nearwake on normal force anditphing mo-
ment,r/R = 22.5%, =0.5, =196, =4 .

4.4.2.3 Nearwake

The e ect of the nearwake in the reverse ow is small and isolated tthe root
cut-out region of the reverse ow. Figure 4.38 shows a small deaee in the reverse
ow lift and pitching moment due to the nearwake in ow. There was nodi erence

between the xed or freestream-deformed nearwake at this rid station.
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4.4.3 Airloads Summary

Modeling the wake with su cient trailers results in a signi cant improvement
in sectional force prediction. Dual wake trailers that model negag lift on the
advancing rotor are important for the magnitude and phase of thadvancing side
lift impulse, but its impact decreases as the advance ratio approah 1.0. A wake
trailer from the edge of the reverse ow showed no signi cant chae in the results.
The root trailer determines the blade{wake interactions on the aftotor. Trailing
the root trailer from the physical blade edge at 13% improves botrhé advancing
side thrust (near the root) and the phase of the blade{wake intactions at inboard
stations. Including the nearwake in the reverse ow resulted in a sal decrease in
the reverse ow lift and pitching moment, which improved correlation E ects from
the fuselage were not seen at the available radial stations (expedt30%{50%), nor
were any impact from yawed ow corrections.

The normal force for the nal model is well predicted near the tip faall
advance ratios, including the peak-to-peak magnitudes and the ae of dominant
phenomena. At inboard stations, the lift remains under-predictedn the advancing
side, although it is improved by the appropriate blade root modeling. iRhing
moments at the tip are not predicted well and the predictions are namproved with
any modeling re nements. At the blade root, the pitching moment is @mewhat
predicted, but over predicted by the analysis in the reverse ow. écounting for
nearwake in ow and root trailer reduce the di erence. At 0.9 advaoe ratio, the

reverse ow region shows signs of dynamic stall which is not modeledtire analysis.
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4.5 Blade Loads Predictions

This section presents the blade bending loads measurements anddactions.
The development of the analysis is not repeated, instead the nahalysis con gu-
ration is used for all the results. The wake model includes dual tip diflers and a
root trailer. The root trailer is trailed from 13% radial station. The xed geometry
nearwake is included in the nearwake. Fuselage upwash and radialv @ ects are

neglected.

Table 4.5: Blade frequency variation at 100% and 40% RPM.

| | 100% (/rev) 40% (rev) |
1t Mode 0.276 (L) 0.312 (L)
2" Mode 1.037 (F) 1.047 (F)
39 Mode 2.83 (F) 3.31 (F)
4N Mode 4.38 (T 10.76 (T
5 Mode 468  (F/LIT) 7.30 (F)
6" Mode 5.18 (F) 10.54 (F/L/T)
7" Mode 7.88 (F) 13.66 (F)
8" Mode 11.46 (F) 22.32 (F)

The rst 6 blade frequencies for the UH-60A rotor are listed in tabld.5 for the
baseline (100% RPM) and the slowed rotor (40% RPM). The rst tor®n frequency
changes signi cantly from 4.44/rev to near 11/rev and the B Flap/Lag coupled
mode increases to 7.6/rev leaving only the second ap in the region 4frev with

its frequency at 3.39/rev.
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4.5.1 Flap Bending Moment

Figure 4.39 shows the oscillatory (1/rev and up) ap bending momest at
50% span for the 4 aft shatft tilt cases. The predicted oscillatory loads show very
good agreement with test data in the second, third and fourth gulants although
the peak bending moment in the second quadrant is somewhat ungeedicted.
The rst quadrant prediction error is likely due to the short comingsin the lift
predictions in the rst quadrant. Figures 4.39a and 4.39b highlight te improvement
in the prediction compared to the single wake trailer model, and therhe dual wake
model without the root trailer. The improvement after the addition of the root
trailer indicates that the blade{wake interactions on the aft rotorare important for
peak-peak bending load prediction.

The rotating to non-rotating transform means that only blade load atpNg 1,
pNg and pNg +1 (p is an integer) contribute to the vibratory loads, predominanty
at p = 1. The vibratory harmonics (3, 4 and 5/rev) of ap bending, show in
g. 4.40, show a strong 3/rev content from the second ap modewhich is well
predicted. Excluding the dual wake trailers (g. 4.40a) results in inorrect phase
and amplitude of the dominant 3/rev loads. The root trailer predomiantly improves

the 3/rev phase.

4.5.2 Torsion Moment and Pitch Link Loads

The oscillatory torsional moments are shown in g. 4.41. The meanénd

and the peak-to-peak of the oscillatory torsional (1/rev) momds at 50% span
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S

location are quite well predicted by the analysis but the measured tacontains
higher harmonics that are not captured by the analysis. The goodepk-to-peak
agreement is despite the poor prediction of pitching moments at 92eadius. This
could be due to a relative dominance of pitching moments in the tip swepegion
(starting from 20% radius). Assuming that the lift in the tip region is well predicted,
the pitching moment due to the aerodynamic o set is large and may termine the
torsion response at 50% radius more than the the pitching moment the unswept
blade between 50% and 94% radius. A harmonic analysis of the torsimmments
at 50% station is shown in g. 4.42. Generally the 1/rev and 2/rev tosion are
well predicted while 3/rev and 4/rev are not as well predicted. Thedst also shows

some ampli cation at 12/rev which is likely the torsion mode. The analyis does
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not predict this. It is possible to arti cially move the torsion closer male to 12/rev
by adjusting torsion sti ness (33% increase in GJ is required), buthis still did not
result in 12/rev excitation for any of these cases. The analysis ws&0 modes for
the analysis and the 8 mode is already at 22/rev. Increasing the number of modes
is not expected to change the prediction.

At 7/rev, a peak magnitude grows from above = 0.5 corresponding to when
the reverse ow extends past the 50% station. This is likely a resultfalynamic
stall in the reverse ow. The peak is substantial by = 0.5 despite this being at

the border of the reverse ow with benign ow conditions expected
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Figure 4.43: First 16 harmonics of torsional moment at pitch link, r/R=5%. Cr=
=0.062, =4 aft.

A harmonic analysis on the root torsion moment (5% station correspding

to the pitch link location) in g. 4.43 shows that the 1/rev root torsion moment is
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Figure 4.44: Pitch link loads,C+= =0.062, =4 aft.

reasonably well predicted, but 2, 3, 4 and 7/rev harmonics are ngredicted. The
resulting prediction of pitch link loads, shown in g. 4.44, does not capre the peak-
to-peak magnitudes. At 0.9 advance ratio, the pitch link loads are dainated by
1{4/rev harmonics, in particular it is the under-prediction of 2/rev that results in
the signi cant peak-to-peak error. Outside of the reverse ow §. 4.42), the 2/rev

harmonic is well predicted, so the discrepancy comes from rever®& aerodynamics.

4.6 Chapter Summary

The chapter has investigated the prediction of helicopter perforamce at high
advance ratios using a lifting line analysis, UMARC. The test data is ohe UH-60A
rotor, which was tested up to an advance ratio of 1.0 for Gand 4 aft shaft angle.
The baseline analysis is the same as has been used for the variable figesl studies
in chapters 2 and 3. Modi cations and added modeling delity have beeintroduced

to the baseline analysis and investigated for their impact on perfoance prediction
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and predicted airloads and blade loads at high advance ratios. The daing re-
nements investigated include: modeling a fuselage under the rotéo investigate
disturbance of the free stream; showing the in uence of the neaake in the reverse
ow, including an approximation for deformation of the nearwake bythe freestream
velocity; multiple wake trailer modeling including dual tip trailers, a trailer from the
reverse ow boundary and root wake trailers; yawed ow corregns; and modeling

the root cut-out. Based on this study, the following key conclusiacan be drawn:

1. The baseline analysis under-predicts thrust by aboudt'= of 0.013 and this
is not completely corrected by any of the investigated modi cationgo the
analysis. The wake system, including dual tip trailers and root trailex, and

correcting the root cut-out to the physical blade edge improvese prediction.

2. The slope of thrust versus collective is decreasing with increasiagvance
ratios. The baseline analysis is able to predict the slope below= 0.6, but
over-predicts the slope thereafter. The yawed ow correctionacted to delay
stall in the reverse ow and gave a very good agreement of predict thrust
slope upto = 1.0. Nearwake in the reverse ow independently improved the
slope prediction at high advance ratios by reducing the angle of attia in the

reverse ow and reducing stall.

3. The baseline axial force is under-predicted by as much as 30% athadvance

ratios. Accounting for drag in the blade shank regiongy = 0.4 in 8%({

shank; 1

13%, improves axial force prediction at all advance ratios.

4. Shaft power is well predicted for = 0.3 and the correct trend with increasing
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collective is captured for all advance ratios. The magnitude at Gcollective is
over-predicted by the baseline. The dual trailer wake model had ¢hlargest
in uence on decreasing the power prediction, helped by the fusetagnd wake

from the blade root. Yawed ow corrections increased the prediet power.

. The nal correlation of lift-to-drag ratio after applying the important modi -

cations showed a very good prediction of rotor e ciency for all adance ratios.

. The sectional airloads show good lift prediction at the blade tip aét account-
ing for dual wake trailers. Lift at the blade root end (22.5%) remainsinder-
predicted on the advancing side and over the front of the rotor. Ae source of
missed lift on the front of the rotor is uncertain considering the retavely low

dynamic pressures.

. Sectional pitching moments near the blade tip are not predictableith the
baseline nor with any modi cations to the analysis. The discrepancyas been
shown with CFD and is not currently understood. The torsion momenat
50% station is reasonably well resolved and does not show any gres®rs.
Comparing the torsion moment at the blade root and at 50% radius ggest
that reverse aerodynamics are exciting 2/rev torsion responskat is under-

predicted by the analysis.

. Measured torsion moments shows 7/rev peaks that correlatdatliv dynamic
stall in the reverse ow. This is not modeled in the analysis and may be

important to predict the torsion response of the rotor.
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9.

10.

11.

12.

13.

Pitch link loads are not well predicted. At high advance ratios, uner-prediction
of the 2/rev torsion moment is the main di erence. At low advance raos, 2,

3 and 4/rev harmonics are poorly predicted.

Flap bending moments are generally predicted well at 50% radiuBoth dual
tip trailers and root trailers are important for predicting the peakto-peak

loads, dominated by a negative impulse on the advancing rotor.

The aft rotor interacts with wake from the blade tip and the bla@ root to result
in highly impulsive loading. The well-de ned wake models in the analysis
are su cient to predict the general behavior, but may be too simplied for
the complex wake interactions that exist (based on CFD visualizatign The
interaction of the root vortex is important for the magnitude and hase of the
vibratory ap bending loads (3, 4 and 5/rev), which contribute to 4rev xed

frame loads.

The sensitivity of rotor performance to the nearwake geongtin the reverse
ow is small. The nearwake in ow improves thrust prediction at high adiance
ratios by delaying stall. Allowing the nearwake to deform with the fregream
slightly improved the prediction of the thrust slope at high advanceatios by

reducing stall in the reverse ow.

Yawed ow corrections were e ective at delaying reverse owtall and improv-
ing thrust correlation at high advance ratios. There is a question aut the

validity of the model beyond stall that requires CFD or experimentavalida-
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tion.

14. Modeling upwash from the fuselage only slightly increases thrus¢écause the
lateral cyclic acts to counteract changes on the front rotor. kluding the
downwash on the aft rotor results in a decrease in thrust at high a&dnce

ratios.
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Chapter 5: University of Maryland High Advance Ratio Tests

The previous chapter investigated the high advance ratio perforance and
loads predictions of the UH-60A slowed rotor wind tunnel tests. Tdncomprehensive
analysis code, UMARC, was re ned with corrections and improved pability to
study high advance ratio aeromechanics. The UH-60A tests proed a comprehen-
sive data set at high advance ratios, but the test envelope did noxeeed an advance
ratio of 1.0 for safety and a ordability concerns. This chapter preents prediction
and validation against even higher advance ratio wind tunnel testsamied out at
the University of Maryland.

The Maryland test on a model-scale rotor reached an advance ratb 1.6 and
allows for extended validation of the UMARC analysis to advance ratsohigher than
1.0 and into a unique ow environment called \thrust reversal”. Oncehe analysis
has been validated for the Maryland rotor at high advance ratioshe sensitivity of
high advance ratio performance to ight condition is investigated.

Berry and Chopra [60{64] have carried out a range of tests on a klascaled
rotor up to an advance ratio of 1.6 over several wind tunnel entgebetween 2011{
2014. The goal of the wind tunnel tests is to examine aeromechanat high advance

ratios up to 2.0. The early wind tunnel tests by Berry were on a 4-biged, articulated,
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twisted rotor (-12 ) with the SC1095 airfoil (one of the two UH-60A airfoils) and
achieved an advance ratio of 0.65 [60]. The test envelope of the twidtrotor was
later expanded to an advance ratio of 1.2 [61]. These early testxdd challenges
when trimming at high advance ratios, had a limited number of sensomited slip
ring space) as well as uncertainty about the airfoil used. Followingdm this, Berry
tested a relatively simpli ed, untwisted, NACAO0012 rotor, which is the baseline for
all subsequent tests. Upgrades to the slip ring and the simpli ed rot geometry
allowed the 2013 test to include blade pressure measurements atirrgke station
for the rst time. This test was also the rst to use a shaker to deermine the
dynamic calibration of the rotor stand in the wind tunnel, necessaryor accurate
vibratory loads measurement [63]. The test reached an advanedio of 1.4; however,
blade di erences made trimming at advance ratios above 1.0 di cult ad there were
several sensor failures during testing resulting in an incomplete saft data. Berry
and Chopra [64] completed a nal test on the untwisted rotor thatachieved an
advance ratio of 1.6 with satisfactory rotor trim and all important €£nsors working.
Investigating this latest test data is the objective for this chapte

The nal wind tunnel test provides a relatively simple rotor with which to
validate the analysis as a compliment to the validation of the UH-60A shed rotor
tests shown in the previous chapter. The Maryland test instrumeation included
comprehensive performance measurements as well blade loads ahdhtory loads.
These are all used in the validation of the analysis. Blade pressuretalas used to
help identify important phenomena, but complete sectional airloadse not available

at this time.
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The goal of this chapter is to continue to expand the understandinof the
aeromechanics of high advance ratio rotors with a particular focus the important

phenomena of thrust reversal.

5.1 UMARC Modeling

The modi ed University of Maryland Advanced Rotorcraft Code, aglescribed
in Chapter 4, was used in this study. A number of the modi cations mde for the
investigation of the UH-60A rotor were unnecessary for the Malgnd tests. The
Maryland test did not have a faired fuselage so there was no needitzlude it in
the analysis. The blade root of the Maryland rotor is simpler than th&JH-60A and
allowed the tare measurements to include all contributions to shanttrag so that
corrections to root drag were unnecessary. The Maryland rotds untwisted so that
lift on the advancing rotor does not generally change sign along thean so that
the use of more than a single tip trailer was unnecessary. The inclusiof a wake
trailer from the blade root is investigated only when considering theap bending
loads, but otherwise had a minimal e ect on performance.

The rotor trim for the Maryland test data was the same as that forthe UH-
60A slowed rotor tests and targeted zero rst harmonic apping athe blade root
for xed collectives. The measured root angles for some ight corttbns at high
advance ratios indicated that the ideal trim was not achieved, in whiccases the
analysis was trimmed to match the actual rst harmonic apping of the wind tunnel

test.
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5.2 Test Description

Table 5.1: Maryland rotor properties (at 100% rotor speed).
| Rotor | Maryland 2014 |

Rotor Speed (rad/s) 240
Radius (ft) 2.78
Solidity 0.117
Lock No. () 5.6
Tip Speed (ft/s) 675
Tip Mach No. (M) 0.6
Tip Reynolds No. 1.1 1¢°
Airfoil NACAO0012
Hinge o set 6.3%
Root cut-out 22.5%
Twist untwisted
Sweep unswept

The primary data set used in this work are the tests carried out in 20 by
Berry and Chopra [64]. The important properties of the rotor areigen in table 5.1.
The rotor radius is 2.78 ft and roughly a 1/9" scale of the full-scale UH-60A rotor.
The baseline rotor speed is 240 rad/s (100% RPM), giving a hover tipddh number

of 0.6 in-line with the UH-60A rotor. The slowed rotor speeds refeptthis baseline.

Table 5.2: Blade sectional properties.

| Rotor | UM-2014 |
Flapwise sti ness, El (Ib-ft?) 70
Lagwise sti ness,El, (Ib-ft?) 1000
Torsional sti ness, GJ (Ib-ft ?) 70
Blade mass mq (slugs/ft) 0.00725
Flap inertia; | (slugs-ft®) 0.0428

» Excluding blade cu .
* From ap hinge.

The sectional properties of the rotor are listed in table 5.2. The s@anal prop-
erties were determined from bending tests using a Vicon-like systeémmeasure the
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de ections. Due to high relative sti ness of the beam, there is somencertainty in
the measurements that is discussed further in the section on bengl load predic-

tions. Uniform sectional properties are assumed.

Figure 5.1: University of Maryland rotor in Glenn L. Martin wind tunnel.

Advance ratios up to 1.61 were achieved in the test by varying the tar speed
between 20% (450 RPM) and 40% (1000 RPM) with the majority of tégoints

collected at 30% (700 RPM). The maximum tunnel speed was 125 ksotMost of
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Figure 5.2: Layout of the strain gauges and pressure sensors twe blade. 'S' {
Strain gauge, P' { Pressure sensors.

the data was collected for 0 shaft angle with limited data at 4 aft shaft angles.
Trim was measured in terms of rst harmonic (1/rev) root apping angle and was
minimized close to zero using cyclic inputs for a xed collective. The testand,
shown in g. 5.1, was not shrouded by any fuselage due to concenhsit it could
contribute to uncertainty by disturbing the air ow at the rotor pla ne. This concern
arose after a consistent thrust o set was observed in the 2012nal tunnel tests that
could not be duplicated with analysis. The four bladed, articulated tor had two
instrumented rotor blades and two aerodynamically clean rotor blas$, arranged in
opposing pairs. Blade 1 was instrumented at 30% radial station with91lchordwise
pressure sensors. Blade 3 was instrumented with full bridge strajauges to measure
apwise and torsion moments places at 30%, 40%, 50%, 60% and 7@&ial stations.
Figure 5.2 summarizes the placements of the strain gauges and ptee sensors.

All four blades were instrumented for root ap, lag and pitch angles Two pitch
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links were strain gauged and the hub accelerations were measurddhe rotor was
mounted on a 6 component balance in the xed frame but the shaftotque was
measured independently using a torque sensor. A dynamic calibratiof the rotor
stand was performed to allow extraction of the vibratory hub loads

The test conditions evaluated in this chapter are listed in table 5.3. Adve
advance ratios of 1.2, trimming the analysis became more challengingdaas a
result, a complete sweep is not shown. Results available from thettésclude the
performance, blade loads and vibrations data (corrected afterydamic calibration
of the test stand). Finally, the data from the pressure sensorsas not su cient to
integrate sectional airloads, although measurements from individusensors provide

some insight into the analysis.

Table 5.3: Test conditions for the Maryland rotor tests.

| Rotor | Maryland 2014 |
RPM Reduction 26% & 30%
Shaft Angle (Degrees) 0,2.,4
Wind Speed (knots) 0-125
Advance Ratio 1.20
Dynamic Calibration | For 700 RPM cases only
Fuselage no

5.3 High Advance Ratio Performance Validation

The following section presents the baseline validation of the high adwee ratio
performance predictions, including descriptions of key high advamcatio phenom-
ena. The prediction of rotor thrust at high advance ratios will intraluce the concept

of thrust reversal and discuss the limitations of the analysis. This fellowed by the

222



predictions of shaft power and rotor drag, which determine lift-tadrag ratio and

nally the trim cyclic controls are correlated.

5.3.1 Thrust Prediction

Figure 5.3 shows the validation of thrust versus collective for a rapgof ad-
vance ratios () increasing from 0.25 to 1.2. The predicted thrust agrees with the
experiment very well at = 0.25, which is the expectation for this relatively low
advance ratio. Advance ratios of 0.41 and 0.62 continue to be pred well with
some evidence of premature stall being predicted at 106ollective for = 0.41 and
a small thrust o set at = 0.62. The slopes are well predicted and show that the
sensitivity of thrust to collective is decreasing with increasing advae ratio. The
trend comes from increasing ow asymmetry, resulting in increasingpll moment
imbalance, which limits thrust. At an advance ratio of 0.825, the meased thrust
is almost insensitive to collective. For advance ratios above 0.825etk is an in-
creased scatter in the experimental data, attributed to challeres associated with
trimming the rotor at high advance ratios. The blade apping motionsshow larger
dissimilarity between blades at high advance ratios, which could be dteperceived
small aerodynamic and inertial di erences between blades. At adwee ratios of 1.03
and 1.2, the measured thrust decreases with increasing collectivihis behavior is
termed thrust reversal, a high advance ratio phenomena seen irethenkins tests [51]
and the UH-60A tests [59]. The analysis shows a mixed correlation. €va range

of low collectives (-3 to 3 ), a negative thrust slope is predicted, which is in gen-
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Figure 5.4: Change of thrust slope with advance ratio,s =0 .
eral agreement with the experiment. Increasing the absolute caltese results in an
abrupt change in the predicted thrust, and the thrust slope chages from negative
to positive, which is maintained for larger collectives.
The change in slope of the thrust with increasing advance ratios isramarized
in g. 5.4 for 0 shaft angle. Only small collectives around Oare considered in
evaluating the slope. The agreement is very good for all advancdios and shows

that thrust reversal occurs near an advance ratio of = 0.9, for this rotor.

Table 5.4: Trim controls spanning thrust reversal at = 1.03.

Collective Lateral cyclic Longitudinal cyclic
0.0 0.00 0.00
2.0 0.30 -2.46
3.0 0.45 -3.70
4.0 0.60 -4.91
6.0 1.00 -7.20
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5.3.2 Physics of Thrust Reversal Prediction

Figure 5.5 shows the predicted airload distribution at an advance rat of 1.03
and for collectives from 0 to 6.0 , which corresponds to both thrust reversal and
the change in thrust slope thereafter. The contours include thengle of attack and
normal force distributions; the stall distribution, which is determired by comparing
the local angle of attack to the static lift stall angles; and nally thethrust behavior
from g. 5.3e is repeated. The corresponding trim cyclics are listed itable 5.4.
The angle of attack and normal force distributions ( gs. 5.5a and.5b respectively)
show that both the advancing and retreating sides are negativelydded for positive
collectives at this advance ratio. The retreating blade is entirely in xerse ow so
that positive collectives results in negative pitch and thereby negiae lift, relative
to the ow. Longitudinal cyclic maintains the advancing rotor at a neyative pitch to
balance lateral trim. The fore and aft rotor lift increases with colletve and is biased
somewhat to the advancing side because of higher dynamic pressurhrust reversal
occurs when the negative lift created in the reverse ow is larger ém the balance
of lift on the advancing rotor. The magnitude of reverse ow lift will be in uenced
by the size of the reverse ow region (advance ratio), the dynamigressure at the
inboard blade end (root cut-out) and the aerodynamic descriptionf the inboard
blade (chord, camber, and lift coe cient). In the analysis, thrust reversal ends
abruptly between 3 and 4 collective. The stall contour plot (g. 5.5¢) indicates
that between 3 and 4 collective, the reverse ow angles of attack are exceeding

the reverse ow lift stall angle (7.5 relative to the ow) and thereby stalling. The
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lift in the reverse ow stagnates and no longer increases linearly withollective

(g. 5.5b 4 and 6 collective), lift on the fore and aft continue to increase linearly
and dominate the rotor thrust resulting in the return to positive thrust slopes and
the end of thrust reversal.

The predicted lift shows an abrupt change in thrust slope at 4 , which is
somewhat supported by the measured thrust, but with a lesser ahge in slope.
Figure 5.6a shows the measured and predicted thrust at = 1.03 with a trend
line for the measured data, which clearly shows the change in slopele measured
thrust at large positive and negative collectives. From the precediranalysis, thrust
reversal should appear in the trim cyclics corresponding to the ahge in thrust
slope. The measured and predicted lateral cyclic at = 1.03 is shown in g. 5.6b
where both indicate a change in slope corresponding to the predidtiarust reversal
phenomena ( 4 collective). The strong correlation suggests that the reverse wo
is indeed stalling as predicted, but that lift in the reverse ow does rtadrop o as
fast as in the prediction.

The discrepancy in thrust reversal at high collectives § > 4) can be
attributed to reverse ow dynamic stall. Preliminary pressure datafrom the test
in g. 5.7a (the magnitudes are shifted to clarify the result) shows aynamic stall
like vortex moving from the geometric trailing edge towards the leadinedge in
the reverse ow at = 1.20. A similar result was shown in the UH-60A tests [59].
Figure 5.7b shows the change in pressure at a single chordwise stat{0.79 x=c,
near the leading edge relative to the reverse ow), which shows agkein pressure

in the reverse ow beginning between 2.6and 3.7 collective. The analysis does
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not yet include a reliable dynamic stall model for the reverse ow, regled to model

the e ect of dynamic stall on rotor thrust.
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5.3.3 Shaft Power and Rotor Drag

The correlation of predicted shaft power with the wind tunnel test for advance
ratios from 0.25 to 1.2 is shown in g. 5.8 and this overall shows a goodraement,
especially at lower collectives. At = 0.825, just before thrust reversal, the correla-
tion is excellent and shows that the shaft power is nearly insensitive tollective. At

= 1.03 and 1.2, the shaft power trend is decreasing as the magnitude&collective
increases. The analysis predicts the concave trend, but beginsuieder-predict the
decrease in power at larger collectives. The decrease in shaft poatehigh advance
ratios is from reverse ow drag that acts to accelerate the rotorAt high advance
ratios, the analysis under-predicts reverse ow drag, possibly alglue to missing
dynamic stall model.

The correlation of UMARC with the measured rotor drag is shown in ¢g5.9.
The general trends of the rotor drag are reasonably well prededt, but with a
zero o set. The measured rotor drag at lower advance ratios isteh negative at
all collectives, which is not expected and suggests that the zeraarlies in the
experiment rather than in the analysis. The rotor drag measuremeis determined
after subtracting the tare of the stand and hub from the meased drag. The rotor
drag is relatively small compared to the stand and this can introducéhe error.
At higher advance ratios, the rotor drag increases and the agreent between the
analysis and measurement improves.

The rotor drag and the shaft power describe the total power anthie equivalent

drag (D.) that help to determine the lift-by-drag ratio (- =p) of the rotor:
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C
Coe = -+ Co (5.1)

CL
— 5.2
Cor (5.2)

L.
D
The lift-to-drag predictions and measurements are shown in g. 501 At the
lower advance ratios, = 0.25 and 0.41, the prediction agrees well with experiment.
For these cases, the very good thrust and power predictions aigh the di erences
in the prediction of drag (drag values are small). At advance ratiod©.62 and 0.825,
the lift-to-drag ratio is under-predicted by the analysis despite ta thrust and power
prediction remaining good. The di erence comes from the di erencen the drag
force prediction. The measured drag is sometimes negative and widlige scatter
resulting in higher lift-to-drag values. At = 1.03 and 1.20, the correlation is poor.
This is perhaps due to the poor prediction of thrust at larger collestes as a result
of the premature and abrupt end to thrust reversal predicted yothe analysis. The
scatter in the experiment comes from uncertainty in the rotor drg measurement,

but plays a lesser role in the overall correlation.

5.3.4 Trim Cyclics

The validation of lateral ( ;c) and longitudinal ( 1s) cyclics are shown in
g. 5.11. The lateral cyclic trend is reasonably well predicted, but #h an o set
of about 1 to 2 . It has already been pointed out that the trend at high advance

ratios around thrust reversal are very well represented by thanalysis. The lateral
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cyclic o set could be due to disturbances in the ow from the hub, with a ects the
lift on the aft rotor. Longitudinal cyclic is well predicted at all advance ratios with

an o set for the higher advance ratio cases only.

5.4 High Advance Ratio Studies

The discussion of several factors that can impact the predictiorf thrust re-

versal and thrust at high advance ratios are discussed.

i Shaft angle: An aft shatft tilt changes the increases the vertical ow componén
(up), alters the reverse ow angles of attack and therefore a ect®verse ow stall

behavior.

ii Blade root pitch:  Blade twist results in a positive pitch bias of the root relative

to the 75% station, which will e ect when the reverse ow begins totall.

iii Reverse ow stall: The baseline C-81 airfoil tables used in the analysis are
not reliable in reverse ow. Stalling at higher (reverse ow) angles wdd extend

the thrust reversal over larger collective ranges.

iv Root cut-out: Thrust produced at the inboard region of the reverse ow de-
termines when thrust reversal occurs and at what magnitude. Ehroot cut-out

and advance ratio de ne the dynamic pressures at the blade root.

v Yawed ow corrections:  The radial ow component is generally ignored under
the independence principle. It has been shown experimentally thaadial ow
can delay stall, an important component to thrust reversal predton.
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vi Unsteady loads: The airfoil entering and leaving the reverse ow is subject
to large equivalent pitch rates () that will induce unsteady loads and possible

reverse ow dynamic stall.

vii Manufacturing inconsistencies: Despite the general high quality of the test
data, the rotor blades were each individually handmade which could mtduce

unknowns including inaccurate airfoil shapes and inter-blade dissinmiity.

Some of these are discussed in this section.

5.4.1 Shaft Angle

The test data included some limited results at 4aft shaft angle. Figure 5.12
presents the performance measurements and predictions foeth aft shaft angle at
an advance ratio of 1.03. There are two predictions from UMARC, & and 6 shaft
angles. The initial results from the analysis at 4show a large under-prediction of
thrust in g. 5.12a. Part of the discrepancy can be explained by th&im condition
of the rotor. Figure 5.12b shows the ;¢ apping angles for all four blades. The
rotor was trimmed for blade 1 but blades 2{4 have a consistent{? ¢ apping
(nose up), e ectively increasing the aft shaft angle. The analysisas repeated at 6
aft shaft angle to account for this and improves the thrust prediton but it remains
under-predicted. The generally less satisfactory predictions ftire aft shatft tilt cases
is as of yet unresolved and the subject of future investigation, boby experiment
and analysis.

Both test data and the analysis show that the region of thrust rearsal is shifted

237



0.12;
0.1
0.08!
~3}-0.06
@)
0.04f

0.02;

0.008 ¢

0.004 ¢

0

CP/s

-0.004 ¢

-0.008

e degrees

Figure 5.12: Thrust reversal with 4 aft shaft angle, including a correction for
apping,

--------- :UMARC
Symbols ;Test
***i*+i+
+ % +
. +¥, "
6 aft shaft + 74
+++t L+
_______ + ¥ + +
* %
S
4" aft shaft
8 4 0 4 8
Collective, degrees
(a) Thrust.
4" aft shaft
—L—;—T’F‘ﬁ T
L AR EEE
............. A \
+ 7 i
¥ * 6 aft shaft
+
+
+
8 4 0 4 8
Collective, degrees
(c) Shaft power.
g
s
£t
. +1t
+
iiixi
g .
+3t ¥ +
+ 4+
6 aft shaft
4" aft shaft

5 4 0 4 8
Collective, degrees

(e) Lateral cyclic.

= 1.03.

2,
Blade 1 ®
1r o
0 / ° AC 4
[oXe]
o 018°8,03838°808g 78 o
o AQ
;5)7 L Il-2 aft flap © AAAAoﬁo
-1+ 6 g E A
SR THEL TR
O 5| \ o 5o
— (N
o] o [
Blades 2,3 and 4 |5
-3r
8
48 4 o0 4 8
Collective, degrees
(b) 1c apping.
0.02 6 aft shaft \
001 ~—o
QD 0 \ ft shaft
+ 4 aft sha
-0.01 | ty + £
i, t*
¥, PR *
002 Tt ‘
YC 8 4 0 4 8
Collective, degrees
(d) Drag.
107
; .
5 4 aft shaft
O
o 0 2
2 N
s /
A.10; 6 aft shaft
(e \+*
-15 | RO
N R R :

4
Collective, degrees
(f) Longitudinal cyclic.

238



Figure 5.13: Aft shaft angle delays stall in reverse ow to higher coliéives.

to higher positive collectives by aft shaft angle. Figure 5.13 shows airfoil section
at a constant pitch with and without aft shaft angle. Aft shaft ande introduces a
bias to the reverse ow pitch, equal to the shaft angle. Stall is edively delayed
by 4 , supported by the measured data.

The shaft power prediction is poor (g. 5.12c), particularly at largenegative
collectives where the analysis does not prediction the large negatipewer. The
measured drag is negative, implying that the rotor produces a sing forward force
with an aft shaft angle. The analysis predicts the drag force trenldut with positive
drag force, increasing in magnitude the correction for blade app (g. 5.12d).

The cyclics prediction is good and retains the constant o set in latat cyclic.

5.4.2 Blade Twist

Blade twist applies a bias to the root pitch relative to the collective séing.
At 0 collective, the root pitch for the blade with -16 twist is near -8 relative to the
reverse ow, and already at the reverse ow stall boundary (sethe stall boundary

239



0.12

0.08
-16 * twist
n Untwisted
~ 004 w
@)
0 P ,
-0.04

: 8

40 4
Collective, degrees

(a) Rotor thrust versus collective.

0.008 ¢
-16 * twist
0.004 +
@
n O
@)
Untwisted
-0.004 ¢
-0.008 8 - 4 O 8

4
Collective, degrees
(b) Shaft power versus collective.

0.025 ¢

0.02 |

-16  twist

0.015¢

% .
0 001 N
@)

0.005 ¢

Untwisted

R B S R R
Collective, degrees
(c) Rotor drag versus collective.
Figure 5.14: E ect of negative blade twist on performance and thst reversal, =
1.03, :=0.

240



Stall

qO:.So qO:-G (:10:_4o qO:-2 qO:O

Figure 5.15: Stall locus for a rotor with blade twist (shaded regionga stalled),
=103, ¢=0.

in g. 5.15). Twist therefore shifts the region of thrust reversato more negative
collectives as shown in g. 5.14a. The thrust reversal is somewhasgelinear than
for the untwisted rotor because the rotor stalls more progressily (from tip towards
the root) rather than abruptly for the untwisted case. The predtted power is no
longer symmetric, requiring more power for negative collectives, éis not centered
about O collective. Power increases relative to the untwisted rotor for natve
collectives because of higher drag on the fore and aft rotor, whiahe near stall (see
g. 5.15 at -8 ). The rotor drag remains nominally symmetric because the increake

drag on the fore and aft rotor are not resolved into the axial dirgion.
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Figure 5.16: Thrust reversal with modi ed tables.
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5.4.3 Reverse Flow Stall

The limits of the predicted thrust reversal are determined by stalh the reverse
ow. Figure 5.16a shows the baseline NACAO0012 lift coe cient used inHis study
showing a reverse ow stall angle at 172.57.5 relative to the ow direction). Also
shown is a modi ed reverse ow stall angle chosen to match the stalhgle of forward
ow (13 relative to the ow). The modi ed thrust prediction is shown in g. 5.1 6b
and shows that the region of thrust reversal is elongated, but ¢habrupt change in

thrust remains, now at 6 rather than at 3 collective.

5.4.4 Root Cut-out

The e ect of the root cut-out on thrust, power and drag is shownn g. 5.17.
Extending the root cut-out to 30% (from 22.5%) removes the higlse dynamic pres-
sure region of the reverse ow and this delays thrust reversal thigher advance
ratios. Delayed thrust reversal is shown by the decreased slope the 1.03 advance
ratio case in g. 5.17a. The thrust for the low advance ratio case (= 0.825) is not
a ected. Figure 5.18 shows the change in thrust slope with advancatio for the
two root cut-out sizes. The advance ratio when the thrust is inseaitive to collective
moves from near = 0.9 towards 1.0 with the larger root cut-out. Both the power
and drag decrease for the larger root cut-out, but this is misleadirbecause there is
no drag assigned to the region from 22.5% to 30% radius for the largeot cut-out

case.
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5.4.5 Yawed Flow Corrections

_ G, (cos?)

a( )= T co() (5.3)
_ Cg,, (cCOS)

G )= o) (5.4)

The radial component of ow, u,, is often ignored and the airfoil coe cients
are assumed to depend on the perpendicular velocity componentdyo However,
both CFD and experiment [112,113] have shown that radial ow impzs drag and
stall for incompressible ows. The yawed ow corrections in (5.3) am (5.4) are
from Johnson [111] and correct the lift and drag coe cients for yaed ow angle,
. The yawed ow correction does not a ect lift coe cient below sta I, but acts to
delay stall to higher angles of attack. Drag coe cient is generally imeased even

below stall. The e ect of the yawed ow corrections on thrust, powr and drag are
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shown in g. 5.19. The region of reverse ow is increased due to deilag stall in
the reverse ow, drag and shaft power increase due to increasgxhg on the yawed
sections. The post stall behavior is not signi cantly modi ed and thee remains an

abrupt change of slope.

5.5 High Advance Ratio Structural Loads

Figure 5.20 shows the fanplot generated for the UM-2014 rotorsteand high-
lights the two rotor speeds used for the current results (700 RPKér 0.25 to 1.03
and 600 RPM for = 1.2). To generate the fanplot, the blade sectional properties
(table 5.2) were determined experimentally. Uncertainty in the sti ress measure-
ments is due to the di culty in measuring the de ections for relatively sti blades.

10% uncertainty in the apwise and torsional sti ness values are illusated by
the widening of the ap mode frequencies. Near 600 and 700 RPM ¢etlsecond ap
mode approaches 4/rev, within the stiness measurement errothird ap can be
between 8 and 10/rev and the torsion mode is between 13 to 14/réar 700 RPM

and higher for 600 RPM.

5.5.1 Flap Bending Loads

Figure 5.21 shows the predicted and measured ap bending momerit 0%
radius. At the 0.25 advance ratio case with little reverse ow, the aalysis predicts
the ap bending trend but under-predicts the magnitude. For adence ratios be-

tween 0.41 to 0.825, the analysis does not show a good correlationhwiihe test
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data. However, the peak-to-peak magnitude is comparatively sthaThe prediction
improves somewhat at advance ratios of 1.03 and at 1.2, where thrertd and the
phase of the dominant 4/rev loading is predicted well by the analysig.he harmonic
content of ap bending is shown in g. 5.22 and compares the prediett and mea-
sured harmonics. The dominant 4/rev harmonic component increas with advance
ratio and is caused by excitation of the second ap mode. The analggpredicts the
4/rev harmonic trend with advance ratio, but it is under-predictedcompared to the
test.

The ap bending moment prediction is somewhat contrary to the gadgeneral
prediction of the UH-60A slowed rotor at high advance ratio shown ithe previous
chapter. Part of the discrepancy can be from the uncertainty inlbde properties
as well as issues arising directly from the blade apping in resonance4rev. To
show the sensitivity of the results to blade properties, the bladedquencies were
adjusted to move second ap mode from 3.77/rev (700 RPM) to ex#ly 4/rev. The
resulting bending moments are shown in g. 5.23 and compared to tHeaseline
results. The correlation improves with the modi ed blade sti ness, prticularly at
higher advance ratios up to 1.03. The 1.2 advance ratio case prediot degrades
because, at a lower rotor speed (700 RPM), the sti ness modi cain moves second
ap away from 4/rev.

The prediction with CFD of the UH-60A tests showed that blade roovorticity
can produce a root wake trailer and analysis of the previous chaptghowed that a
root trailer improves ap bending predictions. Figure 5.24a shows th ap bending

moment for the 0.25 advance ratio case with wake trailed from the sowith a sign
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opposite the conventional tip wake trailer. The addition of the rootrailer has a
signi cant impact on the prediction and improves the magnitude on tk advancing
side. Figure 5.24b shows the change in normal force distribution @fn the baseline)
after including the root wake trailers. The in ow induced by the roottrailers induced
a normal force impulse on the aft rotor that appears to excite a pping response.
The e ect of the root wake decreases with increasing advance i@tas it is swept

aft.

5.5.2 Torsion Bending Loads

Torsional moments at 30% radius (nearest the root) are shown img. 5.25 with
the harmonic content shown in g. 5.26. The test shows high freqoey content in
the torsional bending at all advance ratios that is not captured bythe analysis
and the correlation is less satisfactory at all advance ratios. Theegative pitching
moment in the reverse ow is consistently over-predicted. The pkao-peak torsion
moment is dominated by torsion in the rst quadrant which the analyss predicts to
be benign.

The sectional airloads at 30% radius showed evidence of reverses dynamic
stall, which can be a cause of torsional excitation. The Leishman-@#oes dynamic
stall model in UMARC does not have a provision for reverse ow dymaic stall.
However, the impact of a dynamic stall vortex has been simulated kgpplying a
normal force increment at the®=, chord, starting from the reverse ow boundary as

shown in g. 5.27a. The impulse is assumed to scale linearly with in-planelgcity
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(up) so that it is largest at the blade root and disappears at the end ohe reverse
ow. The lift impulse is damped to represent the vortex movement alog the chord.
The magnitude of the lift increment and the damping rate are arbitrey and chosen
to represent what is seen in the airloads from the Maryland and UH38\ rotors.
Figure 5.27b illustrates the relative magnitude of the lift increment foa single case
at =1.03 and 4 collective at 3% radius. The lift increment generates a pitching
moment increment through the chordwise o set from the pitch axis Figure 5.28
shows the e ect of the dynamic stall-like lift impulse on the torsion momnt at 30%
radius. The predicted torsion moment now includes additional highenarmonic
content (13 to 14/rev) and better represents the test in the neerse ow. The
torsional response, initiated at the onset of reverse ow, contires well into the rst
guadrant due to little damping. Figure 5.28 includes a result including 2%amping
on the torsion mode, which appears to improve the predicted resmse.

The peak-to-peak torsion moment is determined by the rst quadmt response
between 30 and 60 azimuth. A second pitching moment impulse appears to excite
the torsional response. The impulse peak moves to earlier azimuthtiwincreasing
advance ratio ( 60 azimuth at =0.41 and 34 azimuth at = 1.20), which
suggests the forcing can be from wake interaction. The analysisshiaeen repeated
to include multiple wake trailers (from the tip, from the edge of revese ow and
the root) but this has not resulted in a similar torsional response. Ae angle of
attack on the aft rotor remains below stall regardless of the wakevhich cannot
excite a pitching moment response (the NACA0012 tables have no ghiing moment
below stall). It is possible that the wake interaction is causing an unsady pitching
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moment response that is not being captured in the quasi-steady alysis.

5.5.3 Vibratory loads

Finally, g. 5.29 shows the 4/rev vertical shear E,) forces versus collective for
increasing advance ratio and the in-plane forces and moments ah@wn in g. 5.30.
Notice that the vibratory hubloads appear to have a minimum betwee-3 and
-4 collective and not at 0, which is the expected and predicted result. Recalling
g. 5.11, the lateral cyclic prediction was o set by 1 to 2 cyclic, resulting in a
zero o set of about -4 collective. It appears likely that the hubload o set is related
to the lateral cyclic, which may be due to hub wake disturbances. Ehcalculated
loads have been shifted -3.Zollective to better match this. The test shows that the
4/rev loads increase signi cantly at and above = 0.825. The 4/rev vertical shear
vibrations originate from the resonant 4/rev rotating blade loadswhich explains
the large increase at high advance ratios. The prediction of the ¥imal shear force
is reasonable and captures the trend of increasing magnitudes alvance ratios of
0.825 and above. The baseline sectional properties (second ap3at7/rev for 700
RPM cases) have been assumed, but note that that the magnitusief the 1.03
and 1.2 advance ratio cases will be a ected in the same way as the @adads by
sectional sti ness variations. The predictions at = 1.03 and 1.2 have a distinct
slope change that corresponds to the reverse ow stall after wh the predictions
start to under-predict the test data. The in-plane force magnitdes §,,) are not

predicted satisfactorily and the predicted in-plane momentsM,y) follow the same
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trend as the vertical shear and is reasonably predicted by the dgsis.

5.6 Airloads Correlation

The results of the analysis have focused on the prediction of perfance
with some discussion of the blade bending loads. The measured airload 30%
station are still being evaluated and have not been available until rently. This
section presents comparisons of the measured and predicted aids. In addition,
a separate e ort is dedicated to predicting the Maryland airloads wt a CFD-CSD
analysis. This will be useful to evaluate the quality of the measuredribads data
and to compare to the lifting line prediction to identify any limitations. Only two
cases are available from CFD-CSD and these are for ebllective at = 0.25 and
0.41. These preliminary results are included before considering thda@ads at higher

advance ratios.

5.6.1 Description of CFD

A detailed description of the CFD-CSD model can be found in [115, ]16 he
approach is a hybrid method with a CFD grid of the blade near eld coued to a
prescribed farwake. The blade grid for this work was 101x101x7Bat contribute
to about 710,000 grid points. The prescribed wake includes four tiers spread
between the tip and blade root with a 4 azimuth resolution. The blade dynamic

solution is described in [115]. The blade model is based on the Marylaratar.
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5.6.2 Low Advance Ratio Validation with CFD

The two normal force results including CFD-CSD are shown in g. 5.31or
advance ratios of 0.25 and 0.41 and <£ollective. Figure 5.31a shows the 0.25 ad-
vance ratio case where the CFD-CSD and UMARC show very similar aidds. On
the advancing side, both predictions show strong blade vortex inction, however,
these are less obvious in the measured airloads. The similarity betwe€FD-CSD
and UMARC is somewhat expected because of the similarity of the p&ibed and
free wake models at high speeds. The UMARC wake has a resolutiornlbf, signif-
icantly more coarse than in the CFD-CSD, but there does not appe# be much
improvement with the added resolution (UMARC was run with 10 with no signif-
icant change to the results). The measured airloads show some evide of wake
interactions, but these are much less severe. The sampling fregcye of the measured

result is 1000 Hz, su cient for the frequency content of the BVI,and examining in-
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dividual revolutions of the data showed that there was no smearing the averaging
process (100 revs are averaged). Other possibilities for theseealences may be
that the pressure sensors are not responding fast enough (gibl/ due to the blade
construction), the wake vortex is more di use than predicted orliere is an error in
the predicted wake trajectory (possibly from a wrong trim solutiofblade apping).

On the aft rotor, the measured normal force shows a large impujsehich
remains for the 0.41 and higher advance ratio results shown in thdléwving section.
The impulse is not predicted by the CFD and its consistency for all adwce ratios
suggests that this could be due to wake from the rotor stand/hytwhich is not mod-
eled in either analysis. On the retreating side, the analyses show soagreement
with each other, although UMARC under-predicts the lift in the fouth quadrant.
There is a more signi cant di erence between the analyses and thedt data. The
measured lift is negative despite the 30% station being outside of theverse ow,
which suggests a mean error in the pressure data. The error colidd due to cali-
bration, which should show a consistent bias for each advance ratar due to the
limited number of pressure sensors causing an integration error.hd small chord
of the Mach-scale rotor limited the number pressure sensors adlvees limited their
position near the trailing edge. At higher advance ratios that are inaverse ow,
too few pressure sensors at the geometric trailing edge (aerodgnic leading edge)
could contribute to measurement error.

Figure 5.31b shows that at = 0.41 the CFD and UMARC provide a satis-
factory agreement with each other. In the reverse ow, CFD ages quite well with
the test and UMARC under-predicts the negative lift. It is interestng to note that
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neither the CFD nor the measured normal force have zero lift at threverse ow
boundary (u; = 0 at 230 and 312 azimuth), which is the expected result for a
lifting line analysis. The discrepancy could be from the highly 3D ow at lhese
azimuth where radial ow contributions are signi cant. Radial ow is non-zero at
the reverse ow boundary and lift should be expected. The yawedow corrections
introduced in chapter 4 are not valid for the extreme angle of att&cand yaw angles

in this region.

5.6.3 Normal Force Collective Sweeps

Figures 5.32a and 5.32b show a collective sweep fromt® 6 at 0.62 advance
ratio for the measured and UMARC predictions respectively. Notehiat the vertical
scale magni es di erences, otherwise the lift magnitudes are quitedo The features
of the advancing side are reasonably well predicted, particularly imé second quad-
rant. The BVI in the rst quadrant remains over-predicted by the analysis, but
the phase agrees well with the test. The measured lift impulse on tladt rotor is
independent of collective, which supports the argument for rotanub interference.
Evidence of the impulse helps con rm that the lateral cyclic o set shwn earlier
in g. 5.11 is due to rotor hub interference. At O collective, there should not be
any lift generated for the untwisted rotor, but the measured lift isnon-zero (albeit
small). This is possibly also in response to the hub wake interferenda.the reverse
ow, the predicted lift is nearly constant with increasing collective beause the lon-

gitudinal cyclic cancels collective changes to maintain trim, howevethe measured
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lift magnitude appears to increase with collective. Part of the discpancy could
arise from integration errors, however, the very small forces #iis station make the
di erences somewhat insigni cant to the overall rotor thrust.

A second collective sweep, at an advance ratio of 1.03, is shown in §33.
At this advance ratio, the rotor is beyond thrust reversal and tke reverse ow root
is producing the majority of the rotor lift (negative). Qualitatively, the predicted
and measured normal force show reasonable agreement. Coredap the predicted
normal force, the measured normal force has a positive o setagicularly on the
advancing side. At the reverse ow boundary (near 195azimuth) the measured
normal force collapses to a constant, non-zero lift even thoughkrp lift is expected.
The complex 3D ow is far removed from the 2D lifting line analysis assuptions
and this could be responsible for the dierences. CFD results may heseful to
identify the exact role of 3D ow e ects and isolate any shortcoming in the test.
Finally, the trends in the reverse ow are similar, although, UMARC pedicts larger
magnitudes. Once again, the discrepancy could be due to integratierrors, which
CFD may con rm this. There is evidence of stall in the predicted lift in he reverse
ow (3.7 to 5.7) as discussed previously. Stall is not obvious in the measured
data, which shows no drop-o in the reverse ow lift for the collecties shown.
Furthermore, there is no evidence of dynamic stall in the measurétt in the reverse

ow, although the pitching moments would provide a more clear pictue.
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5.6.4 Comparison to UH-60A Airloads

A comparison of the normal force measurements and predictions similar
ight conditions (limited by scarcity of available data) are shown for he Maryland
test in g. 5.34a and the UH-60A in g. 5.34b. The magnitude of the lifton the
Maryland rotor is signi cantly lower than on the UH-60A at this station, which
is because of the inbuilt blade twist in the later giving a higher root pitch The
correlation of the prediction is reasonable for both rotors, but soewhat better for
the Maryland rotor. In particular, the under-prediction of lift in th e second quadrant
of the UH-60A rotor is not shown in the Maryland rotor. This was disassed in
chapter 4 where it appeared that the root vortex played an impoant role in the
lift prediction near the root. The much higher lift for the UH-60A rotor creates
a stronger vortex and has a larger inuence. The lift impulse on thefarotor
that is relatively large for the Maryland data is not apparent for theUH-60A test.
The impulse from rotor stand ow disturbance may be present in théJH-60A lift,
but is less signi cant compared to the higher variation in lift around the azimuth.
Finally, the UH-60A rotor appears to have a dynamic stall like lift increnent in
the reverse ow, which is not present in this Maryland data nor any bthe cases
shown previously. Despite the similar ight conditions, the dynamic pgssure in the
reverse ow of the UH-60A rotor is roughly three times that of theMaryland rotor
and the pitch is signi cantly larger due to the twist (-25 vs -12), which combine

to promote dynamic stall.

266



5.7 Chapter Summary

This chapter has investigated high advance ratio wind tunnel testata on a
4-bladed, Mach-scaled, articulated rotor carried out in the Glenn .LMartin wind
tunnel. The analysis is a modi ed comprehensive lifting line code, UMARCThe
rotor performance predictions are evaluated before investigaginthe sensitivity of
thrust reversal to rotor design and modeling re nements. The s&onal bending
loads and 4/rev vibratory loads are investigated and some limited demnal airload

measurements in the reverse ow are explored. The following areethey conclusions:

1. Rotor thrust is satisfactorily predicted for collectives from 0to 10 up to an
advance ratio of 0.825. Near an advance ratio of = 0.9, thrust response to
increasing collective becomes negative, called thrust reversal. Thagpredicted
by the analysis for small collectives only (3 ). At higher collective magnitude,
the predicted thrust slope reverts to positive abruptly comparedo a gradual

change in slope seen in the test.

2. Thrust reversal results because of lateral trim balance that lits thrust on
the advancing rotor, and high reverse ow dynamic pressure thagenerates

enough lift in the reverse ow to dominate rotor total thrust.

3. Thrust reversal is halted abruptly (in the analysis) when the arg of attack
in the reverse ow exceeds static stall. When stalled, the reversew lift no
longer increases linearly with pitch, while it continues to do so on the r®

and aft rotor, and the thrust response becomes dominated bydHift on the
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fore and aft rotor. The test also shows a change in trend at high leectives
suggesting that stall is also playing a part. Measured sectional aidds suggest
that dynamic stall in the reverse ow produces additional post-stll lift that

accounts for the di erence with analysis.

. With aft shatft tilt, the analysis under-predicts the measured thust, although
some of the dierences can be explained by blade dissimilarity resultirig
blade apping ( ic) e ectively increasing the aft shaft angle. Aft shaft angle
moves the region of thrust reversal to higher positive collectiveshweh is well
predicted by the analysis. 4 shaft angles moved the center of thrust reversal

about 4 collective.

. Thrust reversal is sensitive to reverse ow aerodynamics.

(a) Aft shatft tilt gives a negative bias to the reverse ow angle of dack equal

to the shaft tilt and promotes thrust reversal at more positive cltectives.

(b) Nose down twist biases the root pitch to positive collectives andpmotes

thrust reversal at more negative collectives.
(c) Increasing reverse ow stall angles, extends the region ofrtist reversal.

(d) Enlarging the root cut-out delays thrust reversal to higher dvance ratios.

. Classical yawed ow corrections extend thrust reversal by deicing stall in the

reverse ow region at high yaw angles.

. Shaft power is well predicted for each advance ratio when thevezse ow re-
mains unstalled. Shaft power prediction degrades at high advancatios after
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11.

the reverse ow stalls because reverse ow drag after stall is uadpredicted.

. The measured rotor drag forces at low advance ratios are smafid the mea-

surement error is large, sometimes negative. The prediction of dr& reason-
able at higher advance ratios ( = 1.03, 1.2) where the measured drag values
are larger. This provides con dence in the analysis and suggestsex@ o set

error in the measurements.

. Both the lateral and longitudinal cyclics are well predicted by thanalysis, but

with a small o set of about 1 to 2 . Stall during thrust reversal is evident in

both the measured and predicted cyclics.

Flap bending moment predictions are evaluated at 50% radius asdow poor
correlation at low advance ratios, improving at high advance ratios.The
second ap mode is near 4/rev and this dominates the phase and nmatyde
at high advance ratios. At low advance ratios, including a wake traildrom the
blade root has a signi cant impact on the ap bending at 50% and imprees

the advancing side correlation somewhat.

Torsional moment at 30% radius is not well predicted with the batine analysis.
The analysis over-predicts the pitching moment in the reverse owotnpared to
the test. The test contains higher harmonic content between 4 dri6/rev that
is not seen in the analysis. Adding a dynamic stall-like lift increment to ta
analysis improves correlation by exciting the torsion mode. Torsioneinding

is also excited in the rst quadrant, consistent with rotor wake inteaction,
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13.

but this is not seen in the analysis because the airfoil tables do notgwide

pitching moment increment below stall.

4/rev vertical hub shear vibrations grow signi cantly with increasing advance
ratio and this is because of the proximity of second ap to 4/rev. Tk in-
plane vibratory loads are not well predicted, suggesting that theesonant

blade response is masking smaller blade load trends.

Preliminary airloads correlation show that most of the importantfeatures
of the normal force are predicted satisfactorily. Blade{wake intactions are

predicted to be more severe than are shown in the measured data.
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Chapter 6: Summary and Conclusions

This chapter summarizes the key conclusions of this thesis. The @scof this
research has been on re ning the comprehensive analysis, preiistand validation
of the performance and loads of a helicopter rotor with reducedtoy speed at high
advance ratios with wind tunnel data. The objective was to identifythe analysis
methodology required to accurately predict the key performanand loads of a rotor
at high advance ratios. The initial approach to this research was tovestigate both
variable rotor speed and variable radius as the two approaches tohé&eving high
advance ratios and to re ne the in-house prediction capability. Thé&JH-60A Black
Hawk was chosen as the baseline helicopter for this study. The UIG4 Black
Hawk is representative of a modern 4-bladed, articulated helicoptéhat has been
extensively studied in literature and for which the important rotor goperties are
known. The analysis was modi ed to model variable rotor speed an@dwnable radius
concepts in normal and high advance ratios. Variable rotor speedasvchosen as
the more promising approach to high advance ratios because of thetential for
signi cant improvement in performance at moderate airspeeds aritle feasibility of
high speed ight with lower technology barriers.

The focus of the research at high advance ratios continued by &wating the
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correlation of the analysis code with high advance ratio test data. Wo rotor tests
were investigated. The UH-60A slowed rotor tests provided a larg®ntribution to
the experimental database at high advance ratios. In addition togsformance and
vibratory loads, the test data includes complete airload measuremts and blade
bending load measurements at high advance ratios that are not @edole elsewhere
in literature. The UH-60A rotor was tested at advance ratios fron0.3 to 1.0 for
the rotor slowed to 40% of its nominal speed (258 RPM, 27 rad/s). e analysis
is re ned systematically by evaluating the performance prediction rad sectional
airloads at high advance ratios. Enhancements and re nements tiie analysis
include: (i) rst order model of the fuselage's e ect on the ow at the rotor plane;
(i) nearwake calculations in the reverse ow and allowing the nearwakto deform
with the freestream; (iii) radial ow e ects by correcting the secional lift, drag and
pitching moment through the table look-up; (iv)re ned aerodynanic modeling of
the root cut-out; and (v) reverse ow airloads. The important rde of the far wake
modeling, including the number and point of release of the trailers ontaisted rotor
at high advance ratios was also investigated. Corrections to the awgsis included
sign and large angle corrections for the reverse ow. New trim roues were added
to model the wind tunnel trim procedure as well as improvements tthe solution
procedure to improve convergence at high advance ratios.

The second rotor test investigated in this research was an in-hausigh ad-
vance ratio test to an advance ratio of 1.2. The rotor tested in th&lenn L. Martin
Wind Tunnel was a 4-bladed, articulated rotor and an approximate Mch-scale of
the UH-60A rotor. The untwisted, untapered, NACA0012 planfam provided a sim-
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pler rotor (than the UH-60A) to correlate the analysis and infer n& results. The
new test data at higher advance ratios revealed more informatiorbaut thrust re-
versal. The physics of thrust reversal was examined through celation with the

analysis and the important modeling re nements were investigatedThe validated

analysis was then used to investigate the e ects of rotor twist, stfit angle, reverse
ow stall, root cut-out and yawed ow corrections on performane predictions near
thrust reversal.

Finally, it should be noted that this work is constrained to existing aircaft
that have been designed for existing missions. Retro tting advaed concepts onto
existing aircraft can only provide little to modest gains. Integrateddesigns that
incorporate advanced concepts, including variable radius and RPMé much more,
open up a large space for more signi cant gains. Nonetheless, thisriwdescribes a
start to establishing concrete bene ts in a quantitative manner. &condly, seeking
improved performance in the scope of existing missions is only onetpafrthe utility
of advanced concepts. The real goal is to enable new missions atbgr. The work
here is meant to provide future designers a fundamental undeasiding of the physics
of high advance ratios and a tool for its comprehensive analysis inder to go on to

design new aircraft for new missions.

6.1 Key Conclusions

Detailed conclusions on each aspect of this research have beenudised re-

spectively at the end of each chapter. The following are the key aduasions that
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summarize the contributions of the current research e ort.

1. The variable radius rotor concept was investigated for improvingerformance
of a UH-60A like rotor within its normal ight envelope ( < 0.4, 14,000 to
20,000 Ib gross weight). Reducing the rotor radius decreases tbh&r power by
up to 8% at 14,000 Ib thrust, decreasing to 2% for 18,000 Ib and has ngiaal
e ect on power at 20,000 Ib. The power reduction increased with apsed as
pro le power losses became more important, but was limited by stallbave
150 knots. At low airspeeds, reducing the radius has an induced pvpenalty
due to increased disk loading and this limits performance improvement A
peak reduction of power of about 210 hp is possible with radius redion at
150 knots for 14,000 Ib gross weight, 125 hp for 16,000 |b, 70 hp f8fQD0O hp
and less than 20 hp for 20,000 Ib. At high speeds, reducing the rot@dius
is accompanied by increased vibratory loads that can be signi canbif the

in-plane shear forces and moments.

2. Variable rotor speed gave larger improvements in performancean the vari-
able radius concepts, particularly at low airspeeds. The largest naction in
power was at high speeds by reducing the rotor speed becauseeaiuced pro-
le power losses. At low airspeeds, reducing rotor speed does natva the
induced power penalty associated with the variable radius conceptéthe im-
provement in performance is signi cantly larger than the variable rdius rotor.
Stall continues to limit performance improvements beyond 160 krst At the

minimum power condition, the UH-60A rotor is de ned by an optimumC+=
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as a function of advance ratio. The vibratory loads are either reded or not
signi cantly a ected by rotor speed variation at low airspeeds, butvibratory
loads increase at high airspeeds for the slowed rotor. The increaseibratory

loads at high airspeeds is a strong function of advance ratio.

. Variable rotor speed is the more promising concept for improvingegformance
for a conventional rotorcraft at normal airspeeds (< 0.4). Variable rotor
speed o ers a larger reduction in power across the ight envelopemsidered
(40 { 170 knots) than variable radius concepts and faces less taological
challenges to practical implementation. The e ect of decreased wer turbine
e ciency at reduced rotor speed was investigated and shown to hesigni cant
for the range of rotor speed reduction considered in this study§%). At high
airspeeds (greater than 170 knots) both variable radius and vabke rotor
speed concepts are limited by stall and require lift and thrust compading

to achieve trim and limit performance penalties.

. High advance ratio performance is investigated for two rotordJH-60A full-
scale rotor and Maryland Mach-scale rotor. The thrust capability bthe rotor
decreases with advance ratio, and the sensitivity of rotor thrusio collective
decreases. Decreasing thrust sensitivity to collective occurs bhase the rotor
is required to remain in roll trim. At high advance ratios, the retreaing rotor
dynamic pressures is much lower than the advancing side and theagotequires
large cyclic inputs to reduce advancing side lift for trim. In the limit, the rotor

becomes insensitive to collective, which occurs near an advanceaatf 1.0 for
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the UH-60A and Maryland rotors. Further increasing the advanceatio results

in thrust reversal when increasing collective results in decreasinigraist.

. Thrust reversal was investigated with the analysis of the Maryiad test data.
Thrust reversal occurs when the dynamic pressure in the reverow at the
blade root is large enough that the reverse ow lift determines theotal rotor
response. The UH-60A thrust response is not yet reversed atetlighest ad-
vance ratio (1.0) tested, but the Maryland rotor is fully reversed ypan advance
ratio of 1.03. At large collectives (positive and negative), the revee ow can
stall, which results in a non-linear thrust slope. The analysis calculatiopre-
dicts abrupt stall and loss of lift that results in an abrupt change in hrust
slope, whereas the Maryland test data shows a more gradual cigan A pos-
sible discrepancy is unsteady airloads and reverse ow dynamic stdibat are
not yet modeled in the analysis. Unsteady airload models that are aligable

to the reverse ow are an important continuing research area.

. The advance ratio where thrust reversal begins is shown to befumction of
root cut-out, blade twist and shaft angle. Increasing the root deout, limits

the highest dynamic pressures in the reverse ow and delays thtugversal to
higher advance ratios. Nose down twist results in a positive pitch ahé root,
which promotes thrust reversal at lower collectives. Aft shaft tiltcauses the
retreating side an e ective negative angle of attack bias and prortes thrust
reversal at higher positive collectives. Neither twist nor shaft tilt act the

slope of thrust reversal signi cantly.
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7. The e ect of modeling re nements was evaluated. A new modelrfthe upwash
due to the presence of the fuselage below the rotor is implementdxdit only
has a small impact on the rotor thrust predictions (decreases thst). Yawed
ow corrections that account for the e ect of radial ow on the sectional lift
can have a signi cant impact on the prediction of thrust reversal. Tie yawed
ow corrections act to delay stall in the reverse ow to higher colletives and
can be important for predicting the onset of thrust reversal as &l as the
thrust behavior after reverse ow stall. Modeling the nearwake inhe reverse
ow as deformable with the freestream gives a more physical deftion of
the trailed wake and has been shown to impact the prediction of thst at
high advance ratios. However, treatment of the deformed neaake in close
vicinity of the blade requires careful modeling. A more detailed compaon

with sectional airloads is required.

8. Both the trend and magnitude of rotor power are satisfactorilyredicted for
the untwisted Maryland rotor, but are over-predicted for the UH60A full-scale
rotor. The addition of the fuselage model in the analysis reduced ehpower
predictions somewhat in better agreement with the UH-60A test (sryland
rotor does not have a fuselage). The trend of the rotor drag ma&aements are
well predicted for both tests. The calculated drag for the UH-60Aotor test
is signi cantly under-predicted unless the drag associated with theoot cut-
out is included. The Maryland test tared out the shank drag and theverall

correlation is quite good. Signi cant scatter in the measured Marylad test
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data calls its quality into question considering the very good predictio of

thrust and power by the analysis.

. Correctly accounting for the wake is important for accurately gdicting the

sectional lift of the highly twisted UH-60A full-scale rotor. Near theblade tip
(92% radius) the magnitude and phase of the advancing side lift camlg be
predicted if at least two wake trailers are modeled to represent thehange in
sign of lift along the span. On the retreating side, the wake is not impi@nt
and the airloads are benign. On the aft rotor, the measured airloadre highly
oscillatory which is partly due to interaction with wake from the blade oot
(modeled in the analysis) and partly due to wake from the hub (not naeled).
15 azimuthal wake resolution was found su cient to predict the important
details of the wake except at the lowest advance ratio case € 0.3) when
10 resolution improves the prediction of wake interactions on the aftotor

somewhat.

Pitching moment prediction is poor for the UH-60A rotor, howesr similar
type discrepancies are shown in literature. It has been speculatttht blade
torsion response is excited by unsteady airloads in the reverse ownot yet
modeled by any analyses in the literature. This behavior is not capted by
the modi ed analysis and the unsteady models are not valid in the rexse

ow.

The prediction of the UH-60A ap bending loads follows from the idoads
prediction and is quite satisfactory when the wake is correctly mobksl. In-
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6.2

cluding a root vortex is important for the prediction of ap bending phase
and magnitude because it interacts with the aft rotor and contribtes to the
impulsive blade loading that a ects the ap bending. The Maryland roor
has its second ap mode near 4/rev and this dominates the blade losdt
high advance ratios. The sectional properties of the Maryland rot are not
as well understood as for the UH-60A, which results in signi cant wertainty
in the blade frequencies. The promising UH-60A blade loads predictsug-
gest that error in the sectional properties are responsible for drepancy in

bending predictions for the Maryland rotor.

The lifting line analysis can predict the performance for a high aduce ratio
rotor beyond thrust reversal as well as predicting the trends dhe important
blade apwise loads with satisfactory resolution. Unsteady airloads the
reverse ow are a current shortcoming; however, CFD predictianhave not

yet shown better resolution in this region.

Future Work

This section suggests directions for future research in the arefahagh advance

ratio aeromechanics. The preceding sections have shown that anprehensive anal-

ysis is able to adequately predict the thrust and power of an isolataotor at high

advance ratios as long as reverse ow stall is not reached and eedted. The remain-

ing key performance metric is rotor drag, for which the experimeat measurements

have signi cant unknowns and possibly large measurement erronghich result in
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a poor correlation with predictions. These uncertainties in the testlata need to
be corrected if reliable predictive capability is to be con rmed. Blade kds for an
articulated rotor are largest near 50% radius and these are pretid with satisfac-
tory resolution after accounting for the presence of the dominamvake trailers in

the analysis. However, for hingeless rotors, the important bendjrioads are near
the blade root where prediction of airloads and blade loads is less stattsory due

to unknown unsteady reverse ow airloads. Unsteady airloads mel$ that are val-
idated for the reverse ow are needed to make further improvemss in the loads
predictions by lifting line analyses. The unsteady behavior of the dtad reverse
ow region is also important for predicting the rotor performance #er reverse ow

stall.

CFD simulations of the UH-60 slowed rotor test data has shown veryood
agreement for the sectional lift and bending loads predictions (plithng moments
and torsion moments show large errors on the advancing side), whiexceeds the
predictive capability of comprehensive analyses. Comparing lifting limesults with
CFD will enable re nement of the lifting line models and corrections fonigh advance
ratio e ects at a much reduced cost compared to further wind tunel experiments.

The following are some of the broader research areas that will cabute to
the objective of reliable high advance ratio predictive capability with liing line

analyses.

1. Unsteady reverse ow airloads: Errors in the predicted lift in the reverse

ow region as well as large discrepancies in the pitching moments andrt
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sional blade moments suggest that the lifting line analysis with quasieady
corrections is unable to predict the lift and pitching moments near th reverse
ow. In addition, there is experimental evidence of a dynamic stall li& vortex
shed in the reverse ow that is not currently modeled in the analysisin or-
der to reliably model these phenomena, systematic experimentseareeded to
evaluate the unsteady airloads in reverse ow { characterized by rige pitch
rates at high angles of attack with a change in sign of free stream.uent
unsteady models can then be evaluated against the test data anelmement

and corrections derived that are suitable for lifting line.

. CFD and lifting line: The validity of lifting line analyses is often called
into question at the extremes of the ight envelope and more so fdrigh ad-
vance ratio studies. However, lifting line analyses remain the mostawmical
means to predict helicopter performance as CFD simulations methe®demain
too expensive. The present analysis show that lifting line analysesopide a
satisfactory prediction of rotor performance and the trends dhe blade load-
ing (possibly with the exception of torsional loads) below stall. It maye
important to characterize the limits of each approach as functionsf rotor
thrust and advance ratio so that the trade-o in prediction resoltion is better

understood.

. Rotor drag prediction:  The validation of the prediction of rotor drag has
several unknowns across the two wind tunnel tests investigatedlhe UH-60A

drag measurements included the blade shank which has not yet beaero-
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dynamically characterized, which makes analysis challenging. The M&nd
measurements of rotor drag suggest tare error. Accurately tedemining the
rotor drag is a critical component of the rotor lift to drag ratio prediction,
which is needed to compare rotor designs. Subsequent wind tunmests of
high advance ratio concepts need to ensure accurate rotor dnagasurements

that are well characterized.

. Yawed ow corrections:  The present results illustrate that yawed ow can
play an important role in predicting rotor thrust and drag at high adwance
ratios. The yawed ow corrections that have been investigated arsimple
modi cations to the lifting line analysis but their validity for large yaw angles
in reverse ow and the e ect on dynamic stall may be questionable. kD
could provide valuable insight into yawed ow and provide new insight ind

models applicable to lifting line analyses.
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