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Abstract

The numerical prediction of vibratory airloads and
the corresponding structural response in high speed
forward flight of helicopters pose a significant chal-
lenge to predictive methods, e.g. Refs.[1, 2]. Com-
paring of experimental data with results from pre-
dictive methods revealed two key discrepancies[2]:
i) The phase prediction of advancing blade lift in
high speed forward flight is predicted well ahead in
azimuth when compared to measurements. ii) The
prediction of the sectional pitching moment is poor,
both in terms of phase and magnitude. Correlations
of results from predictive methods and measured
data (Army/NASA UH-60A Airloads Program[3])
for the advancing blade lift phase have improved
significantly since the recent correction[4]. How-
ever, predicting the correct phasing is still a signif-
icant challenge, as is the prediction of the pitching
moments. In the present work, the unsteady 3D
flow field on the advancing side of a helicopter is
analysed in an attempt to quantify the effects on
the lift phase of the rotor trim state, blade normal
Mach number variations and cross flow. It is shown
that approximately 10o of the phase delay can be
attributed to the trim state of the helicopter. Time-
dependent 2D CFD simulations of blade sections
in pitch oscillation and combined pitch/free-stream
Mach number oscillation show a phase delay in load-
ing of approximately 10o. Finally, CFD results for
the UH-60A rotor in high-speed forward flight with
constant blade pitch showed a phase delay of the
advancing blade lift of around 25o at the 77.5% ra-
dial station.

1 Introduction

The analysis of helicopter rotors is a challenging
multidisciplinary problem, involving modeling of
three-dimensional unsteady flow fields, transonic
flows with moving shocks, reversed flow, separated
flow, transition to turbulence, vortical wakes and
modeling of the rigid-body motion of the rotor
blades and their elastic deformation. A detailed ac-
count of all aerodynamic challenges related to the
analysis of helicopter rotors is described in the re-

view paper of Conlisk [5].
The flow conditions on the advancing and re-

treating side of rotors are quite different and rich
in flow physics. On the advancing side, which is
the target of this work, the blade normal Mach
number is into the transonic regime with strong
compressibility effects. The outboard part of the
blade experiences large pitching moments and rapid
pitching moment variations, which leads to high vi-
bratory loads and high control loads for the blade
pitch changes. Furthermore, the large pitching mo-
ments and their rapid variations can trigger strong
torsional response of the blades. Helicopter ro-
tor blades typically use aerodynamic sections with
low pitching moments in steady aerodynamic con-
ditions. The large pitching moments observed can
be attributed to unsteady aerodynamic effects. To
accurately predict the rotor loads in high-speed
forward flight it is therefore essential to correctly
model and understand the unsteady aerodynamic
phenomena occurring on the advancing side of the
rotor disk.

The comprehensive methods in use in rotor-
craft research centers and the rotorcraft industry
use lower-order aerodynamic models to obtain run
times that allow routine use of these methods in
design and analysis. Various level of structural
modelling are in current use, ranging from modal
to finite-element methods. The aerodynamic mod-
els in comprehensive methods usually involve lift-
ing line models, indicial methods to model unsteady
aerodynamics and/or table look-up methods for the
sectional data. Indicial methods model the un-
steadiness of the flow field. The rotor wake is mod-
elled using a prescribed wake or a free-wake model.

Comprehensive methods based on these lower-
order aerodynamic model have been found to give
poor predictions in a number of situations. In the
correlation of experimental data with results from
predictive methods, two key discrepancies can be
observed[2]: i) the phase prediction of advancing
blade lift in high speed forward flight fail to predict
the advancing blade phase delay and ii) the predic-
tion of the section pitching moment is poor, both
in phasing and magnitudes. The observations were
made for different helicopters covering a range of
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different blade designs.
Fig 1(a) presents the sectional lift at 86.5%

rotor radius for the UH-60A helicopter in high-
speed forward flight for two thrust levels[6]. The
peak of the negative lift at the outboard part of
the blade on the advancing side occurs at around
120o. The data from the Army/NASA UH-60A
Airloads Program[3], using the recent correction[4],
show a similar trend. Fig 1(b) compares the non-
dimensional pitch-link loads for the swept-tip blade
Puma and the UH-60A at similar advance ratios
and thrust coefficients, highlighting the similarity
of the loading at high advance ratio for the two dif-
ferent rotor designs.

Fig 2 presents a comparison of results obtained
using the UMARC comprehensive analysis method
and measured blade lift and pitching moments for
the UH-60A helicopter at an advance ratio of 0.368.
The figures show the sectional lift and pitching mo-
ment variation with blade azimuth typical for high-
speed forward flight. The lift minimum on the ad-
vancing side (negative at outboard stations) occurs
well aft of the ψ = 90o station. In this case, the de-
lay is about 30o using the correction[4]. The pitch-
ing moment shows the rapid change from a nose-up
(positive) pitching moment at the aft part of the
rotor disk to a strong nose-down pitching moment
on the advancing side. The azimuth correction im-
proves the phase correlation. At the 77.5% radial
station, a phase difference of the pitching moments
is still present. Furthermore, the experimental data
shows larger (magnitudes) of the pitching moments
at inboard stations.

To improve the predictive capabilities, compre-
hensive methods have been coupled to CFD solution
methods for the Navier-Stokes or Euler equations.
In this approach, the lower-order aerodynamic mod-
els are typically still used to obtain the sensitivi-
ties to control angles and blade motions. The CFD
data are usually exchanged with the comprehensive
method after completion of each rotor revolution
in the CFD solution. This is commonly referred
to as loose coupling[8, 9, 10]. At convergence to
a trimmed state, the lower-order aerodynamics of
the comprehensive method have been completely re-
placed by the CFD predictions. This approach has
been successfully used by Datta et al.[9, 11, 12] to
analysis the UH-60A in high-speed forward flight,
Potsdam et al.[10] for the airloads prediction of the
UH-60A in various speed regimes and Datta and
Chopra[13] for the analysis of the dynamic stall
loads on the UH-60A in high-altitude flight.

In contrast to the loose coupling approach, a di-

rect coupling approach involves a coupling between
the structural model the flow solver during each
time steps. This more expensive approach was com-
pared to the loose coupling approach by Altmikus

et al.[8] for forward-flight cases of the ONERA 7A
model rotor. It was found that both approaches
give very similar results for the cases considered.
The additional complexity of the direct coupling
approach, therefore, does not give better pitching
moment or torsional deflection predictions.

In the present work, the advancing side aerody-
namics is studied, aiming to estimate the effect of:
i) unsteadiness of the flow, resulting from the pitch-
ing motion and varying blade normal Mach number
ii) effect of 3D cross-flow iii) effect of blade tip sweep
and iv) the effect the trim state.

In this investigation, the rotor blade is assumed
rigid, eliminating the, potentially, important effect
of the structural response on the rotor loads.

2 Validation test cases

The CFD method used in the present study is de-
scribed and validated elsewhere (Refs [14, 15]). Fur-
ther validation for both hovering and forward-flying
rotors also given in the next sections.

2.1 UH-60A model rotor in hover

The test case considered here, is a hovering 4-bladed
UH-60A rotor at a thrust of cT /σ = 0.085, with
a collective of 10.47o and a coning angle of 2.31o

(details are shown in Fig 3), following the descrip-
tion of Dindar et al.[16] for the non-linear twist
distribution. Fig 5 presents a comparison of the
computed chordwise cp distribution with the ex-
perimental data of Lorber[17]. The inviscid CFD
simulations (using single-blade periodic grids) were
carried out using 3 mesh densities. The results ob-
tained on all grids are in good agreement with the
experimental data. The predictions near the tip
show slight grid dependence as a result of the sen-
sitivity of the blade pressure to the position and
strength of the tip vortex of the preceding blade.
Overall the results show that CFD simulations us-
ing the present multi-block meshes capture the flow
features well, including those around the swept-
back tip.

2.2 Non-lifting ONERA model rotors

This rotor is a modified Alouette helicopter tail ro-
tor tested by ONERA [18, 19]. Two different rotor
blade configurations are considered here, shown in
Fig 4. One has a nearly straight leading edge and
a 75 cm radius. The second configuration has 30o

leading edge sweep on the outer 15% and has a ra-
dius of 83.5 cm. The blades used here are different
from the ONERA experiment in that the tapered
root parts of the blades are removed. i.e. the blade
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up to 37% radius of the straight blade and 33% ra-
dius of the swept-tip blade. Both blades have sym-
metric NACA four-digit sections, varying in rela-
tive thickness from 17% at the root (37% radius of
the straight blade and 33% radius of the swept-tip
blade) to 9% at the tip. Both blades have a lin-
ear taper, the tip chord is 70% of the widest chord.
The increased blade radius of the swept-tip blade
was achieved by adding a 85 mm part of 14.5% rel-
ative thickness at 80% radius of the straight blade,
i.e. between 71.9% and 82% radius of the swept-tip
blade. The sweep starts at 85.7% radius, at which
station the relative thickness is 13.5%. Based on
the root chord, the rotor aspect ratio is 4.518 for
the straight blade and 5.03 for the swept-tip blade.

Table 1 shows the conditions for the test cases
considered in this work. Inviscid simulations were
carried out using a step size in azimuthal direc-
tion of 0.25o. Sensitivity analyses showed that this
is sufficiently small to capture the unsteadiness of
the flow. For validation purposes, the 2 cases at
µ = 0.45 are discussed in this section. For a ra-
dial station at 90% radius, Fig 6 shows a compar-
ison of the computed and experimental chordwise
pressure distribution for 5 azimuthal stations on the
advancing side. For both blade configurations the
correlation of the computed results and the experi-
mental data is very good. For the swept-tip blade,
the experimental data show more scatter, however,
correlation with CFD is still favourable.

Table 1: Test cases for ONERA 2-bladed model
rotor in forward flight.

case blade Mtip µ grid size ∆ψ
I straight 0.625 0.50 2,000,000 0.25
II straight 0.600 0.45 2,000,000 0.25
III swept-tip 0.628 0.45 2,600,000 0.25

3 Advancing blade aerodynamics

3.1 Static blade section characteristics

Fig 7 presents the static airfoil characteristics of
the SC1095 section. Lift and pitching moment co-
efficients for various Mach numbers are shown for
a Reynolds number of 4 · 106. The k − ω turbu-
lence model was used in the CFD simulations. The
results for the SC1095 section shown here are con-
sistent with those of Ref.[20].

The change of pitching moment with angle of at-
tack provides an indication of the position of the
aerodynamic center. For low subsonic Mach num-
bers the slope is close to zero, indicating that the
aerodynamic center is close to the quarter-chord

position. Increasing the Mach number leads to a
forward shift of the aerodynamic center (the ra-
tio (dCm,c/4/dα)/(dCl/dα) increases) up to a Mach
number of around 0.7. The pitching moment break
occurs between Mach 0.7 and 0.8, with a corre-
sponding movement of the aerodynamic center to
well aft of the quarter-chord position. The move-
ment of the aerodynamic center with a Mach num-
ber increase into the supercritical regime from a po-
sition forward of the quarter-chord to one well aft
can be seen as one of the major contributions to the
rapid change in pitching moment from a nose-up at
rear of the rotor disk to a strong nose-down moment
on the advancing side of the rotor disk. The other
major contribution stems from the pitch rate of the
blade.

The SC1095R8 airfoil section which is more cam-
bered than the SC1095 section and, as a result, it
has a smaller (i.e. larger negative) zero-lift angle
and larger pitching moment magnitudes (about the
quarter-chord) than the SC1095 section. Static re-
sults for the SC1095R8 airfoil section are not shown
here, but are qualitatively very similar to those of
the SC1095 section.

3.2 Pitching and Mach number variation

The unsteady aerodynamic conditions at the ad-
vancing side of a helicopter are modelled here us-
ing 2D unsteady airfoil simulations with oscillatory
pitch and combined pitch/free-stream Mach num-
ber oscillations. The oscillatory pitch motion mod-
els the blade pitch variations during a rotor rev-
olution. The oscillatory free-stream Mach number
models the varying blade normal Mach number dur-
ing the rotor revolution.

For a section at fraction r/R of the rotor radius,
the blade normal Mach number depends on the az-
imuth ψ as

Mn(r/R, ψ) = Mtip
r

R

[

1 +
µ

r/R
sinψ

]

(1)

where Mtip is the (hover) tip Mach number and µ
the advance ratio of the rotor. This Mach num-
ber variation can be modelled in a two-dimensional
airfoil simulation by rewriting Equation (1) as:

Mn(r/R, t) = M̂∞

[

1 + λ sin(2kt̃)
]

(2)

where M̂∞ is the Mach number in the two-
dimensional simulation, λ = µ/(r/R) the effective
advance ratio of the section at station r/R. In
Equation (2), ω is the rotation rate of the rotor.
The reduced frequency k is defined as k = ωc/2U ,
with c the airfoil chord, U the free-stream veloc-
ity and t̃ the dimensionless time. To model this
Mach number variation, the two-dimensional airfoil
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Table 2: Conditions at radial stations of UH-60A
rotor blade, Mtip = 0.628, µ = 0.368

station 77.5% radius 92.0% radius
section SC1095R8 SC1095
Mtip ·

r
R 0.487 0.578

λ 0.475 0.400
k 0.040 0.035
Mn,min 0.26 0.35
Mn,max 0.72 0.81

is translated as:

xc(t̃) = xc,0 −
λ

2k

[

1 − cos(2kt̃)
]

(3)

dxc

dt̃
= −λ sin(2kt̃) (4)

where xc is the airfoil reference point. The rotor
cyclic pitch is modelled as a periodic pitch change
of the airfoil:

θ(t̃) = θ0 − θ1s sin(2kt̃) − θ1c cos(2kt̃) (5)

Here, two representative stations along the UH-60A
rotor blade are considered: the first one at 77.5%
radius (where the blade has a SC1095R8 section)
and the second at 92.0% radius (where the blade
has a SC1095 section). For the high-speed forward
flight considered here, i.e. with Mtip = 0.628 and
µ = 0.368, the radial stations are modelled in 2D as
summarized in Table 2. Fig 8 presents the sectional
normal force and pitching moment coefficients for
both types of oscillatory motions and at two blade
stations. For the oscillatory pitching motion, shown
in Fig 8(a), a small (less than 10o) phase delay of
the normal force is observed, with the normal force
curve lagging the pitch oscillation.

On the ’advancing side’ (0 < ωt < 1800), the
pitching moments increases to the maximum neg-
ative magnitude, while the blade normal force is
reduced as a result of the reduced blade pitch. On
the ’retreating side’ (180o < ωt < 3600), the pitch-
ing moments show the maximum nose-up (positive)
conditions. Comparing this pitching moment be-
haviour with the static pitching moments shown in
Fig 7, it follows that the unsteadiness of the flow is
dominating the pitching moment behaviour.

The combined pitching and Mach number oscil-
lation, shown in Fig 8(b), shows a phase delay of
the sectional normal force on the advancing side of
around 10o. This delay is slightly larger in this case
than for the oscillatory pitching motion in Fig 8(a).
This can be attributed to the higher Mach numbers
during that part of the cycle, which increase the
impulsive delay. The increased Mach number on

the advancing side leads to larger negative pitch-
ing moment magnitudes compared to the pitching
motion at constant Mach number. It is interesting
to note that shape of the pitching moment curve in
Fig 8(b) shows a marked similarity with the pitch-
ing moment curve measured in high-speed forward
flight conditions.

Another interesting feature of the result in Fig
8(b) is the negative normal force around the ψ =
90o azimuth. Since the blade incidence remains
positive throughout the cycle and the cambered
SC1095 and SC1095R8 sections have a negative
zero-lift incidence, this negative normal force is an
effect of the unsteadiness.

From the 2D unsteady simulations it can be con-
cluded that the unsteady transonic conditions on
the advancing side lead to a phase delay of the lift
of around 10o for the considered conditions. Fur-
thermore, the pitching motion and the free-stream
Mach number variation explain (partly) the pitch-
ing moment curve observed in flight conditions.

3.3 3D cross flow, inflow and tip effects

It is important to stress that the 2D unsteady sim-
ulations shown in the preceding section neglected
many important effects present in the 3D rotor
case: complex inflow field, finite-span effects of the
blades, cross-flow effects, blade torsion. First, a
non-lifting rotor in high-speed forward flight condi-
tions is considered here. This allows the analysis of
a number of 3D effects: cross-flow, finite-span (’tip
relief’) and tip-geometry effects.

In the non-lifting cases considered, unsteady ’cir-
culatory’ effects, i.e. effects originating from the
delayed effects on the blade pressure from the time-
dependent advected wake, are absent. Therefore,
the unsteady aerodynamics on the non-lifting rotor
can be used to study ’impulsive’ effects only.

For the 2D unsteady airfoil results discussed in
the preceding section, the varying lift (and there-
fore circulation) creates a time-dependent wake that
advects the circulation changes. As such, this
wake contains a ’history’ of the circulation changes.
The time-dependent effect of this wake on the flow
around the section is the ’circulatory’ effect. In ad-
dition to the circulatory effect, impulsive effects are
also present in the 2D unsteady airfoil section re-
sults.

As in Section 2, the ONERA model rotor is con-
sidered, in this case at µ = 0.45 and µ = 0.50.
Fig 9 shows the variation of chordwise cp versus az-
imuth for the two blade geometries of the non-lifting
ONERA model rotor. The conditions are given in
Table 1. Results are shown for two radial stations,
the first at 85% rotor radius and the second at 90%
rotor radius.
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Fig 9(a) and Fig 9(b) show the results at the two
radial stations for the straight-tip blade at µ = 0.45.
The plots clearly show a hysteresis of the supersonic
pocket and normal shock position with blade az-
imuth ψ, i.e. the pressure distributions at ψ = 60o

and ψ = 120o are very different, despite the iden-
tical blade-normal Mach numbers. The station fur-
ther outboard (90% rotor radius) experiences higher
Mach numbers, leading to stronger shocks. The
hysteresis can be regarded as a delayed response
of the pressure distribution to Mach number vari-
ations. Since the cases are non-lifting, the delay is
not caused by ’circulatory’ effects.

Results for the straight-tip blade at µ = 0.50 are
shown in Fig 9(c) and 9(d), compared to the re-
sults at µ = 0.45. The increased advance ratio and
higher tip Mach number leads to the stronger nor-
mal shocks and shock positions further aft. Fur-
thermore, the hysteresis in the pressure variation
with azimuth is increased. For the 85% radial sta-
tion, the normal shock forms at around ψ = 60o,
and is still present at ψ = 150o.

The results for the swept-tip blade at µ = 0.45
show stronger shocks than for the straight-tip blade
at this advance ratio, which can be attributed to
the higher tip Mach number. The relief of com-
pressibility effects due to the tip-sweep does not
fully compensate for this higher tip Mach number.
Around ψ = 90o, the tip-sweep clearly reduces the
shock strength, but now a stronger shock occurs at
larger blade azimuth ψ. The stronger hysteresis in
the surface pressure distribution for the swept-tip
blade can be explained from geometric considera-
tions, since the tip sweep delays the maximum blade
normal Mach numbers to larger values of ψ. The
added phase shift relative to the straight-tip blade
results is similar to the tip-sweep angle.

In the case of a lifting rotor, the situation is sig-
nificantly more complicated due to the presence of
a three-dimensional inflow field. Furthermore, ’cir-
culatory’ effects will be present along with the ’im-
pulsive’ effect analysed here.

Fig 10 presents results for the UH-60A rotor in
forward flight. The tip Mach number is 0.628 and
the advance ratio is 0.368. The CFD simulation
was carried out using a fixed blade pitch of 5.0o

at 70% radius. Fig 10(a) shows the sectional nor-
mal force for the 77.5% and 92.0% radial stations.
The fixed blade pitch creates a maximum sectional
lift on the advancing side. However, this maximum
occurs well aft of the ψ = 90o station where the
maximum blade-normal Mach number is encoun-
tered. For the 77.5% radial station, this delay is 25o.
Further outboard, the delay is significantly smaller.
The sectional pitching moments shown in Fig 10(b)
shows the increased (negative) magnitudes on the
advancing side. Since a blade pitching motion is

Table 3: Trim data for UH60 in high-speed forward
flight [12].

Flight test CFD
µ 0.368 0.368
CT /σ 0.0783 0.0783
αs 6.98 7.67
θ0 13.21 16.38
θ1s 9.07 9.90
θ1c -6.56 -2.9

absent, this can be attributed to the aft movement
of the aerodynamic center at super-critical Mach
numbers. Fig 10(c) and Fig 10(d) show the inte-
grated aerodynamic loads on the blades and, as can
be seen, the delay in blade flapping moment corre-
sponds to the phase delay in the sectional blade lift.
The integrated blade pitching moment follows the
sectional behaviour of Fig 10(b).

3.4 Rotor trim state

A typical rotor trim state involves: i) a forward ro-
tor shaft tilt, that combined with the typically small
lateral flapping β1c leads to the required forward tilt
of the rotor disk, ii) a positive θ1s and negative θ1c,
which both increase in magnitude with increasing
advance ratio of the rotor, and iii) flapping angles
β1c, β1c that are typically (much) smaller in magni-
tude than the cyclic pitch angles. As a consequence
of the trimming, most of the rotor load is carried
by the front and aft part of the rotor disk and this
increases with increasing advance ratio. At high
advance ratios, the outer part of the rotor blade
experiences negative lift in a section of the second
quadrant (90o < ψ < 180o) on the advancing side
of the rotor disk. For these blade azimuths, the in-
board sections still create a small positive lift due
to the twist in the blade. An example of a trim
state for the UH-60A helicopter in high-speed for-
ward flight is shown in Table 3. The blade geometric
pitch (i.e. excluding the complex 3D inflow into the
rotor disk), computed using the typical values for
the blade harmonics and shaft tilt, shows a mini-
mum blade incidence at around ψ = 100o.

4 Conclusions

The present CFD investigation isolated separate as-
pects of the unsteady 3D transonic flow field, and
its effect on the blade load phasing and pitching
moments are quantified. 2D unsteady CFD re-
sults showed phase delays of around 10o for lift for
a pitching airfoil section in oscillatory free-stream
Mach number conditions. CFD results for non-
lifting rotors showed a distinct ’delayed’ response
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to the changing Mach numbers. The results for
the UH-60A rotor at constant blade pitch showed
a phase delay of the advancing blade lift of around
25o. Finally, it was shown that the trim state in
high-speed conditions can add another 10o in the
blade lift delay.
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Figure 1: Sectional lift (a) and Pitch-link load (b)
from flight test data.

Figure 2: Comparison of computed (UMARC com-
prehensive method) and measured blade lift and
pitching moments. UH-60A in high-speed forward
flight, µ = 0.368. Reproduced from [9].
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Figure 4: Geometry of non-lifting ONERA model rotor[18]: (a) straight blade (b) swept-tip blade.
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Figure 6: Validation test cases: comparison of computed chordwise cp distribution with experiment.
Non-lifting 2-bladed ONERA model rotor[18]. Straight-blade and swept-tip blade, µ = 0.45.
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Figure 7: Static lift and pitching moment coefficient for SC1095 section, Re = 4 · 106, k − ω turbulence
model.
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(c) Straight-tip: Mtip = 0.625, µ = 0.50
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(d) Straight-tip: Mtip = 0.625, µ = 0.50
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(e) Swept-tip: Mtip = 0.628, µ = 0.45
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(f) Swept-tip: Mtip = 0.628, µ = 0.45

Figure 9: Chordwise cp versus azimuth for non-lifting ONERA model rotor, straight-tip and swept-tip
blade configurations.
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Figure 10: Results for UH-60A rotor in high-speed forward flight with constant blade pitch. µ = 0.368,
collective 5o.
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