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Abstract: This present study investigates the effect of blade tip configurations, such as the sweepback
angle and anhedral angle, on the performance and hub vibratory loads for the lift-offset coaxial
rotor of a 30,000-pound-class high-speed long-range utility helicopter. The rotorcraft comprehensive
analysis code, CAMRAD II, is utilized to conduct the performance and hub vibratory load analyses
for the present lift-offset coaxial rotor. The total rotor thrust, torque, and individual rotor’s hub
pitch moment and hub roll moment are considered the trim targets. The general properties for
the lift-offset coaxial rotor are designed from the X2TD, S-97 Raider, and SB > 1 Defiant, which are
lift-offset compound helicopters. The rotor performance and hub vibratory loads are studied with
the various blade tip configurations including the sweepback angle and anhedral angle. The rotor
power when the rotor blade tip considers only the sweepback angle (20◦) is lower than the baseline
rotor model by 41.25% at 170 knots. The maximum rotor effective lift-to-drag ratio (L/De) for the
lift-offset coaxial rotor using only the sweepback angle and the rotor with both sweepback (20◦) and
anhedral angles (10◦) at 170 knots increase by 10.82% and 5.02%, respectively, compared with the
baseline rotor model without both sweepback and anhedral angles. The vibration index (VI) for the
rotor with only the sweepback angle is higher than that for the baseline rotor model without both
sweepback and anhedral angles by 37.14%. Furthermore, when the rotor blade tip has the anhedral
angle, the magnitude of the Blade Vortex Interaction (BVI) decreases compared with the rotor without
the sweepback and anhedral angles.

Keywords: lift-offset coaxial rotor (rigid coaxial rotor); performance; hub vibratory loads; sweepback
angle; anhedral angle

1. Introduction

The development of high-speed long-range utility helicopters is required for the next-
generation battlefields. The FLRAA (Future Long-Range Assault Aircraft) program by
the United States Army, which will develop a 30,000-pound-class high-speed long-range
utility helicopter to replace the UH-60 Black Hawk helicopter, is one of the representative
examples [1]. Conventional helicopters with a single main rotor and tail rotor have unique
flight capabilities such as vertical take-off-landing and hovering; however, they have serious
problems such as slow flight speed (150–170 knots) and a short range [2]. Therefore, it is
essential to develop the compound helicopter with wings or auxiliary propulsions along
with the rotor, and compound helicopters with various concepts are being researched and
developed extensively.

The compound helicopters using a lift-offset coaxial rotor (or rigid coaxial rotor,
Figure 1) and auxiliary propulsion, among the various concepts of compound helicopters,
are capable of high-speed flight over 200 knots and long-range flights as compared with
conventional helicopters [3]. The lift-offset coaxial rotor with the Advancing Blade Concept
(ABC) generates lift forces only on the advancing sides of the upper and lower rotors, unlike
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the single rotor, which generates lifts on both the advancing and retreating sides of the rotor,
thus, the dynamic stall of the retreating side can be avoided at the lift-offset coaxial rotor.
Furthermore, the lift-offset coaxial rotor does not need to trim the rotor hub roll moment
because the hub roll moments of the upper and lower rotors are the same magnitude and
in opposite directions. Thereby, the aerodynamic performance of the lift-offset coaxial rotor
may be improved compared with the single rotor since more lift forces are generated on the
advancing side of the lift-offset coaxial rotor. Lift-offset compound helicopters (Figure 2)
appropriately reduce the rotor rotational speed and use the auxiliary propulsion system
to achieve high-speed flights; however, they use blades with extremely high stiffness to
maintain the spacing between the upper and lower rotor blades. Therefore, significant
vibrations are generated in high-speed flights.
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Previous research [5–7] conducted performance and hub vibratory load analyses for
the lift-offset coaxial rotors of the XH-59A and the X2 Technology Demonstrator (X2TD).
The modeling and analysis techniques for the lift-offset coaxial rotor of X2TD were validated
through the comparison with X2TD’s flight test data [5,7]. In addition, it was shown that
the rotor’s effective lift-to-drag ratio (L/De) of the X2TD rotor with the unique design was
twice as high as that of the conventional single rotor [8]. A previous study [9] used various
aerodynamic models such as dynamic inflow, Viscous Vortex Particle Method (VVPM), and
Computational Fluid Dynamics (CFD) for the airload analyses of the X2TD rotor.

Former studies [2,10] were also conducted on the performance and hub vibratory
loads of the lift-offset coaxial rotor of the Sikorsky S-97 Raider. Furthermore, these studies
also showed that the L/De increased when the rotor blade tip had a sweepback angle.
The previous work [11] correlated the 4P hub vibratory loads between the computational
fluid dynamics/computational structural dynamics coupled analyses and flight test data.
Furthermore, the flight dynamics model of the S-97 Raider was developed using GenHel
and compared with the flight test data [12]. The previous studies [13,14] were conducted
on the wind-tunnel tests and simulation study of Sikorsky-Boeing SB > 1 Defiant (Figure 2).
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The wind-tunnel test [13] was conducted with two different scale models: 1/11 scale and
1/5 scale. In particular, the 1/5 scale test studied the rotor dynamics and performance. In
addition, the numerical work [14] investigated the rotor performance of SB > 1 Defiant
using Sikorsky Maryland Free-Wake (SAC-MFW, [15]). However, there have not been
works to study the effect of blade tip configurations, such as the sweepback angle and
anhedral angle, on the performance and hub vibratory loads for the lift-offset coaxial rotor.

Therefore, this numerical study aims to predict the performance and hub vibratory
loads of the lift-offset coaxial rotor of a 30,000-pound-class high-speed long-range utility
helicopter using various blade tip configurations. The rotorcraft comprehensive analysis
code, CAMRAD II [16], is used for the aeromechanics modeling and analyses of the present
lift-offset coaxial rotor. In this work, the lift-offset coaxial rotor considers the different
blade tip configurations. The first is a blade tip with the sweepback angle (Figure 3a) that
improves the rotor performance [17]. The second is to consider an anhedral angle at the
blade tip (Figure 3b); the anhedral angle can reduce the Blade Vortex Interaction (BVI)
noise [18]. The final configuration considers both the sweepback angle and the anhedral
angle at the blade tip. Thus, this paper investigates the variations in rotor power, rotor
effective lift-to-drag ratio (L/De), and rotor hub vibration index (VI) with the different rotor
blade tip configurations for the 30,000-pound-class high-speed long-range utility helicopter.
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Figure 3. Various blade tip configurations [19]: (a) blade tip with sweepback angle; (b) blade tip with
anhedral angle.

2. Analytical Methods
Aeromechanics Modeling and Analytical Techniques

Based on the modeling and analysis techniques using CAMRAD II for the lift-offset
coaxial rotor used in the authors’ previous work [7], the present lift-offset coaxial rotor
for the 30,000-pound-class high-speed long-range utility helicopter is modeled and its
performance and rotor vibration are investigated. In this study, four different blade tip
configurations are considered for the lift-offset coaxial rotor. First, the rotor blade tip is not
considered in both the sweepback angle and anhedral angle. In the second and third cases,
the rotor blade tips have only the sweepback angle (20◦ at 90%R) or the anhedral angle (10◦

at 90%R). The last case uses the rotor blade tip using both the sweepback angle and the
anhedral angle.

Table 1 describes the general properties of the lift-offset coaxial rotor for the
30,000-pound-class high-speed long-range utility helicopter. This hypothetical helicopter
is similar to the SB > 1 Defiant helicopter with a gross weight (GW) of 30,000 lb; however, it
is not designed and developed at this time. Therefore, the rotor radius is obtained from
SB > 1 Defiant [20]. The blade section properties are derived and modified from those of the
X2TD rotor [7] along with the application of the Mach-scaling law. In addition, the unique
chord length and built-in twist distributions (Figure 4) in the radial direction are obtained
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from those for the lift-offset coaxial rotor model of the S-97 Raider [10]. The rotor blade
has seven nonlinear finite beam elements for the blade structural dynamics modeling. The
rotor control system including the swashplate, pitch link, and pitch horn is also modeled.

Table 1. General properties of 30,000-pound-class high-speed long-range utility helicopter’s lift-offset
coaxial rotor.

Property Value

Gross weight, GW (lb) 30,000

Hub type Hingeless

Number of blades per rotor 4

Rotor radius, R (ft) 25

Inter-rotor spacing, ∆Z 11.4%R

Root cutout 14.2%R

Nominal rotor speed (RPM) 249.54

Maximum flight speed (knots) 250

Coaxial rotor solidity, σ 0.1411

Cross-over angle (◦) 0.0

Sweepback angle (◦) 20 at 90%R

Anhedral angle (◦) 10 at 90%R
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The different airfoils in the radial direction (Figure 5) for the aerodynamics modeling
of the lift-offset coaxial rotor are used. These airfoils are assumed identical to those of the
X2TD rotor [7]. The airfoil tables including aerodynamic coefficients were generated by
MSES+ [21] in the authors’ previous work [7]. In addition, the Reynolds number correction
method [22] is applied to the present modeling. The rotor blade consists of 25 aerodynamic
panels and the width of the panels at the blade root and tip are 6.30%R and 2.60%R,
respectively. Figure 6 shows the CAMRAD II model of the lift-offset coaxial rotor for the
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30,000-pound-class high-speed long-range utility helicopter, particularly the rotor with
only the sweepback angle.
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Figure 6. CAMRAD II model for lift-offset coaxial rotor with sweepback angle.

The operational and flight conditions are assumed appropriately using the results
in previous studies [7,8,23] to consider the characteristics of the lift-offset coaxial rotor’s
performance in high-speed conditions. The rotor rotational speed decreases as the flight
speed increases (87% RPM at 250 knots) to keep the Mach number at the advancing blade
tip below 0.9 (Figure 7a) [8,23]. Figure 7b indicates the variation in the lift offset in terms
of flight speeds. The shaft tilt angle is assumed so that the rotor power is nearly zero in
high-speed flights (Figure 7c). Finally, the lift forces of the fuselage and tails (Figure 7d) are
assumed as similar to the previous work [7].
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(a) rotor rotational speed; (b) lift-offset; (c) rotor shaft tilt angle; (d) fuselage and tail lifts.

The total rotor thrust, torque, and individual rotor’s hub pitch moment and hub roll
moment are considered as the trim targets for the present rotor. The hub roll moments (MX)
for the upper and lower rotors are calculated using the assumed lift-offset values at the
given flight speeds (Figure 7b) and individual rotor’s thrust (T) and rotor radius (R) using
Equation (1).

LOS =
MX
TR

(1)

The total rotor thrust is assumed to be the gross weight (GW = 30,000 lb) excluding
the lift forces by the fuselage and tail (Figure 7d). Furthermore, the six rotor pitch control
angles (θU

0 ,θU
1c,θU

1s,θL
0 ,θL

1c,θL
1s) are utilized as the trim variables. For this prediction study, the

power of the pusher propeller (Ppropeller) for the 30,000-pound-class high-speed long-range
utility helicopter, rotor effective lift-to-drag ratio (L/De), and airframe drag (Dairframe)
are calculated using Equations (2)–(4), respectively [7]. The propeller efficiency (η) in
Equation (2) is assumed 0.85, and the total drag (Dtotal) indicates the sum of the rotor drag
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(Drotor) and Dairframe. The rotor vibration index (VI) is defined by Equation (5). Furthermore,
the 4P hub axial force (FX4P), 4P hub vertical force (FZ4P), and 4P hub pitch moment (MY4P)
for the total rotor only are considered in Equation (5) since the other components are
canceled out by each other at the lift-offset coaxial rotor with the cross-over angle = 0◦ [24].

Ppropeller =
DtotalV

η
(2)

L/De =
L

Pcoaxial
V + D

(3)

Dairframe = q(1 .4(
GW
1000

)
2
3 ) (4)

VI =

√√√√ (0 .5FX4P

)2
+ (0 .67FY4P

)2
+ (F Z4P

)2

GW
+

√√√√ (M X4P

)2
+ (M Y4P

)2

(R)(GW)
(5)

In the present analyses, the rotor performance and hub vibration are calculated using
an azimuthal step of 15◦; however, the blade airloads are predicted with the refined
azimuthal increment of 3.6◦ to represent elaborately the aerodynamic interference effect
between the upper and lower rotors, which will be discussed in Section 3.3.

3. Results
3.1. Fan Plot Analyses

In this section, the rotating blade natural frequencies in terms of the rotor rotational
speed (Figure 8) are predicted to investigate the structural dynamics of the lift-offset coaxial
rotor of the 30,000-pound-class high-speed long-range utility helicopter. As shown in
the figure, for the rotor blade with the sweepback angle and without the anhedral angle,
the blade natural frequency in the third flap mode (F3) decreases compared with the
baseline rotor model without both sweepback and anhedral angle. When the rotor blade tip
considers only an anhedral angle, the blade’s natural frequency in the second lead-lag mode
(L2) is lower than the corresponding frequency of the baseline rotor model. Furthermore,
the blade natural frequencies in the second lead-lag mode (L2) and third flap mode (F3)
for the rotor model with both sweepback and anhedral angles are lower than those of the
baseline rotor model. The lift-offset coaxial rotor of the 30,000-pound-class high-speed
long-range utility helicopter can avoid resonance because the blade’s natural frequencies
do not coincide with the 4P and 8P at hover and high-speed conditions for all the blade
tip configurations. In addition, it is investigated that the blade’s natural frequency in the
first torsion mode (T1) is higher than 10P. Therefore, the structural dynamic modeling for
the 30,000-pound-class high-speed long-range utility helicopter’s lift-offset coaxial rotor is
built successfully using CAMRAD II.

3.2. Performance Analyses

This section analyses the rotor performances in hover and forward flights for the
present 30,000-pound-class high-speed long-range utility helicopter. Figure 9 compares the
Figure of Merit results in hover when two different built-in twist distributions are used. As
given in the figure, since the Figure of Merit using the built-in twist distributions of an S-97
Raider (Figure 4b) is higher than when the rotor applies the built-in twist for an X2TD [4],
the present lift-offset coaxial rotor model utilizes the built-in twist distributions for the
S-97 Raider instead of that for the X2TD for better hover performance. Figure 10 shows
the power of the 30,000-pound-class high-speed long-range utility helicopter using various
blade tip configurations. As shown in the figure, for all the blade tip configurations, the
rotor power decreases as the flight speed increases and becomes nearly zero in high-speed
flights. In contrast, the pusher propeller power increases significantly as the flight speed
increases. Therefore, it is observed that most of the power is used for driving the pusher
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propeller in high-speed flight. The rotor power for the rotor blade with only the sweepback
angle of 20◦ decreases by 41.25% at 170 knots compared with the baseline rotor model
(Figure 10). Thus, the sweepback angle at the blade tip can be used for the improvement of
rotor performance in forward flight.
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Figure 10. Power predictions in forward flight.

Figure 11 illustrates the variations in the rotor effective lift-to-drag ratio (L/De). The
trends of L/De are similar for the different blade tip configurations and the L/De decreases
with an increase in flight speed after the maximum value at 170 knots. Compared with the
baseline rotor model using neither the sweepback angle nor anhedral angle, the maximum
L/De increases by 10.82% when the rotor blade tip has a sweepback angle of 20◦. The
maximum L/De for the rotor blade with only an anhedral angle of 10◦ decreases by 2.75%
and 12.25% at 170 knots compared with the baseline rotor model and the rotor with only a
sweepback angle, respectively. In addition, when the rotor blade tip uses both sweepback
and anhedral angles, the maximum L/De increases by 5.02% and 7.99% compared with the
results for the baseline rotor model and rotor blade with only anhedral angle, respectively.
Furthermore, the maximum L/De for the rotor blade with both sweepback and anhedral
angles decreases by 5.24% as compared with that for the rotor with the sweepback angle.
Thus, it is investigated that the performance of the lift-offset coaxial rotor can be improved
when the rotor blade tip has a sweepback angle.
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Figure 12 indicates the lift and drag forces for the present lift-offset coaxial rotor with
both sweepback and anhedral angles, one of the various blade tip configurations. Since
the variations in the lift and drag forces in terms of the airspeeds are similar for the rotors
using various blade tip configurations, the results for the rotor with both sweepback and
anhedral angles are described in this section. As shown in the figure, the lift forces of the
upper and lower rotors are almost equal, and the lift forces for the upper and lower rotors
decrease as the flight speed increases. However, the fuselage and tail lift forces increase
when the flight speed increases. In addition, the drag forces for the upper and lower rotors
are also similar to each other and increase with the increase in airspeed. Furthermore, the
airframe drag force calculated by Equation (4) also increases as the flight speed increases.
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3.3. Blade Airload Analyses

In this section, the blade section airloads such as the lift, drag, and pitching moment
at 250 knots are investigated for the lift-offset coaxial rotors with different blade tip con-
figurations. Since the overall trends for blade airloads of rotors using various blade tip
configurations are similar to each other, this section describes representatively the results
for the rotor using both the sweepback and anhedral angles. The post-trim method with
an azimuth angle step of 3.6◦ is applied to investigate elaborately the behaviors of the
rotor airloads with the aerodynamic interference effect between the upper and lower rotors
for the lift-offset coaxial rotor [7]. The blade section airloads are expressed using non-
dimensionalized forms with the local Mach number (M). Figure 13 shows the rotor airload
distributions for the baseline rotor with both sweepback and anhedral angles at 250 knots.
The azimuthal angle (Ψ) in the figure is defined in the rotational direction of each rotor. As
illustrated in the figure, the lift, drag, and pitching moment for the upper and lower rotors
are reasonably symmetric to each other. Most lift forces are generated on the advancing
side (0◦ ≤ Ψ ≤ 180◦) for each rotor; thus, the unique characteristics of the lift-offset coaxial
rotor can be clearly observed (Figure 13a). Furthermore, Figure 13a shows the negative tip
loading at the blade outboard region on the advancing side and the reverse flow region
on the retreating side (180◦ ≤ Ψ ≤ 360◦). The higher drag force (Figure 13b) and positive
pitching moment (Figure 13c) are shown for the blade inboard region of the upper and
lower rotors on the retreating side. In addition, the highest drag is generated in the blade
tip region on the advancing side due to the compressibility effect.



Aerospace 2023, 10, 187 11 of 17

Aerospace 2023, 10, x FOR PEER REVIEW 11 of 18 
 

 

Figure 12. Lift and drag forces with both sweepback and anhedral angles: (a) lift force (L); (b) drag 
force (D). 

3.3. Blade Airload Analyses 
In this section, the blade section airloads such as the lift, drag, and pitching moment 

at 250 knots are investigated for the lift-offset coaxial rotors with different blade tip con-
figurations. Since the overall trends for blade airloads of rotors using various blade tip 
configurations are similar to each other, this section describes representatively the results 
for the rotor using both the sweepback and anhedral angles. The post-trim method with 
an azimuth angle step of 3.6° is applied to investigate elaborately the behaviors of the 
rotor airloads with the aerodynamic interference effect between the upper and lower ro-
tors for the lift-offset coaxial rotor [7]. The blade section airloads are expressed using non-
dimensionalized forms with the local Mach number (M). Figure 13 shows the rotor airload 
distributions for the baseline rotor with both sweepback and anhedral angles at 250 knots. 
The azimuthal angle (Ψ) in the figure is defined in the rotational direction of each rotor. 
As illustrated in the figure, the lift, drag, and pitching moment for the upper and lower 
rotors are reasonably symmetric to each other. Most lift forces are generated on the ad-
vancing side (0° ≤ Ψ ≤ 180°) for each rotor; thus, the unique characteristics of the lift-offset 
coaxial rotor can be clearly observed (Figure 13a). Furthermore, Figure 13a shows the neg-
ative tip loading at the blade outboard region on the advancing side and the reverse flow 
region on the retreating side (180° ≤ Ψ ≤ 360°). The higher drag force (Figure 13b) and 
positive pitching moment (Figure 13c) are shown for the blade inboard region of the upper 
and lower rotors on the retreating side. In addition, the highest drag is generated in the 
blade tip region on the advancing side due to the compressibility effect. 

 
(a) 

 
(b) 

Aerospace 2023, 10, x FOR PEER REVIEW 12 of 18 
 

 

 
(c) 

Figure 13. Rotor airload distributions with both sweepback and anhedral angles at 250 knots: (a) 
rotor lift force (M2Cl); (b) rotor drag force (M2Cd); (c) rotor pitching moment (M2Cm). 

Figures 14–17 show the blade section lift forces (M2Cl) for one rotor revolution, using 
various blade tip configurations at 24%R, 55%R, and 86%R. The section lift behaviors of 
the upper and lower rotors are similar to each other for all the cases. The overall trends of 
M2Cl in the figures are reasonably similar to each other. As previously described, most 
lifts are produced on the advancing side (0° ≤ Ψ ≤ 180°) of the rotor and the section lift 
force on the rotor retreating side (180° ≤ Ψ ≤ 360°) is nearly zero. A total of eight aerody-
namic interferences between the upper and lower rotors are found for one rotor revolu-
tion. Therefore, the impulse behaviors of the section lift force due to the aerodynamic in-
teractions are investigated at the azimuth angle interval of 45°. The M2Cl oscillations 
caused by BVI are clearly investigated at 0° ≤ Ψ ≤ 45° in the blade outboard region (86%R) 
for both the upper and lower rotors. Furthermore, the negative section lift force is ob-
served near the azimuth angle of 90° in the blade outboard region. Compared with the 
baseline rotor without both sweepback and anhedral angles, the maximum magnitude of 
the negative section lift forces at 86%R near Ψ = 90° increase by 64.80% and 67.61% for the 
rotor using only the sweepback angle and that with both sweepback and anhedral angles, 
respectively. The maximum negative M2Cl at 86%R near Ψ = 90° is also higher by 24.90% 
for the rotor with only the anhedral angle than the result of the baseline rotor model. 
Therefore, the magnitudes of the negative tip loading when the rotor blade tip uses the 
sweepback or anhedral angle are higher than that for the baseline rotor without sweep-
back and anhedral angles. It is expected that the rotor vibration will increase when the 
rotor blade tip uses the sweepback angle, although the sweepback tip provides better aer-
odynamic performance (Figure 11), since the higher the negative tip loading, the more 
severe the rotor vibration. 
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Figures 14–17 show the blade section lift forces (M2Cl) for one rotor revolution, using
various blade tip configurations at 24%R, 55%R, and 86%R. The section lift behaviors of
the upper and lower rotors are similar to each other for all the cases. The overall trends
of M2Cl in the figures are reasonably similar to each other. As previously described, most
lifts are produced on the advancing side (0◦ ≤ Ψ ≤ 180◦) of the rotor and the section
lift force on the rotor retreating side (180◦ ≤ Ψ ≤ 360◦) is nearly zero. A total of eight
aerodynamic interferences between the upper and lower rotors are found for one rotor
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revolution. Therefore, the impulse behaviors of the section lift force due to the aerodynamic
interactions are investigated at the azimuth angle interval of 45◦. The M2Cl oscillations
caused by BVI are clearly investigated at 0◦ ≤ Ψ ≤ 45◦ in the blade outboard region
(86%R) for both the upper and lower rotors. Furthermore, the negative section lift force
is observed near the azimuth angle of 90◦ in the blade outboard region. Compared with
the baseline rotor without both sweepback and anhedral angles, the maximum magnitude
of the negative section lift forces at 86%R near Ψ = 90◦ increase by 64.80% and 67.61% for
the rotor using only the sweepback angle and that with both sweepback and anhedral
angles, respectively. The maximum negative M2Cl at 86%R near Ψ = 90◦ is also higher
by 24.90% for the rotor with only the anhedral angle than the result of the baseline rotor
model. Therefore, the magnitudes of the negative tip loading when the rotor blade tip
uses the sweepback or anhedral angle are higher than that for the baseline rotor without
sweepback and anhedral angles. It is expected that the rotor vibration will increase when
the rotor blade tip uses the sweepback angle, although the sweepback tip provides better
aerodynamic performance (Figure 11), since the higher the negative tip loading, the more
severe the rotor vibration.
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The anhedral angle at the blade tip may reduce the BVI noise [18] as described previ-
ously; therefore, the section lift gradients (d(M2Cl)/dΨ) that are closely related to the rotor
BVI [25,26] are investigated instead of the rotor aeroacoustics analyses in this study. In this
section, Figure 18 shows the gradient of the rotor blade section lifts for the rotors using
different rotor blade tip configurations. The M2Cl gradients at 0◦ ≤ Ψ ≤ 45◦ in the blade
outboard region where BVI is observed clearly are especially compared to investigate the
effect of the anhedral angle at the rotor blade tip on the rotor BVI. The amplitudes of the
rotor blade section lift gradient at 0◦ ≤ Ψ ≤ 45◦ with only anhedral (Figure 18b) or with
both sweepback and anhedral angles (Figure 18c) decrease compared with the baseline
rotor model without both sweepback and anhedral angles (Figure 18a). Therefore, it is
expected that the BVI noise may be reduced when the anhedral applies at the blade tip of
the lift-offset coaxial rotor.

3.4. Hub Vibratory Load Analyses

In this section, the 4P hub vibratory load variations of the lift-offset coaxial rotor are
found in terms of the flight speeds for the lift-offset coaxial rotor using various blade tip
configurations. As described previously, only three 4P hub vibratory load components such
as the axial force (FX4P), vertical force (FZ4P), and pitch moment (MY4P) are considered for
the total rotor when the cross-over angle = 0◦ is used [24]. Figure 19 shows that the 4P hub
vibratory loads increase dramatically over 200 knots. Moreover, the maximum values of
the 4P hub vibratory loads are found at 250 knots, which is the maximum flight speed. For
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the rotor with only a sweepback angle, the maximum FX4P (Figure 19a) is lower by 4.43%
and the maximum values of FZ4P (Figure 19b) and MY4P (Figure 19c) are higher by 50.63%
and 2.69%, respectively, than those for the baseline rotor without both sweepback and
anhedral angles. In addition, for the rotor using only an anhedral angle, the maximum FZ4P
(Figure 19a) decreases by 3.06% and the maximum FX4P (Figure 19b) and MY4P (Figure 19c)
increase by 4.07% and 6.67%, respectively, compared with the baseline rotor model. For the
rotor with the sweepback and anhedral angles, the maximum FX4P (Figure 19a) is lower by
13.48% and the maximum FZ4P (Figure 19b) and MY4P (Figure 19c) are higher by 43.59% and
5.98%, respectively, than those for the rotor without both sweepback and anhedral angles.
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(b) 4P hub vertical force (FZ4P); (c) 4P hub pitch moment (MY4P).

Figure 20 indicates the rotor vibration index (VI) in terms of flight speed. The VI is
calculated using Equation (5). As observed in the figure, the shapes of the VI curves for the
rotors with various blade tip configurations are similar to each other. The maximum VI for
the rotor with only a sweepback angle at 250 knots is higher by 37.14% than the results for
the baseline rotor without sweepback and anhedral angles. It is found that the VI for the
rotor with only a sweepback angle increases compared with the baseline rotor model. This
is because the magnitude of the negative tip loading with the sweepback angle increases
(Figures 15 and 17). The maximum values of the VI for the rotor with only an anhedral
angle at 250 knots are lower by 0.47% and 27.42% than those of the baseline rotor model and
the rotor with only a sweepback angle, respectively. For the rotor with both sweepback and



Aerospace 2023, 10, 187 15 of 17

anhedral angles, the maximum values of VI are higher by 32.20% and 32.82% than those of
the baseline rotor and the rotor with only an anhedral angle, respectively. Furthermore,
the maximum VI for the rotor with both sweepback and anhedral angles is lower than that
for the rotor using only a sweepback angle by 3.60%. It is investigated that the sweepback
angle at the rotor blade tip improves the rotor aerodynamic performance (Figure 11) but
also increases the rotor hub vibration.
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4. Conclusions

In this work, the performance and hub vibratory loads of the lift-offset coaxial rotor
with various blade tip configurations were predicted for the 30,000-pound-class high-speed
long-range utility helicopter. This present paper utilized the rotorcraft comprehensive
analysis code, CAMRAD II, to investigate the performance and hub vibratory loads for the
lift-offset coaxial rotor. The performance and hub vibratory loads were investigated for the
lift-offset coaxial rotors with four different rotor blade tip configurations with and without
sweepback and anhedral angles. The rotor power was nearly zero and the pusher propeller
power increased in high-speed flights for all the blade tip configurations considered in this
study. In addition, the rotor power for the rotor blade tip with only a sweepback angle was
lower than the baseline rotor model at 170 knots by 41.25%. The maximum rotor effective
lift-to-drag ratio (L/De) for the rotor using only a sweepback angle and the rotor with both
sweepback and anhedral angles at 170 knots increased by 10.82% and 5.02%, respectively,
compared with the baseline rotor without both sweepback and anhedral angles. Thus, this
study found the lift-offset rotor performance could be improved when the rotor blade tip
used the sweepback angle. This work also found variations in section lift in terms of the
azimuth angle for the various rotor blade tip configurations. The Blade Vortex Interaction
(BVI) in the region of 0◦ ≤ Ψ ≤ 45◦ at 86%R for the upper and lower rotors was observed.
The magnitudes of the BVI for the rotors with only an anhedral angle and that with both
sweepback and anhedral angles decreased compared with the baseline rotor model without
the sweepback and anhedral angles. The present work showed that the BVI noise might
be reduced for the rotor with the anhedral angle. Furthermore, the trends of the vibration
index (VI) behaviors in terms of the flight speed for the rotors with various blade tip
configurations were similar to each other. The VI for the rotor with only a sweepback angle
was higher than that for the baseline rotor model by 37.14%. This was owing to the increase
in the magnitude of the negative tip loading for the rotor with the sweepback angle. In the
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future, the blade design will be required for simultaneous performance improvement and
vibration reduction of the lift-offset coaxial rotor.
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