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Abstract

A system of single-rotor lift-offset combined with differential flaps on the fixed wing is investigated through
numerical simulations. A simplified computational model consisting of a main rotor and a winged-body is
utilized. The aerodynamic performance is evaluated in high-speed cruising flight where the advance ratio is
0.7. The effect of lift-offset on overall aerodynamic performance and the influence of aerodynamic interaction
on the wing are investigated for the UH-60A rotor blade and the optimized rotor blade designed at JAXA.
Numerical results show that the single-rotor lift-offset combined with the differential flaps significantly improves
the overall aerodynamic performance for both rotors. The lift-offset dramatically enhances the rotor
performance and minimizes the reduction of the aerodynamic performance of the winged-body due to the
interaction with the rotor. Different interactional effects between the rotors with the wing are observed. It is
observed that highly twisted blades significantly impact the wing under the advancing side due to the

aerodynamic interactions.

1. INTRODUCTION

Compound helicopters are being researched and
developed as one of the high-speed rotorcraft
concepts. It is expected that the flight speed and the
flight range can be dramatically increased than
conventional helicopters. However, helicopters are
known to have many aerodynamic interference
issues as classified by Sheridan and Smith [1]. In
their classification, the main rotor causes mutual
interference  with many airframe components.
Winged compound helicopters are newly installed
with a fixed-wing and multiple propellers used for
antitorque devices and thrusters. Therefore, new
aerodynamic interference issues arise for the fixed-
wing and propellers, and new knowledge is required
for the rotorcraft design.

Aerodynamic interactions between the rotor and the
wing in forward flight have been reported by several
researchers. Leishman and Bi investigated the
aerodynamic interaction between the rotor and the
lifting surface through wind tunnel test up to the
advance ratio of 0.25 [2]. They indicated the effect of
rotor wake on the wing aerodynamics and the
influence of the blade passing over the wing on the
wing pressure fluctuation. Brouwers et al. conducted
a wind tunnel test of a compound helicopter to
evaluate aerodynamic performance up to 0.45 for the
rotor/wing aerodynamic interference [3]. Frey et al.
investigated the mutual interference of the main
rotor, wings, and lateral rotors at high-speed flight
over the advance ratio of 0.5 for RACER
configuration through numerical simulations [4]. The
present authors also studied the rotor/wing

aerodynamic interactions experimentally and
numerically in high-speed flight [5-7]. These studies
indicate several important points about the
aerodynamic interaction phenomenon between the
rotor and the wing: (1) Asymmetric aerodynamic load
arises on the wing, (2) aerodynamic performance
decreases significantly, and it depends on the rotor
thrust (lift-share ratio of the rotor), (3) optimal lift-
share ratio of the rotor is less than 10%. Since the
aerodynamic  performance is degraded by
aerodynamic interaction, high-performance
technology is required to realize an efficient winged
compound helicopter.

Optimal design for rotorcraft components is an
effective way to achieve high aerodynamic
performance, but performance degradation due to
the aerodynamic interaction remains. This paper
focuses on lift-offset technology and attempts to
improve the overall performance by increasing rotor
performance.

The lift-offset technology has been applied to the
coaxial rotors and it is reported that the rotor
performance was significantly improved in forward
flight [8-11]. For the single rotor, rolling moment of
the rotor is required to create the lift-offset state.
Thus, a system to cancel the rolling moment of the
rotor is required to keep the rotorcraft attitude. There
are several kinds of research on lift-offset for the
single rotor. Reddinger and Gandhi studied the
optimal trim states of a compound helicopter with an
articulated rotor [12]. They investigated the effect on
the aircraft lift-to-drag ratio by the single-rotor lift-
offset state using the differential ailerons. The
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effective lift-to-drag ratios of the rotor and the vehicle
was increased by the lift-offset. At the University of
Maryland, a single rotor with a half-wing was
investigated experimentally and numerically [13-15].
The half-wing was installed under the blade
retreating side and created the required rolling
moment. The single rotor cancels the rolling moment
by the half-wing, resulting in a lift offset state. The
results showed that the effective lift-to-drag ratio of
the rotor and the wing remarkably increased due to
the lift-offset.

This paper investigates the differential flap system to
control the rolling moment of the wing and the single
rotor lift-offset. The winged compound helicopter
requires wing flaps to reduce the download from the
rotor during hovering flight. The differential flap
system utilizes these flaps. Even without the
differential flaps, an asymmetric lift distribution on the
wing is caused by the aerodynamic interaction with
the rotor in high-speed flight. The lift of the wing
under the blade advancing side is significantly
decreased due to the induced velocity from the rotor.
Under the retreating side, the wing aerodynamics is
slightly influenced by the extensive reverse flow
region. Thus, a rolling moment is caused on the
winged-body by the aerodynamic interaction, and the
rotor is already in a slight lift-offset state without flap
deflections. Therefore, it can be expected that the lift-
offset can be controlled by small flap deflections
where the wing flap deflects upward under the blade
advancing side and deflects downward under the
blade retreating side. Additionally, with the small flap
deflections, the increase in the drag of the wing can
be minimized.

This paper aims to explore the effect of the lift-offset
combined with the differential flaps on the
aerodynamic performance of the winged compound
helicopter. The aerodynamic performance is
evaluated through numerical simulations, and a
simplified compound helicopter consisting of a rotor
and a winged-body is utilized. The effect of lift-offset
on overall aerodynamic performance is investigated
using two types of blades: an optimized rotor blade
designed at JAXA [16] and a UH-60A rotor blade [17,
18] as the baseline. Differences in interference
effects due to different blade shapes are also studied
in this paper.

2. COMPUTATIONAL MODEL OF THE
COMPOUND HELICOPTER

The compound helicopter model is based on JAXA’s
distinctive configuration [19, 20]. This rotorcraft is
constructed with a single main rotor, a fixed-wing,
two side propellers mounted at the fixed-wing tips as
an antitorque device, and a pusher propeller at the
aft of the fuselage as a thruster. The main rotor and

the fixed-wing generate the lift. Also, the attitude of
the rotorcraft is controlled by the main rotor. The tip-
path plane is assumed to be perpendicular to the
rotor shaft and parallel to the flight direction in high-
speed cruising flight, where the rotor shaft angle is
zero degrees.

2.1. Computational Model

Figure 1 shows the computational model. In order to
focus on the aerodynamic performance of the rotor
and the winged-body, the computational model is
simplified and the propellers and the tail wings are
omitted.

Figure 1. Computational model for the assumed
compound helicopter.

The UH-60A blade and the optimized blade by JAXA
as the main rotor blade are applied to the winged
compound helicopter model in the present study.
Both blade shapes are shown in Fig. 2.

E————.

(a) UH-60A rotor blade

(b) Optimized rotor blade (Opt-rotor)
Figure 2. Blade geometry

UH-60A blade [17, 18] has many published
information. The rotor radius is 8.18 m. The blade
has a large twist angle in a non-linear distribution.
The equivalent linear twist is -16 degrees. The blade
solidity is 0.082, and the equivalent blade chord
length is 0.527. SC1095 and SC1094R8 airfoils are
utilized. The optimized blade, called opt-blade in this
paper, was designed for high advance ratio flight at
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JAXA [16]. The blade radius, solidity, and rotational
speed are designed to be the same as UH-60A. The
rotational speed is 258 RPM. The blade twist has a
non-linear—distribution within +2 degrees, which is
much smaller than UH-60A. Elliptic airfoil is adopted
in the blade inboard to aim for low drag in the
extended reverse flow region. SC1095 airfoil is
applied to the blade outboard. In high-speed cruising
flight, the rotational speed of the main rotor is
assumed to reduce to 75% RPM considering the
compressibility effect.

The configuration of the winged-body is based on
JAXA’s distinctive  configuration [20]. The
specification of the main wing was determined,
including the aerodynamic interaction effect, in the
previous study [6]. The wingspan length is 11.452 m
(70% of the rotor diameter). The aspect ratio is 10,
the planform is a rectangle, and the airfoil is
NACA4415. The vertical location of wing is assumed
to be aligned with the fuselage center, and the
distance from the rotor center 0.235 rotor radius. The
incidence angle is selected at 5 degrees, where the
lift-share ratio of the rotor is 0.23 obtained from the
previous study without flaps [6]. The flaps in the main
wing are mainly designed to aim for the reduction of
the wing download in hover. The flap type is the plain
flap, and the flaps are assumed to deflect up to 90
degrees, where the downward is positive. The span
length of the flap on each side of the wing divided by
the half wingspan, b, is 0.65b, (46% of the rotor
radius, R). The chord length of the flap is 0.4c,,,
where ¢, is the wing chord length.

2.2. Single-Rotor Lift-Offset System

Generation of rolling moment by the winged-body is
required to achieve lift-offset with a single rotor. The
lift-offset of a single rotor is defined as follows.

MR CMMR
. X X
Lift-offset = MRR = CIF @9
LMR
CHR = — 2
L7 pnR%(QR)? @
e =2 ®
Mx = pnR?(QR)?R

Where M, and Cy,, is the rolling moment of the rotor
and its coefficient, L and C,, is the lift of the rotor and
its coefficient. The lift of the rotor is the same as the
rotor thrust in this study because the shaft angle is
zero. pis the air density, R is the main rotor radius,
Q is angular velocity. The differential flap system is
proposed to be used to control the rolling moment of
the winged-body in this study. Figure 3 illustrates the
differential flap system. The differential flap
generates an imbalance of lift on the left and right
wings resulting in a rolling moment. The flap under
the advancing side (Adv. side) deflects upward to
reduce the lift, and the flap under the retreating side

. <
\ ,/(M;side

X

Ret. side

Flap down

Figure 3. Differential flap system.

(Ret. side) deflects downward to increase the lift. The
main rotor creates the opposite rolling moment
against the winged-body and results in a lift-offset
state. Even without the flaps, rolling moment of the
winged-body occurs due to aerodynamic interaction
between the rotor and the wing. Thus, this system is
expected to obtain a large lift-offset by small flap
deflections.

3. METHODOLOGY

3.1. Numerical Methods

A rotorcraft CFD solver, rFlow3D [21-24], developed
at JAXA, is utilized to evaluate the aerodynamic
performance of the compound helicopter. rFlow3D is
one of the analysis tools within the multidisciplinary
analysis toolchain for rotorcraft, including the trim
analysis and the aeroelastic blade analysis.

rFlow3D is a structured grid solver based on a
moving overlapped grid method. Additionally, an
unstructured grid around a complex helicopter
fuselage can also be included in the solution. The
governing  equations are three-dimensional
compressible Navier-Stokes equations discretized
with a finite-volume method. An all-speed numerical
flux scheme, mSLAU (modified SLAU) [21],
calculates the inviscid flux. The viscous flux is
computed using a second-order central difference
scheme. Time integration methods are provided by
an explicit four-stage Runge-Kutta method [25] for
the background grids and LU-SGS [26] implicit
unsteady method extended by dual time-stepping
method for the body-fitted grids. A fourth-order
compact MUSCL TVD (FCMT) interpolation method
[27] is applied to achieve higher-order spatial
accuracy. The Menter k-w SST 2003 turbulence
model [28] is adopted in this study. Tri-linear
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interpolation method is used for interpolations
between the overlapped grids.

The trim analysis is performed every half rotor
revolution by loosely coupling with CFD simulations.
The blade controls are changed by the trim analysis
based on the averaged rotor aerodynamic forces and
moments. The trim adjustment is based on the partial
derivatives of the rotor thrust and moments to the
rotor controls using a delta form [5, 23]. The forces
and moments of the rotor generated by the CFD have
averaged values for one rotor revolution. The partial
derivatives are numerically obtained based on the
blade element theory (BET). The sectional
aerodynamic forces in BET are computed using the
two-dimensional airfoil aerodynamics table. The
blade control angles are updated with a relaxation
factor to improve computational stability and
convergence.

3.2. Simulation Setup

Simulations are performed based on the assumed
cruising flight conditions, 420 km/h (227 kt),
corresponding to an advance ratio of 0.7 of the rotor.
The target lift is defined as the gross weight of the
rotorcraft of 97,861 N based on the maximum takeoff
weight of the UH-60A helicopter [29]. The main rotor
adjusts the overall lift, rolling moment, and pitching
moment by the collective pitch angle and the cyclic
pitch angles. The rotor rotational speed is reduced to
75% RPM from the hover RPM at high-speed flight.
Table 1 summarized the assumed cruising flight
condition.

Table 1 Assumed flight condition
Flight condition Cruise (420 km/h)

Attitude angle 0 degrees
Rotor tip Mach number  0.4875
Rotor advance ratio 0.703
97,860 N

( Cw=138x10"2% ,
nondimensionalized by
75% RPM.)

0.0 Nm

Gross weight

Target rolling/pitching
moments

Differential flap angles 0, +2°, +4°, +5°

The blade is assumed to be a very stiff blade with
minimal elastic deformation. Thus, the blade is
simulated as a rigid blade in this study. Also, the
flapping and the lead-lag motion are also assumed
zero.

Moving overlapped grids are utilized to simulate the
high-speed cruising flight. Figure 4 shows the grid
system used in the present study. The outer and
inner background grid captures the complex vorticity
flowfield around the assumed compound helicopter.

The background grids are Cartesian grids. The outer
background grid has a stretched grid distribution, and
the inner background grid has a uniform grid
distribution. The spatial grid resolution in the inner
background grid is set to 15% of the blade tip chord
length of UH-60A, which is 0.561 m. The outer
background grid has a uniform grid distribution within
the region overlapped with the inner background
grid. The grid size in this region is two times the size
of the inner background grid. The blade and winged-
body girds are the body-fitted grid. The first grid
spacing from the wall corresponds to a y-plus of less
than 1.0.

Outer background grid |

Winged-body grid

'Innervbackvground grid i

Figure 4. Moving overlapped grid system used in
the present study.

Partial overlapping grids are applied to simulate the
differential flap deflections. Figure 5 shows an
example of the partial overlapping grids. The flap grid
is overlapped with the winged-body grid and the inner
background grid. Chimera grid methodology is
applied to determine the calculation grid. Octree
search and an Alternating Digital Tree (ADT) [30] are
adopted to accelerate the hole-cut procedure. The
interpolation grid is defined as the boundary
condition and exchanges the physical quantities
between the other grids. Also, the blank grid, a non-
calculated grid, is determined when it exists inside
another body.

Figure 6 shows an example of convergence history
of the blade control angles, which are the collective
pitch angle 6,, the lateral cyclic pitch angle 9,., and
the longitudinal cyclic pitch angle 6,;, by the trim
adjustment. All of the blade control angles are
converged after 10 rotor revolutions. Figure 7 shows
the convergence history of the lift. The rotor and the
winged-body generate the rotorcratt lift, and it can be
seen that the total lift converges to the target lift. All
cases converged to the target lift within an error of
0.2%. Figure 8 shows the convergence history for the
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(b) After the hole-cut procedure.

Figure 5. Overlapping grid of the winged-body with the flap grid.

rolling and pitching moments. The total rolling and
pitching moments of the rotor and the winged-body
are trimmed to zero moments. These histories show
the case of UH-60A rotor with Odegrees flap. The
interesting point is that the rolling moment on the
winged-body occurs due to the aerodynamic
interaction between the rotor and the wing. The rotor
generates the counter-rolling moment to achieve the
zero moments and is already in the lift-offset state.
The details of the results are described in the next
section.

4. RESULTS AND DISCUSSION
The aerodynamic performance of the assumed

compound helicopter is evaluated through the overall
effective lift-to-drag ratio. The overall effective drag

10

8 o0 o0 O
6 R
=4 / Novcloleseioleieleietelorereroreieloteretete)
g,
S
$2 |
$-4 Saa
-6 TN,
-8
-10

01234567 8 9101112131415
Rotor revolutions

Figure 6. Convergence history of the blade
control angles in case of UH-60A rotor with
Odegrees flap deflection.

has computed the sum of the effective drag of the
rotor, C}E, and the drag of the winged-body, C}5.

system Cpp = CHR + CY/'8 4)
CHR
Chf ==+ CB® (5)
PMR
MR _
Cr pmR2(QR)3 ®)
DMR
MR _
Co pmR2(QR)?2 Q)
DWB
WB _
Co pmR2(QR)?2 ®
Also, u indicates the advance ratio of the rotor.
_ V,, cosi ©)
k="ar

i is the incidence angle of the rotor, where this value
is zero degrees in the present study.

[x 1072]
2.0 -O-Total
18 Total -0-Rotor
-0-Winged-body

@)

Rotor revolutions

Figure 7. Convergence history of the lift in case of
UH-60A rotor with Odegrees flap deflection.
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Figure 8. Convergence history of the rolling and pitching moments in case of UH-60A rotor with Odegrees

flap deflection.

The rotorcratft lift is a total of the rotor and the winged
-body.

system C, = CMR + V8 (10)
LWB

Y =—o——— 11

L pTRZ(QR)? an

4.1. Effect of Lift-Offset due to Differential
Flaps

The lift-offset of the single rotor is generated by the
asymmetric lift distribution on the wing due to the
aerodynamic interaction and the differential flap
deflections in this study. Figure 9 shows the sectional
lift distribution on the wing by the differential flap
deflections in the case of the UH-60A rotor. The
sectional lift and drag are expressed below.

S — 12
=120z, (12)
d

=172 020, (13)
It can be seen that the asymmetric lift distribution on
the wing is obtained as aimed. The lift on the wing for
the opt-rotor shows similar distributions. The effect of
aerodynamic interactions with the two rotors will be
discussed the next section.

Figure 10 shows the obtained lift-offset values for the
single rotor by the differential flap deflections. The
maximum lift-offset values for both rotors are
obtained at the differential flap deflections of 5
degrees. The values of lift-offset are 0.4 for the UH-
60A rotor and 0.36 for the opt-rotor, respectively. It is
an interesting point that the lift-offset arises due to
the aerodynamic interaction even with zero flap
deflection, 0.10 for the UH-60A and 0.04 for the opt-
rotor, respectively. The difference in the lift-offset

1.20 —Flap Odeg
Flap +2deg
1.00 Flap +4deg
\ —Flap +5deg
0.80 )
5 0.60 ”
Flap down
0.40 |
0.20 Flap up
0.00

-0.8 -06 -04 -02 00 02 04 06 08
Ret. side y/IR Adv. side

Figure 9. Sectional lift distributions due to the
differential flap deflections in the case of the UH-
60A rotor.

values is caused by the effect of aerodynamic
interaction on the wing with different type of rotors.

Figure 11 shows the lift-share ratio of the rotor
against the differential flap deflections for both rotors.
The lift-share ratios of the UH-60A rotor have large
values relative to the opt-rotor due to the different
interactional effects of the rotor on the wing. The lift-
share ratios are 0.24 to 0.27 for the UH-60A rotor and
0.22 to 0.25 for the opt-rotor.

The overall effective lift-to-drag ratios for the two
rotors are shown in Fig. 12. The overall effective lift-
to-drag ratio improves with increasing of the lift-offset.
The lift-to-drag ratio increases by 10% compared
with zero flap deflections, and the opt-rotor is higher
than the UH-60A rotor. The opt-rotor was designed
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Figure 10. Obtained lift-offset for the single rotor
by the differential flap deflections.

0.30
/:;_0\0
0.25

i)

g 020

e

£ 015

P

5 0.10

S

E 0.05 —+Opt-rotor

Rotor —o-UH-60A rotor

0.00

0 1 2 3 4 5 6
Differential flap angle [deg]

Figure 11. Lift-share ratios for both rotors.

for high-speed flight and was obtained with high
aerodynamic performance. Therefore, it is clear that
the combination of improved rotor performance
through optimization and lift-offset technology by the
differential flap system can further enhance the
overall aerodynamic performance.

The aerodynamic performance of each rotor and the
winged-body are examined to understand their
contributions to the overall lift-to-drag ratio. Figure 13
shows the effective lift-to-drag ratios for both rotors.
The opt-rotor performance provides higher
aerodynamic performance, approximately two times
of the UH-60A rotor. The lift-to-drag ratio of the opt-
rotor is enhanced by approximately 50% at the lift-
offset of 0.37 compared with zero flap deflections. On
the other hand, the lift-to-drag ratio of the UH-60A
improves 25% at the lift-offset of 0.40 compared with
zero flap deflections. Note that the rotor thrusts of
both rotors are different, and the effect of lift-offset
may vary with the lift-share ratio of the rotor. This
point will be studied as future works.

12.0
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100 e

- ——o—"0—70

®
o
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o
o

4.0

—~Opt-rotor
2.0

-0-UH-60A rotor
0.0

0 0.1 0.2 0.3 0.4 0.5
Lift-offset

Figure 12. System effective lift-to-drag ratio
compared between the UH-60A rotor and the
opt-rotor.
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Figure 13. Effective lift-to-drag ratio of the rotor.

The increasing lift-to-drag ratio means the reduction
of the effective drag of the rotor. The effective drag
of the rotor is defined by the rotor power and the drag
as shown in eq. (3). Thus, the rotor performance
improvement sensitivity can be understood from the
trend of the change in rotor power and drag.

Figure 14 shows the rotor power against the lift-offset.
The power coefficient of the opt-rotor is significantly
reduced by 28% at the lift-offset of 0.37 compared to
zero flap deflections. For the UH-60A rotor, only a
small change in power coefficient is observed.

Figure 15 shows the drag coefficient against the lift-
offset. The drag of the rotor decreases when the lift-
offset increases for both rotors. In the UH-60A rotor,
the drag is remarkably reduced by 27% at the lift-
offset of 0.37 compared with zero flap deflection.
These results indicate that the sensitivity for the
performance improvement depends on the blade
shape.
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Figure 14. Rotor power coefficients against the
lift-offset.
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Figure 15. Rotor power coefficients against the
lift-offset.

The blade controls are examined to understand the
performance improvement mechanism. Figure 16
shows the blade control angles, the collective pitch
angle, and the lateral and longitudinal cyclic pitch
angles. The decreasing trends in the blade control
angles are observed with increasing of lift-offset. This
tendency is the same as the performance
improvement by lift-offset for the coaxial rotors [11,
31].

The lift-offset reduces the collective pitch angle to
generate the lift in the advancing side, where the
dynamic pressure is higher than the retreating side.
In addition, the cyclic pitch angles are decreased
because the required lift for moment balance is
reduced on the blade retreating side. Reducing the
blade control angles due to the lift-offset is expected
to enhance the control limit of the rotor during high-
speed flight.
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70 -0-UH-60A rotor
6.0

5.0 C

4.0 ~.
3.0

2.0 -

0, [deg]

-1.0
0 0.1 0.2 0.3 0.4 0.5
Lift-offset
(a) Collective pitch angle, 6,
1.2
1.0 Q\‘\
0.8 ~
=
S 06 D\D\H
= 04
0.2 —-Opt-rotor
-0—-UH-60A rotor
0.0
0 0.1 0.2 0.3 0.4 0.5
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(b) Lateral cyclic pitch angle, 6,

0.0 0
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-2.0 o
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015 [deg]
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(c) Longitudinal cyclic pitch angle, 6,
Figure 16. Blade control angles against the lift-
offset

For the UH-60A rotor with highly twisted blade, the
profile drag is larger due to the larger projected area
relative to the freestream velocity. As the pitch angle
of the blade decreases, the profile drag reduces,
which in turn decreases the drag of the rotor. The
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change in the blade pitch angle is a small contribution
to the rotor power because the pitch angle at the
blade tip is slight due to the large twist angle.

For the opt-rotor with a small twisted blade, the large
blade pitch angle increases the sectional chord force
at the tip, which contributes sensitively dominantly to
the change in rotor power. The reduction of the
collective pitch angle also contributes to the
decrease in the projected area of the blade relative
to the freestream velocity, resulting in the reduction
of the drag of the rotor. Therefore, the lift-offset
reduces both power and drag of the rotor for the
small twisted blade.

Figure 17 shows the sectional normal force, C,M?,
distributions at each azimuth angle for both rotors in
the conditions of differential flap angles of zero and 5
degrees. At zero flap deflections, both rotors mainly
generate the lift in front of the rotor. The opt-rotor
appears to produce lift significantly in the front. The
location of the main lift forces changes to the blade
advancing side due to the lift-offset. An extensive
area of negative lift is identified in the opt-rotor at
zero flap deflections, and this region disappears by
the lift-offset when the flap differential deflection
angle is 5 degrees.

Also, the normal force of the UH-60A rotor at zero
flap deflections is mainly produced on the advancing
side, and the change in distribution due to the lift-
offset is less noticeable than the opt-rotor. Therefore,

U Adv. side
1

Re?siae
(i) 6 = 0° (ii) 6p = £5°
(a) Opt-rotor

t. side
(i) 6 = 0°

(ii) 6p = £5°
(b) UH-60A rotor
Figure 17. Sectional normal force distributions.

an important point to improve rotor performance is to
change the lift generated in the front to the advancing
side where the dynamic pressure is high by the lift-
offset. The effect of the lift-share ratios on the
performance improvement due to the lift-offset of
both rotors should be further investigated.

Figure 18 shows the lift-to-drag ratio of the winged-
body. The lift-to-drag ratio decreases with increasing
of the lift-offset because of the large flap deflections.
The maximum reduction in the lift-to-drag ratio is 3%
for the UH-60A and 5% for the opt-rotor. Please note
that this difference is caused by the difference of the
rotor design and will be discussed in the next section.
The performance degradation caused by the
differential flap deflections was relatively small, as
originally intended.

14.0
13.5

13.0
gq 125 D\Q\B\D

Winged-body

&)

~ 12.0

x O\O\o§0

TR 115
11.0
105 —~Opt-rotor

-0-UH-60A rotor

10.0

0 0.1 0.2 0.3 0.4 (
Lift-offset

Figure 18. Lift-to-drag ratio of the winged body
against the differential flaps.

Figure 19 shows the lift and drag -coefficients
nondimensionalized by the rotor parameters, as
shown in EqQ. (6) and (10). The lift of the winged-body
decreases due to the flap deflection. The drag of the
winged-body also increases due to the flap
deflections. The flap should be designed to provide
sufficient lift-offset before the drag increases
significantly.

4.2. Effect of Aerodynamic Interaction

In the previous section, the effect of aerodynamic
interference varies depending on the blade shape.
The influence of the aerodynamic interference on the
wing due to the rotor shape is discussed below.

Figure 20 shows the sectional lift and drag coefficient
on the wing with zero flap deflections. Both sectional
forces on the wing are asymmetrically distributed.
Previous studies have indicated that the sectional lift
on the wing decreases, and the sectional drag on the
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Figure 19. Lift and drag coefficient of the winged-body against the differential flaps.

wing increases under the blade advancing side (Adv.
side) due to the induced velocity from the rotor [5, 6].
Under the retreating side (Ret. side), the sectional
forces have little effect due to the small induced
velocity by the extended reverse flow region.

Comparing the sectional lift coefficient on the wing
between both rotors under the blade advancing side,
the lift coefficient of the UH-60A is lower than the opt-
rotor. Similarly, the sectional drag under the
advancing side of the UH-60A is higher than the opt-
rotor. It indicates that the UH-60A rotor causes
stronger aerodynamic interaction to reduce
aerodynamic performance of the wing.

Additionally, under the retreating side, it can be
observed that the sectional aerodynamic
performance of the wing with the opt-rotor reduces
partially than with the UH-60A. It implies that the
induced velocity distribution from the rotor around the
wing is different between the rotors.

The induced velocity distribution around the wing is
related to the sectional normal force distribution of
the rotor [6]. In comparison to the sectional normal
force, C,M?, distribution between both rotors in the
case of zero flap deflections as shown in Fig. 17, a
large sectional normal force on the advancing side is
partially observed for the UH-60A. The blade on the
inboard has a large blade angle due to the large twist.
Thus, large sectional lift is produced on the inboard
region at the advancing side because of high
dynamic pressure. The UH-60A rotor causes larger
induced velocity than the opt-rotor, and the larger
induced velocity increases the inflow angle to the
wing and reduces the aerodynamic performance.
Therefore, the interference effect with the UH-60A

1.20
1.00
0.80
< 0.60
0.40
0.20

0.00
-08 -0.6 -04 -02 00 02 04 06 038

Ret. side y/iR Adv. side

—Opt-rotor
—UH-60A

(a) sectional lift coefficient
0.06
A

0.05 N
0.04 %
50.03
0.02
0.01
0.00

—Opt-rotor
—UH-60A

-0.8 -06 -04 -0.2 0.0 0.2 04 06 0.8
Ret. side y/R Adv. side

(b) sectional drag coefficient
Figure 20. Comparison sectional forces on the
wing with zero flap deflections between the opt-
rotor and the UH-60A rotor.

rotor is more significant than the opt-rotor. A highly
twisted blade can significantly impact the wing under
the advancing side due to the aerodynamic
interactions.
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Although a large sectional normal force of the opt-
rotor is distributed toward the advancing side, the
retreating side also generates a certain amount of
sectional normal force. Thus, the opt-rotor noticeably
affects the aerodynamics of the wing at the retreating
side under these conditions. Since the induced
velocity distribution is based on the sectional normal
force, the effect of the aerodynamic interaction on the
wing is different for both rotors, as shown in Fig. 20.

5. CONCLUSIONS

A system of single-rotor lift-offset combined with the
differential flaps is investigated through numerical
simulations. A simplified computational model
consisting of the main rotor and the winged-body is
utilized. The aerodynamic performance is evaluated
in high-speed cruising flights where the advance ratio
is 0.7. The effect of lift-offset and the influence of
aerodynamic interference on the wing are examined
for the UH-60A rotor blade and the optimized rotor
blade designed at JAXA. The following conclusions
are obtained.

1. The lift-offset combined with the differential flaps
significantly improves the overall aerodynamic
performance for both rotors. Specifically, the
overall effective lift-to-drag ratios increase by
10% at differential flap angle of 5 degrees
compared with zero flap deflections for both
rotors.

2. The lift-offset dramatically improves the rotor
performances for both rotors. In this study, the
UH-60A rotor increases by 25%, and the opt-
rotor increases by 50%. The reduction of the
aerodynamic performance of winged-body is
minimized due to the differential flap deflections.

3. The lift-offset reduces the required blade control
angles to satisfy the trim conditions by
effectively utilizing the advancing side with high
dynamic pressure. It is expected to extend the
control limit of the rotor during high-speed flight.

4. Different interactional effects between both
rotors and the wing are observed. Highly twisted
blades may significantly impact the wing under
the advancing side due to the aerodynamic
interactions.
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