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On-blade active controls with trailing-edge deflection, leading-edge deflection, and active-twist are studied for

improvements in rotor aerodynamic efficiency and their influence on structural loads. A full-scale UH-60A

Blackhawk rotor at two key flight conditions (high-speed forward flight and high-thrust forward flight) is studied

using coupled computational fluid dynamics and computational structural dynamics simulations. A simulation-

based trade study is carried out comprising parametric variations of geometric sizing and deployment schedules of

the blade morphing. The study shows that active controls improve rotor performance and reduce rotor loads at the

same timewith careful selection of deployment schedule and design. In high-speed forward flight, using trailing-edge

deflection, an improvement of 7.3% in performance and a reduction in the hub vibratory loads of up to 54% is

achieved, and using active-twist an improvement of 7.0% in performance and up to 22% reduction in hub vibratory

loads is achieved. In high-thrust forward flight, a 15.0% improvement in performance and up to 40% reduction in

hub vibratory loads is achieved using leading-edge deflection.

Nomenclature

C = chord, in.
CD = drag coefficient
CL = lift coefficient
CM = moment coefficient
CT = rotor thrust coefficient
De = rotor effective drag, lbf
Fp = propulsive force, lbf

Fp-link = peak-to-peak magnitude of the pitch-link load, lbf

Fxy;4=rev = 4=rev hub (nonrotating) vibratory in-plane force, lbf

Fz;4=rev = 4=rev hub (nonrotating) vibratory vertical force, lbf
L = rotor lift, lbf
M = local Mach number at a blade section
My = peak-to-peak magnitude of the blade flap bending,

ft-lbf
Mxy;4=rev = 4=rev hub (nonrotating) vibratory in-plane moment,

ft-lbf
Mz = peak-to-peak magnitude of the blade lag-bending,

ft-lbf
P = rotor power, HP
q = freestream dynamic pressure, psi
R = rotor radius, in.
V = rotor forward speed, ft=s
� = trailing-edge deflection, in.
� = leading-edge deflection, deg
� = advance ratio
� = rotor solidity

� = phase angle, deg
 = rotor azimuth angle, deg

Introduction

A HELICOPTER rotor blade is exposed to a large variation in
flow environment in one revolution (transonic flow on the

advancing side to near-stall/stall on the retreating side). The
aerodynamic loading leads to significant time-varying elastic defor-
mations of the blade. On the advancing side, transonic aerodynamics
creates large pitching moments on the outboard areas of the blade,
especially at high-advance ratios. These moments lead to significant
elastic twist of the blade, which alters the blade sectional angle of
attack and affects the aerodynamic loads. If the drag divergence
Mach number is exceeded, the aerodynamic performance of the rotor
degrades due to shock-induced flow separation and wave drag
penalty. On the retreating side, large pitch angles may lead to
dynamic stall, especially at high-thrust conditions. A vortex is shed
near the leading-edge of an airfoil which increases the lift as the
vortex passes along the upper surface, but also increasesmoment and
drag. It is a source of high-vibratory loads and defines the perfor-
mance envelope of the rotor both in speed and thrust carrying
capacity.

For improved aerodynamic performance (efficiency) of the
helicopter rotor, it is desired that the lift-over-drag ratio of the airfoil
at all blade sections be maximized. At a minimum, it is desired that
the drag divergence Mach number, Mdd, be as high as possible to
avoid the wave drag, and the maximum lift coefficient, CL;max, be as
high as possible to delay or avoid stall. These are somewhat
conflicting requirements as high-CL;max is achieved with a high
camber, which causes poor performance at transonic conditions.
Similarly, high-performance transonic airfoils are thin with a sharp
nose, but they have poorCL;max. The rotor blade airfoils are designed
as a compromise weighing these requirements to meet the overall
mission of the helicopter. At present, the rotor blade design is passive
in that the airfoil shape remains unchanged both with the rotor
azimuth (fast variation) and flight condition (slow variation).

In this paper, active controls [1] are studied that dynamically
change the blade airfoil shape as a function of rotor azimuth in order
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to increase the rotor aerodynamic efficiency. For dynamic shape
changes, the key regions on the rotors are the advancing side, where
the flow compressibility effects are important, and the retreating side,
where stall effects are critical.

Several rotor performance improvement studies employing
various active control-shave been reported in the literature, based on
both analyses and experiments. In [2], seven active control concepts
(leading-edge slat, variable leading-edge droop, oscillatory jet,
Gurney flap, individual blade control, active-twist, and trailing-edge
flap) have been investigated for improvement in rotor performance
using comprehensive analysis. In [3], a performance improvement
study has been carried out using 2=rev control inputs where a formal
optimization procedure has been developed for computing the
optimum set of inputs. Variable speed rotor in combination with
1=rev dynamic chord extension has been investigated in [4]. In [5],
chord extension, trailing-edge flap, and Gurney flap concepts have
been applied to stall-dominated flight conditions and it is shown that
best gains are obtained with the chord extension concept. The
analyses above were carried out using simplified aerodynamic
models based on the lifting-line theory, and, typically, a free-wake
representation of the rotor wake. Deflection (droop) of the leading-
edge to improve performance under stalled conditions has been
studied using computational fluid dynamics (CFD) in [6,7] where it
is shown to be quite effective in mitigating the stall. These studies
were performed for a two-dimensional airfoil. In [8], actively
controlled trailing-edgeflap has been investigated for stall alleviation

using a coupled CFD and computational structural dynamics (CSD)
analysis. It is shown that a downward deflection of the flap, which
increases the camber, is quite effective in alleviating the stall,
improving the performance and reducing the vibratory loads. An
experimental investigation employing the individual blade control
has been reported in [9,10], where wind-tunnel tests on a full-scale
BO-105 rotor for performance improvement, and vibration and
blade-vortex noise reduction were carried out. A power reduction of
about 5% is shown with an optimum 2=rev input. Also, it is shown
that 2=rev input can have a significant effect, of the order of�40%,
on the hub vibratory loads. Recently, the individual blade control of
the UH-60 rotor was studied in a wind-tunnel for performance
improvement, and vibration and noise reduction. With optimum
control inputs, a power reduction of up to 5% was shown along with
reduction in hub loads, pitch-link loads, and noise [11]. Several
experimental and analytical studies have also been reported for noise
and vibration reduction involving actively controlled trailing-edge
flaps [12–14] and active-twist [15,16].

CFD-based high-fidelity aerodynamic modeling of actively
controlled rotors reported in the literature are quite limited and most
of the analytical work reported above have been carried out using
simplified aerodynamic models. In the present work, CFD-based
aerodynamic models are used to study actively controlled rotor
employing three different, generic blade morphing concepts:
trailing-edge deflection (TED), leading-edge deflection (LED), and
active-twist, for two key flight conditions: high-speed and high-
thrust forward flights. A novel analysis approach using CFD–CSD
coupling has been developed and shown to work efficiently in
analyzing morphing rotor dynamics. Compared with lifting-line
models, the CFD methods solve fully three-dimensional, unsteady,
turbulent Navier–Stokes equations. They calculate airfoil aerody-
namic characteristics directly, and thus do not require airfoil tables
for active controls. This capability enables accurate and consistent
evaluation of active control concepts.

The present authors investigated TED, LED, and active-twist for
the UH-60A main rotor performance improvement using coupled
simulation of CFD and CSD in [17]. The improvements in perfor-
mance using each of three concepts for different flight conditions
were calculated and an understanding of the aeromechanics that led
to the observed performance improvement was established. This
study was focused on maximization of performance with various
deployment schedules while the effect of dynamic blade morphing

Trailing-edge deflection (TED) Leading-edge deflection (LED)
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Fig. 1 TED and LED geometric parameters.

Table 1 UH-60A blade parameters

Parameter Value

Number of blades 4
Radius, in. 322
Chord, in. 20.76
Thickness, % chord 9.5/9.4
Rotor disk area ft2 2261.5
Rotor blade area, ft2 186.9
Solidity ratio 0.0826
Blade tip sweep, aft, deg 20
Airfoils SC1095/SC1094R8
Nominal rotor speed, �, rpm 258
1st torsional frequency, /rev 4.3
Pretwist, deg �16, nonlinear

Table 2 UH-60A flight conditions [19]

Parameter High-speed (c8534) High-thrust (c9017)

Density, slug=ft3 0.0020823 0.0013242
Temperature, �F 71.8 24.76
Rotor speed, rpm 258.1 255.8
Airspeed, ft= sec 266.5 170.2
Advance ratio, � 0.368 0.237
Blade loading, CT=� 0.084 0.129
Freestream Mach 0.236 0.157

Table 3 Trim condition for high-speed and high-thrust flight

conditions (CFD–CSD calculations) for the baseline

(no active control) rotor

Parameter High-speed (c8534) High-thrust (c9017)

Pitch angle, deg
Collective, �0 15.4 13.4
Lateral-cyclic, �1c 1.43 2.21
Longitudinal-cyclic, �1s �9:34 �8:77
Shaft angle a, �s, deg 8.8 2.0

aPositive forward tilt.
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on the structural loads was not considered. Also, the optimal
deployment schedule was obtained for a fixed geometric config-
uration (radial span and chord width) of TED and LED.

In the present study, the focus is on the structural loads. The
objective is to vary the deployment schedule as well as the geometric
sizing of the control surfaces so that the performance gains obtained
in the previous study are achieved, and at the same time, the structural
loads are reduced or minimally penalized. From the actuator design
perspective, a minimization of the control surface area is sought so
that, potentially, the weight penalty associated with the actuator
machinery and the actuation power can be minimized. The study is
carried out using coupled CFD–CSD analysis. The use of CFD
analysis is especially warranted in order to address with adequate
fidelity the subtle differences in geometrical configurations in the
parametric studies.

The organization of this paper is as follows. First, the morphing
concepts are discussed. This is followed by a description of the CFD
and CSD tools employed for this study. Next, the results for the
parametric studies involving geometric sizing and deployment
schedules are presented and discussed for their impact on perform-
ance and structural loads.

Active Rotor Control Concepts

Three concepts have been studied in this paper: (1) TED, (2) LED,
and (3) active-twist. The deflection of trailing- and leading-edge of
airfoils is very effective in varying the airfoil performance char-
acteristics while the active-twist control can be used to azimuthally
vary the structural twist to improve the lift-to-drag ratios at the blade
sections. These concepts, therefore, offer awide range of possibilities

Lifting-line CFD-CSD
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Fig. 2 Calculated performance and structural loads with TED (15%R � 10%Cwide) applied between 67.5 to 82.5%RwithN=rev deployment, where

N � 0, 1, and 2, and nonharmonic deployment using lifting-line and CFD–CSD calculations. The flight condition is high-speed forward flight (c8534).

Peak-to-peak loads are plotted for pitch-link load, flap- and lag-bending moments, and 4=rev vibratory loads are plotted for hub force and moment.
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of the dynamic morphing of the blade. The airfoil surface is
represented by NURBS [18] curves, which are defined by a set of
control points. The number of control points and their positions were
chosen to match the baseline airfoil geometries. Then the TED and
LED motions are defined in terms of the displacements at control
points [17]. The morphed TED and LED geometries are shown in
Fig. 1. In this study the shape of TEDwas slightlymodified from [17]
to closely resemble a trailing-edge flap. This was done to precisely
define the width of the flap chord. The TED is characterized by the
inner and outer radial locations, RTED

inner and R
TED
outer, respectively, the

deflection angle, �TED, and the chordwisewidth,CTED. The LED also
has similar parameters as shown in the same figure. The active-twist
was simulated by applying a moment couple of equal and opposite

strength at 20 and 90% radii, which results in near-linear distribution
of twist over the span of the rotor blade. It is assumed that the active-
twist concept does not involve sectional airfoil shape change.

Rotor Geometry and Flight Conditions

The baseline rotor studied in this paper is the UH-60A rotor. The
rotor properties are listed in Table 1. Two key steady-level forward
flight conditions of theNASA/ArmyUH-60AAirloads Program [19]
are examined: (1) high-speed (c8534) and (2) high-thrust (c9017),
steady-level forward flights. The flight conditions are listed in
Table 2. The high-speed flight is characterized by transonic flow on
the advancing sidewhich causes high-vibratory hub loads. The high-
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Fig. 3 Calculated performance and structural loads forTED (X%R � 10%Cwide) radial span variation for 6 deg amplitude, 1=rev deployment (CFD–
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2052 JAIN, YEO, AND CHOPRA



thrust flight is characterized by dynamic stall on the retreating blade
side. The previous study ([17]) showed that the TED and active-twist
deployment appear suitable for high-speed forward flight whereas
the LED appears suitable for high-thrust forward flight. The current
parametric study examined only those flight conditions.

Simulation Methods

For CFD simulations, WIND-US-HELI [20,21] is used, and for
CSD, RCAS [22] is used. WIND-US-HELI uses unstructured, over-
lapping grids, which lends large flexibility in grid generation
(including the possibility of automated grid generation using tetra-
hedral, hexahedral, prismatic, and pyramidal cell types). It includes a
second order temporal scheme with Newton updates and dual-time-
stepping for convergence acceleration.

The WIND-US-HELI and RCAS are coupled using the standard
“delta-formulation” technique [23–25]. The coupling ofWIND-US-
HELI and RCAS was validated for the c8534 and c9017 flight
conditions in [17]. The UH-60A rotor structure was modeled using
nonlinear beam elements and also included modeling of other
components such as swash-plate, push-rod and pitch-horn. The
current RCAS structural model for the UH-60A rotor blade has been
previously validated in [26]. The WIND-US-HELI code has been
further enhanced to model the morphing rotor geometries [17].

The trim state of the rotor is specified in terms of the following
trim targets: rotor thrust, hub pitch and roll moments, and pro-
pulsive force. This particular way of trimming is referred to as
propulsive trim. The fuselage drag (propulsive force) is estimated
using an equivalent flat-plate area, f, of 35:14 ft2 (or f=A�
0:01553, where A is the rotor disk area). This model has been shown
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Fig. 4 Calculated performance and structural loads for TED (10%R � 10%C wide) radial location variation for 6 deg amplitude, 1=rev deployment

(CFD–CSDcalculations), inner is 65–75%R, middle is 70–80%R, and outer is 75–85%R. The flight condition is high-speed forward flight (c8534). Peak-

to-peak loads are plotted for pitch-link load, flap- and lag-bending moments, and 4=rev vibratory loads are plotted for hub force and moment.
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to give good performance correlations [27]. To achieve the trim
targets listed in Table 2, collective, lateral-cyclic, longitudinal-
cyclic, and (hub) shaft forward tilt angle are used as trim variables.
The trim variables computed (CFD–CSD coupled analysis) that
satisfy the trim targets for the c8534 and c9017 flight conditions are
listed in Table 3.

For the high-speed forward flight, the computed power coefficient
was found to be within 2% of the measured value. For the high-
thrust forward flight, however, the power correlation significantly
deteriorates compared with the high-speed condition. The calculated
power was found to be quite sensitive to the prescribed thrust
(trim target) which significantly affected the extent of stall on the
retreating side. The computational model (numerical setup, turbu-
lence model, and CFD-mesh) used for the validation of the baseline

(no active control) rotor validation was, for predictive consistency,
held to be the same for all the simulations presented here.

The structural properties of the blade (mass, moment of inertia,
bending- and torsional-stiffness, etc.) would strongly depend on the
structural properties of the actuator machinery, details of the blade
cavity housing the actuator, and particulars of the actuator-blade
assembly.Also, thesewould be significantly different for TED, LED,
and active-twist. In this work, therefore, the structural properties of
the baseline (no active control) rotor are used, without any modi-
fications, for the analyses of the active control concepts. An
assessment from a pure aeromechanical perspective of the rotor loads
due to various dynamic blade shapes for improving the rotor
aerodynamic efficiency is carried out, relative to the baseline rotor. If
the structural properties aremodified due to active controlmachinery,
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Fig. 5 Calculated performance and structural loads for TED (10%Rwide) chord width variation for 1=rev deployment (CFD–CSD calculations). The
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edge. The flight condition is high-speed forward flight (c8534). Peak-to-peak loads are plotted for pitch-link load, flap- and lag-bending moments, and

4=rev vibratory loads are plotted for hub force and moment.

2054 JAIN, YEO, AND CHOPRA



then optimal deployment schedules for performance improvement
and the rotor loads might change. However, the performance gains
and the associated reduction in rotor loads, which results from the
counteraction of the fundamental flow features by the active control
devices, are expected to remain the same.

Metrics

For forwardflight atmoderate to high-advance ratios (� > 0:1) the
aerodynamic efficiency of the rotor is well represented by the ratio of
lift to effective drag, L=De [28], given by

L

De

� L
P
V
� Fp

where, L is rotor lift which perpendicular to the wind direction, De

is effective drag, P is rotor power, V is forward speed, and Fp is
propulsive force. Since all the calculations in this work are
performed using the propulsive trim strategy, Fp is a constant for a
given flight condition. Then a change in L=De is also an indirect
measure of the change in rotor power: an increase in L=De implies
a decrease in rotor power for desired lift [or, L=De � k1=�P � k2�,
k1 and k2 are constants for a given flight condition]. The perfor-
mance improvement (power saving) is estimated purely from an
aeromechanical perspective and only for the main rotor. The power
expended by the actuators/control system in order to produce the
desired deformations has not been included as it is a function of the
particular actuation technology employed and its efficiency.
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For structural loads, the metrics are: (1) peak-to-peak magnitude
of the pitch-link load (Fp-link, which is also ameasure of the total root
torsional moment on the blade); (2) peak-to-peak magnitude of the
blade flap bending (My) and lag-bending (Mz) moments at the 50%
radial location; and (3) 4=rev hub (nonrotating) vibratory loads,
which are: a) in-plane (x � y) hub force, Fxy;4=rev � �F2

x;4=rev�
F2
y;4=rev�1=2; (b) vertical hub force, Fz;4=rev; and (c) in-plane hub

moment,Mxy;4=rev � �M2
x;4=rev �M2

y;4=rev�1=2.

Baseline Performance and Loads
with Trailing-Edge Deflection

The rotor performance and loads predicted using lifting-line
comprehensive analysis and coupled CFD–CSD analysis are

presented in Fig. 2. The TED configuration of 15% R radial span,
from 67.5% R to 82.5% R, and 20% C chordwise width was used.
Both harmonic and nonharmonic deployment schedules are consid-
ered for the high-speed flight condition (c8534). The harmonic
deployment is of the form: �TED � A cos�N � ��, where A is the
amplitude, N is the frequency, and � is the phase angle. The phase
angle is varied from0 to 360 deg in the steps of 60 deg. The frequency
is varied to be 0=rev, 1=rev, and 2=rev. For each frequency, the
amplitude was varied to be 1, 2, 3, 4, and 5 deg and the optimal value
that resulted in best performance is presented here [17]. A
nonharmonic schedule is also considered where a 2 deg upward
deflection on the advancing side and a 5 deg downward deflection on
the retreating side are applied. This schedule is referred to as TE-
SPLINE-3 in [17]. The performance and structural loads predicted
using CFD–CSD and lifting-line comprehensive analysis are pre-
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Fig. 7 Calculated performance and structural loads for TED (15%R � 10%C wide) radial location variation for 4 deg amplitude, 2=rev deployment
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sented in Fig. 2. The performance prediction between the two
analyses is quite consistent in both the trends and amplitude for
harmonic and for the nonharmonic, TE-SPLINE-3, schedules. The
predictions for hub vibratory loads, on the other hand, are signifi-
cantly different. (The same holds true for flap- and lag- moment
predictions which are not shown in the figure for brevity.) These
discrepancies can be attributed to the fact that the lifting-line analysis
characteristically suffers from predicting three-dimensional, un-
steady, transonic pitching moment on the blade outboard stations on
the advancing side which also causes significant phase errors in the
prediction of the normal (lift) forces [29]. These comparisons
highlight the need for employing high-fidelity computations using
CFD for studies involving structural loads analysis. All the sub-
sequent studies are carried out using CFD–CSD coupled analysis.

Trailing-Edge Deflection at High Speed (c8534)

In this section a parametric study on theTEDdeployment schedule
and sizing is presented with the objective of maximizing the
performance improvement while reducing all the structural loads.

In [17] a generic, smooth shape was used for TED which did not
resemble a trailing-edge flap whereas in the present study the shape
was modified to closely resemble a trailing-edge flap (see Fig. 1) in
order to precisely prescribe the chord width. The TED shape used in
[17] most closely resembles the new TED shape with 10% C flap
width. The parametric study is carried out based on variation of this
baseline TED configuration.

First, the radial span variation of TED is carried out for a fixed
middle radial location of 75% R and a chord width of 10% C. The
best performing span is down-selected. For the selected span, its
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Fig. 8 Calculated performance and structural loads for TED (15%Rwide) chord width variation for 2=rev deployment (CFD–CSD calculations). The
TED amplitudes for 10, 15, and 20% C chord widths are 4, 2.67, and 2 deg, respectively, in order to maintain a constant vertical displacement of the
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middle radial location is varied while still keeping the chord width
fixed to 10% C and best location is down-selected. Finally, for the
selected span and its middle radial location, the chord width is varied
and best chord width is selected. This parametric study is carried out
for 1=rev, 2=rev and nonharmonic deployment schedules.

The followingparametric variations are considered: 1) deployment
schedule 1=rev, 2=rev, and nonharmonic; 2) flap radial span,
RTED
outer � RTED

inner; 3) flap middle radial location, �RTED
outer � RTED

inner�=2; and
4) flap chord width, CTED.

Parametric Sweep of TED Geometric Sizing with 1=rev Deployment

The 1=rev deployment of TED is studied in this section. The 1=rev
deployment does not interfere with the rotor trim state even though
1=rev inputs are also used for the primary control inputs since for a
given 1=rev TED excitation, a propulsive trim procedure is carried
out and a new set of trim control inputs are obtained thatmeet the trim
targets.

Flap Radial Span Variation

Four variations of the radial spans are considered: 5% R, 10% R,
15%R, and 20% R. The flap middle radial location is held fixed at
75% R and the chordwise width is held fixed at 10% C. The
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Fig. 9 Calculated performance and structural loads for TED radial width, radial location, and chord width variation for TE-SPLINE-3 deployment

(CFD–CSD calculations). The flight condition is high-speed forward flight (c8534). Peak-to-peak loads are plotted for pitch-link load, flap-, and lag-

bending moments, and 4=rev vibratory loads are plotted for hub force and moment.

Table 4 TED sizing study of the TE-SPLINE-3 nonharmonic schedule

Case Rinner;%R Router;%R Rmean;%R Radial width,
Router � Rinner

Chord width,
%C

A 72.5 77.5 75 5 10
B 70 80 75 10 10
C 67.5 82.5 75 15 10
D 65 85 75 20 10
E 70 90 80 20 10
F 60 80 70 20 10
G 60 80 70 20 15
H 60 80 70 20 20
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amplitude of deployment is chosen to 6 deg. (In [17] a generic,
smooth shape was used for TED and best performance was obtained
using a 3 deg deflection. The new TED shape with 10% C and 6 deg
deflection closely resembles this TED shape and is used to carry out
the parametric studies.) The phase angle is varied from0 to 360 deg in
the steps of 60 deg. The maximum performance gain is seen at phase
angle slightly below 90 deg. Figure 3 shows that the maximum gains
inL=De with the 5, 10, 15, and 20%R spanwisewidths are about 5.7,
7.5, 8.0, and 9.0%, respectively. However, at this phase angle, the
pitch-link load and the hub vibratory z-force also moderately
increase. As the phase angle is reduced below 90 deg, there is a small
reduction in the performance gain and a relatively large reduction in
the structural loads. Hence, with the reduced phase angle, the overall
objective of improving the performance without penalizing the

structural loads can be achieved. The 20% R span TED deployed at
60 deg phase angle results in about 8.4% performance gain and
reduction in the structural loads: the pitch-link load reduces by about
10%, flap bending moment reduces by about 17%, and lag-bending
moment reduces by about 20%. The hub vibratory in-plane force,
vertical force, and in-plane moment decrease by about 49, 33, and
46%, respectively. On the other hand, with the 10% R span at 80 deg
phase angle, the maximum gain in performance is about 7.5%
whereas the pitch-link load and hub vibratory vertical force remain
unchanged and other loads are reduced: flap bending moment
reduces by about 12%, and lag-bending moment reduces by about
22%. The hub vibratory in-plane force andmoment both decrease by
about 30%. Compared with a wider 20% R span, the 10% R span
TED only slightly compromises the performance and is attractive
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Fig. 10 Calculated performance and structural loads for LED (24%R � 10%C wide) deployed only on the retreating side: effect of variation of

maximum deflection on the retreating side (CFD–CSD calculations). The flight condition is high-thrust forward flight (c9017). Peak-to-peak loads are

plotted for pitch-link load, flap- and lag-bending moments, and 4=rev vibratory loads are plotted for hub force and moment.
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from the actuator design perspective as it implies a smaller actuation
system (less weight penalty) and less power to realize the TED. The
10%R span TED is, therefore, investigated further with the variation
of the middle radial location.

Flap Middle Radial Location Variation

The 10% R span TED is further investigated for improvements in
performance and loads with the variation of the flap middle radial
location. The chordwise width is held fixed at 10% C and the
amplitude of deployment is 6 deg. Three radial positions are
considered: inner, extending from 65 to 75% R; middle, from 70 to
80% R; and, outer, from 75 to 85% R.

The performance and loads are shown in Fig. 4. The peak of the
performance is unaffected by the radial location variation. Based on
the trends presented in the figure, the best case seems to be the 10%R
TED at the inner location and deployed at the phase angle of 85 deg,
which is the point where the performance is maximum. The perfor-
mance gain is about 7.3% which is only slightly reduced compared
with themiddle locationwhere it is 7.5%.The pitch-link load reduces
by about 5%, flap bending moment reduces by about 13%, and lag-
bending moment reduces by about 24%. The hub vibratory in-plane
force, vertical force, and in-plane moment decrease by about 32, 12,
and 41%, respectively.

The 10% R TED at the inner location is further investigated with
the variation of the flap chord width.

Flap Chord Width Variation

Next, the effect of trailing-edge flap chord width is studied. Three
chordwidths, 10, 15, and 20%C, are studied for the 10%R spanTED
and at the inner radial location of 70%R. The performance and loads
are shown in Fig. 5. As pointed out above, for 1=rev deployment,
L=De is maximum near the phase of 90 deg so the chord width
studies were carried out only in its vicinity at the phase angles of 60,
90, and 120 deg. For the 10% C case, the amplitude of deflection is
6 deg. whereas for 15 and 20% chord, amplitude is decreased to
maintain the same vertical displacement of the trailing-edge point so
amplitudes are 4 and 3 deg., respectively. The 10% C TED has a
higher performance gain over the 15 and 20% C widths.

As noted in the previous section, the optimum phase angle is
around 85 deg. where the L=De gain is 7.3%. The pitch-link load
reduces by about 5%, flap bending moment reduces by about 13%,

and lag-bending moment reduces by about 24%. The hub vibratory
in-plane force, vertical force, and in-planemoment decrease by about
32, 12, and 41%, respectively.

Parametric Sweep of TED Geometric Sizing with 2=rev Deployment

The results for the geometric sizing variation with the 2=rev
deployment are presented in the following sections.

Flap Radial Span Variation

As in the previous section, four radial spans are studied: 5, 10, 15,
and 20% R. All are centered at 75% R and the chordwise width is
10%C. The effect on performance and loads are shown in Fig. 6. The
amplitude of deployment is 4 deg. (In [17] a generic, smooth shape
was used for TED and best performance was obtained using a 2 deg
deflection. The new TED shape with 10% C and 4 deg deflection
closely resembles this TED shape and is used to carry out the
parametric studies.) The peak performance gain is seen at the phase
angle of 0 deg. With 5% R span TED, the gain is about 4.4% and, on
the other hand, with 20%R span TED, it is about 6.1%. At this phase
angle, however, there is a penalty in structural loads. Since the
structural loads decrease as the phase angle is decreased below
360 deg, a phase angle between 330 and 360 deg is preferred in order
to keep the loads low. An optimal configuration appears to be the
15% R span TED with the phase angle of 345 deg, where the L=De

gain is compromised from 6.0 to about 5.0% and structural loads
penalty is reduced. The pitch-link load remains about the same, flap
bending moment reduces by about 6%, and lag-bending moment
increases by about 18%. The hub vibratory in-plane force, and
vertical force decrease by about 18 and 10%, respectively, while the
in-plane moment increases by about 10%. The penalty in lag-
bendingmoment and hub in-planemoment can be avoided at the cost
of reduced performance gain of around 4%.

Flap Middle Radial Location Variation

The 15% R span TED is studied further for improvements in
performance and loads with the variation of the flap middle radial
location. Three radial positions are studied: inner from 62.5 to 77.5%
R; middle from 67.5 to 82.5% R; and outer from 72.5 to 87.5% R,
where themiddle radial locations are 70, 75 and 80%R, respectively.
The chordwisewidth is 10%C and amplitude of deployment is 4 deg,
as in the previous section. The performance and loads are shown in

Fig. 11 Blade sectional pitching moment (M2
CM) for LED (24%R � 10%C wide) deployed only on the retreating side: effect of variation of maximum

deflection angle, �LE;max, on the retreating side (CFD–CSD calculations). The black spots on the retreating side of the baseline case signify dynamic stall

events. The dynamic stall is largely subsided with a 6 deg LED deployment. The flight condition is high-thrust forward flight (c9017).
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Fig. 7. The structural loads are reduced when the inner configuration
is used. With the inner configuration, at the phase angle of 340 deg,
the performance gain is about 4.7%, the pitch-link load reduces by
about 7%, flap bending moment reduces by about 9%, and lag-
bending moment remains unchanged. The hub vibratory in-plane
force and vertical force decrease by about 20 and 30%, respectively,
while the in-plane moment remains unchanged. The 15% R TED at
the inner middle radial location is studied further with the flap chord
width variation.

Flap Chord Width Variation

In this section, the effect of trailing-edge chord width is studied.
Three chord widths, 10, 15, and 20% C, are studied for the 15% R

span TED and the inner radial location of 70% R. The performance
and loads are shown in Fig. 8. The parametric studies of the radial
widths and locations presented above show that the peak
performance occurs near the phase angle of 0 deg. Therefore, chord
width variations are carried out only in the vicinity of 0 deg at the
phase angles of �30 (330), 0 (360), and 30 deg. For the 10% C case
the deployment amplitude is 4 deg. For the 15 and 20% C, it is
decreased to 2.67 and 2 deg, respectively, in order to maintain the
same vertical displacement of the trailing-edge point. The 10% C
configuration at the phase angle of around 0 deg shows the most
performance improvement. However, rotor loads increase at the
same time. The optimum configuration appears to be the 10% C
configuration at the phase angle of around 340 deg which achieves
the performance improvement and loads reduction at the same time.
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Fig. 12 Calculated performance and structural loads for LED (10% C chord width) deployed only on the retreating side: effect of variation of radial
width (CFD–CSDcalculations). The deflection on the retreating side is 6 deg. The outer radial location is fixed at 91.5%radial. The inner radial location is

varied to be 82.5, 77.5, 72.5, and 67.5% radius. The flight condition is high-thrust forward flight (c9017). Peak-to-peak loads are plotted for pitch-link

load, flap- and lag-bending moments, and 4=rev vibratory loads are plotted for hub force and moment.
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As noted above, the L=De gain is about 4.7% and all the structural
loads are about the same or reduced. The pitch-link load reduces by
about 7%, flap bending moment reduces by about 9%, and lag-
bending moment remains unchanged. The hub vibratory in-plane
force and vertical force decrease by about 20 and 30%, respectively,
while the in-plane moment remains unchanged.

Parametric Sweep of TED Geometric Sizing with

Nonharmonic Deployment

A nonharmonic deployment scheme, where on the advancing side
an upward deflection of 2 deg is applied and on the retreating side a
downward deflection of 5 deg is applied, was previously studied in
[17] and therein referred to as TE-Spline-3. In that study, the TED
was applied from 67.5 to 82.5%R and the chord width of 20%Cwas

used. In [17] a generic, smooth shape was used for TED. The new
TED shape with 10% C chord width closely resembles this TED
shapewith 4 deg upward deflection on the advancing side and 10 deg
downward deflection on the retreating side. Under the present study,
a parametric study is carried out where the TED radial span, radial
location, and the chord width are varied. Table 4 summarizes the
parametric variations. The effect on performance and loads is shown
in Fig. 9. As shown in the figure, the radial spanvariation of 5, 10, 15,
and 20%R showed that the best performance is seen with the 20%R.
However, the pitch-link load also increases as the TED radial span is
increased. The middle radial location variation of the 20% R span
TED is carried out next for three configurations: inner, middle, and
outer radial locations with the middle location of 70, 75 R, and
80% R, respectively. With the inner configuration there is no penalty
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Fig. 13 Calculated performance and structural loads usingCFD for 2=rev. and 2 deg amplitude active-twist deployment (CFD–CSD calculations). The

flight condition is high-speed forward flight (c8534). Peak-to-peak loads are plotted for pitch-link load, flap- and lag-bending moments, and 4=rev
vibratory loads are plotted for hub force and moment.
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in the pitch-link load. The inner location is therefore studied further
for flap chord width variation. Three chord flap widths: 10, 15, and
20%C are studied for the 20% R span TED at 70% R (inner) middle
radial location. As before, for 15 and 20% C the amplitudes on the
advancing side and retreating sides were reduced to maintain the
same vertical displacement of the trailing edge. The chordwise
variation shows that the 15% C results in the largest performance
gain, the pitch-link loads remain unchanged, and all other structural
loads are reduced. This configuration achieves about 7.3% perform-
ance gain. The flap bending moment reduces by about 13%, and lag-
bending moment reduces by about 37%. The hub vibratory in-plane
force, vertical force, and in-plane moment decrease by about 27, 9,
and 54%, respectively.

Leading-Edge Deflection at High Thrust (c9017)

The baseline LED configuration studied in [17], radial span of
LEDwas 24%R and chord width was 10%C. The best performance
was obtained with deployment of 10 deg downward droop only on
the retreating side where the performance gain was 18.2%. In
the following sections, further parametric studies are carried on the
amplitude of LED on retreating side and the LED radial span. The
objective is to maximize the LED for performance and structural
loads for the high-thrust, high-altitude, forward flight (c9017). First,
a parametric sweep is carried out on the retreating side amplitude of
the LED deployment and then for the down-selected amplitude, a
parametric sweep of the radial span is carried out.
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Fig. 14 Calculated performance and structural loads for active-twist (moment couple at 20 and 90% R) deployed only on the advancing side: effect of

variation of maximum deflection on the advancing side (CFD–CSD calculations). The flight condition is high-speed forward flight (c8534). Peak-to-peak

loads are plotted for pitch-link load, flap-, and lag-bending moments, and 4=rev vibratory loads are plotted for hub force and moment.
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Parametric Sweep of LED Retreating Side Amplitude with Retreating-
Side-Only Deployment

For the case of retreating-side-only schedule, a parametric sweep
is carried on the magnitude of the downward deflection, �LED;max, on
the retreating side, where it is varied to be 4, 6, 8, 10, and 12 deg. The
radial extent is from 67.5 to 91.5% R and the chord width is 10% C.
The effect on the performance and loads is shown in Fig. 10. There is
a major increase in L=De of 18.5% at a LED amplitude of 12 deg.
With the 10 deg amplitude, the increase in L=De remains practically
unchanged at 18.3%, and when the amplitude is reduced to 4 deg:
there is only a small decrease in performance from 18.5 to a 14.8%
increase. A 6 deg deflection seems preferable which results in the
performance increase of about 15.8% and, also, at the same time
reduces the pitch-link load by about 20% and the hub vibratory in-
plane moment by about 37%. The flap bending moment reduces by
about 8% and lag-bending moment reduces by about 50%. The hub
vibratory in-plane force and vertical force decrease by about 45 and
27%, respectively. The sectional pitching moment (M2Cm) variation
over the rotor disk is shown in Fig. 11. The dynamic stall events
appear as dark blue regions on the disk around the phase angles of
180 and 330 deg. Evenwith a relatively small 6 deg downward droop
on the retreating side, the two stall regions are largely reduced. A
higher that 6 deg downward droopmarginally increases the perform-
ance and can be used if the additional actuation power requirement is
not high.

Parametric Sweep of LED Radial Span with

Retreating-Side-Only Deployment

A study of variation of the radial span is carried out to assess the
possibility of reducing the radial span of LED. In these calculations
the downward deflection is applied only on the retreating side and
amplitude of deflection is 6 deg, which is down-selected in the
previous section. Since the dynamic stall occurs on the outboard
regions, the radial span variation studies are conducted keeping the
outer location fixed at 91.5% R and varying the inner location to be
67.5, 72.5, 77.5, and 82.5%R so that the radial spanvaries from 24 to
9% R, respectively. The loads and performance variation are shown
in Fig. 12. As the radial span is decreased from 24 to 9% the L=De

reduces from about 15.8 to about 12.9%. The best configuration
seems to be about 14%Rwhere the performance gain is about 15.0%.
All the structural loads considered are significantly reduced: the
pitch-link load reduces by about 21%, flap bending moment reduces
by about 7%, and lag-bending moment reduces by about 48%. The
hub vibratory in-plane force, vertical force, and in-plane moment
decrease by about 39, 28, and 20%, respectively.

In summary, the 14%RwideLEDof 6 deg amplitude appears to be
an overall the best choice considering performance, structural loads,
and the actuator sizing.

Active-Twist at High Speed (c8534)

In this section, the effect of active-twist on performance and loads
for the high-speed forward flight condition (c8534) are presented for
2=rev harmonic and advancing-side-only deployments.

The parametric study of harmonic deployment schedules
presented in [17] showed that the best gain in performance were
obtained with 2=rev deployment with 2 deg amplitude and 150 deg
phase angle. The gain inL=De is about 5.0%. In principle, the active-
twist concept is similar to the individual blade control. The individual
blade control with 2=rev input was studied in a wind tunnel on a full-
scale BO-105 rotor in [9] and similar trendswere reported for the hub
vibratory loads as the present active-twist results in Fig. 13: a
reduction in hub loads was seen near 90 deg phase angle whereas the
maximum increase in hub loads was seen near 240 deg. A non-
harmonic schedule of active-twist was also considered where it was
applied only the advancing side. With a 4 deg twist on the advancing
side the gain in L=De is about 7.3%. In the following section, a
parametric sweep of the advancing side amplitude is carried out to
maximize performance and reduce the structural loads at the same
time.

A parametric sweep is carried out where the amplitude of twist on
the advancing side is varied to be 1, 2, 4, 6, and 10 deg. The effect on
performance and loads is shown in Fig. 14. The rotor L=De varies
linearly with the amplitude but the loads vary nonlinearly. At
amplitudes of 5 deg and higher even though there is good perform-
ance gains the structural loads increase significantly. Amplitude of
around 4 deg seems optimal as it achieves a performance gain is about
7.3% and there is aminimal penalty in the structural loads. The pitch-
link load increases by about 2%, flap bending moment reduces by
about 6%, and lag-bending moment remain unchanged. The hub
vibratory in-plane force, vertical force, and in-plane moment
decrease by about 4, 22, and 5%, respectively.

Conclusions

Three morphing concepts (TED, LED, and active-twist) are
investigated for the rotor aerodynamic performance improvements
and their effects on the structural loads. A coupled framework
employing a CFD module and a CSD module has been developed
that allows formodeling of amorphing rotor. TheCFD–CSDmethod
is then used to assess the potential of various active rotor concepts in

Table 5 Performance gains and rotor loads reduction for high-speed flight (C8534) with the studied morphing concepts

Morphing Deployment schedule Performance
improvement

Fp-link My Mz Hub vibratory loads

Fxy;4=rev Fz;4=rev Mxy;4=rev

Trailing-edge deflection 1=rev, span 10% R, middle span 70% R,
chord width 10% C

7.3% �5% �13% �24% �32% �12% �41%

Trailing-edge deflection 2=rev, span 15%, middle span 70% R,
chord width 10% C

4.7% �7% �9% 0% �20% �30% 0%

Trailing-edge deflection Nonharmonic (TE-SPLINE-3), span 20% R,
middle span 70% R, chord width 15% C

7.3% 0% �13% �37% �27% �9% �54%

Active-twist Deployment on the advancing-side-only
of 4 deg pitch-up

7.3% �2% �6% 0% �4% �22% �5%

Table 6 Performance gains and rotor loads reduction for high-speed flight (C9017) with the studied morphing concepts

Morphing Deployment schedule Performance
improvement

Fp-link My Mz Hub vibratory loads

Fxy;4=rev Fz;4=rev Mxy;4=rev

Leading-edge deflection Deployment on the advancing-side-only
of 6 deg downward

15.0% �21% �7% �48% �39% �28% �20%
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improving the rotor aeromechanics. The baseline rotor considered is
a full-scale UH-60A Blackhawk main rotor. Two key flight
conditions of high-speed and high-thrust forward flights are studied.
Parametric sweep of the deployment schedule and geometric sizing
of the active control surfacewas carried and a down-selection ismade
based on the gains in performance and reduction in loads. The
following conclusions are obtained:

1) The TED and active-twist deployment appear suitable for high-
speed forward flight whereas the LED appears suitable for high-
thrust forward flight. When deployed optimally, the performance of
the rotor is improved and the structural loads are either reduced or
unchanged for all the three concepts.

2) Trailing-edge deflection at high-speed forward flight case: A
parametric studywas carried onflap span,middle radial location, and
chord width.With 1=rev deployment, the best configuration found is
10% R span TED with 70% R middle radial location, and 10% C
chord width. It achieves about 7.3% gain in L=De and about a 3.3%
reduction in rotor power, and up to 41% reduction in the hub
vibratory load.With 2=rev deployment, the best configuration found
is 15% R span TED also at 70% Rmiddle radial location and 10%C
chord width. It achieves a 4.7% gain in L=De and about a 2.3%
reduction in power, and up to 30% reduction in hub vibratory loads.
The nonharmonic deployment (advancing side 2.67 deg and
retreating side 6.67 deg) of 20% R span, 70% R middle radial
location, and 15% C chord width results in L=De gain of around
7.3% and about a 3.3% reduction in power, and up to 54%decrease in
hub vibratory loads. The nonharmonic deployment appears most
suitable among the three deployment schedule considering both the
performance gain and reduction in the structural loads. These results
are summarized in Table 5.

Leading-edge deflection at high-thrust forward flight case: the
leading-edge deployment only on the retreating side results in best
performance. A parametric studywas carried on themagnitude of the
retreating side amplitude as well as on the radial span. The 14% R
span LED of 6 deg amplitude is the best choice considering perfor-
mance, structural loads, and actuator sizing. The gain in performance
is about 15.0% (reduction in power of 12.4%) and up to 40%
reduction in hub vibratory loads. These results are summarized in
Table 6.

Active-twist at high-speed forward flight case: the active-twist
deployment only on the advancing side results in best performance.
A parametric study was conducted where the amplitude of the
advancing side was varied. The optimal amplitude appears to be
around 4 deg. The performance gain is about 7.3% (reduction in
power is about 3.3%) and there is up to 22% reduction in hub
vibratory loads. These results are summarized in Table 5.

The parametric study presented here showed that significant
improvements in the rotor performance, and at the same time
reduction in rotor structural peak-to-peak and vibratory loads, can be
achieved using a proper deployment schedule and geometric sizing
of the active control surface.

In this study, the rotor performance improvement is presented
purely from the aeromechanical perspective without adding the
details or effect of the actuation machinery into the structural
dynamics modeling or the power required to operate the machinery.
The installation of actuator device on the blade would likely result in
significant changes in the blade structural properties. However, since
the performance improvements presented here are fundamentally
due to the counteraction of three-dimensional unsteady transonic
pitching moments at the high-speed flight condition, and due to
dynamic stall at high-thrust flight condition, the aeromechanical
improvements presented herein should hold with improved fidelity
of structural modeling with modified blade properties and modeling
of inertial effects. Only the optimal deployment schedule and
geometric sizing might likely change.
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