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In recent years, there has been signiﬁcant interest in on-blade concepts that expand the operating envelope of
helicopters without compromising the performance characteristics of the baseline rotor. The variable-droop leadingedge concept is explored in a modiﬁed version of the Navier–Stokes solver OVERFLOW. Modiﬁcations were made to
the solver to allow deforming-grid capability. This concept was explored in dynamic stall tests of the VR-12 and
SC1095 helicopter airfoils. The variable-droop leading-edge airfoils have dramatically reduced drag and moment
rises associated with dynamic stall. Using the results of these tests, a modiﬁed UH-60A rotor incorporating variabledroop leading-edge airfoils was analyzed using loosely coupled computational ﬂuid dynamics and comprehensive
structural dynamics with OVERFLOW and DYMORE and compared with the standard UH-60A rotor for highthrust-case ﬂight 9017. Results show a reduction in the peak negative pitching moment. The rotor efﬁciency was
shown to improve by 2.9% and the 4=rev component of vertical force reduced by 8%. These performance
improvements can be improved with an improved droop schedule and by incorporating improved transonic airfoils.

a signiﬁcant design compromise that results in airfoils that have
lower performance than airfoils designed for each ﬂow environment.
In moderate-speed cruise ﬂight (  0:3), the advancing blade has
3.45 times the dynamic pressure at the tip and 16 times at the
midspan. To trim the aircraft, the lift generated on the advancing and
retreating sides need to be balanced to avoid a large rolling moment.
This requires the retreating blade to operate at or near its maximum
lift capability while the advancing blade is at low or negative
incidence. This causes the blade to undergo dynamic stall cycles as
the blade goes from low to high incidence, causing large negative
pitching moments, high vibration, and buffeting. The high negative
pitching moment that occurs causes an elastic deformation that
causes further pitch changes. These stall cycles limit the helicopter’s
maximum ﬂight speed, maneuverability, and thrust of the aircraft.
A number of on-blade concepts have been proposed that offer
tremendous potential for improved performance and reduced
vibration for next-generation helicopters. These concepts attempt to
improve aerodynamics on the retreating side while limiting their
adverse effect on the advancing side. These include leading-edge
slats [1,2], trailing-edge ﬂaps [3–5], variable camber [6], and
leading-edge deformation [7,8]. A number of active controls were
applied to an Apache-like rotor in forward ﬂight by Yeo [9] using
CAMRAD II and modiﬁed airfoil tables. From these, the variabledroop leading edge (VDLE) was selected for further evaluation using
two- and three-dimensional computational tests. A variable-droop
leading edge has been shown in two-dimensional tests to greatly
reduce the negative pitching-moment peak and peak drag, with small
changes in lift in experimental and computational tests [10–12].
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chordwise-force coefﬁcient [C=12 a2 c]
pitching-moment coefﬁcient [M=12 a2 c2 ]
normal-force coefﬁcient [N=12 a2 c]

section
section
section
thrust coefﬁcient
chord
reduced frequency (!c=2V1 )
rotor lift per equivalent drag [FZ =FX  MZ =V1 ]
nondimensional radius
rotor tip speed (R)
freestream velocity
advance ratio (V1 =Vtip )
rotor solidity
rotor azimuth
main rotor rotation rate, rad=s

I. Introduction

R

ETREATING blade stall is a dominating factor in forward
ﬂight and can limit the operational envelope of a helicopter. In
forward ﬂight, the advancing blade encounters additional velocity
due to the freestream and the retreating blade encounters a reduced
velocity. This requires the same rotor span station to have good lowdrag transonic and high-lift, low-speed performance. This represents
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II. Numerical Methodology
A.

OVERFLOW

The numerical simulations were done using the compressible
Navier–Stokes computational ﬂuid dynamics (CFD) code OVERFLOW [13]. OVERFLOW, developed by NASA, uses overset
structured grids for a wide variety of problems, including rotorcraft
simulations [14,15]. Version 2.0y with modiﬁcations made under the
Defense Advanced Research Projects Agency’s Helicopter Quieting
Program, as reported by Duque et al. [16], was used with elastic blade
motion capability. For 2-D calculations, two different grids were
617
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generated. The ﬁrst was a C-grid of dimensions 547  105, which
was used with a y of 1. The second grid modeled the wind-tunnel
walls with a smaller C-grid of dimensions 257  50 and a stretched
119  62 Cartesian grid similar to previous OVERFLOW runs in this
wind tunnel [17,18]. In dynamic stall tests, 35,000 time steps per loop
were used with 4 Newton subiterations. Calculations were made with
up to 8 Newton subiterations and were found to produce near
identical results. The solutions were run for 2–2.5 cycles using
fourth-order central differencing and the kinetic-eddy simulation
turbulence model [19,20]. Three-dimensional runs were made using
a coarse 125  82  33 node UH-60A blade C-grid. The ﬁrst
offbody grid used spacing of 0.2 times the tip chord. The entire grid
used approximately 4.6 million grid points. OVERFLOW used 20
time steps per degree of azimuth, the detached-eddy simulation based
on the Spalart–Allmaras turbulence model [21,22], and fourth-order
central differencing.
B.

OVERFLOW-DYMORE Coupling

For three-dimensional modeling, the UH-60A Blackhawk rotor
was used. Analysis of helicopter rotors in forward ﬂight is a complex
multidisciplinary problem. Rotor blades are ﬂexible beams that
undergo signiﬁcant elastic deﬂection. To solve the elastic deﬂections
and trim the rotor to the required thrust, rolling, and pitching
moment, several comprehensive structural dynamics (CSD) codes
have been developed. The features and development history of these
codes are summarized in [23]. They require the sectional structural
properties of the rotor blade and details of the hub system. These
properties determine the elastic characteristics of the rotor and
interact with the aerodynamic forces. Accurate modeling of the
aerodynamics of rotors is extremely challenging due to the
requirement to model unsteady transonic ﬂow with shocks, dynamic
stall, reversed ﬂows, and wakes. CSD codes rely on simpliﬁed
aerodynamics from table lookups, stall models, and wake models.
The aerodynamic calculations can be improved using a CFD code to
supplement the internal aerodynamic calculation through CFD-CSD
coupling, but at an approximately 2- or 3-order-of-magnitude
increase in computational cost. Extensive work has been done on the
UH-60A rotor using CFD-CSD coupling with a variety of solvers
through the UH-60A Airloads Program [24]. Potsdam et al. [25] used
loose coupling with OVERFLOW and CAMRAD II for a variety of
level-ﬂight conditions. OVERFLOW has also been used with other
structural solvers, including RCAS [26] and DYMORE [16].
DYMORE [27] is a ﬁnite element solver that uses a multibody
dynamics approach for the modeling of the rotor as a nonlinear elastic
multibody system. A four-bladed UH-60A rotor model is used that
includes the blades, lag dampers, and push rods. A dynamic wake is
used for the initial aerodynamics. An autopilot algorithm is used to
trim the rotor to the prescribed thrust and moment targets. This model
has been used in previous studies using OVERFLOW [16] and GTHYBRID [28]. No changes were made to the DYMORE model to
account for the VDLE mechanical device.
A loose-coupling trim method initially developed by Tung et al.
[29] was used and shown in Fig. 1. DYMORE is ﬁrst run using
lifting-line aerodynamics for several revolutions to obtain the trim
solution and blade motions. The elastic blade motions are then
transferred to OVERFLOW. The three forces and three moments in
the hub frame are then calculated by OVERFLOW. This avoids any
differences in the local frame due to changes in chord length and
orientation that occur when the leading edge is deformed. Airloads
and elastic deformations were calculated at 81 rotor stations. The ﬁrst
exchange of airloads from OVERFLOW to DYMORE took place
after a periodic solution was obtained from two full rotor revolutions.
Subsequent iterations passed airloads after two or three quarterrevolutions. Because airloads are exchanged at every degree of
azimuth, care is required to ensure that the OVERFLOW loads have
reached periodicity, to avoid discontinuities. DYMORE uses the
OVERFLOW loads and applies a small trim correction using tablelookup aerodynamics. Typically, 6–10 iterations are required to
converge to the desired thrust, rolling, and pitching moment.
DYMORE ran for approximately 4 h per iteration. OVERFLOW was

Fig. 1 Loose coupling CFD/CSD methodology (FSI denotes the ﬂuid/
structural interface).

run on an 8-node 2.4 GHZ AMD Athlon processor cluster on 3–16
processors. Approximately 8 h per revolution are required when
using 16 processors.
C.

Grid Deformation

Two different grid deformation techniques were implemented
within OVERFLOW. The ﬁrst method requires several volume grids
to be created before running OVERFLOW. OVERFLOW was
modiﬁed to read in four grids representing no-droop, maximumdroop, and two intermediate-droop values. The grid at each time step
was then calculated algebraically by interpolating between those
grids for a particular droop angle. The second method used followed
that of Morton et al. [30]. This method was used by previous
researchers for similar variable leading-edge deformations in
OVERFLOW [11]. Once the deformed surface is calculated, the
points in the normal direction are found by calculating the local
normal to the grid surface. This maintains grid orthogonality at each
time step. As the distance from the surface increases, a cubic spline is
used to smoothly blend the deformed grid and the original grid. This
maintains the outer boundary of the original grid. This results in some
curving of the grid, as shown in Fig. 2. No differences were seen in
the computed results to plotting accuracy. The second method has
reduced memory requirements (as only the four surface grids were
kept in memory instead of all four volume grids) and a small increase
in computational time of 5%. In the three-dimensional tests, the
original grid was modiﬁed with the leading-edge deformation at each
time step before the elastic deformations were applied. The cubic
blending function was modiﬁed for the 3-D grids to be fully blended
at 0.5 chord lengths from the blade surface.

Fig. 2 Grid deformation using Morton scheme (left) and algebraic
(right) (every second point shown).
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III.

Two-Dimensional Computations

To evaluate the grid deformation scheme in two dimensions,
calculations were ﬁrst done on a VR-12 airfoil with both ﬁxed- and
variable-droop leading edges from the experiment of Chandrasekhara et al. [10]. This experiment used a VR-12 airfoil with up to a
25 deg leading-edge droop from the quarter-chord. C-grids were
made for ﬁxed-droop angles of 0, 5, 10, 15, and 20 deg by rotating the
leading-edge down, as shown in Fig. 3. The experiment has two mild
steps near the hinge line, as the airfoil transitions between the
leading-edge element, hinge, and main airfoil element resulted in
some additional separation. The grid had a smooth upper surface and
did not have these transitions.
Typically, dynamic stall computations use a single grid to model
the entire ﬂowﬁeld and apply freestream boundary conditions in the
far ﬁeld. This yields good results when the wind tunnel has a high

Fig. 3

Surface of VR-12 standard and drooped airfoils.

Fig. 4
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height-to-chord ratio so that the wind-tunnel walls can be neglected.
Previous computations neglected the wind-tunnel-wall effects and
underpredicted the lift-curve slope and delayed stall [12,31]. Figure 4
shows the VR-12 in dynamic stall with and without the wind-tunnel
walls. The inclusion of wind-tunnel walls results in signiﬁcant
improvement of the lift-curve slope, maximum lift, and angle of stall
of the baseline airfoil. Peak lift and drag were well predicted, but peak
pitching moment was underpredicted. Figure 5 shows the lift results
for 10 and 20 deg ﬁxed-droop cases. Both show good agreement with
experimental data when wind-tunnel walls are included. As the angle
of droop is increased, the maximum lift, pitching moment, and drag
are reduced.
Next, the VDLE airfoil was tested. The droop schedule is such that
the ﬁrst quarter-chord of the airfoil is always at a 0 deg angle of
attack. The results with and without the wind-tunnel walls are shown
in Fig. 6. The inclusion of wind-tunnel walls improves the prediction
of the lift-curve slope, but there is a steady offset of lift equal to the lift
of the baseline airfoil at 0 deg. At a 0 deg angle of attack, the VDLE
airfoil has the same shape as the baseline VR-12. The computed
results for the VDLE airfoil show similar lift values at a low angle of
attack to the baseline VR-12, but the experimental results have a
near-zero value. The pitching moment at a high angle of attack is
strongly underestimated.
Mach contours are compared at 18.5 deg on the upstroke in Fig. 7.
As in the experiment, there is a small pocket of supersonic ﬂow on the
baseline airfoil, but the shock is not strong enough to cause
separation. The maximum Mach number for the VDLE airfoil is

Comparison of experimental and computed results for VR-12 M  0:3, k  0:1, and   10 deg 10 deg sin!t.
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Fig. 5 Comparison of experimental and computed results for ﬁxed droop VR-12 M  0:3, k  0:1, and   10 deg 10 deg sin!t.

Fig. 6

Comparison of experimental and computed results for the VDLE airfoil M  0:3, k  0:1, and   10 deg 10 deg sin!t.
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Fig. 7 Mach contours of VR-12 (left) and VDLE (right) at 18.5 deg on
upstroke.

Fig. 9 SC1095 lift with drooped airfoils M  0:3, k  0:1, and
  10 deg 10 deg sin!t.

Fig. 8 CP distribution of VR-12 (left) and VDLE (right) at 19.5 deg on
upstroke.

signiﬁcantly reduced from 1.063 to 0.642. The leading edge of the
VDLE airfoil is at low incidence and has a much weaker CP min of
3:16 than the 8:38 of the baseline airfoil. The CP distribution at
19.5 deg is shown in Fig. 8. The dynamic stall vortex evident in the
baseline image has been suppressed by the VDLE airfoil. The effect
of the VDLE airfoil on peak lift, drag, and moment are summarized in
Table 1. The VDLE has signiﬁcant decreased the peak drag and
pitching moment with minor reduction in peak lift.
Next, the SC1095 airfoil was simulated. This and the similar
SC1094 airfoil are the airfoils on the UH-60A Blackhawk. There is a
large database of computed and experimental results of this rotor for
validation and comparison. The VR-12 is a more modern airfoil than
the SC1095, with higher maximum lift-and-drag divergence Mach
number. Results for the SC1095 in dynamic stall computations are
shown in Figs. 9–11. The VDLE droop schedule was designed to
maximize the L3=2 =D on the upstroke using the results of the
previous ﬁxed-droop runs, as shown in Fig. 12. The schedule
maintains the baseline SC1095 airfoil from 0 to 5 deg and then
transitions to a 15 deg droop while keeping the angle of attack of the
leading edge at 5 deg. The effect of the VDLE airfoil on peak lift,
drag, and moment are summarized in Table 2. The results are similar
to the VR-12 tests, except that the SC1095 shows an even greater
computed drag reduction of 72 vs 57% for the VR-12. Figure 13
shows that the VDLE airfoil has successfully suppressed the leadingedge separation that characterizes dynamic stall. The ﬂow
characteristics are very similar to the VR-12 tests. The lower
incidence of the leading edge of the VDLE airfoil maintains attached
ﬂow even at very high angle of attack. Some separation does occur
near the trailing edge of the main airfoil element, but this region is
signiﬁcantly smaller than the baseline airfoils.

Table 1

Fig. 10 SC1095 drag with drooped airfoils M  0:3, k  0:1, and
  10 deg 10 deg sin!t.

Effect of VDLE VR-12 airfoil on critical quantities

Peak CL reduction
Peak CD reduction
Peak CM reduction

Experiment

Computed

8%
63%
31%

5%
57%
49%

Fig. 11 SC1095 moment with drooped airfoils M  0:3, k  0:1, and
  10 deg 10 deg sin!t.
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Table 2

Effect of VDLE SC1095 airfoil
on critical quantities

Peak CL reduction
Peak CD reduction
Peak CM reduction

Fig. 12

SC1095 effect of droop on L3=2 =D.

IV. UH60A-Based Computations
For the UH-60A-based computations, ﬂight C9017 was used. This
is a moderate-speed (advance ratio   0:237) high-thrust
(CT =  0:129) case that has two dynamic stall cycles. The two
stalls occur at approximately  270 and 330 deg. The ﬁrst stall is
due to the high control angles necessary for the high thrust and the
second stall is caused by the elastic deformation due to the torsion
dynamics [32]. The standard UH-60A rotor was run for seven CFDCSD coupling iterations to converge to the desired thrust, rollingmoment, and pitching-moment targets. The results are similar to
results report by Potsdam et al. [25], except these computations use a
coarser grid that does not capture all the events. The results are

Fig. 13

15%
72%
58%

compared with experimental data in Figs. 14–16 at several span
stations. The ﬁrst stall is slightly underpredicted, which leads to a
signiﬁcant underprediction of the second stall. Because of the coarse
offbody grid spacing of 0.2 chords, the wake is signiﬁcantly
dissipated, resulting in loss of the high-frequency content in the aft
portion of the rotor disk. It has been previously noted that the
integrated thrust is 13% higher than the measured thrust [25]. The
pitching moments are plotted with the mean removed to eliminate the
effect of steady-state offset.
A droop schedule was designed to reduce the effect of the two
stalls on the outer portion of the rotor. The extent of the VDLE airfoil
part of the blade was limited to 25% of the span from r=R  0:7 to
0.95. The minimum feasible amount of time for the actuator to go
from no deﬂection to a maximum of 15 deg was taken from a
requirement for a VDLE mechanical system from a U.S. Army Small
Business Innovation Research solicitation that speciﬁed that the
mechanism must be capable of 5/rev motion [33]. The droop
schedule was implemented using a slower 4=rev motion that began to
droop at  220 deg, achieving a maximum of 15 deg droop at
 265 deg. A maximum droop of 15 deg was chosen based on the
SC1095 computations. The leading edge returns to the undeformed
shape from  305 to 350 deg, as shown in Fig. 17.
The VDLE-based rotor was run for seven CFD-CSD coupling
iterations to converge to the thrust, rolling-moment, and pitchingmoment targets. The total and elastic pitches at the tip of the rotor
blade are shown in Fig. 18. The pitch is nearly identical on the
advancing side, as the collective and cyclic values are within 0.1 deg

Instantaneous streamlines around baseline SC1095 (left) and VDLE (right) at 19 deg on upstroke colored by vorticity.

Fig. 14 Sectional loads at 0:865r=R.
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Fig. 15 Sectional loads at 0:920r=R.

Fig. 16 Sectional loads at 0:990r=R.

Fig. 17 Droop schedule implemented for C9017.

Fig. 18 Comparison of total and elastic pitch at tip of blade for the
baseline and VDLE rotor.
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of each other. The VDLE section has an increased nose-down
pitching moment when the VDLE section begins to droop at
 220 deg, and the maximum pitch at the tip at  305 deg is
reduced by nearly 2 deg. Because of the elastic nature of rotor blades,
the increased pitching moment in the VDLE section when it begins to
droop affects the pitch of the entire blade. Figures 19–21 show the
results for sectional pitching-moment, normal-force, and chordwiseforce polar plots. The discontinuity in the loads at r=R  0:7 and
0.85 is due to the increased chord with the tab. Figure 22 shows the
local sectional loads at r=R  0:9. The advancing side of the rotor for
both cases is very similar, with only slight differences in the trim
state. The VDLE-based rotor increases the pitching moment when it

begins to droop at  220 deg, but the large spike in moment in the
baseline rotor at  270 deg from the dynamic stall has been
eliminated. The magnitude of the second stall has also been reduced.
From the polar plot, a higher pitching moment is evident over the
wide area in which the rotor droops, but maximum magnitude has
been reduced. The pitching moment is signiﬁcantly increased and the
normal force is decreased for the VDLE blade around r=R  0:7,
where the VDLE section begins. This indicates that the leading edge
has drooped too much at this span station and that the VDLE section
does not need to extend this far inboard. Experimental data near this
region show that a stall begins around 220 deg that was not captured
in the baseline computations.

Fig. 19 Local normal-force polar plots.

Fig. 20 Local pitching-moment polar plots.

Fig. 21

Local chordwise-force polar plots.
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Fig. 22 Sectional loads forces at r=R  0:9.

Fig. 23 Isosurface of constant vorticity at
UH-60A blade.

 270 deg on the baseline

The effect of the VDLE blade on the stall at  270 deg is shown
in Figs. 23 and 24 using an isosurface of constant vorticity. The
baseline blade has a large pocket of separated ﬂow on the upper
surface of the blade that is not present for the VDLE blade. The
vorticity for the VDLE blade is conﬁned to the tip vortex and over the
attached boundary layer. The ﬂow remains attached or very mildly
separated over the entire rotor disk for the VDLE blade.
The two rotors were compared using the effective lift-to-drag ratio
L=De [34]. The VDLE-based rotor had a 2.9% improved L=De of
3.49 from 3.39 of the baseline rotor. This is mainly due to a 3.3%
reduction in the torque required to power the main rotor. The edge
force of the VDLE-based rotor was less than the baseline rotor,
resulting in less propulsive force.
It is instructive to examine how the effect of the VDLE airfoil on
local pitching moment and normal force affects the vibration. A
primary contributor to vibration is the 4=rev vertical-force
component. The VDLE blade had a 7.96% reduction in 4=rev
vertical-force component. A 4=rev motion of the VDLE section of

Fig. 24 Isosurface of constant vorticity at
based UH-60A blade.

 270 deg on the VDLE-

the blade for the entire rotor disk could potentially signiﬁcantly
reduce the vibration.

V. Conclusions
The OVERFLOW Navier–Stokes CFD code version 2.0y has
been modiﬁed to allow for a leading-edge deformation. Two
variable-droop leading-edge (VDLE) airfoils were analyzed in deep
compressible dynamic stall. The leading edge changes to have low
local incidence to the incoming ﬂow at a high angle of attack. The
leading-edge separation is suppressed, thereby greatly reducing the
peak pitching moment and drag. The moderate-speed, high-thrust
UH-60A C9017 ﬂight was analyzed with the baseline rotor and a
VDLE-based rotor. The VDLE-based rotor was able to maintain
attached ﬂow and reduced the peak pitching moment associated with
dynamic stall. The pitching moment was increased over most of the
area with the VDLE airfoil. The rotor efﬁciency improved by 2.9%,
torque was reduced by 3.3%, and the 4=rev component of vertical
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force was reduced by 8%. These performance improvements could
likely be increased with an improved droop schedule. The improved
retreating-blade performance with the VDLE allows for a better
transonic airfoil to be used that could result in improved performance
on the advancing side, further improving overall performance gains.
Future work will likely include improving the pitching-moment
prediction in separated ﬂows, optimization of the droop schedule,
optimizing the spanwise and chordwise extents of the VDLE airfoil,
and examining high-speed ﬂight.
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