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Forward-Flight Analysis of Slatted Rotors
Using Navier—Stokes Methods
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The objective of this study is to evaluate the aerodynamic effects of leading-edge slats on rotor blades
under high-speed forward-flight conditions. A partial-span leading-edge slat is proposed for the inboard
portion of the existing UH-60A rotor. Some two-dimensional slat studies are done to optimize the slat
orientation at low subsonic Mach numbers. A multizone unsteady three-dimensional compressible
Navier —Stokes solver is developed to compute such rotor/slat configurations. The rotor wake is captured
from first principles. Some forward-flight results are presented for the UH-60A slatted rotor and com-
pared with the baseline rotor case. The surface pressures and the force coefficients indicate that the slat
is beneficial in reducing the retreating side dynamic stall. It was found that the slat reduces the torque
and pitching moments on the retreating side compared to the baseline configuration.

Introduction

EXT-GENERATION combat helicopters are expected to

have high maneuverability, agility, and good handling
qualities. Highly maneuverable rotorcraft are particularly de-
sirable in deep-penetration operations, air-to-air combat situa-
tions, and nap-of-the-Earth operations. The first step for
achieving higher maneuverability is to improve the aerody-
namic performance of the main rotor, and in particular, to in-
crease the maximum thrust generated by the rotor and reduce
or eliminate the retreating blade stall.

During the late 1970s, rotorcraft airfoil sections were de-
signed to achieve high maximum lift coefficients Cjn.x, and
low zero-lift drag coefficients C.o.' Rotorcraft airfoils such
as Hughes HH-02, Vertol VR-7, VR-12, and Sikorsky SC-1095
have shown significantly higher C;n. and lower Coand good
high-speed characteristics. However, the U.S. Army’s future
needs require significant improvement in lift above the level
of the current airfoils. Further dramatic improvement in airfoil
lift capability without considerable compromises in pitching
moment or drag divergence characteristics may be unrealistic
for conventional airfoils.” An increase in the blade area of the
present-day single-element rotors causes an increase in the
blade weight and may decrease the useful payload. An increase
in the camber of the airfoils results in undesirable drag diver-
gence characteristics and higher pitching moment levels lead-
ing to higher control loads. Highly cambered single-element
airfoils also have poor dynamic stall characteristics that lead
to structural vibration problems. The rotor blade with a lead-
ing-edge slat is expected to achieve higher thrust levels com-
pared to a single-element airfoil without much increase in
blade weight.®

McAlister et al.* have experimentally studied the dynamic
stall characteristics of a Boeing vertol airfoil with and without
slat, and demonstrated that the deployment of the slat shrinks
the hysteresis loop and increases the average lift levels during
the oscillation cycle. Noonan et al.” conducted experiments to
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study the aerodynamic performance characteristics of a slotted
rotorcraft airfoil. Their studies indicate that the use of a slotted
airfoil leads to significant improvements in Cj . With mini-
mum adverse impact on drag and pitching moment character-
istics. Yu et al.® have presented the potential of improving the
lift, drag, and moment characteristics of airfoil sections on ro-
tor blades with high-lift devices such as slats, deformable lead-
ing edges, and upper-surface blowing. Recently, the present
authors’ studied two rotor configurations (VR7 and UH-60A)
with leading-edge slats in hover using the three-dimensional
unsteady compressible Navier—Stokes equations. In the case
of the VR7 rotor blade, a full-span leading-edge slat was em-
ployed and it was shown that at high collective pitch settings
the blade stall angle was increased, leading to higher thrust
and reduced torque. A partial span slat was used in the case
of the UH-60A rotor blade and at moderate collective pitch
angles the slat was seen to improve the hover performance of
the baseline rotor.

Benefits of Slatted Rotors

The primary benefit of a leading-edge slat on a rotor blade
is to improve the aerodynamic performance of the rotor in
hover and forward-flight conditions. The maximum thrust gen-
erated by the rotor in hover is limited by blade stall. High-lift
devices such as leading-edge slats delay blade stall and in-
crease the maximum thrust generated by the rotor. Thus, an
increase in useful payload in hover and climb can be realized.
The leading-edge slat does not add a significant amount of
blade weight, particularly if the slats are deployed permanently
to reduce the complexity of the actuators and active control
devices.

In high-speed forward-flight situations, the maximum thrust
on the retreating blade falls because of the decrease in dynamic
pressure and also the occurrence of dynamic stall because of
the changes in blade pitch. The thrust achievable is thus lim-
ited throughout the forward-speed range. Maximum thrust pos-
sible on the advancing side increases, but is unrealizable be-
cause of the retreating blade restriction. As the advancing blade
tip Mach number approaches unity, the lift generated is re-
stricted by shock-induced flow separation. Drag divergence
and pitching moment divergence also limit the maximum
speed achievable. Thus, the envelope is bounded by a limit on
thrust from retreating blade stall and a limit on forward speed
from advancing blade compressibility effects.® Also, retreating
blade stall leads to large, highly unsteady pitching moments.
These pitching moment variations lead to high control loads
and vibration levels. The blade torsional moments may also
increase, and in some cases, lead to stall flutter.
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Based on the two-dimensional studies,””” and also the three-
dimensional hover calculations,” it may be expected that a
leading-edge slat will reduce or eliminate the dynamic stall on
the retreating side. Thus, the thrust limit imposed by the blade
stall could be increased by using a slat. The sectional drag
levels may also be reduced on the retreating side, lowering the
torque. The slat also reduces the pitching moment oscillations
caused by the dynamic stall and reduces the pitch link loads
and vibration levels. These beneficial effects of a slat must, of
course, be weighted against any adverse effects on the ad-
vancing side. To date, such a comprehensive study has not
been done.

Numerical Features

The three-dimensional unsteady compressible Reynolds-av-
eraged Navier—Stokes equations are solved numerically using
a time-marching scheme. A hybrid alternating direction im-
plicit (ADI) scheme’ is used in the present work. The inviscid
flux derivatives are calculated using a third-order Roe upwind
scheme,' based on a finite volume approach. The viscous de-
rivatives are calculated using a second-order standard central
difference scheme. The Baldwin—Lomax algebraic turbulence
model'' is used in the present calculations. The formulation of
the hybrid-implicit scheme, boundary conditions, and the mul-
tizone methodology are described in detail.”” The hybrid-im-
plicit scheme has been validated for a number of fixed-wing
and rotary-wing configurations, both in steady and unsteady
flight conditions.”">"

Results and Discussion

Computational Grid

Figure 1 shows a typical three-zone H-grid around a slatted
airfoil. As shown in Fig. 1, there are three zones in the normal
direction for a two-component airfoil. The far-field boundaries
are at a distance of six chord lengths from the body surface.
A typical two-component airfoil grid consists of 120 points in
the streamwise direction, 40 points in the normal direction in
the top and bottom zones, and 30 points in the middle zone.
This type of multizone H-grid was successfully used in com-
puting flow over a five-component Boeing 737 airfoil* in a
previous study.

The forward-flight calculations for a four-bladed single/mul-
tielement rotor are done using H-O type grids around each
rotor blade. An H-O type grid is generated around each blade
and connected at the zonal interfaces. The top view of all the
blade grids at a particular azimuth location is shown in Fig. 2.
At each time step, each blade grid is rotated in pitch within
the flow solver and also in the azimuthal direction. The flow
solver ensures that the zonal interfaces connecting any two
adjacent blade grids are patched with a point-to-point overlap.

SC1095 Slat Studies

The objective of the present work is to evaluate the use of
a high-lift device such as a leading-edge slat for a highly
twisted realistic rotor (UH-60A) blade. The design of a slat
section for the existing SC1095 airfoil for a range of Mach
numbers and Reynolds numbers involves an elaborate analysis
of the high-lift airfoil with different slat shapes and orienta-

Fig. 1 Two-dimensional multizone H-grid.
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Fig.2 Top view of a four-bladed multizone H-O grid in forward
flight.
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Fig. 3 Schematic of SC-1095 slatted airfoil (not to scale).

tions. A detailed three-dimensional optimization study is de-
sirable, but is not feasible because of the enormous amount of
computer resources required. As a first step, the SC1095/slat
configuration was analyzed in the two-dimensional mode with
a fixed slat shape at two different slat orientations and low
subsonic Mach numbers.

The airfoil profile of the slat is identical to the shape of the
main airfoil, with a reduced chord and thickness distribution.
The chord length of the slat is 10% that of the main airfoil.
As shown in Fig. 3, Xs is the distance of the quarter-chord
point of the slat from the leading edge of the main airfoil
normalized with respect to the main chord, Zs is the vertical
shift in the quarter-chord point of the slat from the leading-
edge point of the main airfoil, and 9y is the angle of rotation
of the slat pivoted at the quarter-chord point and is measured
in the anticlockwise direction.

The slatted SC1095 airfoil is analyzed using the multizone
Navier—Stokes solver at two subsonic Mach numbers of 0.2
and 0.38 at a Reynolds number of 2.2 X 10° Figure 4 shows
the sectional lift and drag coefficients of baseline and slatted
sections of SC1095 airfoil plotted against angle of attack for
a Mach number of 0.38. Two slat angles 35 (25 and 34 deg),
as defined in Fig. 3, are selected for comparison purposes. In
both the cases, the parameters Xy and Zs are 0.06¢ and 0.008c,
respectively.

Figure 4 shows that at both slat orientations the stall angle
is increased. There is an increase in the lift values and a de-
crease in the drag coefficients at higher angles of attack when
compared to the baseline values. At lower angles of attack
below 8 deg, the drag coefficients of the slatted airfoils are
higher than the baseline values because of a mild separation
on the lower surface of the slat. As the angle of attack is
increased, the flow through the gap between the slat and the
main element energizes the flow on the upper surface of the
main airfoil, thus delaying stall. Also, it is seen that as the slat
angle is increased from 25 to 34 deg in the anticlockwise di-
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Fig. 4 Lift and drag coefficients vs alpha, baseline, and slatted
SC-1095 airfoils, M.. = 0.38, Re = 2.2 X 10°.

rection, the percentage of lift increases with respect to the
baseline airfoil increases, and a higher percentage of reduction
in drag coefficients is observed at higher angles of attack. To
obtain a true optimum slat geometry for a desired range of
Mach numbers and angles of attack, a parametric study needs
to be done by varying the slat shape, horizontal and vertical
distances X and Zg, and the slat angle &4

From the previous two-dimensional analysis, the benefits of
the proposed slat for the SC1095 airfoil was confirmed. This
slat section with a 85 = 34-deg orientation was then incorpo-
rated into the three-dimensional UH-60A rotor blade.

UH-60A Baseline Rotor

The schematic of the model UH-60A rotor blade geometry
is shown in Fig. 5. The flow condition simulated in this cal-
culation is high-speed forward-flight with an advance ratio
of 0.3 and a tip Mach number of 0.628. The model rotor was
trimmed to zero first harmonic flapping in the experiments.'
The geometric pitch time history is taken out of Lorber’s'’
data. This pitch distribution includes the built-in structural
twist distribution, cyclic and collective pitch, and torsional de-
flections around the azimuth. The collective pitch is 8.8 deg.
These pitch data are converted in to a table of sectional angle-
of-attack (minus the inflow) values at all of the azimuthal and
spanwise locations. At each time step of the solution process,
different spanwise sections of the rotor blade are rotated in
pitch according to the tabular data.

The computational grid used in this calculation consists of
four H-O blade grids. Each block spans a quarter of the azi-
muth (i.e., 90 deg) and the adjacent blocks are patched with a
point-to-point overlap at the zonal interfaces. Each blade grid
consists of 90 points in the azimuthal direction, 43 points in
the spanwise direction, and 80 points in the normal direction.
At each time step, the blade grids rotate in the azimuthal di-
rection and also rotate in pitch according to the pitch distri-
bution.”” Ahmad et al.'*"” have performed forward-flight cal-
culations for two- and four-bladed rotor systems using moving
overset grids with user-specified blade motions. In the present

method, the zonal interfaces have a point-to-point overlap. The
zonal interfaces remain aligned at each time step, even though
the interior of the grid rotates with different pitch amplitudes.
The time step At taken in the present calculation is 0.01, which
corresponds to an azimuth of 0.023 deg for the chosen tip
Mach number.

Figure 6 shows the surface pressures plotted in the first
quadrant (y = 0 and 30 deg) at 77.5 and 94.5%R radial loca-
tions. The pressure values are nondimensionalized with respect
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Fig. 5 Schematic of baseline and slatted UH-60A rotor blades.
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Fig. 6 Surface pressure distribution, first quadrant, M ,= 0.628,
advance ratio = 0.3, UH-60A baseline rotor.
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to the local dynamic pressure. Figure 7 shows the surface pres-
sures in the second quadrant (y = 90-120 deg). The tip region
experiences negative loads in the second quadrant at ¢ = 120
deg. At = 100 deg a shock is formed on the lower surface
near the tip region as a result of the negative pitch distribution.
The computed pressures match well in the regions where the
flow is smooth with no discontinuities.

The retreating side surface pressures at 40% radial location
and ¢ = 220, 270, and 320 deg are shown in Fig. 8. The
leading-edge peak is largely underpredicted in all of the re-
treating side azimuthal locations. Even though the coefficient
of pressure is vastly different between the computation and
experiment, the actual pressure difference may be less because
the local dynamic pressure at 40% location on the retreating
side is very low. The dynamic stall effect is seen in the upper
surface pressures between ¢ = 220-320 deg. The bumps in
the surface pressures on the upper surface indicate the vortices
that were also observed in the pressure contours at these azi-
muthal locations. The lower surface pressure indicates smooth
attached flow in these azimuths as the blade is constantly in-
creasing in pitch.
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Fig. 7 Surface pressure distribution, second quadrant, Mg, =
0.628, advance ratio = 0.3, UH-60A baseline rotor.

The prediction of the three-dimensional dynamic stall vortex
formation and movement is believed to be a very challenging
task using the present-day Navier—Stokes solvers. The present
calculation does not adequately quantify the dynamic stall ef-
fects. This may be because of the coarseness of the grid and
the algebraic turbulence model. It is hoped that with refined
grid and two-equation turbulence models (like k-g) this phe-
nomena could be analyzed more quantitatively. Note that the
computed pressures are the unsteady values obtained at that
particular instant of time, whereas the experimental values are
time averaged over several rotor revolutions.

Figure 9 shows the normal force coefficient time history at
77.5 and 92% radial locations, respectively. The inboard load
predictions are underpredicted between ¢ = 200-260 deg. The
normal force coefficients in the outboard regions compare bet-
ter with the experimental values.'”” The computed loads are
plotted after each blade has traveled one full revolution. The
experimental values are time averaged over several rotor revo-
lutions. The dip in the force coefficient around an azimuth of
260 deg is believed to be because of the shedding of the dy-
namic stall vortex. In the tip region, beyond /R = 0.87, the
dynamic stall effect is not seen in the load plots. The negative
and positive load regions around the azimuth are well pre-
dicted in the computations.
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Fig. 8 Surface pressure distribution, retreating side, M 4, = 0.628,
advance ratio = 0.3, UH-60A baseline rotor.
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UH-60A Slatted Rotor

The schematic of the UH-60A rotor blade with a partial span
leading-edge slat is shown in Fig. 5. The slat spans up to 60%
radius from the root of the blade. The location of the slat was
chosen such that the slatted portion of the blade experienced
high angle-of-attack subsonic flow. However, the analysis
could be performed with the slat in any portion of the blade
span using the present solver. The slat was not included near
the tip region as it was not known a priori the transonic effects
of the slat on the rotor performance.

The four-bladed H-O grid is used in the computation as
shown in Fig. 2. This grid may not be the most efficient grid
in capturing the rotor wake in forward flight because the grid
is dense only near the tip region and is coarse away from the
tip region. In forward flight, unlike the hover case, the rotor
wake is convected aft of the rotor blade. With the present form
of the grid, the tip vortices move away from the dense portions
of the grid. A drawback of using the structured grids, as in the
present case, is that it is very hard, if not impossible to adapt
the grid locally. Unstructured grids may be very useful in these
situations, where the grid adaption near the vortex regions be-
comes very easy. Such an unstructured grid approach is being
pursued by Strawn and Barth.'®

Figure 10 shows the surface pressures on the retreating side
of the azimuth at { = 230 and 260 deg for the slatted rotor
blade. Figure 11 shows the corresponding retreating blade sur-
face pressures at 55% radial location for the baseline rotor.
These azimuthal and radial locations are chosen to show that
there is a reduction of dynamic stall because of the slat on the
retreating side. For the baseline case, we start to observe the
bumps on the upper surface pressure distribution, indicative of
the dynamic stall vortex, at ¢ = 230 deg. The corresponding
pressure plot at § = 230 deg for the slatted rotor shows no
bumps in the pressure distribution and indicates that there is
no separation. The slat is shown to reduce the traditional mas-
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Fig. 10 Surface pressure distribution, 55 % radial station, retreat-
ing side, M4, = 0.628, advance ratio = 0.3, UH-60A slatted rotor.
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Fig. 11 Surface pressure distribution, 55% radial station, retreat-
ing side, M4, = 0.628, advance ratio = 0.3, UH-60A baseline rotor.

sive separation, resulting in a smooth pressure distribution. By
the time the blade reaches ¢ = 290 deg, the flow recovers from
the stall.

The sectional force coefficients of baseline and slatted rotors
are plotted along the azimuth at 36 and 87% radial locations,
as shown in Fig. 12. In the inboard regions (/R = 0.55) the
baseline C, values show a sharp decrease, indicative of the



85

BANGALORE AND SANKAR

slatted rotor

r/R =043 —e— baseline rotor

15
Cn 1

0.5

0 1 L 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
psi (degrees)

r/R =055 slatted rotor

—¢— baseline rotor

14
1.2

1
0.8
0.6
0.4
0.2

0 1 1 1
0 50 100 150 200 250 300 350 400
psi (degrees)

1 1 1 ]

Fig. 12 Sectional normal force coefficient (nondimensionalized
with local dynamic pressure) vs azimuth, UH-60A baseline and

slatted rotors, o = 0.3.

dynamic stall vortex shedding. The force coefficient in the slat-
ted rotor case shows a smaller dip in the inboard regions near
=260 deg. The decrease in C, in the case of the slatted rotor
around ¢ = 260 deg is believed to be because of the change
in local dynamic pressure in that azimuthal region and not
because of the shedding of the dynamic stall vortex. This ob-
servation is based on the fact that no apparent separation was
observed on the upper surface of the slatted blade on the re-
treating side of azimuth.

In the tip region of the blade where there is no slat, the force
coefficients of the slatted and the baseline rotors are almost
identical in their behavior along the azimuth. Another feature
observed is that the slatted force coefficient in the second
quadrant ( = 90-180 deg) is lower than the corresponding
baseline values at some radial locations (r/R = 0.43 and 0.55).
This is because the pitch distribution assumes a minimum in
the second quadrant and the slat may be causing an additional
download on the rotor blade. It should be noted that the pitch
distribution is obtained from the trim condition of the baseline
rotor. The trim condition obviously changes for the slatted ro-
tor and should be calculated in an iterative process in future
studies.

Figure 13 shows the variation of sectional drag coefficients
of the baseline and slatted UH-60A rotors with the azimuth at
different radial sections. The drag coefficients in the baseline
and slatted rotor cases are almost identical on the advancing
side (up to ¢ = 180 deg) at 43 and 55% radial locations. A
sharp dip is observed near ¥ = 250 deg in the baseline rotor
case. This phenomena was also observed in the sectional nor-
mal force coefficients (Fig. 12). This is because of the move-
ment and shedding of the dynamic stall vortex. This sharp dip
in the drag is not observed in the slatted rotor case and the
drag values are lower compared to the baseline case. However,
the drag values in the fourth quadrant ({y =270-360 deg) show

that the slatted rotor causes a higher drag in the inboard
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regions than the baseline rotor. This additional drag is a lift-
dependent drag caused by the slat, as seen in the sectional
force coefficient plots (Fig. 12).

The sectional moment coefficient on the retreating side at
different radial sections for the baseline and the slatted rotor
cases are plotted in Fig. 14. The movement of the dynamic
stall vortex in the baseline rotor case causes rapid changes in
the pitching moment. In the slatted rotor case, there is no for-
mation of the dynamic stall vortex and the corresponding
pitching moment variation is not seen. The reduction of the
pitching moment variation because of the slatis very beneficial
in reducing the pitch link loads and the structural vibration
levels.

Concluding Remarks

The present Navier—Stokes methodology is believed to be
the first in its kind to be capable of analyzing unsteady three-
dimensional viscous compressible flows over complex geom-
etries that include rotor + slat/flap configurations undergoing
arbitrary unsteady motion. The solver is capable of capturing
rotor wakes from first principles without relying on external
wake models. This wake-capturing capability is very useful in
the analysis of rotor blades with complex shapes (e.g., slatted
UH-60A rotor), where there is no wake experimental data
available a priori.

The forward-flight analysis of the four-bladed UH-60A rotor
with and without slat has been successfully performed using
the present method. Pressure and load comparisons with ex-
periments were done for the baseline UH-60A rotor. The lead-
ing-edge slat eliminated the retreating blade dynamic stall. The
unsteady variations of the sectional loads and the pitching mo-
ments of the baseline rotor on the retreating side were not
observed in the case of the slatted rotor. The slat appears very
beneficial in the reduction of blade vibration levels and pitch
link loads. In this particular forward-flight condition, the ad-
verse effects on the advancing side because of the slat were
not significant.
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