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ABSTRACT

This study examines the effect of chord extention over a 20% spanwise section of the rotor blades of a utlity helicopter
similar to the UH-60A Blackhawk. Chord extension is effectively realized by having a flat plate deploy through a slit in
the trailing-edge between 63-83% span. For the helicopter simulation results in this paper, the Trailing-Edge Plate
(TEP) is deployed 2 deg down relative to the airfoil chord line and results in a chord increase of 20% relative to the
baseline airfoil chord. Since TEP extension changes the baseline SC-1094R8 airfoil profile, Navier-Stokes
computational fluid dynamics is used to calculate the two-dimensional aerodynamic coefficients of the modified profile
over a range of angles of attack and Mach number variations, and this is used in the helicopter performance simulations.
The effect of TEP extension is examined, in particular, at moderate speed cruise condition (100 kts) and at high speed
condition (140 kts), for variation in aircraft gorss weight and operating altitude. At both speeds, TEP extension allowed
largest increases in aircrfat gross weight at high altitude (12,000 ft) — 2,200 Ibs at 100 kts and 1,200 lbs at 140 kts.
Alternatively, at the maximum gross weight of the baseline aircraft, TEP extension allowed power reductions of up to
15.3% at 100 kts, and in the range of 9.4% 12.7% at 140 kts. In stall dominated conditions (high gross weight, altitude
and speed) where TEP extension is most effective, it singificantly reduces the blade section angles of attack on the
retreating side, and although drag increases over spanwise regions where TEP is deployed, the overall reductions in
drag due to change in rotor trim helps reduce power. While TEP extesnion leads to significant power reductions and
gross wieght increases, increase in maximum speed is more modest (of the order of 10 kts at constant power, and
approaching 20 kts albeit at much higher power requirement).

INTRODUCTION devices such as Gurney flaps or through the effective

extension of blade chord. Such approaches, as well as the
use of active trailing edge flaps and other devices have

One of the primary factors limiting the operating envelope | § ) nad
been previously examined in Refs. 1-6. Stall alleviation

of a rotorcraft is the onset of blade stall. Generally

occurring at high speed on the retreating side of the rotor
disk, or for high aircraft gross-weight and/or high altitude
operation, stall leads to a loss in lift, sharp increase in
drag and pitching moment, globally limits aircraft
capability and induces high vibration and control loads.
Alleviating stall is of much interest when operating close
to the flight envelope boundaries, i.e., at high altitude,
airspeed or high gross weight.

One approach to alleviating stall and expanding the
helicopter’s flight envelope is through the use of high-lift
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solutions focusing on the trailing-edge might be
preferable to those that require leading-edge shape change
(for e.g., leading-edge nose droop or leading-edge slats as
examined in Ref. 5). This is because the aerodynamic
pressures near the nose are much higher, requiring a
stiffer structure and more actuation force, energy, and
power to change shape.

Further, of the high-lift devices in the trailing-edge
region, the Gurney flap has a high drag penalty (Refs. 1,
3). Consequently these would not be deployed on the
advancing side of the rotor disk, which implies that high-
frequency actuation (per rotor revolution) would be
required. In Ref. 1 it was shown that statically extending
the blade chord was effective in alleviating stall, reducing
power requirement near the envelope boundaries, and/or
expanding them. In fact, blade chord extension has
several attractive features vis-a-vis the use Gurney flaps
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as a high-lift device. For example, the drag penalty with
chord extension would be lower than that associated with
Gurney flap deployment. This allows chord extension to
be implemented quasi-statically (changing from one flight
condition to another, but not per rotor revolution).
Further, actuation force requirements are fairly low
(compared to trailing-edge flaps, for example, since
overcoming aerodynamic hinge moments is not required).

Rotor blade chord extension can itself be realized in a
number of different ways. One approach is to elastically
deform the blade structure in the chordwise direction as
examined in Ref. 6, and illustrated in Fig. 1.
Alternatively, a thin splitting plate can be extended
through a slit in the blade’s trailing-edge over a certain
spanwise section, as illustrated in Fig. 2. While the first
approach would, in principle, lead to an aerodynamically
cleaner profile, the energy requirement associated with
elastically deforming the structure, as well as the
requirement for flexible skins that can extend in-plane
while carrying pressure out-of-plane, make this approach
more challenging. The second alternative (using an
extendable Trailing-Edge Plate, TEP) for helicopter
applications was suggested in Ref. 1 by Leon et al., and
appears to be a lower-risk technology. However, while
Ref. 1 examined the performance benefits associated with
blade chord extension, that study made the simplifying
assumption that the aerodynamic lift and drag coefficients
of the extended chord section were the same as those of
the baseline airfoil. In effect, increment in lift (and drag)
came about due to direct increase in chord area but
change in airfoil profile was not accounted for.

The extension of the TEP through the slit, and the
resulting change in airfoil profile would, in fact, be
expected to change the sectional aerodynamic
characteristics. In the current paper a Navier Stokes CFD
solver is used to accurately calculate the aerodynamic
coefficients of a rotor blade airfoil section with TEP
extension. With these airfoil characteristics, the
performance improvement and envelope expansion of a
utility helicopter (similar to the UH-60A) is examined.
Specifically, the benefits of using TEP extension over
20% blade span are evaluated at cruise and high-speed
flight conditions, for variation in aircraft gross-weight and
operating altitude, and appropriate conclusions are drawn.

ANALYSIS

In the present study, performance simulations are based
on a utility helicopter with a 4-bladed articulated rotor
similar to the UH-60A Blackhawk helicopter. The key
properties of the baseline helicopter used are listed in
Table 1. For the portions of the blade where there is no
TEP, C81 tables (for the SC-1095 and SC-1094R8
airfoils) are used to obtain the sectional aerodynamic
coefficients based on the local angle of attack and Mach
number. The extendable TEP is situated between 63—
83% spanwise location on each blade, and the baseline
airfoil in this region is the SC-1094R8 airfoil.

Aerodynamic coefficients are carefully evaluated using
the 2D Navier-Stokes CFD code UM-TURNS (see Ref. 7)
for the SC-1094R8 airfoil with TEP extensions of 10%
and 20% of the baseline chord. However, studies showed
that the benefits with 20% chord extension were always
greater than those observed with 10% chord extension.
Therefore, only 20% chord extension results are included
in this paper. The TEP deployment angles considered
relative to the airfoil chord line were 0 deg, 2 deg down
and 4 deg down. Extending the TEP at O deg for the
cambered SC-1094R8 airfoil, results in the effective
reflexing of the airfoil along with a corresponding
reduction in lift coefficient. Extending the TEP at 4 deg
down, on the other hand, results in large nose-down
pitching moments. TEP extension at 2 deg down, roughly
parallel to the camber line, appeared to be the best
compromise, whereby the lift coefficient did not decrease
and the moment penalty was not as large. Although CFD
simulations were carried out for all three deployment
angles, the results in this paper are based only on a TEP
deployment angle of 2 deg down relative to the airfoil
chord line. CFD simulations for the baseline SC-1094R8
airfoil, as well as with TEP extensions were run over a
range of airfoil angles of attack and Mach numbers that
would be encountered over the flight envelope. The CFD
computations were based on a 329x97 single block C-type
grid, as shown in Fig. 3. The aerodynamic coefficients
for the airfoil with TEP extension obtained as an output
from the CFD simulations, ¢;, C; and C,,, are non-
dimensionalized with respect to the extended chord. In
the present study, a new set of aerodynamic coefficients,
C,, C4 and C,,, is obtained that is non-dimensionalized
with respect to the baseline chord length, ¢. These can be
calculated as follows:

Cl = (1 + E/E)Cl
Ci= (1+€/0)Cy 1)
Co= (14¢/0)%Cy,

Where ¢ is the plate extension as a percentage of the
baseline chord length, ¢. Sample data for lift coefficient
as a function of angle of attack at M=0.4 and M=0.7 are
shown in Fig. 4, while corresponding drag polars are
shown in Fig. 5. It is observed that while increasing
Ci—max» TEP extension does not result in a drag penalty at
low C, values — a major drawback observed with Gurney
flaps (see Refs. 1, 3). For the blade sections with the
extended trailing-edge plate, the sectional lift, L, drag, D,
and moment, M, could then be calculated as follows:

L= —pVZEC_l
D =21pv2eC, 2
M = pV?c?C,,

Alternatively, at any angle of attack and Mach number,



the increments in aerodynamic coefficients (“deltas”’) due
to TEP extension could be extracted by subtracting the
CFD calculated aerodynamic coefficients for the baseline
SC-1094R8 airfoil (no TEP extension) from C;, C; and
Cm in Egq. 1. The sectional lift, drag, and moment can
then be calculated by adding these extracted increments,
ACTEP, ACTEP and ACTEP, to the experimentally obtained
coefficients for the baseline SC-1094R8 airfoil from C81
tables. Thus,

L = 2pV2e(C g5 + ACTEP)
D= %pVZE(CgE}Jase + AC_;irEP) (3)
M= %pVZEZ (Cr(rjls—lbase +ACH)

Such an approach of adding “increments” for high-lift
devices or active sections to the baseline coefficients from
C81 tables is commonly followed in rotorcraft research
(see for example, Refs. 2, 3, 5, 8 and 9), and is adopted in
the present study as well. Non-dimensionalizing the
aerodynamic coefficients with respect to the baseline
chord (as shown in Eg. 1) allows convenient
implementation of this approach.  Further, it also
facilitates easy comparison of the aerodynamic
coefficients with TEP extension to those obtained with
trailing-edge flap deflection, Gurney flap deployment, etc.
(which do not involve any change in airfoil chord).

The aerodynamic model also includes a lifting line vortex
wake model with prescribed geometry (Ref. 10). The
wake-induced velocity at the aerodynamic integration
points along the blade span are calculated by using the
Biot-Savart law, accounting for the contribution of each
vortical element. As the TEP is extended, the lift
increases locally. This causes the strength of the bound
vorticity, as well as the trailed vorticity at the edges of
that TEP to change which, in turn, changes the inflow
distribution. Accounting for the change in vortex strength
and inflow due to TEP extension allows for a more
accurate calculation of the induced power as well as
profile power. Since the current study focuses on
moderate speed cruise and high speed flight conditions,
but not low speed flight, the self-induced distortions in
wake geometry prominent at low speeds are less
important and a prescribed wake is considered sufficient.

The blades are modeled as undergoing rigid flap rotations
about the offset flapping hinge but lag and torsion
deformation is neglected in the analysis. This model was
first developed and validated for use in Ref. 11, and has
also been used in Refs. 1, 2, 3, 8,9, and 12. With a good
aerodynamic model it is quite appropriate for trim and
power predictions.  The baseline power predictions
(without TEP), wversus airspeed, compared well with
CAMRAD-II predictions as well as flight test data of a
UH-60A helicopter (see Ref. 11). Further, such a rigid
blade analysis can be a good choice in parametric design
studies requiring a large number of simulations. Since the

study does not focus on loads and vibrations, modeling
elastic deformations of the blades would not be
considered critical. However, the extension of the TEP
does increases nose-down pitching moments (Fig. 6), and
thus torsional flexibility in the blades (and the lack
thereof in the analysis used in this study) could have an
effect on the results. To assess the implication of this
simplifying assumption, the model was also set up in
RCAS (Ref. 13) with the blades undergoing (a) rigid
flapping only, and (b) rigid flapping along with elastic
twist. For both, options (a) and (b), required power
versus airspeed was calculated without TEP extension as
well as with 20% TEP extension. Figure 7 shows that at
moderate gross weight (18,300 Ibs) and low altitude
operations, the rigid blade approximation is quite
appropriate.  Further, TEP extension in this nonstall
dominated condition actually increases  power
requirement slightly due to the profile power drag of the
extended TEP. Figure 7 also shows that at higher gross
weight and altitude the blade sections are closer to stall,
pitching moments are larger, and torsional flexibility has
an important effect. ~With no TEP extension, the
torsionally compliant model has lower power requirement
than the torsionally rigid model since the nose-down twist
reduces the angles of attack in the outboard sections.
More interesting and relevant, though, is the question of
how power reductions due to TEP extension compare
when using the two models. The results indicate that the
power reductions with the torsionally elastic model are
slightly smaller than those predicted with the torsionally
rigid model.  With that consideration, the results
presented in this paper should regarded as the upper limits
on benefits that TEP extension would offer.

The UH-60A helicopter model is propulsively trimmed at
the different conditions examined in this paper, both with
and without TEP extension, to assess the benefits that
TEP extension offers. In particular, the paper focuses on
two flight speeds (100 kts cruise flight, and 140 kts high
speed flight), altitude variation from sea level up to
12,000 ft, and gross weight variation from 16,000 Ibs up
to 28,000 Ibs.

RESULTS

Figure 8 shows rotor power versus gross weight at 100 kts
cruise condition. Results are shown for several different
altitudes. At sea level, there is no advantage to using
chord extension. As altitude increases the helicopter
would operate at increasing rotor collective pitch and be
more susceptible to stall. This limits the maximum gross
weight of the helicopter at high altitude. Given the
available power, the use of chord extension can
significantly increase the high lift capability at high
altitude. For example, at 12,000 ft altitude, the maximum
gross weight of the baseline helicopter is around 20,500
Ibs. The helicopter is unable to generate enough thrust to
allow a higher gross weight. In contrast, with chord
extension, the maximum gross weight now increases to
22,700 Ibs, a 2,200 Ib increase in payload capability over
the baseline. The corresponding required power at 12,000



ft is 2081 HP. An engine rated at 3,000 HP at sea level,
just about provides this required power at 12,000 ft. At
8,000 ft altitude, the maximum gross weight of the
baseline helicopter is around 24,000 Ibs. The helicopter is
unable to generate enough thrust to allow a higher gross
weight.  With chord extension, the maximum gross
weight now increases to 25,000 Ibs, giving a smaller
1,000 Ib increase in payload capability at this lower
altitude. The corresponding required power at 8,000 ft is
2,127 HP. For an engine rated at 3,000 HP at sea level,
the available power at 8,000 ft is 2,360 HP which is
greater than that required for the configuration with
trailing edge extension. From the figure, as the maximum
gross weight (or payload capability) for high altitude
operation decreases, chord extension technology is seen to
be most effective. At 4,000 ft, large reduction in power
requirement is observed at high gross weight. Although
the baseline aircraft can generate sufficient lift, it operates
close to stall at very high gross weights. The use of chord
extension in such cases reduces the angles of attack,
alleviates stall and thereby reduces rotor drag and power
requirement. For example, at 4,000 ft, 28,000 Ibs gross
weight, the power requirement for the baseline aircraft is
2,767 HP. Using chord extension reduces power
requirement to 2,343 HP, a 15.3% reduction over the
baseline.

Figure 9 shows rotor power versus gross weight at 140
kts, high speed condition. As in Fig. 8, results are shown
for several different altitudes. Unlike the 100 kts case,
increase in maximum gross weight is realized at all
altitudes, although the effect increases with increasing
altitude. The actual increases in gross-weight capability
are smaller than those observed in cruise. For example,
at 12,000 ft altitude, the maximum gross weight of the
baseline helicopter is around 18,800 Ibs. The helicopter is
unable to generate enough thrust to allow a higher gross
weight. In contrast, with chord extension, the maximum
gross weight now increases to 20,000 Ibs, assuming
available power — a 1,200 Ib increase in payload
capability over the baseline (compared to a 2,200 Ib
increase at 100 kts). The corresponding required power at
12,000 ft is 2527 HP. For an engine rated at 3,000 HP at
sea level, the available power at 12,000 ft would be only
be 2080 HP. At this available power the increase in
gross-weight over the baseline would be a more modest
500 Ibs. On the other hand with an engine rated at 4,000
HP at sea level, the available power at 12,000 ft would be
2,772 HP, which is larger than that required and TEP
extension could realize the 1,200 Ibs gross weight
increase. At 8,000 ft altitude, the maximum gross weight
of the baseline helicopter is around 22,000 Ibs. With
chord extension, the maximum gross weight now
increases to 23,000 Ibs, albeit at a significantly higher
power requirement. If the available power constraints are
considered (even assuming an engine rated at 4,000 HP at
sea level), the increase in maximum gross weight is only
around 700 Ibs. On the other hand, at 22,000 Ib gross
weight, use of TEP extension results in a 370 HP or
12.7% reduction in power requirement over the baseline

power requirement of 2,906 HP (see points marked A and
B on Fig. 9). At 4,000 ft altitude and maximum gross
weight of 24,500 Ibs for the baseline aircraft, using chord
extension results in a 10.9% reduction in power
requirement (from 3,111 HP to 2,772 HP). Finally at sea
level and a maximum gross weight of 27,500 lbs for the
baseline aircraft, using chord extension results in a 9.4%
reduction in power requirement (from 3,586 HP to 3,250
HP).

Next, the mechanism of power reduction is examined in
greater detail. At 140 kts airspeed, 8,000 ft altitude,
consider points A and B marked on Fig. 9. Both
correspond to a gross-weight of 22,000 Ibs and the TEP
extension was previously reported to result in a 12.7%
power reduction. Figure 10 shows the difference in lift
between the baseline and the extended chord
configuration. As can be expected, there is an
augmentation in the lift over the annulus from 63% to
83% of the blade radius, due to TEP extension. Since the
aircraft is trimmed to the same thrust as the baseline, the
additional lift associated with TEP extension is
accompanied by a drop in collective from 12.54 deg for
the baseline aircraft to 11.2 deg for the configuration with
TEP extension. The angles of attack for the two
configurations are presented in Figs. 11a and 11b. The
baseline configuration in Fig. 11a is in deep stall on the
retreating side of the disk. Figure 11b shows how the
lower collective on the configuration with TEP extension
reduces the angles of attack on the retreating side. As a
result of the reduced angles, the sectional drag is reduced
over most of the rotor disk. Only where TEP extension is
present is a slight increase in profile drag observed. The
drag difference between the baseline and the
configuration with TEP extesnion is presented in Fig. 12.
The large reduction in drag in the region of the blade tips,
especially on the retreating side and at the rear of the disk,
is particularly effective in reducing main rotor torque and
power.

Figure 13 shows the rotor power versus airspeed for an
aircraft gross weight of 24,000 Ibs, at 8,000 ft altitude.
The maximum speed for the baseline aircraft is observed
to be 110 kts. With TEP extension, the maximum speed
can increase to 128 kts, albeit at a higher power
requirement. At increasing speeds, larger reductions in
power are available with TEP extension, vis-a-vis the
baseline aircraft. At the maximum speed of the baseline
aircraft, TEP extension results in a power reduction of
12% (from 2,355 HP for the baseline to 2,068 HP for the
configuration with TEP extension). As regards the
increase in maximum speed, the 18 kt increase cited
above can only be realized with the engine rated at 4,000
HP at sea level. With an engine rated at 3,000 HP at sea
level, the maximum available power at 8,000 ft would
only be 2,360 HP, and the corresponding increase in
maximum speed with chord extension is 10 kts over the
baseline.

It should be noted that the benefits observed in this



section are dependent on the spanwise location of the
extendable TEP. In the present study, the maximum
outboard location was set at 83% since the airfoil changed
from the SC-1094R8 to the SC-1095 beyond this location,
and CFD-based two-dimensional airfoil coefficients with
TEP extension were only obtained for the SC-1094R8
airfoil. In Ref. 1, however, a more outboard location was
seen to yield larger benefits compared to those reported in
the current study.

CONCLUSIONS

This study examines the effect of chord extention over a
20% spanwise section of the rotor blades of a utlity
helicopter similar to the UH-60A Blackhawk. Chord
extension is effectively realized by having a flat plate
deploy through a slit in the trailing-edge between 63-83%
span. For the helicopter simulation results in this paper,
the Trailing-Edge Plate (TEP) is deployed 2 deg down
relative to the airfoil chord line and results in a chord
increase of 20% relative to the baseline airfoil chord.
Since TEP extension changes the baseline SC-1094R8
airfoil  profile, Navier-Stokes computational fluid
dynamics is used to calculate the two-dimensional
aerodynamic coefficients of the modified profile over a
range of angles of attack and Mach number variations,
and this is used in the helicopter performance simulations.
The effect of TEP extension is examined, in particular, at
moderate speed cruise condition (100 kts) and at high
speed condition (140 kts), for variation in aircraft gorss
weight and operating altitude. The conclusions that were
drawn from the present study are summarized below.

At moderate cruise speed (100 kts), there is not much
benefit to deploying the TEP (effectively extending
chord) at sea level. At higher altitudes however, the
maximum gross weight of the aircraft can increase with
TEP extension, with an increase of up to 2,200 Ibs
observed at 12,000 ft altitude. At 4,000 ft altitude, at a
gross-weight correponding to the maximum for the
baseline aircraft, TEP extension resulted in a power
reduction of 15.3%.

In high speed cruise (140 kts), the increases in gross-
weight capability are somewhat smaller than those
observed in cruise. For example, the largerst increase in
aircraft gross-weight at high altitude (12,000 ft) is 1,200
Ibs, vis-a-vis the baseline aircraft. At sea level, 4,000 ft
and 8,000 ft altitude, at gross-weights correponding to the
maximum for the baseline aircraft, TEP extension resulted
in power reductions ranging from 9.4% to 12.7%.

Examining the blade sectional angles of attack around the
rotor disk in stall dominated conditions (high gross
weight, altitude and speed) revealed that the angles of
attack on the retreating side decreased significantly with
TEP extension, with the rotor collective pitch
correspondingly reducing from 12.54 deg to 11.2 deg.
Blade section drag is seen to increase in the region where
TEP is deployed (due to increase in profile drag), but
large reductions in drag at the blade tip, especially on the

retreating side and the rear of the disk result in overall
power reductions.

At high altitude and gross weight, increase in maximum
speed with TEP extension is modest (of the order of 10
kts at constant power, and approaching 20 kts albeit at
much higher power requirement). On the other hand, at
the maximum operating speed of the baseline aircraft,
power reduction of the order of 12% is observed.
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Table 1. Key UH-60A Helicopter Properties.

Parameter Symbol Value
Rotor Radius R 26.83 ft
Angular Velocity Q 27 rd/s
Blade Root Cutout Reo 3.83 ft
Blade Chord” c 1.73 ft
Blade Twist™ O -16°
Blade Solidity o .0822
Flapping moment of inertia lg 1618 slug.ft®
- SC-1095
Rotor Blade Airfoil SC-1094R8
Shaft Forward Tilt Olsx 3°
Tail Rotor Cant Angle OT1R 20°
Longitudinal CG Offset” Xeg 1.525 ft
Lateral CG Offset” Yeg 0 ft
Vertical CG Offset” Zeq -5.825 ft
Lon. Stabilator offset* Xht 29.925 ft
Lat. Stabilator offset” Vit 0 ft
Vert. Stabilator offset” Zht -5.915 ft
Lon. Tail Rotor offset” Xir 32.565 ft
Lat. Tail Rotor offset” Yir 0 ft
Vert. Tail Rotor offset” Zr 0.805 ft

" Varies span-wise " Distance wrt the hub



Figure 1: Chord extension through elastic deformation of structure (from Ref. 6) in
contracted (left), and extended (right) configurations (without skin)

Figure 2: Chord increase through the use of extendable Trailing-Edge Plate (TEP) shown in
retracted (above), and extended (below) configurations (top skin removed in figure)

Figure 3: CFD single block C type grid for SC1094R8 airfoil with extended Trailing-Edge Plate
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Figure 5: Drag polar comparison for baseline SC1094R8 airfoil and airfoil with TEP, (a) at
Mach No. = 0.4 (left), and Mach No. = 0.7 (right)
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Figure 6: Moment coefficient comparison for baseline SC1094R8 airfoil and airfoil with
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Figure 7: Power predictions using rigid blade and torsionally elastic blade models at sea
level, 18300 Ibs gross weight (left), and 4,000 ft, 24000 Ibs gross weight (right)
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Figure 8: Power requirement versus gross weight at 100 kts, results for
baseline as well as configuration with TEP extension, at different altitudes
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Figure 9: Power requirement versus gross weight at 140 kts, results for
baseline as well as configuration with TEP extension, at different altitudes
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Figure 10: Lift difference (Ibs/ft) between configuration with TEP and baseline configuration
at 8,000 ft altitude and 22,000 Ibs gross weight, 140 knots
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Figure 11: Angle of attack (deg) for baseline (left) and configuration with TEP (right) at
8,000 ft altitude, 22,000 Ibs gross weight, 140 knots
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Figure 12: Drag difference (Ibs/ft) between configuration with TEP and baseline
configuration at 8,000 ft altitude and 22,000 Ibs gross weight, 140 knots
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Figure 13: Power versus airspeed for baseline as well as configuration with TEP at
8,000 ft altitude, 24,000 Ibs gross weight
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