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ABSTRACT

The present study proposes and explores a new autonomous morphing concept, whereby an increase in helicopter
rotor blade camber of the order of 12-13° is realized over the inboard section of the blade with increase in ambient
temperature. The camber change is achieved through a proper integration of Shape Memory Alloys (SMAS) on the
lower surface of the blade aft of the leading-edge spar. For a reference rotor (no-SMA) generating 21,000 Ibs thrust,
operation in hot conditions resulted in a 2,5901b loss in lift. When the SMA camber morphing section extends from
the blade root to 50% span, the rotor recovered up to 43% of the lift loss at high temperature. If the camber-morphing
section is further extended to 75% span, up to 82% of the lost lift can be recovered.

INTRODUCTION

Over the last couple of decades, the introduction of morphing
in aerospace structures has been regarded as a highly effective
means of achieving improved aerodynamic performance
across diverse operating conditions. One commonly
considered form of morphing on both fixed- and rotary-wing
aircraft has been wing or rotor blade camber change. Prior
studies have considered several different camber actuation
methods such as the use of piezoelectric actuators (Refs. 1-6),
pneumatic actuators (Ref. 7), conventional servomotors (Ref.
8), and shape memory alloys (Refs. 9-13). Regardless of the
tradeoffs associated with specific actuation methods, all the
actuation approaches require achieving some finite
deformation in structures that are fundamentally rigid enough
to withstand the aerodynamic loads, as well as centrifugal
loads in the case of rotor blades. This, in turn, translates into
significant actuation force and energy requirement.

In contrast, another approach to aircraft morphing has been to
exploit change in operating state to realize structural shape
change, without any dedicated actuation energy input. In
rotary-wing aircraft, in particular, changes in rotor RPM, and
the resultant changes in centrifugal forces acting on the blade,
have been used in several studies to realize rotor span
extension morphing (Refs. 14-15), chord extension morphing
(Ref. 16), and rotor blade twist change (Refs. 17-21). Such an
approach, where reconfiguration is achieved without the use
of dedicated actuation energy input, can be referred to as
autonomous morphing.
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The present study proposes and explores a new autonomous
morphing concept, whereby an increase in helicopter rotor
blade camber is realized with increase in ambient
temperature. The camber change is achieved through the
integration of Shape Memory Alloys (SMAs) into the blade
structure. SMAs are known to undergo a Martensite-
Austenite phase transformation with temperature variation,
accompanied by a large strain change. When the SMA is
constrained, by attachment to a structure, for example, it
exerts large forces on the structure when the temperature
change triggers phase transformation. Through the SMA’s
proper integration into a helicopter rotor blade, this study
demonstrates how camber change can be realized with change
in temperature and assesses the influence of this camber
change on the rotor aerodynamic performance.

CONCEPT DESCRIPTION AND ANALYSIS

Helicopter operation in very hot (desert-like) conditions can
be highly problematic as the markedly reduced air density
reduces the rotor’s lift generation capability. While lift
recovery may be possible at low to moderate gross weight by
increasing rotor pitch, attempts to do so at high gross weight
(“hot and heavy” conditions) render the aircraft susceptible to
stall. The proposed concept is to introduce SMAs over the
lower surface of the rotor blade aft of the leading edge-spar
S0 as to increase the blade section camber when temperature
elevation produces a Martensite-to-Austenite  phase
transformation, while reverting back to the baseline geometry
when temperature reduction produces the reverse Austenite-
to-Martensite phase transformation.



In the present study, this camber change is introduced over
the inboard section of the blade, extending from the blade root
to the junction with the non-morphing section, as shown in
Fig. 1. The length of the morphing section is taken to be 25%,
50% or 75% span, starting from the blade root. At the junction
with the non-morphing section, a seamless integration as well
as a slit boundary is considered. In the former case,
temperature increase produces a spanwise variation in camber
over the morphing section, going from zero at the junction
with the non-morphing section to a maximum value at the root
of the blade. In the latter case, temperature increase produces
a uniform camber change over the entire morphing section,
much like a trailing-edge flap. The reference blade used in this
study is a prismatic derivative of the UH-60A Black Hawk
helicopter blade (with constant chord and zero twist), and has
the SC1095 airfoil along the entire span.

A rigid leading-edge spar is assumed to extend from the nose
to 26% chord. Over the morphing section, the region aft of
the spar is deformable in camber. It has a relatively stiff
aluminum trailing-edge cap extending from 80% chord to the
trailing-edge, so the section between the end of the spar and
the beginning of the trailing-edge cap (from 26% chord to
80% chord) undergoes chordwise bending as the morphing
section of the blade cambers. The upper surface of this
deformable region has a classical composite skin while the
lower surface has the SMA skin, with a 180MPa modulus core
in between. All material properties are listed in Table 1.

The SMA has to first be pre-stretched in the chordwise
direction and can be attached to the lower surface of the blade
over the morphing section either in the Austenite (hot) or the
Martensite (cold) states. In the current simulations, the
morphing section of the blade is envisioned as being built
with reflex camber in its stress-free state (as depicted in Fig.
2). When the pre-strained SMA lower-skin in the Austenite
phase is attached to the reflexed blade between the rear of the
spar and the trailing-edge cap, and the pre-straining force is
then released, the blade deforms to attain the cambered
geometry depicted on Fig. 2 as “cambered hot state.” When
the temperature is reduced and the SMA undergoes a
Martensitic phase transformation, it attains a geometry similar
to the reference prismatic UH-60A blade (depicted in Fig. 2
as “uncambered cold state”). Temperature variation then
results in the morphing section deforming between the
reference and cambered geometries. Figure 2 depicts the case
where the morphing section seamlessly integrated into the
non-morphing section at the junction between the two
regions. For the selected core stiffness, the magnitude of the
initially built-in reflex, and the SMA lower surface skin’s
thickness and pre-strain are determined by trial and error such
that the system transitions between the reference blade
geometries and the desired camber deformation with variation
in temperature corresponding to full phase transformations. It
should be noted that if the pre-strained SMA was attached in
the Martensitic phase, initial reflex would not be required and
the SMA could be attached to the configuration
corresponding to the reference blade geometry.

The structural analysis of the morphing blade section is
conducted using ABAQUS 6.13 Finite Element Analysis. The
region aft of the blade spar, extending from the blade root to
the junction with the non-morphing section is modeled using
between 30,000 and 90,000 linear hexahedral C3D8 elements
(depending on the spanwise length of the morphing section
considered). A sample of the finite element mesh is shown in
Fig. 3. The conformable region is fixed to the rear of the rigid
spar (clamped boundary conditions) while the root end is a
free boundary. At the junction with the non-morphing section,
either clamped or free boundary conditions are used
corresponding to a seamless or slit junction, respectively. The
SMA is modeled using the built-in ABAQUS Super-Elastic
subroutine, which is based on the work of Auricchio and
Taylor (Ref. 22). This subroutine captures the phase
transformation between Austenite and detwinned Martensite.
The properties for the NiTINOL SMA sheet used in this study
are taken from Ref. 23 and listed in Table 2. In the presence
of aerodynamic loading (applied as a distributed pressure) and
centrifugal loading (applied as a distributed body force), the
ABAQUS simulation results allow an analysis of the stresses
and strains in the morphing section of the blade as it
undergoes temperature change and transitions between the
Austenite and Martensite phases. The Martensite volume
fraction is also examined.

Available SC1095 airfoil properties are used for aerodynamic
analysis of the reference blade. For the morphing section, the
deformed cross-section geometry from ABAQUS simulation
after heating the SMA is used to define the cambered airfoil
contour which is then analyzed using XFOIL 6.99 to evaluate
the lift, drag and pitching moment coefficients over a range of
airfoil angles of attack. Figure 4 depicts the deformed airfoil
geometry with 15° camber, relative to the baseline SC1095
airfoil, and Fig. 5 shows the pressure variation for both the
baseline and the cambered airfoil geometries. XFOIL
evaluations of the aerodynamic coefficients are conducted at
a Mach number of 0.15 (since the camber morphing section is
inboard), and at a Reynolds number of 1.0x10°, Lift and drag
coefficient results, versus angle of attack, for the baseline
SC1095 airfoil and for increasing levels of camber
deformation are shown in Figs. 6 and 7, respectively. Similar
results were obtained for pitching moment coefficients (not
shown in the paper) and were used in the analysis. As
expected, Cyo (the lift coefficient corresponding to zero angle
of attack) is observed to increase in Fig. 6 for increasing
values of camber. The maximum lift coefficient, Cimax,
increases by 25% while the angle of attack decreases from 13°
to 10°, when airfoil camber of 15° is introduced. Figure 7
shows a significant increase in drag with airfoil camber
deformation. While this could lead to an increase in rotor
power requirement, camber deformation could still be a
plausible solution for helicopters near the stall boundary that
are thrust limited but have sufficient installed power.

The influence of camber morphing on rotor performance is
evaluated using the Rotorcraft Comprehensive Analysis
System (RCAS) v15.09 (Ref. 24). Simulations are based on
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the UH-60A Black Hawk helicopter with the prismatic rotor
discussed above. The rotor radius is 8.17m, the blade chord is
0.53m, and the operational speed is 258RPM. RCAS
simulations are run in hover (for the rotor only), with a 12x13
state dynamic inflow model, over a range of variation in
collective pitch (zero cyclic pitch), and the rotor thrust and
power is calculated. These calculations are carried out for
cold and hot temperatures corresponding to the uncambered
reference blade geometry and the morphed cambered
geometry, respectively.

The study in the paper requires coupling between the analyses
discussed above. The ABAQUS simulations produce the
deformed airfoil geometries required by XFOIL for
calculation of aerodynamic coefficients. These airfoil
properties are utilized in RCAS for rotor performance
evaluations, and the aerodynamic loads from RCAS are, in
turn, applied to the ABAQUS model to calculate blade
stresses and strains under combined (aerodynamic,
centrifugal, and SMA-induced) loads.

RESULTS
Camber Morphing Over Inboard 25% Span, Slit Junction

In the first case analyzed, the morphing section extends over
the inboard 25% span, with a slit boundary between the
morphing and non-morphing sections. Figure 8 shows the
morphing section in the initial stress-free state, reflexed to 8°.
The SMA, in the Austenite state, is pre-strained to 6.6% strain
in the chordwise direction and attached to the undersurface.
This results in the morphing section deforming to the
configuration marked as “hot state” with a 13° camber
deformation. When the SMA temperature is reduced it
undergoes an Austenite-to-Martensite phase transformation
and transitions to the uncambered “cold state” shown on Fig.
8. Figure 9 shows the magnitude of the camber deformation
versus ambient temperature, obtained from ABAQUS
simulation results. The Austenite-to-Martensite phase
transformation does not begin till the SMA temperature gets
to 95°F. As the temperature reduces below 95°F the camber
in the blade reduces and eventually disappears when the
transformation completes around 40°F. With rise in
temperature, the Martensite-to-Austenite phase
transformation begins at around 60°F, but significant increase
in camber is only observed at temperatures beyond 80°F.
Completion of phase transformation and full 13° camber
deformation is observed at 115°F.

Figure 10 shows the Martensite volume fraction over the
lower surface of the blade. At low temperature the SMA is
almost entirely Martensite. Conversely, at high temperature,
the SMA is almost entirely Austenite. Figure 11 depicts the
von Mises stresses within the SMA on the lower surface of
the blade. For a slit junction with the non-morphing section,
there is very little spanwise variation in the SMA stress state.
In the hot state, the peak von Mises stress in the SMA occurs
near the trailing-edge cap, where the highest curvature for the

camber is experienced. In the cold state however, the von
Mises stresses are much lower, due to the non-cambered
geometric shape at this ambient temperature.

Figure 12 shows the chordwise strain on the upper surface. In
the cold (uncambered) state the majority of the upper surface
has a strain of around 0.7% as it deforms from the stress-free
reflexed state. There is a narrow strip along the trailing-edge
cap where the strain is higher (1.6%). In the hot (cambered)
state, the upper surface strain increases to 3.1%. Figure 13
similarly shows the chordwise strain in the SMA along the
lower surface. In the cold (uncambered) state the lower SMA
skin experiences a strain of 4.5%. In the hot (cambered) state,
the SMA skin strain further decreases to 0.3%

Camber Morphing Over Inboard 25% Span, Continuous
Junction

The next configuration analyzed once again has the morphing
section spanning the inboard 25% of the rotor blade, but is
seamlessly integrated into the non-morphing section at the
junction between the two regions. Figure 14 shows the
morphing section in the initial stress-free state reflexed to 8°
at the root of the blade, and the reflex linearly decays to flat
at 25% span, where it joins the non-morphing outboard
section of the blade. The SMA, in the Austenite state, is pre-
strained to 6.6% strain in the chordwise direction at the blade
root and decreases linearly to 4.2% at the junction with the
non-morphing section, before attachment to the undersurface.
This results in the morphing section deforming to the
configuration marked as “hot state” with a 12° camber
deformation. When the SMA temperature is reduced it
undergoes an Austenite-to-Martensite phase transformation
and transitions to the uncambered “cold state” shown on Fig.
14. The camber variation along the span can be seen more
clearly in Fig. 15.

Figure 16 shows the magnitude of the root camber
deformation versus ambient temperature, obtained from
ABAQUS simulation results. The Austenite-to-Martensite
phase transformation does not begin till the SMA temperature
gets to 95°F. As the temperature reduces below 95°F the root
camber in reduces and eventually disappears when the
transformation completes around 40°F. With rise in
temperature, the Martensite-to-Austenite phase
transformation begins at around 60°F resulting in a steady
increase in root camber up to a maximum value of 12° at
115°F when the transformation is completed.

Figure 17 shows the Martensite volume fraction in the SMA
on the lower surface of the morphing section of the blade. At
low temperature the SMA is almost 100% Martensite near the
junction with the non-morphing section but reduces to
between 50-75% at the blade root. At high temperature, the
SMA continues to remain in the Martensitic phase at the
junction with the non-morphing section while transforming
completely to Austenite near the blade root. Unlike the slit
boundary configuration in Fig. 10, the stress induced by the
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boundary condition at the junction in the present case prevents
transformation to Austenite in that region.

Figure 18 depicts the von Mises stresses within the SMA on
the lower surface of the blade. For a continuous junction with
the non-morphing section, a spanwise variation in the SMA
stress state is observed. For both the hot and cold states, the
SMA experiences the greatest stress concentration in the
vicinity of the junction with the non-morphing section. Also,
the von Mises stress throughout the majority of the morphing
section inboard of the junction is greater in magnitude in the
hot state (Austenite phase) than in the cold state (Martensite
phase).

Figure 19 depicts the in-plane maximum principle strain
along the upper surface of the morphing section. In this case,
the maximum strain occurs at the blade root, where the
maximum net change in camber deflection occurs. Note that
the upper surface of the blade is entirely unstrained in the
initial reflexed configuration, before the SMA is engaged.
After the SMA is attached and in the cold state, the blade
cambers downwards to equilibrate at 0° camber, and the upper
skin experiences a moderate strain level, as shown in Fig. 19.
When the SMA is heated the airfoil cambers further, and the
strain in the upper skin increases in the vicinity of the blade
root to a maximum of 4%. The strain in the upper skin is
primarily chordwise over the entire morphing section.

Figure 20 depicts the in-plane maximum principle strain
along the lower surface of the morphing section. The greatest
in-plane strain for both the hot and the cold states occurs near
the rigid boundary of the junction with the non-morphing
section. The strain in this region is primarily spanwise in
nature, which is a manifestation of the blending between no
shape change and significant camber change. Change in
chordwise strain is suppressed at the clamped boundary
condition. While the strain is predominantly spanwise in the
vicinity of the junction, some chordwise strain is observed
near the inboard free end. In both the hot and cold states, the
maximum in-plane principal strain reaches 6.4% near the
junction with the non-morphing section. At the blade root end,
the strain varies between 3.5% in the cold state to 0.1% in the
hot state.

Rotor Performance Analysis

This section presents results of the performance analysis
conducted using RCAS for a hovering rotor at 6,000 ft
altitude, with morphing blade sections of various spanwise
lengths and the two boundary conditions discussed
previously.

Figure 21 shows the thrust produced by the reference
prismatic blade in cold (40°F) and hot (115°F) conditions at
18° collective pitch. Also shown on the figure is the thrust
produced for blades with morphing sections extending from
the root to 25% span, for both slit and continuous junction
boundaries, at the same conditions. In the cold state, the

morphing blade geometries closely resemble the reference
prismatic blade, and therefore produce the same thrust of
21,000 Ibs (depicted by the blue bar on Fig. 21). For the no-
SMA blade, hot conditions result in a reduction in thrust to
18,410 Ibs, resulting in a lost lift capability of 2,590 Ibs. For
the 25%-span morphing section with the continuous
boundary, increase in camber in hot conditions results in a
generated thrust of 18,620 Ibs, representing a recovery of 210
Ibs, or 8% of the lost lifting capability. For the slit boundary,
the generated thrust increases further to 18,700 Ibs, which
represents a 290 Ibs or 11% recovery of lost lifting capability.

Figure 22 illustrates the hover thrust and power requirement
for the reference prismatic rotor (no-SMA) and the 25%-span
morphing section with slit boundary, as a function of
collective pitch. The solid lines depict the thrust and power of
an uncambered rotor blade (both the reference prismatic blade
as well as the morphing derivative) at 40°F. The two dashed
lines represent the reference prismatic blade (no-SMA) and
the camber morphing blade at 115°F. The camber morphing
blade clearly offers a small but nonzero thrust benefit at a
small but nonzero power penalty across all angles of attack.
At 18° collective pitch, the rotor is close to stall and therefore
further increase in collective cannot be used to generate
additional thrust. This makes the SMA-induced camber an
attractive alternative for lift recovery in hot conditions. On the
other hand, the power requirement is within the available
installed power on the Black Hawk helicopter.

Next, Figs. 23 and 24 consider a similar analysis for morphing
sections extending from the root to 50% span. As before, the
blue bar on Fig. 23 depicts the thrust produced in the cold
state, and for the no-SMA blade hot conditions result in a
reduction in thrust to 18,410 Ibs, resulting in a lost lift
capability of 2,590 Ibs. For the 50%-span morphing section
with the continuous boundary, increase in camber in hot
conditions results in a generated thrust of 19,332 Ibs,
representing a recovery of 922 Ibs, or 35% of the lost lifting
capability. For the slit boundary, the generated thrust
increases further to 19,547 lbs, which represents a 1,137 Ibs
or 43% recovery of lost lifting capability. Figure 24 illustrates
the hover thrust and power requirement for the reference
prismatic rotor (no-SMA) and the 50%-span morphing
section with slit boundary, as a function of collective pitch.
Again, the solid lines depict the thrust and power of an
uncambered rotor blade at 40°F. The two dashed lines
represent the reference prismatic blade (no-SMA) and the
camber morphing blade at 115°F. The camber morphing blade
now offers a moderate thrust benefit with an associated power
cost. Additionally, in the hot environment, the SMA camber-
morphing blade can provide a slightly greater maximum lift
than the reference prismatic blade, which can be seen at
collective values around 22-23°.

Finally, Figs. 25 and 26 present results for morphing sections
extending from the blade root to 75% span. Again, the blue
bar on Fig. 25 depicts the thrust produced in the cold state,
and for the no-SMA blade hot conditions result in a reduction
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in thrust to 18,410 Ibs, resulting in a lost lift capability of
2,590 Ibs. For the 75%-span morphing section with the
continuous boundary, increase in camber in hot conditions
results in a generated thrust of 20,416 Ibs, representing a
recovery of 2,006 Ibs, or 76% of the lost lifting capability. For
the slit boundary, the generated thrust increases further to
20,595 Ibs, which represents a 2,185 Ibs or 82% recovery of
lost lifting capability. Figure 26 illustrates the hover thrust
and power requirement for the reference prismatic rotor (no-
SMA) and the 75%-span morphing section with slit boundary,
as a function of collective pitch. Again, the solid lines depict
the thrust and power of an uncambered rotor blade at 40°F.
The two dashed lines represent the reference prismatic blade
(no-SMA) and the camber morphing blade at 115°F. The
camber morphing blade now offers a substantial thrust benefit
with an associated power cost. At 115°F, the SMA camber-
morphing blade can provide a much greater maximum lift
than the reference prismatic blade, which can be seen at
collective values between 20-23°.

CONCLUSION

The present study proposes and explores a new autonomous
morphing concept, whereby an increase in helicopter rotor
blade camber of the order of 12-13° is realized with increase
in ambient temperature. The camber change is achieved
through a proper integration of Shape Memory Alloys
(SMAs) into the helicopter rotor blade. Some key
observations from the study are presented below:

A slit junction between the morphing and non-morphing
sections of the SMA camber-morphing blade induces a
spanwise constant camber angle with temperature, while a
continuous junction promotes spanwise variation.

In the slit configuration, the strain that the SMA undergoes to
induce the camber change is primarily chordwise in nature.
Whereas for the seamlessly integrated configuration, the
strain is predominantly spanwise in the vicinity of the
junction, but becomes partially chordwise at the inboard free
end.

Incorporating the SMA camber-morphing skin along the
inboard 25% span with a seamlessly integrated and a slit
junction with the non-morphing section can recover 8% and
11% of the lift lost due to hot and high conditions (6000 ft,
115°F), respectively.

If the camber-morphing section is extended to 50% span, 35%
and 43% of the lost lift can be recovered, respectively, with a
moderate penalty in rotor power.

If the camber-morphing section is further extended to 75%
span, 76% and 82% of the lost lift can be recovered,
respectively, with an associated power penalty.
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TABLES AND FIGURES

Table 1 — Material properties for the other components

Component Material E v p

Blade Core Isotropic Elastomer 180 MPa | 0.3 | 1410 kg/m?

Blade Skin Symmetric Composite Layup | 100 MPa | 0.45 | 2000 kg/m®

Trailing Edge Aluminum 2024 72 GPa 0.3 | 2700 kg/m?®

Table 2 — Material properties for the SMA sheet

Ea Em VA M €L cM cA Tret oMF oMS "S A
(GPa) | (GPa) (MPa) | (MPa) (K) (MPa) | (MPa) | (MPa) | (MPa)
72 40 0.33 0.33 0.05 8 8 311 364 224 196 56

Figure 1 — View of the underside of the blade aft of the leading edge spar

Stress-Free Reflexed State

Uncambered Cold State

Cambered Hot State

Figure 2 — View down the blade length (from the blade root) depicting the stress-free reflexed, cold,
and hot states




=5°

0.6
0
x/c °

0.4

0.2

Figure 3 — Sample of f

£ L
X (=]
(%] ©
o Q
o o
o c L
S = 2 o
- © = 2
— +— c ..nla.
‘0 © >
S - 2
o =] © —
Q = (T}
IS = 2 °
°
o MM S S A )
O ...o........ = o o
.oss.... < +~ [« o
AN 7] o o
ABO00NN o
AN c e 1l
SO0 -— 1w
BN < a
B0 000
.:::: o &) !
AR = — 3
XXIKKN @ o IS
IO (%} - [0} ®
A0 o —
::::::: S et Q ©
:.:::.:.: KX — i)
:::::::. X - o =
:2::::2:: Lo D =
:::::::: > = bt
:::::.::: © c ]
00 @ o o O
OO ", Q ] 2
SO 00 £
::::::::. o — =
::::2::.: X ° = £
o:::::::: +—= e} o
::::::::::: c < o
:::::::::o:: ) -— —“— m 5]
.:::.::::::::: @ ~ T
:::::::::::::: =
0 .......................................... £ £ @ € o
il £ = o 59
@ 2]
[<}] 0w o
v QO p
@
0w £
©
%]
o]
Y
o
o)
1S
)
5]
(S
=]
@
o
|
<
()
S
>
2
LL

S
MA sheet lower skin

Cpr compari
parison betw
een baseli
aseline SC1095 and 15° camb
mbered derivati
vative at o

Figure 5 — Chordwise
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Figure 6 — CL vs. a for increasing camber on SC1095 airfoil
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Figure 7 — Cp vs. a for increasing camber on SC1095 airfoil



(Stress-Free)

SMA pre-strained to
6.6%, then attached
to lower surface

Blade Root

Figure 8 — Stress-free, low-temperature and high-temperature states with a slit between morphing
and non-morphing sections
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Figure 9 — Camber versus temperature with a slit between morphing and non-morphing sections
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Morphing Section
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Rear of Spar

12% Martensite

0% Martensite

Trailing Edge

Figure 10 — Martensite volume fraction in the SMA along lower surface (viewed from above with top skin
and core removed) for 25%-span morphing section with slit junction.
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Figure 11 — Von Mises stress in the SMA along lower surface (viewed from above with top skin and core
removed) for 25%-span morphing section with slit junction.
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Figure 12 — Maximum chordwise strain along upper surface (viewed from above) for 25%-span
morphing section with slit junction.
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Figure 13 — Maximum chordwise strain in the SMA along lower surface (viewed from above with top
skin and core removed) for 25%-span morphing section with slit junction.
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SMA pre-strained to
6.6% at root

SMA pre-strained to
4.2% at junction with
non-morphing section

Blade Root

Figure 14 — Stress-free, low-temperature, and high temperature states for seamlessly integrated
morphing section

= = | Blade Root Junction with Non- | -
15 Morphing Section |—

10 T —

E \
2, .
©
O
2
S .
Qo L
& === Reflexed State =
-5 {1
e = Cold State "
L — Hot State :
-10 L
0 0.05 0.1 0.15 0.2 0.25

Nondimensional Spanwise Coordinate

Figure 15 — Inboard camber distribution for the seamlessly integrated morphing section
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Figure 16 — Root camber versus temperature for the seamlessly integrated morphing region
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Figure 17 — Martensite volume fraction in the SMA along lower surface (viewed from above with top skin
and core removed) for 25%-span morphing section with continuous junction.

S, Mises

(Avg: 75%)
+1.772e+09
+1.624e+09
+1.476e+09
+1.329%e+09
+1.181e+09
+1.034e+09
+8.85%e+08
+7.382e+08
+5.906e+08
+4.42%e+08
+2.953e+08
+1.476e+08
+5.881e+02

Rear of Spar

Trailing Edge

Junction with Non-
Blade Root Morphing Section

Rear of Spar

Trailing Edge

Figure 18 — Von Mises stress in the SMA along lower surface (viewed from above with top skin and core
removed) for 25%-span morphing section with continuous junction.
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Figure 19 — Maximum in-plane principle strain along upper surface (viewed from above) for 25%-span
morphing section with continuous junction.
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Figure 20 — Maximum in-plane principle strain in the SMA along lower surface (viewed from above with
top skin and core removed) for 25%-span morphing section with continuous junction.
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SMA along 25% span, 00=18°
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Figure 21 — Thrust in Cold (blue) and Hot (red) environments for a prismatic blade, camber-morphing blade
with continuous junction, and camber-morphing blade with slit junction along 25% span
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Figure 22 — Thrust and power for hovering slit 25%-span camber morphing blade, compared against
prismatic UH-60A Black Hawk blade in hot and cold environments.
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215 %10 SMA along 50% span, 0,=18°
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Figure 23 — Thrust in Cold (blue) and Hot (red) environments for a prismatic blade, camber-morphing
blade with continuous junction, and camber-morphing blade with slit junction along 50% span
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Figure 24 — Thrust and power for hovering slit 50%-span camber morphing blade, compared against
prismatic UH-60A Black Hawk blade in hot and cold environments.
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SMA along 75% span, 90=18°
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Figure 25 — Thrust in Cold (blue) and Hot (red) environments for a prismatic blade, camber-morphing
blade with continuous junction, and camber-morphing blade with slit junction along 75% span
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Figure 26 — Thrust and power for hovering slit 75%-span camber morphing blade, compared against
prismatic UH-60A Black Hawk blade in hot and cold environments.
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