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ABSTRACT 

Rotary-wing aircrafts serve as indispensable components in the advancement of aviation, valued for their 

ability to operate in diverse and challenging environments without the need for conventional runways. 

This versatility makes them ideal for applications such as environmental conservation, precision 

agriculture, emergency medical support, and rapid-response operations in rugged terrains. However, 

although highly manoeuvrable, rotary-wing platforms generally have lower aerodynamic efficiency than 

fixed-wing aircraft. This study aims to improve aerodynamic performance by examining a 1/7th-scale 

rotor blade model equipped with a NACA0012 airfoil using CROTOR software. The analysis focuses on 

optimal spanwise locations for separating morphing and fixed blade sections at 85%, 90%, and 95% of 

the blade radius with up to +20 degrees of twist incorporated into the design. Key performance metrics 

assessed in this investigation include lift coefficient (CL), drag coefficient (CD), lift-to-drag ratio (CL/CD), 

Mach number, power, thrust coefficient, and Figure of Merit (FOM). Results indicate that the 0.90 r/R 

position is optimal for dividing the morphing and fixed sections, achieving a significant improvement of 

over 7% in both lift-to-drag ratio and FOM. These findings underscore the substantial impact on the 

overall performance of the rotor system and rotational aerodynamics that geometric modifications through 

the inclusion of a morphing capability can ultimately realise. 

 

Keywords: Helicopter, Rotor Blade, Rotary Morphing, Rotational Aerodynamics, Twist Morphing, 

Adaptive Structures. 

 

 

1 INTRODUCTION 

 

Morphing technologies in aerospace engineering can be traced back to the inception of powered 

flight, exemplified by the Wright Flyer’s pioneering use of ‘wing warping’ for roll control [1]. Broadly 

defined, morphing refers to the intentional alteration of a flying vehicle’s geometric configuration to 

enhance its performance. Such modifications may serve a range of objectives, including extending 

operational flight envelopes [2], [3], refining aerodynamic load distributions [4], and mitigating noise and 
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vibrations [5], [6]. Over the past several decades, investigations in this domain have broadened 

appreciably, drawing upon advanced numerical analyses [7]-[13], high-fidelity computational simulations 

[14]-[18], and wind tunnel investigations [19]-[30]. Collectively, these combined efforts have 

demonstrated that morphing configurations can achieve levels of adaptability and performance surpassing 

those attainable by conventional, non-adaptive systems. However, rotorcraft platforms introduce distinct 

engineering hurdles stemming from their complex aerodynamic, structural, and aeroelastic environments. 

The rotating blades must operate effectively under varying flight states, blade loading conditions, and 

intricate blade–wake interactions, that increases the difficulty of achieving stability, control, and structural 

integrity, which is more challenging than in fixed-wing counterparts. As a result, the spectrum of 

morphing approaches adopted in rotorcraft remains notably constrained compared to the extensive range 

of techniques explored in fixed-wing applications [31]. Early investigations into rotary-wing morphing 

date back to the 1947 Kaman K-125 prototype, which employed servo flaps placed near the three-quarter 

blade radius to enable in-flight blade twisting [1]. Although this pioneering arrangement delivered 

measurable aerodynamic benefits, it also incurred increased drag penalties due to the exposure of 

mechanical components. 

Over the past few decades, designs have incorporated trailing-edge flaps that function similarly to 

ailerons. These systems reduce vibration and improve rotor performance [32]-[35]. Léon et al. [36] 

investigated a Static Extended Trailing Edge (SETE) design that increased chord along a significant 

portion of the blade radius, yielding measurable reductions in power requirements, enhanced speed, higher 

operational altitudes, and improved load-carrying capacity. In addition to planform modifications, several 

studies have focused on out-of-plane transformations. Active twist concepts, enabled by piezoelectric 

actuators, have shown promise in reducing vibratory loads with minimal power input [36]. For instance, 

adjusting the blade twist distribution improved the rotor efficiency and hover performance, as 

demonstrated by Mach-scaled composite blades [37]. However, such aerodynamic gains often result in 

higher vibratory loads, underscoring the complexity of achieving an optimal balance between performance 

and structural demands. 

Despite significant advancements in rotorcraft morphing research, much of the existing work 

remains concentrated in specific areas. The majority of studies have focused on noise and vibration 

control, whilst attention has also been paid to blade materials and manufacturing, load and fatigue 

analysis, and control systems and actuation mechanisms [1]. In contrast, the field of rotational 

aerodynamics which encompassing numerous subdomains such as wake and tip vortex control, multi-

element airfoil integration, blade surface optimisation, active and passive flow control methodologies, and 

real-time shape adaptation, has garnered relatively limited focus. Among these, real-time morphing for 

shape modification is particularly underexplored in rotorcraft engineering. To address this gap, the present 
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study investigates the potential of real-time morphing within the context of rotational aerodynamics. A 

scaled model of a Sea King helicopter rotor blade is studied whilst incorporating positive twist angles at 

various cut-off sections along the span. This approach seeks to demonstrate tangible aerodynamic and 

performance benefits compared to a baseline model with no twist, thereby contributing valuable insights 

to the advancement of morphing technologies in rotary-wing systems. 

 

2 DESIGN AND METHODOLOGY 

 

2.1 ROTOR BLADE GEOMETRY 

 

This study used a 1/7th-scale model of a Sea King helicopter rotor blade. The baseline configuration 

featured a NACA0012 airfoil profile, a rotor span of 1.24 meters, and a chord length of 0.065 meters 

(0.053R). Cut-off sections dividing the fixed and morphing parts on the rotor blade were located at 1.054 

meters (0.85 r/R), 1.116 meters (0.90 r/R), and 1.178 meters (0.95 r/R). Each geometric configuration was 

subjected to positive twist angles, starting from the baseline and increasing linearly up to +20 degrees (0° 

< Φtip < +20°). The twist angle progresses from the cut-off section, reaching its maximum value at the 

blade tip. 

 

2.2 NUMERICAL METHOD 

 

The aerodynamic modelling and simulations in this study were conducted using the CROTOR 

software package, developed by Mark Drela at MIT for the analysis and design of ducted and free-tip 

propellers, rotor blades, and windmills. CROTOR employs the Blade Element Method (BEM) and the 

Minimum Induced Loss (MIL) principle to optimise the design process. BEMT integrates momentum 

theory, which evaluates thrust and power, with blade element theory, which determines the distribution 

of aerodynamic forces along the blade span. For helicopter rotors, BEMT accounts for induced velocity 

through the rotor disk and aerodynamic forces resulting from blade motion. The trapezoidal rule is used 

to integrate these forces along the span, providing a precise estimate of rotor performance and 

aerodynamic efficiency. The coefficients of lift (CL) and drag (CD) are computed using the following 

equations, derived from a modified Blade Element Momentum (BEM) theory: 

 

𝐶𝐿 ≈
1

𝑆
∑ ( 

1

2
𝜌 (

𝑉𝑟𝑒𝑙{𝑖}
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2.3 MACH-SCALED ANALYSIS 

 

In this study, a Mach-scaled approach was adopted to study the morphing characteristics and 

aerodynamic performance of the rotor blade. This methodology was chosen to ensure that the critical 

compressibility effects observed in full-scale rotor operations, such as transonic shock formation were 

faithfully replicated in a scaled computational environment. The Mach number, as a defining parameter 

of compressible flow, directly influences the aerodynamic forces acting on the rotor blades at high speeds. 

The use of a Mach-scaled approach is particularly essential for investigating morphing blade 

configurations where changes in blade geometry; such as twist angles, alter the local flow characteristics 

and aerodynamic loads. Testing these configurations on full-scale blades is usually more time-intensive 

and operationally challenging, especially in the context of high-fidelity aerodynamic investigations or 

wind tunnel experiments. By maintaining Mach number similarity between the scaled model and full-

scale rotor (i.e. Mach = 0.6), this study captured the key aerodynamic phenomena that govern rotor 

performance in operational scenarios of a full-scale rotor blade. 

 

3 RESULTS AND DISCUSSION 

 

3.1 EFFECTS OF POSITIVE TWIST ANGLES ON THE ROTOR BLADE AT 0.85 R/R 

 

The changes in lift coefficient (∆CL) resulting from positive twist angles at a 0.85 r/R cut-off 

section between 0° ≤ Φtip ≤ +20° are illustrated in Fig. 1 (a). From this figure, it is evident that increasing 

the positive twist angle leads to a higher lift coefficient. The largest increase in local CL was found at the 

highest twist angle of +20° which corresponded to a rise of ∆CL = 0.738 at a spanwise location of r/R = 

0.972 on the rotor blade. Incorporating lower, more fabrication-friendly twist angles (i.e. +8° ≤ Φtip ≤ 

+12°) can still yield substantial aerodynamic benefits. For example, introducing a positive tip twist of +8° 

increases the lift coefficient by ∆CL = +0.254, an overall CL increase of +9.7% for this configuration. The 

changes in aerodynamic efficiency (∆ CL/CD) due to positive twist angles at a 0.85 r/R cut-off section are 

illustrated in Fig. 2. The maximum CL/CD value was found at Φtip = +18° whilst lower twist angles 

correspond to lower increases. 
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Figure 1 

Effects of Changing Rotor Blade’s Twist angle on Lift Coefficient (∆CL) at Cut-off Sections: (a) 0.85 r/R; 

(b) 0.90 r/R and (c) 0.95 r/R 

 

(a) 

 

(b) 

 

(c) 
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Figure 2 

Effects of Changing Rotor Blade’s Twist angle on Aerodynamic Efficiency (CL/CD) at 0.85 r/R, 0.90 r/R 

and 0.95 r/R cut-off sections 

 

 

Extending the blade twist angle improved both the FOM and the thrust coefficient in hover 

normalised by the solidity ratio (CTH/σ). The maximum increase in FOM was achieved at a twist angle of 

Φtip = +18°, corresponding to ∆FOM = + 0.2626. Even at a more moderate twist angle (Φtip = +8°), the 

FOM improved by ∆FOM = +0.125. A similar trend is observed for (CTH/σ), with its maximum increment 

(∆CTH/σ = +0.0374) occurring at Φtip = +18° while the smaller twist angle of Φtip = +8° yielded an increase 

of ∆CTH/σ = +0.0085. In addition, the power coefficient in hover normalised by the solidity ratio (CPH/σ) 

also increases with higher twist angles (Figs. 3, 4). 

 

3.2 EFFECTS OF POSITIVE TWIST ANGLES ON THE ROTOR BLADE AT 0.90 R/R 

 

The impact of positive twist angles on the lift coefficient (∆CL) at the 0.90 r/R cut-off section for 

0°≤ Φtip ≤+20° is depicted in Fig. 1 (b). It is clear from the data that higher positive twist angles result in 

greater increases in lift coefficient. The maximum increase in local lift coefficient (∆CL = +0.545) occurred 

at the highest twist angle of Φtip = +20° measured at a spanwise location of r/R = 0.982. Adopting lower, 

more practical twist angles, such as +8°≤ Φtip ≤ +12° could also achieve considerable aerodynamic gains. 

For instance, a positive tip twist of +8° resulted in an increase of ∆CL = +0.214. The variations in 

aerodynamic efficiency (∆ CL/CD) with positive twist angles at a 0.90 r/R cut-off section are shown in Fig. 

2. The maximum CL/CD value is achieved at Φtip = +20°, while smaller increases are associated with lower 

twist angles. For example, introducing a tip twist of +8° enhances aerodynamic efficiency by ∆ CL/CD = 

+3.83. 
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Both the FOM and the thrust coefficient in hover, normalised by the solidity ratio (CTH/σ) 

demonstrated notable improvements with increases in blade tip twist angle. The highest increase in FOM 

(ΔFOM = +0.2311) was observed at a twist angle of Φtip = +20°. With a moderate twist angle of Φtip = 

+8°, the FOM achieved a noticeable increase of ΔFOM = +0.0995. Similarly, (CTH/σ) reached its peak 

value (ΔCTH/σ = +0.0229) at a positive twist angle of Φtip = +20°. While a smaller twist of Φtip = +8° still 

provided a measurable increase of ΔCTH/σ = +0.0061 (Figs. 3, 4). 

 

Figure 3 

Effects of Changing Rotor Blade’s Twist angle on FOM and (CTH /σ) at 0.85 r/R, 0.90 r/R and 0.95 r/R 

cut-off sections with Positive Twist Angles up to 20º (+Φtip) 

 

 

Figure 4 

Effects of Changing Rotor Blade’s Twist angle on (CTH /σ) and (CPH /σ) at 0.85 r/R, 0.90 r/R and 0.95 r/R 

cut-off sections with Positive Twist Angles up to 20º (+Φtip ) 

 



 

8 
 

South Florida Journal of Development, Miami, v.6, n.7. p. 01-14, 2025. ISSN 2675-5459 

 

3.3 EFFECTS OF POSITIVE TWIST ANGLES ON THE ROTOR BLADE AT 0.95 R/R 

 

The changes in lift coefficient (∆CL) resulting from positive twist angles at a 0.95 r/R cut-off 

section between 0° ≤ Φtip ≤ 20° are illustrated in Fig. 1 (c). From this figure, it is evident that increasing 

the positive twist angle leads to a higher lift coefficient. The largest increase in local CL was found at the 

highest twist angle of 20° which corresponded to a rise of ∆CL = 0.3993 at a spanwise location of r/R = 

0.991 on the rotor blade. Incorporating lower, more fabrication-friendly twist angles (i.e. 8° ≤ Φtip ≤ 12°) 

can still yield substantial aerodynamic benefits. For example, introducing a positive tip twist of +8° 

increases the lift coefficient by ∆CL = 0.157. The changes in aerodynamic efficiency (∆ CL/CD) due to 

positive twist angles at a 0.95 r/R cut-off section between are illustrated in Fig. 2. The maximum CL/CD 

value occurs at Φtip = 18° whilst lower twist angles correspond to lower increases. For example, a positive 

tip twist of +8° increases the aerodynamic efficiency by ∆ CL/CD = 2.87. 

 

Figure 5 

CROTOR’s Output Illustrating the Aerodynamics, Rotor and Helicopter Performance Parameters at a 

0.85 r/R Cut-off Section with a Positive Twist Angle of 20º (+Φtip) 
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Figure 6 

Acoustic Signature Created by the Rotor Blade Under Conditions set from Fig. 5 

 

 

An increase in the blade twist angle positively influenced both the FOM and the thrust coefficient 

in hover, normalised by the solidity ratio (CTH/σ). The largest increase in FOM, was observed at a positive 

twist angle of Φtip = +16° corresponding to ∆FOM = + 0.2222. Lower twist angles (i.e. Φtip = 8°) 

correspond to a ∆FOM increase of + 0.0794. The thrust coefficient in hover’s maximum increase was 

shown to be at a twist angle (Φtip = 20°) with an associated ∆ CTH/σ = + 0.0186. This increase for a twist 

angle of Φtip = 8° was 0.0045 (Figs. 3, 4). 

 

3.4 MACH NUMBER AND ACOUSTIC SIGNATURE 

 

The aerodynamic environment for this scaled numerical assessment was governed by the baseline 

Mach-scaled condition (i.e. Mach ≈ 0.6). As illustrated in Fig. 5, the Mach number remains effectively 

unchanged, even at the most geometrically demanding configuration, namely; a +20° twist angle 

combined with a 0.85 r/R cut-off section. Even under these conditions, the design can capitalise on 

improvements in both CL/CD and the FOM (FOM) without approaching transonic tip speeds or 

precipitating shock formation. Furthermore, as shown in Fig. 6, this severe configuration does not 

adversely affect the acoustic signature, thereby mitigating concerns regarding increased noise levels. 

 

4 CONCLUSIONS 

 

This study has demonstrated and thoroughly characterised the performance improvements of a 

scaled morphing rotor blade in comparison to a conventional baseline configuration through the 

assessment of helicopter and rotorcraft performance parameters and aerodynamic coefficients. The 
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advantages of this design were presented, with both CL/CD and the FOM showing consistent enhancements 

across all cases. The 0.90 r/R configuration with low-to-moderate twist angles (i.e. 8° ≤ Φtip ≤ 12°) seem 

to be the most benefit-to-cost candidate by maintaining a balance between aerodynamic performance and 

design feasibility whilst achieving increases in CL/CD and FOM exceeding 7%. These findings underscore 

the significance of real-time adaptive structures and morphing designs in the relatively unexplored domain 

of rotary-wing aerodynamics and rotorcraft morphing, opening new avenues for innovative and 

transformative advancements in aerospace engineering. 
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NOMENCLATURE 

 

BEM/T   = Blade element method/theory 

CROTOR   = MIT’s numerical Code for design and analysis of rotary ducted and free-tip 

propellers and windmills 

FOM    = figure of merit (ratio of the ideal power to actual power) 𝐶𝑇𝐻

3
2⁄

/ 𝐶𝑃𝐻√2 

MIL     = minimum induced loss 

RPM     = rotations per minute 

CD, CL, CP, CPH, CT, CTH  = rotor’s drag, lift, power, power in hover, thrust, thrust in hover coefficients 

CL / CD    = rotor’s aerodynamic efficiency 

σ    = ratio of the total rotor blade area to the total disc area (solidity ratio) 

CTH / σ    = rotor coefficient of thrust in hover to rotor solidity ratio 

c     = chord (m) 

µ    = advance ratio (ratio of the forward speed of the helicopter to the speed of the rotor blade 

tip) 

T     = thrust (N) 

P     = power (W) 

M  = Mach number 

vi  = freestream velocity (m/s) 

nn r/R  = cut-off spanwise section/ rotor radius 

+Φtip  = linear positive (wash-in) geometrical twist at the rotor blade’s tip 

ρ  = density (kg/m3) 


