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This thesis investigates the performance and loads on a double-anhedral tip

modern composite rotor. Double anhedral tips are a recent introduction in ro-

tors with no research data available for understanding their behavior or modeling

them adequately. The objectives were to bridge these gaps. Both experimental and

analytical methods were employed to fulfill the objectives systematically. Double

anhedral blades of 5.6-ft diameter were designed and fabricated. The blades had

a uniform VR-7 airfoil profile, a D-spar, −16◦ twist, a 5◦ dihedral from 80%R to

95%R and a 15◦ anhedral from 95%R to the tip. The blades were built in-house

using IM7/8552 graphite/epoxy prepreg weave. They were instrumented for strains

and structural loads measurement. A two-bladed hingeless hub was designed and

fabricated for the vacuum chamber to measure rotating frequencies (fan plot). The

hover tests were performed on the Alfred Gessow Rotorcraft Center Mach-scaled

four-bladed hingeless rig. Tests were carried out up to tip Mach number of 0.6

over a collective range of 0◦ to 10◦. The rotor performance, blade structural loads,



pitch link loads, and surface strains were measured. A double anhedral tip is a

3-D structure. Accordingly, a 3-D model was developed with CATIA (CAD), Cubit

(hexahedral meshing), and X3D (aeromechanics). The 3-D CAD was constructed

with guidance from Boeing to ensure the geometry was representative of a modern

rotor yet generic enough to be open source for U.S. Gov-industry-academia joint

study. The meshing used 27-node solid hexahedral elements, as needed by X3D.

The pitch bearing was modeled with a joint commanded by control input. In total

there were 3427 elements and approximately 100,000 degrees of freedom. Properties

of the composite plies were acquired through in-house four-point bending coupon

tests. The aerodynamic model used in-house CFD extracted C-81 decks and a lifting

line with a refined free wake. The data acquired from tests were used to validate

the model. A 3-D model of a straight blade was also developed as a baseline for

comparison. These models have the same external and internal structure except for

the tip. By comparing the behavior of the analytical models, insights were gained

on the impacts of a double anhedral tip on the structural dynamics and aerome-

chanics in hover and forward flight. The local center of gravity offset at the tip

appeared to make the blade softer. No performance gain was predicted in hover,

however, the static flap, lag, and torsion moments at the root all decreased due to

the vertical center of gravity offset in the tip portion. Strong 3-D strain patterns and

multiple strain concentrations at the tip were predicted. In forward flight, the 4/rev

vibratory vertical hub load and hub moments were predicted to increase by 15%

and 100% respectively at tip speed ratio 0.1. Higher 1/rev oscillatory flap bending

moment and 2/rev oscillatory lag bending moments were also predicted. The key



conclusion is that the vertical center of gravity of the double anhedral tip can have

significant ramifications on blade loads - reducing the static loads while increasing

oscillatory harmonics particularly vibratory harmonics in forward flight. Systematic

wind-tunnel tests are needed in future to dissect these effects. This thesis laid the

foundations of that future through blade fabrication, vacuum and hover testing.
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Chapter 1: Introduction

1.1 Background and Motivation

As a special air vehicle that has the ability to take-o� and land vertically,

hover and 
y slowly in any direction, rotorcraft has been an important part of the

aviation community since it was invented. Over the last century, higher cruise speed,

larger payload, and better handling qualities have been the primary pursuits of

rotorcraft designers. These design goals have been mutually exclusive to some extent

historically. Therefore, design compromises between high lift-to-drag ratio, high

Figure of Merit, and low vibration level have to be made. These design compromises

were eased as the rotor aeromechanic behavior was better understood, and new rotor

technologies were developed.

The main rotor, as the source of lift, propulsion, and control all combined,

naturally became the focus of research. Due to the slender and 
exible nature

of the blade structure, the blade tip, that has the highest dynamic pressure and

complex 
ow also has the maximum deformation, and hence has the most powerful

impact on performance, noise, loads, and vibration. Meanwhile, due to the design


exibility introduced by advanced composite materials and fabrication methods,

the design of blade tips became more and more innovative. The goal of these tip
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designs is to alleviate the problems of loads, acoustics, and vibration while enhancing

performance. The objective of this thesis is to study one such special tip pro�le.

For decades, engineers and researchers tried various tip geometries to design

better rotor blades. Figure 1.1 shows examples of advanced tip geometries on rotor-

craft. It shows the swept tip on Sikorsky UH-60, the anhedral tip on Sikorsky S-92,

the double swept tip (Blue Edge tip) on Airbus H160, and the double anhedral tip

on Boeing CH-47, and the paddle tip (BERP tip) on AgustaWestland Merlin Mk3.

(a) UH-60 with swept tip (b) S92 with anhedral tip

(c) H160 with double swept tip (Blue Edge tip) (d) CH-47 with double anhedral tip

(e) Merlin Mk3 with paddle tip (BERP tip)

Figure 1.1: Rotorcraft with advance tip geometry.
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All of these advanced tip geometries can be condensed into three canonical

parameters or a combination of them [1], which are planform-taper, sweep, and

anhedral (Figure 1.2). The tapered tip is the small outboard portion of the blade

that has a signi�cant variation in chord length. According to the tests reported by

Stroub et al [2], McVeigh and McHugh [3], and Altho� and Noonan [4], a properly

designed tapered tip can improve the maximum rotor Figure of Merit in hover

and the rotor e�ective lift-to-drag ratio in forward 
ight. This e�ect is due to

the reduction in outboard pro�le drag [5, 6]. However, the tapered tip can also

be prone to premature stall and increase in vibration due to the low Reynolds

number on the retreating side as well as present di�culty in inserting tip weights

for autorotation [7].

A swept tip shifts (shears/or rotates) the blade cross-sections toward the trail-

ing edge. This type of tip geometry is driven by the pursuit of high forward 
ight

speed by delaying the drag divergence Mach numbers. The sweep back can delay

the onset of compressibility e�ects on the advancing side, which reduce drag and

unsteady pitching moments [8{12]. This can be explained by the reduction of Mach

number normal to the tip leading-edge, or equivalently by the rotated cross-sections

having a lower thickness-to-chord ratio which performs better at high Mach num-

bers. However, this advantage on the advancing side may be reduced by the early


ow separation on the retreating side. More importantly, the rearward shift of the

center of gravity and aerodynamic center on the swept tip introduces aerodynamic

and inertial couplings that have signi�cant impacts on pitch links and blade struc-

tural loads. [13,14].
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Anhedral tips rotate the cross-sections up or down away from the plane of

rotation. An important e�ect is the change in the position of the tip vortex and

hence the induced velocity �eld in the plane of rotation. An anhedral tip can show

improvement in hover performance, as reported by Weller [15] and Mueller [16]. The

change of tip vortex release location also changes Blade-Vortex Interaction (BVI)

which is a major source of vibration and noise [17].

Figure 1.2: Blade tip elementary parameters.

Among these three canonical geometries, the anhedral tip has seen less in-

depth investigations, and the few that were carried out all focused on aerodynamics

and noise. Recently, there have been attempts to improve hover performance by

using an anhedral tip on a production rotor. The inertial couplings may be lowered

by having both dihedral and anhedral in the tip region (called the double anhedral)

to bring the e�ective C.G. close to the rotating plane. Though it was reported that

this attempt has the potential of increasing the payload, excessive vibrations oc-

curred in forward 
ight. High vibrations shorten the fatigue life of key components,
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degrade ride qualities, and are major detriments for a new design, particularly when

discovered late in the design cycle. This vibration problem shows that accompany-

ing performance and acoustic bene�ts are structural and aeromechanical behavior

that are not fully understood.

In order to understand the behavior of double anhedral tips, test data from

realistic rotor blades are vital. Good test data requires systematic step-by-step

investigation with clear documentation of not only data by also rotor properties.

The model rotor should be Mach-scaled and representative of real aircraft, so the

phenomena measured are relatable to the 
ight vehicles. Good research data should

be open-source, allow peer review, and open to assessment by other investigators.

None of the existing data sets satis�ed these criteria. Most of the important tests

are either proprietary or documented with insu�cient details to be admissible as a

benchmark for fundamental understanding or model validation.

Precise modeling is equally critical to capturing and understanding basic phe-

nomena. The aerodynamics of even a straight blade tip is complex as it is subjected

to rapidly varying conditions under unsteady 3-D transonic 
ow. An anhedral tip is

expected to add more complexity. The structural dynamics do not conform to the

basic assumptions of a 1-D beam near the tip. Therefore, structural models that

are not limited to beams are needed to investigate the impact of 3-D aerodynamics

on blade stresses.

In this work, Mach-scale double anhedral tip composite rotors were fabricated,

hover tested and modeled with 3-D structures to validate with test data. The

aerodynamic model was still lifting line with free wake. Once validated, the analysis
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was extended to forward 
ight. Since the Glenn L. Martin wind tunnel remained

closed, the high-�delity 3-D analysis took its place instead for the best assessment

of blade stress/strain. Ultimately the prediction will need to be validated with test

data, which remains a task for the future.

1.1.1 History of Anhedral Tip on Fixed-Wing

The concept of a non-planar endplate, or a winglet, on a lifting device to

improve aircraft performance can be traced to Frederick W. Lanchester's patent in

1897. Later, Nagel (1924) [18], Hemke (1928) [19], and Mangler (1938) [20] carried

out theoretical investigations on lift and induced drag. One of the �rst applications

was carried out by Richard Whitcomb of NASA Langley Research Center [21, 22].

Whitcomb installed a �n extending both upwards and downward (Figure 1.3) of a

semi-span wing to reduce induced drag and increase the lift-to-drag ratio. This kind

of tip extension can be seen on many commercial jets today.

Theoretical analysis by Jones and Lasinski of NASA Ames Research Center [23]

con�rmed that reduction of induced drag can be achieved by extending the tip

vertically. One of the more recent studies was that of Eppler, in 1997, who showed

that a dihedral angle is more bene�cial than anhedral [24]. A similar conclusion

was drawn by Boeing and Aviation Partners Inc. since they developed what they

called a blended winglet [25]. A blended winglet is simply a continuous smooth

structure without a sharp edge. In 2000, Herrick designed what he called a raked

wingtip [28]. The increase in the e�ective span is the main target since it reduces
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Figure 1.3: Winglet designed by Richard Whitcomb [21].

induced drag [29].

The induced power bene�t of the winglets is derived from the reduction in

the strength of wingtip vortices. These are moved further away from the wing [30].

There is a secondary bene�t. A component of the winglet aerodynamic force can be

pointed forward if suitably designed. This component is an additional counter to

the drag. Mary variants of winglets can be found today, including canted winglet,

vortex di�user, blended split, sharklet, spiroid winglet, downward canted winglet,

active winglets, and tip sails [30,31].

1.1.2 History of Anhedral Tip on a Rotor Blade

The success of winglets on �xed-wing aircraft cannot be simply carried over

to rotor blades. Rotor blades have g-loading of nearly 1000 at the tip, so structural

pieces cannot be installed without taking into consideration other e�ects. Moreover,
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the induced power loss is not due to the vortex right at the tip but from the vortices

of all blades. The rapid variation of local 
ow, plunge, and pitch of the blade

section, and stronger tip vortex make blade tips on the rotor signi�cantly di�erent

from �xed-wings. The lessons learned from �xed-wing, while providing a basis, do

not transfer directly to rotors. Nevertheless, motivated by the potential bene�t of

non-planar tips, researchers have conducted some investigations in the past.

The development of advanced blade tips was made possible by metal, and

then by the advent of composite materials. The discussion of advanced blade tips

on rotors can be found in an early work by Spivey in 1968 [8]. Thereafter, no tests

or studies were conducted on anhedral tips in the next ten years until Weller [15]

and Mantay and Yeager [11] considered it again in 1979 and 1983. Both studies

showed the hover performance could be improved by an anhedral tip.

At the time, the mechanism behind the performance improvement was not

clear. A study by Muller [16, 17] found there might be a double vortex system

formed by the anhedral tip (Figure 1.4), which reduces Blade Vortex Interaction

(BVI) by smoothing the vortex core and lowering the initial location of the tip

vortex [32]. More recently, anhedral tip aerodynamic studies were conducted by

Desopper et al [33, 34], Vuillet et al [35], and Tung et al [36] in the 90s. In 2001,

McAlister et al also considered the anhedral tip to reduce BVI [37]. The aeroelastic

impact of the anhedral tip on helicopter rotor blade and tilt-rotor blade was studied

by Kim and Chopra [13] and Srinivas, Chopra and Nixon [38], respectively. These

were all analyses with no data to verify or validate. Some of the analyses were too

approximate to even capture the expected 3-D e�ects near the tip.
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Figure 1.4: Double vortex sytem [32].

The maturation of Computational Fluid Dynamics (CFD) for rotors in the

past 20 years [39,40] has opened the avenue to a better understanding of anhedral

tip. Some sample optimization attempts can be found in Refs. 41{44. Interest

in anhedral tips has transitioned from performance to acoustics and 
ight dynam-

ics [45{48]. So far, there are far fewer variants of anhedral tips envisioned on ro-

tors due to the natural hesitation of introducing discontinuities at the tip. Boeing

adopted the double anhedral tips on Chinook CH-47 (Figure 1.5), and some analyses

were carried out jointly by Boeing and Army. However, there is limited to no data

available in public.
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Figure 1.5: Boeing Advanced Chinook Rotor Blades.

1.1.3 Rotor Testing

There is a long and rich history of full-scale helicopter rotor tests in the US.

Bousman, in his Nikolsky Lecture [49], traced this history beginning with the pi-

oneering Langley 15.3-ft diameter teetering rotor wind tunnel tests in 1956 (Fig-

ure 1.6) [50] to the modern NASA Ames 26.8-ft diameter UH-60A Black Hawk

articulated rotor tests in 2010 (Figure 1.7) [51]. The Bousman review focused on

tests that measured airloads|the most di�cult of all tests. However, there were no

anhedral tips in any of them.

There is also a vast literature on model-scale rotor tests and the story is

somewhat better there. A few cases had anhedral tips. These were: 1) the 2.743 m

radius four-bladed articulated rotor model tested by Weller at the Langley Transonic

Dynamics Tunnel (TDT) (Figure 1.8) measuring rotor performance and blade 
ap

and lag bending moments [15]; 2) the 0.857 m radius rotor model with PF1 tips
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Figure 1.6: Rabbott's wind tunnel rotor test in 1956 [50].

Figure 1.7: UH-60A wind tunnel test in 2010 [51].

(Figure 1.9) tested by Desopper at the ONERA S2 Chalais-Heudon wind tunnel

measuring rotor performance [34]; 3) the 0.5 m radius rotor model tested by Muller at

Associazione Industrie Aerospaziali wind tunnel [16] and FIBUS Research Institute
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water tunnel [32] measuring the vortex system (Figure 1.10); 4) the 1 m radius

rotor model tested by Huang at Nanjing University of Aeronautics and Astronautics

(NUAA) acoustic chamber (Figure 1.11) measuring sound pressure level [46]; and

5) the 0.65 m radius �ve-bladed rigid rotor model tested by Uluocak at Middle

East Technical University (Figure 1.12) measuring 
ow �eld with Particle Image

Velocimetry (PIV) technique [48]. None of these measured blade dynamics or loads

| the fundamental barrier of anhedral blades. None of these were double anhedral

blades.

Figure 1.8: Model rotor with anhedral tips in TDT wind tunnel [15].
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Figure 1.9: PF1 tip tested at ONERA [34].

Figure 1.10: Double vortex system visualized by Muller [32].
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Figure 1.11: Aeroacoustic test of anhedral tip rotor at NUAA [46].

Figure 1.12: Rigid anhedral tip blade tested by Uluocak [48].

1.1.4 Rotor Comprehensive Analysis

The early helicopters had articulated or teetering rotors. And the blades are

considerably rigid due to their metal spars. So the elastic motion of the blades was

not the main consideration in engineering design at that time. It was not until 8

years after the successful maiden 
ight of Sikorsky's �rst helicopter, the VS-300,
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that the �rst elastic 
ap bending blade model was proposed by Flax [52]. Next,

through the e�orts of Yuan and Diprima et al. [53,54], an elastic blade model with

lag and torsion degrees of freedom was conjured. Eventually, the seminal work of

Houbolt and Brooks established the 
ap, lag, and torsion linear dynamic model

(the nonlinear e�ect of the centrifugal force was reduced through tension) with a

built-in twist in 1957 [55]. The linear model dropped many 
ap-lag-torsion coupling

terms, consistent with the small deformation assumption. Hodges and Dowell de-

rived nonlinear 
ap-lag-torsion coupled equations in 1974 [56]. An ordering scheme

was used in that model to obtain manageable analytical expressions. Concurrently,

Kvaternik [57], Johnson [58], and Rosen [59] also built models of equal accuracy by

expanding on Houbolt and Brooks. Most comprehensive codes still use these models

or their more re�ned geometrically exact versions. The University of Maryland Ad-

vanced Rotorcraft Code (UMARC) was also developed based on these models [60].

Later, Crespo da Silva [61] and Hodges [62] developed a large deformation

beam model that does not depend on the ordering scheme. The strains are still

small, but the rotations are exact. Concurrently, Johnson [63] also extended the

beam model and uni�ed multibody dynamics to allow exact rotation.

Next, researchers turned attention to the modeling of composite blades. From

the isotropic material to the anisotropic material, the constitutive relationship of the

material and the warping of the beam cross-section are the two aspects that change

the most. Hong and Chopra [64] studied the e�ect of composite laminate structure

on the blade sti�ness coupling by replacing the isotropic material constitutive rela-

tion in Hodges and Dowell nonlinear blade model with that of the laminate structure.

15



Bauchau et al [65{67] focused on adding degrees of freedom for section warping to

the beam model. Hong [68] and Smith [69] combined the above two aspects of work

and carried out research on the modeling and analysis of composite blades. Ben-

quet [70] and Celi et al [71{73] analyzed the complex geometry blades with swept

and dihedral tips via coordinate system transformation and special �nite element

matrix assembly method. With the development of the new rotor structural designs,

the drawbacks of simplifying the model based on the rotor system characteristics

were exposed. Whenever there was a new structural design, the model needed to

be re-derived and validated. Bauchau and Ghiringhelli [74{76] showed how general-

purpose multi-body dynamics can be used to build up systems of blades, hubs, and

pitch links while avoiding repeated re-derivation of the equations. However, all of

these models were limited to beams. The blades must be uniform and slender. The

composite formulation was applied to the cross-section. The computational power

available at the time would not allow 3-D models for rotor dynamics.

Thus, for decades, the rotor blades were analyzed by a combination of two-

dimensional cross-sectional analysis and one-dimensional beams. However, it is

obvious that when the blade pro�le, internal structure, and material properties

have discontinuities, the blade should be regarded as a three-dimensional structure.

Parts of the rotor that are near the hub are not even slender structures. These parts

absorb stresses and determine weight. These parts provide kinematic couplings that

determine stability. The growth of active rotors revealed further drawbacks and

limitations of analyses. Damaged blades or blades with live �re hit could not be

modeled as beams. Chordwise deformations or spanwise discontinuities like 
aps
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and slats are also hard to model. The beam models became more and more reliant

on empirical measurements made after the rotor is built and fell short of providing

a true �rst principal prediction.

Epps [14] studied the e�ect of the swept tip on the natural frequency of a

rotating beam. By comparing the experimental data and the analysis results, it was

found that when the sweep angle of the tip section increases, the error of the beam

model also increases, and the error in the higher-order frequencies are more promi-

nent. In 2005, Truong et al [77] attempted to compare the blade analysis results of

the beam model and the 3-D �nite element model. In this study, the beam model

and the 3-D model in the commercial program MSC/Marc were used. The results

indicated that the di�erence between the natural frequencies of the blade obtained

by the 3-D �nite element model and the experimental value is lower than that of

the beam model. Then Yeo et al carried out further systematic comparison [78].

The beam model, in this study, adopted the geometric accurate composite beam

model and Variational Asymptotical Beam Sectional Analysis (VABS) method in

the Rotorcraft Comprehensive Analysis System (RCAS), while the 3-D �nite ele-

ment model was still MSC/Marc. The comparison of natural frequencies shows that

this beam model has good accuracy for beams with a small aspect ratio. However,

when a swept tip is present, whether it is a metal beam or a composite blade, the

di�erence between the beam model and the 3-D �nite element model increases with

the swept angle. Even though these models were elementary and included none of

the complexities of a modern rotor that called for 3-D, these �ndings reveal the

value of developing 3-D structural �nite element models for blades.
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In 2008, NASA [79] identi�ed 3-D structures as one of the requirements of

future comprehensive analysis. Datta and Johnson [80] proposed a 3-D �nite element

structural analysis method for rotor blades in 2009. In 2010, they uni�ed multi-body

dynamics with 3-D formulation [81]. But these were idealized rotors. From 2014

to 2017 Staruk et al established the analysis process and tools based on Computer-

aided Design (CAD) [82]. Ward et all established material modeling techniques for

3-D [84]. These ultimately opened the door to application on real rotors. NASA

provided the 1/4 scale V-22 model geometry to the University of Maryland to assist

in the creation of a showcase problem [83]. The 3-D methodology has matured since

then [85{87], and it is now available within the X3D solver.

1.2 Objectives of the Thesis

The objectives of this thesis are to: 1) fabricate and test a double anhedral

tip composite rotor to investigate its impact on structural dynamics and loads; 2)

develop a state-of-art 3-D model and validate it with test data.

The �rst objective aims to �ll the lack of basic understanding of loading on the

rotor with anhedral tips. A set of Mach-scaled double anhedral composite blades

were designed in consultation with Boeing to ensure that the geometry and structure

are realistic enough to be representative of a modern rotor and yet be open source.

An in-house fabrication methodology was developed for these blades. A special-

purpose hingeless hub was designed and fabricated in-house to excite the rotating

blades in vacuum, and allow the measurement of rotating frequencies. Hover tests
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were carried out with a hingeless rig as well.

Three-dimensional models were developed from the same CAD used in fab-

rication. Then they were meshed in Cubit and analyzed with X3D. A lifting line

aerodynamic model with free wake was used with particular attention paid to the

aero-structure interface. The correlation of the test data and the analysis not just

laid the foundation for studying the double anhedral tip, but reproduced the 3-D

work
ow, and validated the 3-D model on a realistic advanced rotor. A straight

blade model was also developed as a baseline control case to explore the impact of

the double anhedral tip in forward 
ight. The straight blade was not fabricated,

however. Nor were forward 
ight tests carried out in the wind tunnel. These remain

work for the future.

1.3 Organization of the Dissertation

This dissertation contains seven chapters. These chapters are organized as

follows. Chapter one presented the background and motivation of the investigation

of the double anhedral composite blade. Prior work in �xed-wing aircraft and rotary-

wing was reviewed. The objective of the current thesis was described. Chapter two

describes the development of the double anhedral composite blade. Chapter three

covers the test rigs used in vacuum tests and hover tests. Chapter four introduces the

development of the 3-D blade model. Chapter �ve validates the 3-D double anhedral

composite rotor with the test data acquired from the vacuum test and hover test.

Chapter six contains the fundamental understanding of the double anhedral tip. A
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straight blade 3-D model is used as a baseline. Chapter seven summarizes the work

and draws key conclusions. It ends with recommendations for future work.
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Chapter 2: Development of Double Anhedral Tip Composite Blade

This chapter presents the development of the double anhedral tip compos-

ite blades (Figure 2.1). The double anhedral tip was designed with a super�cial

resemblance to the Boeing CH-47F like Advanced Chinook Rotor Blade (ACRB),

as shown in Figure 2.2, with a similar but simpli�ed tip shape. The cross-section,

twist, and structural properties are otherwise generic. Thus, in essence it is an

open-source academic research blade. The blade geometry, structure, and materials

are representative of any modern scaled composite rotor, and they are detailed in

this chapter.

Figure 2.1: UMD Double Anhedral Tip Blade.
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Figure 2.2: Boeing Advanced Chinook Rotor Blade [88].

2.1 Blade Design

The overall parameters of the blade are shown in Table 2.1. The blade has a

span of 0.713 m and a uniform chord of 0.08 m. There is a linear built-in twist of

� 16� over the radius and a non-symmetric VR-7 airfoil. The layout of the airfoil

across the span is shown in Figure 2.3. The anhedral angles are de�ned by a curved

quarter chord line with respect to the rotational plane. The airfoil always remains

perpendicular to the local quarter chord line. Moreover, the blade cross-sections are

rotated about the local quarter chord line to form the built-in twist.

The blade design has three main sections and two transition regions, as shown

in Figure 2.4. The straight portion extends from the root to 80%R connecting to

a 5� dihedral portion over 80� 95%R. The last portion has an anhedral of 15�

over the last 5%R. Two transition regions are designed at the beginning of each

anhedral portion to ensure a smooth aerodynamic contour. Each transition region

occupies the �rst 0:5%R of its portion. The quarter chord lines are linear outside
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the transition region. These geometric attributes were decided in consultation with

Boeing and based on the hover tower and the Glenn L. Martin wind tunnel test

section at Maryland.

Table 2.1: Blade parameters.

Parameters English Metric
Span 28 inch 0.713 m
Chord 3.15 inch 0.08 m
Airfoil VR-7
Twist � 16� /radius
Taper Untapered

(a) Isotropic view of the airfoil layout.

(b) Rear view of the airfoil layout.

Figure 2.3: The airfoil layout.
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(a) Rear view of the blade geometry.

(b) Top view of the blade geometry.

Figure 2.4: Blade tip geometry and planform.

As for the internal structure, the cross-section is mainly determined by the spar

type since it is the main structural member of a blade. Figure 2.5 shows four spars

considered for this design: C-spar, D-spar, box spar, and solid spar. The D-spar

was selected. Compared to the C-spar and the solid spar, the D-spar is a closed

section and therefore has a higher torsion sti�ness which is bene�cial to prevent

instabilities such as 
ap-pitch 
utter and divergence. Compared to the box spar,

the D-spar provides better support for the leading-edge shape with fewer ply layups

and more space for leading-edge weights which are required for small-scale rotors.

Furthermore, the D-spar structure is a good representative of the Chinook blade

internal structure [89]. Therefore, the D-spar was chosen to be the main structural

member of the blade.

The �nal internal structure is shown in Figure 2.6. The width of the D-spar

is 26.8 mm (33:5%c) starting at the leading-edge. The parameter is mainly a�ected

by the location and size of the blade root insert. It comprises two layers of� 45�
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Figure 2.5: Types of blade spar.

IM7/8552 graphite/epoxy prepreg weave throughout the span. Besides the D-spar,

another main structural member is the skin. The same composite material is shared

between the spar and the skin. The skin is made of one layer instead of two. A 3.6

mm long trailing edge tab is designed to obtain a better bond between the upper

and lower skins at the trailing edge. As shown in Figure 2.6, there is a leading-edge

weight inside the D-spar to bring the cross-sectional center of gravity (C.G.) to the

nominal aerodynamic center at the quarter chord. To minimize the mass and size

of leading-edge weight, it is better to use dense material and place it as close to the

leading-edge as possible. Hence, tungsten alloy was chosen. However, placing the

leading-edge weight against the internal surface of the spar requires the leading-edge

weight to have an airfoil pro�le, which is hard to machine in-house. Based on these

considerations, tungsten alloy rods of 13.2 mm diameter are used as leading-edge

weights, and they have located 16.1 mm ahead of the quarter chord. Instead of a

single continuous rod, there are 16 discrete rods to limit their e�ect on the blade

structural sti�ness (Figure 2.7). Each tungsten alloy rod has a length of 38.1 mm
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which can �t inside the 5%R anhedral tip portion of the blade. An aluminum root

insert was designed as shown in Figure 2.8 for blade connection. All of the blade

features discussed are individually modeled and are parts of a 3-D Computer-Aided

Design (CAD) model built in CATIA (Figure 2.9).

Figure 2.6: Blade cross-section structure.

Figure 2.7: The layout of leading-edge weights.

(a) Top view of the root insert. (b) Side view of the root insert.

Figure 2.8: Root insert design.
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Figure 2.9: CAD model of each blade component.

2.2 Blade Mold

Based on the blade CAD model, a blade mold was designed (Figure 2.10) and

fabricated (Figure 2.11) by Xcentric Mold & Engineering Inc. The mold is made of

aluminum 5083 selected to limit the deformation due to the temperature change.

Figure 2.10: CAD model of the mold.
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