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Abstract 

 

Development of Rotor Structural Design 

Optimization Framework for Compound 

Rotorcrafts with a Lift Offset  

 

JaeHoon Lim 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

Design optimization for the structural construction of a rotor system 

in a compound rotorcraft with a lift offset was conducted by applying a 

two-level procedure. In this optimization process, enhancements were 

made regarding the high-speed forward flight capability, vibration 

characteristics, and rotor blade weight of a compound rotorcraft. In this 

type of rotorcraft, the combination of a lift offset, a rigid rotor blade, and 

a variable rotor speed enables the achievement of satisfactory vibration 

characteristics and high forward speed performance. Optimized 
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structural properties of the blade and chordwise geometries for each 

blade radial station were obtained by the present upper-level 

optimization scheme. By applying the proposed lower-level optimization 

scheme, an optimized cross-sectional configuration of a composite rotor 

blade was determined. For validation purposes, the design of an existing 

stiff-in-plane rotor in XH-59A compound rotorcraft was optimized by 

applying the present procedure. As a result, it was found that most of the 

objective function values were significantly improved. The influence of 

the optimization results on the conceptual design was evaluated. It is 

expected that the present procedure will be applicable for the next-phase 

advanced compound rotorcraft, which will target further high forward 

speed capability with low vibration characteristics. 

 

Keywords: Rotor Structural Design, Optimization, Compound 

Rotorcraft with a Lift Offset 
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Chapter 1                       

Introduction 

1.1 Background and Motivation 

 

Compound rotorcrafts represent a unique variation from the 

conventional types, as the former are capable of high forward speeds 

while retaining their hover capability. In general, the lift and propulsive 

force capabilities of a conventional rotorcraft will be degraded as the 

forward speed increases as a result of asymmetric flow conditions 

encountered by the rotor. A compound rotorcraft avoids such rotor lift 

limit through the addition of wings to the fuselage while exceeding the 

rotor propulsive limit by applying additional propulsive devices. 

Among previously developed compound rotorcrafts, there have 

existed two demonstrators with lift offset capability which showed 

improved performance during high-speed cruise flights, compared to the 

conventional rotorcrafts. Lift offset is the effective lateral displacement 

of the lift vector for each of the rotors from the hub. Lift offset is defined 

as the rotor roll moment divided by thrust, multiplied by radius. In a 

rotorcraft with a lift offset, more lift will be generated on the advancing 

side than on the retreating side by introducing a differential lateral cyclic 
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pitch through the independent control or variable phasing of the pilot 

inputs as shown in Fig. 1 (Ref. 1).  

The schematic of the concept of the compound rotorcraft with a lift 

offset is shown in Fig. 2 (Ref. 2). By operating a rotor with a lift offset, 

the lift potential in the advancing blades can be fully realized and 

retreating blade stall can be avoided or minimized. Such a concept was 

herein employed in the coaxial counter-rotating rigid rotors. The 

retreating blade in the rotor will be unloaded as the forward speed 

increases. Then, the lift will be progressively transferred to the 

advancing side, where the lift is more efficiently generated due to the 

increased dynamic pressure. 

However, due to the difference in the lift between advancing and 

retreating sides of the rotor, significant inter-rotor rolling moment will be 

produced. To compensate for such lift asymmetry and provide adequate 

blade tip clearance with acceptable rotor blade spacing, the blades will 

need to be rigidly attached to the rotor hub. Moreover, in order to 

produce sufficient propulsive force at a high forward speed, an auxiliary 

propulsion system will be needed. The rotor rotational speed needs to be 

reduced as the flight speed increases to minimize the compressibility 

drag rise on the advancing blades. This new rotor system does not 

require a wing to be fitted for high speeds to improve maneuverability. 

Nor does it not require an anti-torque rotor. 
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The lift offset concept was demonstrated in experimental aircraft 

during 1970s. The XH-59A advancing blade concept (ABC) aircraft 

adopted two three-bladed, coaxial, counter-rotating rigid rotors as shown 

in Fig. 2. Under a high-speed cruise condition, propulsive force was 

provided by two turbojets, which allowed the main rotor to be 

responsible only for the lift. As a pure rotorcraft, the XH-59A 

demonstrated a maximum level speed of 297 km/h, but by using 

auxiliary turbojets, it showed a maximum level speed of 442 km/h at an 

altitude of 914.4 m (Ref. 1). Despite the high-speed and high-lift 

capabilities of the XH-59A, a flight test revealed technical challenges 

such as poor aerodynamic performance, a heavy rotor weight, increased 

hub drag, and increased vibration. It is not surprising that the 

combination of high airspeeds, a very rigid rotor system and a variable 

rotor speed makes it a challenging task to achieve satisfactory vibration 

characteristics, high performance, and a low rotor weight. Therefore, a 

rotor design optimization will be needed to enhance the high-speed flight 

performance, to enhance the vibration characteristics, and to reduce the 

weight of the rotor blade. Moreover, the results from the optimization 

will be useful for a compound rotorcraft conceptual design program. 

Thus, the influence of the optimized rotor properties on the conceptual 

design will need to be investigated. 
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1.2 Previous Researches 

 

In this section, the previous researches on rotor design optimization 

and development of a conceptual design program for a compound 

rotorcraft will be described. 

1.2.1 Previous Researches on Rotor Design Optimization 

 

Lately, rotor blade structural optimization studies to reduce 

helicopter vibration have been conducted. Optimization studies were 

carried out for a four-bladed, soft in-plane hingeless rotor consisting of a 

two cell composite box-beam spar by Ganguli et al. (Ref. 3). The 

objective functions were the vibratory hub loads and the vibratory 

bending moments. Constraints were imposed on the blade rotating 

frequencies and aeroelastic stability. However, the design variables were 

simply the ply angles of the box-beam walls. Ganguli also performed a 

similar optimization study which considered the blade elastic stiffness 

(Ref. 4). The analysis and the optimization were decoupled using the 

response surface method. However, only the blade elastic stiffness was 

included as a design variable, while the blade was assumed to have 

uniform cross-section along the spanwise direction. Recently, Rohl 

presented a composite rotor blade structural design environment for 
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aeromechanical assessments in a conceptual and preliminary design (Ref. 

5). Detailed cross-sectional design variables were used to optimize the 

vibratory hub loads. However, this approach showed limits with regard 

to the number of the design variables that could be used due to the high 

computational costs from the detailed composite cross-sectional and 

aeromechanical analysis which was required at each iteration step. 

On the other hand, to enhance the aeroelastic stability of a tiltrotor 

aircraft, a structural optimization framework was developed by the 

present author, who applied a multi-level optimization approach (Ref. 6). 

With this approach, the aeromechanical analysis and detailed cross-

sectional analysis could be separated. As a result, the limit on the 

number of design variables used was exceeded.  

1.2.2 Previous Researches on Development of a Conceptual 

Design Program for a Compound Rotorcraft  

 

During the past few decades, a few conceptual design computer 

programs have been developed and used by the rotorcraft industries (Ref. 

7-9). In addition to the single main and tail rotor helicopter, compound 

rotorcrafts were designed by using the same programs. The size of wings 

and auxiliary propulsive devices can be determined by the program. 

However, the capability of designing compound rotorcraft with lift offset 
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was not included. From the literature, it is clear that a few versions of the 

rotorcraft conceptual design programs (Refs. 10 and 11) are now being 

developed and used by industries and research institutes throughout the 

world (Ref. 12, 13). However, these programs are not commercial 

products and thus have limited availability. Meanwhile, an attempt to 

apply genetic algorithm for rotorcraft conceptual design was suggested 

by Crossley and Laananen (Ref. 14). Sartorius developed an 

optimization and design space visualization program applicable for 

conceptual design of a compound rotorcraft (Ref. 15). 

Previously, an improved conceptual design optimization framework, 

which is named ‘Helicopter Conceptual Design and Optimization 

Framework (HCDO)’, was developed by the present author to design a 

single main rotor and tail rotor helicopter, which reflected the trend of 

the recent technology (Ref. 16). 

1.3 Objectives and Thesis Overview 

 

The flowchart of the rotor design optimization and conceptual design 

framework for a compound rotorcraft with a lift offset is illustrated in 

Fig. 3. In this thesis, to enhance the high-speed forward flight 

performance, to enhance the vibration characteristics, and to reduce the 

weight of the rotor blade, a rotor optimization framework for a 
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compound rotorcraft with a lift offset will be developed using a multi-

level optimization approach. The resulting separated stages are referred 

to as the upper-level and lower-level optimization stages. Each of these 

two optimization stages has a multi-objective optimization for a 

compound rotorcraft with a lift offset as well as a local structural design 

of composite rotor blades. During the upper-level optimization procedure, 

CAMRAD II (Ref. 17) is used for the aeromechanical analysis for a 

compound rotorcraft with a lift offset. The analysis and the optimization 

steps are then decoupled using the response surface method. In the 

lower-level optimization procedure, the detailed cross-sectional analysis 

will be performed by using UM/VABS (Ref. 18). To perform this 

optimization, a genetic algorithm included in the MATLAB Global 

Optimization Toolbox (Ref. 19) will be employed for both of the 

optimization frameworks. 

In Chapter 2, the rotor structural optimization framework for a 

compound rotorcraft with a lift offset will be explained. 

The influence of the optimized rotor properties on the conceptual 

design will also be investigated as shown in Fig. 3. HCDO program will 

be updated to be applicable for a compound rotorcraft with lift offset. By 

using the updated framework, the influence of the optimization results on 

the conceptual design will be examined. 
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In Chapter 3, improvement strategy on the HCDO program to 

include a design capability for a compound rotorcraft with a lift offset 

In Chapter 4, validation on the present CAMRAD II input will be 

described. A sensitivity test which determines appropriate design 

variables and the development of related approximate models will be 

discussed. Finally, the design results obtained for each level of the 

optimization procedure will be presented. 

In Chapter 5, the influence of the optimization results on the 

conceptual design will be described. 

Chapter 6 summarizes the contributions of this research and suggests 

avenues for future work. 
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Fig. 1. Control system of XH-59A compound rotorcraft with a lift offset 

(Ref. 1) 
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Fig. 2. Schematic of the concept of the compound rotorcraft with a lift 

offset (Ref. 2) 
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Fig. 3. XH-59A compound rotorcraft with a lift offset 

 

 

 

 

 

 

 

 

 



１２ 

 

 

 

 

 

Fig. 4. Flowchart of the rotor design optimization and conceptual 

design framework for a compound rotorcraft with a lift offset 
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Chapter 2                             

Rotor Design Optimization Framework for a 

Lift Offset Compound Aircraft  

 

A flowchart of the present multi-level optimization framework is 

shown in Fig. 5. Under this framework, the structural properties and 

chord lengths at each blade station would be obtained during the upper-

level optimization stage, which attempts to minimize the required 

aircraft power, vibration index, and the weight of the rotor blade. The 

optimized blade structural properties and chord lengths would be 

transferred to the lower-level optimization procedure as the objective 

functions. During the lower-level optimization procedure, the detailed 

cross-sectional design values for a composite rotor blade would be 

determined. If the result of the lower-level optimization does not satisfy 

the design requirements, the procedure would return to the upper-level 

optimization procedure. This type of iterative procedure would be 

conducted until all of the design results satisfy the required criteria. 

Details of each optimization stage in the present design framework are 

explained below. 
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2.1 Upper-Level Optimization 

 

The objective of the present upper-level optimization procedure is to 

determine the optimized structural properties and chord length of the 

rotor blade. The objective function established in the present upper-level 

optimization procedure is expressed in Eq. (1). 

 

, , ,

r
1 2 3

r

P
min[ ]

P baseline baseline baseline

eq rotorindex

eq rotorindex

V WJ w w w
V W

= + +        (1) 

 

In Eq. (1), reqP  is the aircraft power required and rotorW  is the 

weight of the rotor blade. indexV is the vibration index which is defined in 

Eq. (2). 1 2 w , w , and 3w  are the weighting factors used to find an 

optimized solution which satisfies the three different objective functions 

simultaneously. 
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An N-bladed rotor transmits N/rev force and moment to the fuselage 

as the principal source of vibration. Thus, the N/rev force and moment 

are included in the equation for the vibration index. The force is 

normalized by the rotor steady thrust, and the moment is normalized by 

the rotor steady torque. 

Several constraints are taken into accounted in the upper-level 

optimization procedure, as shown in Table 1. The tip clearance between 

the two rotors and the bending moment induced upon the rotor shaft 

during high-speed cruise flight are considered as the constraints. The 

lower bounds of the figure of merit and the lift capability while hovering 

are also imposed. An approximate expression for the out-of-ground-

effect hover capability, which is given by Eq. (3) for U.S. Army 

helicopters when tested (Ref. 20), is also considered. 

  

1.5
p wC C=                       (3) 

 

where pC  is the power coefficient and wC  is the weight 

coefficient of the rotorcraft. In this thesis, the Cp-Cw margin is defined by 

Eq. (4) at the given power coefficient. 
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( ) ( ) 100
( )

 present    Army helicopters-  margin
 Army helicopters

w w
p w

w

C CC C
C

−
= ×      (4) 

Generally, any significant stability issues do not exist in a stiff-in-

plane rotor system, which is a typical characteristic of the rotor with a 

lift offset. However, the structural modes of the blade should be 

distributed with sufficient intervals such that coupling between the first 

torsional frequency and the bending modes can be avoided. Thus, 

appropriate ranges of the natural frequencies of the blade structure need 

to be imposed upon the nominal rotating speed. These are listed in Table 

1. 

The rotor performance and vibration analysis are carried out using 

CAMRAD II (Ref. 17), which is a comprehensive rotorcraft analysis 

program. CAMRAD II incorporates a combination of advanced 

technologies, including multi-body dynamics, nonlinear finite elements, 

and rotorcraft aerodynamics. Generally, repetitive computation is 

required to solve an optimization problem such as that in the present 

rotorcraft design. However, CAMRAD II generally incurs a higher 

computational cost. Thus, in order to reduce this cost, the response 

surface methodology (RSM) is adopted for the present upper-level 

optimization procedure. RSM has been widely used to handle 

various aeromechanical design optimization problems (Ref. 21-24). 

A general rotorcraft analysis and the optimization computation were 
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performed separately by applying RSM to the present design task. RSM 

is a statistical method which constructs approximations. These 

approximations are created by sampled numerical experiments over a 

certain design space (Ref. 6). Generally, response surfaces are 

approximated by lower-order polynomials of either the first or second 

order due to the fact that a smooth polynomial response surface of a 

lower order removes spurious minima and maxima while capturing the 

global trend of the response, thereby leading to a robust optimal design.  

In this thesis, a second-order polynomial surface using central 

composite designs is constructed, as follows: 

 

0
1 1 1

( )
n n n

i i i j i j
i i i

f x A A x A x x
= = =

= + +∑ ∑∑             (5) 

 

Here, 0 , iA A  and i jA  are the regression coefficients, and n is the 

number of design variables used. The central composite designs are a 

class of the designed experiments that are devised specifically for fitting 

to the second-order points. 

The computational time to conduct the optimization was reduced 

when applying RSM. However, because the number of points needed to 

create the response surfaces increased dramatically in accordance with 

the number of the design variables, its number considered was limited. 



１８ 

 

Therefore, those design variables that were more influential upon the 

design result were selected and retained by conducting a sensitivity 

examination in advance. Details pertaining to the selection of the 

influential design variables will be discussed later. 

Using the present second-order polynomial surfaces for the objective 

functions and constraints, the upper-level optimization process was 

conducted. To do this, a genetic algorithm included in the MATLAB 

Global Optimization Toolbox (Ref. 19) was used. A genetic algorithm, a 

type of global optimization method, is a stochastic search technique that 

imitates the natural evolution process. Convergence to an objective 

function would generally become less sensitive when a global 

optimization process is selected. 

2.2 Lower-Level Optimization 

 

Determination of the detailed cross-sectional design variables for a 

composite rotor blade was the purpose of the present lower-level 

optimization procedure. In this thesis, four different cross-sectional 

design results were obtained along the spanwise direction. 

The objective function established in the present lower-level 

optimization procedure is expressed in Eq. (6). The objective function 
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served to minimize the difference between the target and the predicted 

properties. 
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     (6) 

 

In this thesis, as shown in Fig. 6, the following twenty-seven cross-

sectional design variables were considered in the lower-level 

optimization procedure: two spar positions (one for the forward and the 

other for the aft position), twelve ply angles (four for the spar caps and 

eight for the each shear web) in which the ply angle for the skin was 

fixed at 0°, and thirteen ply sheets (one for the skin, four for the spar 

caps, and eight for each spar). The fore spar, which was close to the 

leading edge, was found to be between 0.1c and 0.25c while the rear spar 

was between 0.3c and 0.5c. Table 2 summarizes the design variables 

used in the lower-level optimization procedure along with the 

corresponding upper and lower boundaries. 

To improve the accuracy and reliability, several constraints were 

considered during the present optimization. First, the ply orientation 

angles were restricted to only a few discrete values; in this case they 
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were 0, ±45 and 90°, to prevent possible manufacturing difficulties, 

which would mitigate the issue of unusual ply orientation angles. Second, 

only integer values for the number of plies were considered. Third, the 

shear center and center of gravity of the blade were located between 

0.20c and 0.30c. Finally, the materials used in the blade structure were 

fixed. If a single material is used, it becomes difficult to satisfy the mass 

and stiffness requirements simultaneously. Therefore, two different 

materials, E-glass and T300/5280 graphite-epoxy, were used in the 

present blade design.  

In the lower-level optimization process, a detailed cross-sectional 

analysis was conducted using UM/VABS. UM/VABS is a general 

asymptotically correct finite-element-based cross-sectional analysis 

intended for modeling arbitrary geometries, including multiple cells. A 

genetic algorithm was also used during this optimization process. 

Structural integrity analysis on the optimized composite blade cross-

sections was done using a three-dimensional strain-recovery module. To 

conduct the structural integrity analysis upon the optimized composite 

blade cross-section, a three-dimensional strain recovery module was 

developed, as shown in Fig. 7. First, a strain influence matrix and a 

stiffness matrix are obtained by executing a cross-sectional analysis, here 

UM/VABS. The strain influence matrix is composed of the influencing 

coefficients of the local strain vector with respect to each beam 
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deformation measured. The local strain vectors are obtained upon the 

reference point of each beam cross-section. Then, using the inverse form 

of the one-dimensional global beam constitutive relationship, Eq. (7), the 

strain and curvatures are obtained at a blade station as a function of the 

internal force and moment. 

 

                 (7) 

 

In Eq. (7), [K] is the stiffness matrix obtained from UM/VABS. 1γ  

is the axial strain, 1κ  is the elastic twist, and 2κ  and 3κ  are the two 

bending curvatures. The internal forces and moments at each blade 

section are predicted by applying the CAMRAD II. A safety factor of 1.5 

was considered in this structural integrity analysis. 
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Fig. 5. Flowchart of rotor design optimization for a compound 

rotorcraft with a lift offset 
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Fig. 6. Schematic of the design variables used in the present lower-

level optimization 
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Fig. 7. Flowchart of the three-dimensional strain recovery analysis 
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Table 1. Constraints for the upper-level optimization 

No. Constraints Lower 

bound 

Upper 

bound 

1 Tip clearance, m 0.457 −  

2 Cp-Cw margin 0 −  

3 Hover figure of merit 0.7 −  

4 Shaft bending moment, N-m −  27,115 

5 1st flapwise bending frequency, 

/rev 

1.1 1.9 

6 1st lagwise bending frequency, 

/rev 

1.1 1.9 

7 1st torsion frequency, /rev 10 −  

8 Difference between 1st flapwise 

and lagwise bending frequency 

10% of 

flap 

frequency  

−  
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Table 2. Design variables used in the present lower-level optimization 

Symbol 

used in  

Fig. 5 

Design variables 
Lower 

boundary 

Upper 

boundary 

A Front shear web position 0.1c 0.25c 

B Rear shear web position 0.3c 0.5c 

C Number of plies for the skin 1 10 

D Number of plies for the nose (1) - outer 1 15 

E Number of plies for the nose (2) - inner 1 15 

F Number of plies for spar cap (1) - outer 1 25 

G Number of plies for spar cap (2) - middle 1 25 

H Number of plies for spar cap (3) - inner 1 25 

I 
Number of plies for front spar (1) - 

outmost 
1 25 

J 
Number of plies for front spar (2) - upper 

middle 
1 25 

K 
Number of plies for front spar (3) - lower 

middle 
1 25 

L 
Number of plies for front spar (4) - 

innermost 
1 25 

M Number of plies for rear spar (1) - outer  1 25 
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N Number of plies for rear spar (2) - middle 1 25 

O Number of plies for rear spar (3) - inner 1 25 

P Ply angle for the nose (1) - outer -90 90 

Q Ply angle for the nose (2) - inner -90 90 

R Ply angle for spar cap (1) - outer -90 90 

S Ply angle for spar cap (2) - middle -90 90 

T Ply angle for spar cap (3) - inner -90 90 

U Ply angle for front spar (1) - outmost -90 90 

V Ply angle for front spar (2) - upper middle -90 90 

W Ply angle for front spar (3) - lower middle -90 90 

X Ply angle for front spar (4) - innermost -90 90 

Y Ply angle for rear spar (1) - outer  -90 90 

Z Ply angle for rear spar (2) - middle -90 90 

AA Ply angle for rear spar (3) - inner -90 90 
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Chapter 3                             

Improvement Strategy on HCDO Program to 

include a Design Capability for a Compound 

Rotorcraft with a Lift Offset 

 

In order to obtain the capability for designing modern rotorcrafts 

with enhanced accuracy and reliability, HCDO program was developed 

by the author (Ref. 16). The estimation formulas for rotorcraft sizing and 

the subsystem weights were updated by reflecting the data of the modern 

aircrafts. In the algorithm for estimating the engine performance, an 

engine library reflecting the characteristics of the latest generation of 

engines was also constructed. In order to improve power estimation 

accuracy, blade element rotor aerodynamics and trim analysis were 

developed and incorporated in it. An external design optimization 

framework using the genetic algorithm including an automatic 

calibration process was established and used. However, an object 

considered in the framework was still a single rotor helicopter with no 

wings, and no auxiliary propulsion. Therefore, updating efforts would be 

required to include the compound rotorcraft design capability. Details of 

HCDO program are included in the Appendix. 
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The algorithms needed to be updated regarding the design capability 

for a compound rotorcraft with a lift offset were investigated. In addition 

to the design capability on the single main and tail rotor helicopter, 

HCDO program provides design capabilities for a tandem rotor 

helicopter with auxiliary propulsion engines. Thus, those capabilities 

would be useful to update HCDO. The estimation of the subsystem 

sizing and weight estimation of the compound rotorcraft with a lift offset 

could be conducted using the trend formulas of the tandem and single 

main and tail rotor helicopter. For example, the trend formulas to design 

tandem rotor would be used to design the rotor with a lift offset and the 

trend formulas to design single main and tail rotor helicopter would be 

used to design the fuselage of the compound rotorcraft with a lift offset. 

Moreover, the weight estimation formulas for a tandem helicopter would 

be used with appropriate calibration coefficients. 

However, the performance of the compound rotorcraft with a lift 

offset was expected to be significantly different from that for a tandem 

helicopter because of the effects from the lift offset and tip speed. 

Therefore, development of a new estimation algorithm for a compound 

rotorcraft with a lift offset is required. 

On the other hand, the inter-rotor shaft frontal area was need to be 

taken into accounted to provide accurate hub drag estimation. 
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3.1 Improvement on the Power Required Estimation 

Algorithm 

 

HCDO program predicts the required power of a rotorcraft, based on 

the certain dimensions which were assumed and obtained through the 

rotorcraft sizing estimation routine. Most of the performance analysis 

routines in the existing rotorcraft conceptual design programs were based 

on the simple momentum theory with empirical corrections. Momentum 

theory provides clear insight into the basic aspects of helicopter rotor 

analysis, but it has unavoidable limitations in accuracy. Furthermore, 

detailed airfoil data and important design variables, such as built-in twist 

and tip speed, which have a significant influence on the required power, 

cannot be reflected in the momentum theory. To improve power 

estimation accuracy, blade element rotor aerodynamics and trim analysis 

were developed and incorporated in HCDO program. However, it was 

developed for the single main and tail rotor helicopter. 

In this thesis, CAMRAD II was used to estimate the power required 

of the rotorcraft with a lift offset. The effect of the lift offset on the 

rotorcraft performance could be considered. As a result, hover and 

forward flight performance would be estimated accurately. 
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However, CAMRAD II generally incurs a higher computational cost, 

as explained previously. Thus, instead of a direct implementation of 

CAMRAD II to HCDO program, rotor performance maps of the rotor 

with a lift offset were constructed as tables and implemented to HCDO. 

Based on the dimension data and the operating conditions from HCDO, 

the hover and forward flight performance analysis were conducted by 

using CAMRAD II. And then, using the analysis results, the hover and 

forward flight rotor performance maps of the rotor with a lift offset were 

obtained. 

Values of rotor power coefficient divided by the rotor solidity 

( /pC σ ) as functions of weight coefficient divided by the rotor solidity 

( /wC σ ) and tip Mach number were used to estimate the hover 

performance. And forward flight /pC σ  as functions of /wC σ  and 

advance ratio ( µ ) were used to calculate the forward flight performance. 

In addition to the values of /pC σ , the values of the auxiliary force as 

functions of /wC σ  and µ  were also be used to calculate the forward 

flight performance. While the HCDO operated, the performance of the 

rotors with a lift offset and the auxiliary force were estimated by 

conducting a table look-up. 
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3.2 Improvement on the Estimation of Flat Plate Drag Area 

 

HCDO provides the estimation of flat plate drag area of the 

rotorcraft by a detailed build up. Among various drag components on a 

rotorcraft, the hub drag is calculated by using Eq. (8) for the case of a 

single main and tail rotor helicopter. The hub drag consisted of the drag 

induced by hub center section and rotor shank as shown in Eq. (8). 

 

sec( sec )

( )

  

  

    

  D hub center tion hub

D shank shank

Equivalent Flat Plate Drag Area

C hub center tion Diameter t

C shank Diameter t

= × ×

+ × ×

       (8) 

 

The inter-rotor shaft frontal area was need to be taken into accounted 

to provide accurate hub drag estimation. Thus, the Eq. (8) was updated to 

Eq. (9). 
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  D hub center tion hub

D shank shank

D hub center tion hub

Equivalent Flat Plate Drag Area

C hub center tion Diameter t

C shank Diameter t

C shaft Diameter t+

= × ×

+ × ×

× ×

       (9) 
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Chapter 4                             

Design Optimization Results 

 

In this thesis, a stiff-in-plane rotor of the XH-59A lift offset 

compound rotorcraft was optimized by applying the present optimization 

procedure. The stiff-in-plane rotor means that the first lagwise bending 

frequency is higher than the rotating frequency. The XH-59A originally 

adopted titanium rotor blades, but these would be replaced here with new 

composite rotor blades. Table 3 summarizes the properties of the 

rotorcraft used in this optimization study (Ref. 1). Validation of the 

present CAMRAD II input and the results of the lift offset parametric 

study are described below. A sensitivity test which determines 

appropriate design variables and the development of related approximate 

models are also discussed. Finally, the design results obtained for each 

level of the optimization procedure are presented. 

4.1 Validation of CAMRAD II Input 

 

In the upper-level optimization process, an accurate estimation of the 

performance and vibration of the aircraft was required. Thus, the free 

flight trim input data for XH-59A using an elastic blade were devised 
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and validated. The blade was considered to be elastic in the 

representation. However, the fuselage was assumed to be rigid in the 

analysis. A non-uniform inflow with free-wake geometry was used in the 

hover analysis. A uniform inflow was used for the high-speed cruise 

flight with auxiliary propulsion. The uniform inflow provided by 

CAMRAD II is an approximate wake model based on the ideal wing 

theory. The induced velocity might have a simple variation over the 

surface of the blade (Ref. 17). Nine trim variables and quantities were 

used for cruise flight with auxiliary propulsion, as shown in Table 4. The 

auxiliary force provided by the auxiliary propulsion, elevator, and rudder 

were added to the conventional trim variables. By adjusting the target 

values of the rolling moment of each rotor, an appropriate discrete value 

for the lift offset was determined. In greater detail, a non-zero rolling 

moment value was selected by introducing differential lateral cyclic 

pitch during the trim procedure. As a result, more lift could be generated 

on the advancing side as compared to the retreating side. 

The detailed properties of the elastic blade were obtained from the 

literature (Ref. 25), as were those of the airframe (Ref. 26). The airfoils 

of the XH-59A rotor were the NACA 64(230)224A, NACA 

64(230)213A, and NACA 23012 airfoil from the blade root to the tip, 

respectively. However, only details pertaining to the C81 airfoil table for 

NACA 23012 were available. The literature (Ref. 26) suggests 



３５ 

 

alternative airfoils which can be used to assess the performance of XH-

59A. These airfoils are NACA 0026, NACA 0015 and NACA 23012. 

Thus, the C81 airfoil table corresponding to these suggested airfoils is 

used in the present analysis.  

The elastic blade input properties were validated by constructing a 

fan plot, as shown in Fig. 8. The fan plot presents the variation of the 

structural natural frequency in terms of the rotor speed. The result 

showed good agreement with those in the literature (Ref. 1). 

A comparison of the hover and forward flight performance of XH-

59A as predicted by CAMRAD II was conducted, as shown in Fig. 9 and 

10. These results show good agreement with those obtained in the flight 

test. The change in the slope above a flight speed of 380 km/h was the 

result of the collective pitch reduction required to maintain the upper 

rotor head master stress (Ref. 1). 

4.2 Parametric Study of the Lift Offset 

 

The baseline for the present design optimization was determined 

from the results of a parametric study of the lift offset. This parametric 

study was conducted at the nominal cruise flight speed of XH-59A, 441 

km/h. As the value of the lift offset was increased in an imaginary 

discrete fashion, various results were obtained for these factors included 
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in the objective functions, as pre-defined in Eq. (1), along with two 

constraints related to high-speed cruise flight, as shown in Fig. 11. The 

aircraft power required and vibration index included in the objective 

functions were improved as the value of the lift offset was increased. 

However, under certain constraints, the shaft bending moment and tip 

clearance were violated as the value of the lift offset exceeded 

approximately 0.19. Thus, the baseline of the present optimization 

procedure was determined at the point at which the lift offset was 0.15. 

The lift distributions for the present parametric study regarding the 

lift offset are plotted in Fig. 12. The lift offset produced azimuthal 

variations in the lift distribution. As the lift offset does not exist, the lift 

was generated intensively by certain regions, around azimuth ψ  = 0   

and 180  . Such lift distribution produced the 2/rev bending moments at 

the root of the blades. However, the lift was mainly generated in the 

advancing side, as the value of the lift offset was increased.  

The drag distributions for the present parametric study regarding the 

lift offset are shown in Fig. 13. A considerable amount of the reverse 

flow existed in the retreating side of the rotor disk, that is, the blade 

sections operate with the trailing edge into the relative wind. Although 

the velocities and dynamic pressure were smaller in this region, the high 

drag coefficients associated with the flow separation might result in a 
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higher overall parasite power penalty. When the value of the lift offset 

was increased, the drag generated by the reverse flow region was 

decreased as shown in Fig. 13. It is due to that the blades experienced 

lower angles of attack in the reverse flow region as the rotor was 

operated with a higher lift offset. 

4.3 Sensitivity Test to select Design Variables 

 

In order to determine the most influential design variables for the 

present objective function, a sensitivity analysis was conducted. In total, 

twenty-nine parameters were selected for the candidate design variables 

of the upper-level optimization process. The chord lengths, twist angle, 

and structural properties at each blade station were selected as the design 

variables. The precone angle was also considered as one of the variables. 

Table 5 summarizes the candidate design variables selected. The baseline 

values determined in the previous section were also used in the present 

sensitivity test. 

The result of the sensitivity examination on the candidate design 

variables is shown in Fig. 14. The chord lengths at 0.5 R and 0.8 R 

showed significant influence on the aircraft power required. However, 

the chord lengths showed a slight influence on the vibration index. The 

mass near the blade tip and the blade stiffness near the root of the blades 
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showed significant influence on the vibration index. The total sensitivity 

was obtained by summation of the percentage of the influence on each 

obejctive function. Only the eight most influential design variables on 

both objective functions were selected based on the total sensitivity. The 

remaining candidate design variables, which were related to EA, GJ, and 

the built-in twist, showed only slight influences on the objective 

functions and constraints. 

4.4 Development of an Approximate Model using RSM 

 

Using the final set of design variables for the upper-level 

optimization, eighty-two design points in total were developed using the 

idea of the central composite design. The central composite design is an 

experimental design, useful in RSM, for building a second-order model 

for the response variables without requiring the use of a complete three-

level factorial experiment. Each experimental point was evaluated using 

the CAMRAD II inputs for hover, high-speed cruise flight with auxiliary 

propulsion, and a rotating structural frequency analysis. As a result, the 

regression coefficients for the second-order response surfaces, pre-

defined in Eq. (5), were determined. Table 6 summarizes the coefficients 

of the response surfaces for the aircraft power required and vibration 

index. The regression coefficients of the response surface for the tip 
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clearance, the shaft bending moment, and the structural frequencies were 

also evaluated. The quality of this approximate model was evaluated by 

investigating the R-squared value, which is the coefficient of 

determination. The predicted plots for the present response surfaces are 

shown in Fig. 15 and the corresponding R-squared values are 

summarized in Table 7. All of the R-squared values were found to be 

approximately one. This guarantees reliable prediction capability of the 

present response surface. 

4.5 Upper-Level Optimization 

 

With the present response surfaces, the upper-level optimization 

process was conducted. In order to obtain the optimized values of the 

weighting factors, pre-defined in Eq. (1) as 1 2 w , w ,  and 3w , The 

converged values of the three different objective functions for the present 

upper-level optimization by adjusting the weighting factors are plotted in 

Fig. 16 and corresponding numerical data are included in Table 8. In the 

figure, the region surrounded by the solid lines indicates a valid design 

space and the region surrounded by the dash lines signifies an invalid 

design space. There exist six points, point No. 5, 6, 9, 10, 11, and 12, 

which were not included in the invalid design space. And then, the 

present values of the multi-objective function, J, pre-defined in Eq. (1), 
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were evaluated to the existing six points. As a result, the ninth point 

showed the minimum multi-objective function value. Thus, the ninth 

point providing the optimized weighting factors was selected for the 

present upper-level optimization. The corresponding weighting factors 

were found to be 0.625, 0.25, and 0.125, respectively. 

Table 9 summarizes the values of the objective functions and the 

design variables at the baseline and optimized points. In addition to the 

improvements made by applying an appropriate lift offset value, all of 

the objective function values were improved even more by applying the 

present optimization procedure. The optimized results led to a significant 

improvement of 37.6% of the vibration index. The required aircraft 

power was decreased by 4.6% and the blade weight was decreased by 

22.4% compared to those of the baseline. 

It was observed that the vibration index was decreased significantly 

when the tip mass was increased. The increase of the tip mass was also 

advantageous with regard to the aircraft power required and the vertical 

tip clearance between the two rotors. The optimized rotor blade 

configuration is illustrated in Fig. 17. The chord lengths of the second 

(0.5 R) and third blade radial section (0.8 R) were increased but that for 

the first radial section (0.2 R) was decreased. With the upper-level 

optimization, the optimized chord length of the first radial section was 

set to 0.24 m. However, when the optimized chord length of the first 
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radial section was used for the lower-level optimization, an appropriate 

cross-section implying the optimized structural properties could not be 

obtained. Thus, the design space of the upper-level optimization was 

adjusted. The chord length of the first radial section was finally 

determined to be 0.4 m. Table 10 summarizes the values of the 

constraints in the optimized design. No violation of any constraint was 

observed. The evolution histories of the objective function, which was 

defined in Eq. (6), aircraft power required, vibration index and blade tip 

mass during 5,397 iterations of the present optimization procedure are 

shown in Fig. 18. A genetic algorithm with one-hundred population size 

and elite count of five was used during this optimization process. To find 

a global optimized point, sufficient population size was used. 

Figure 19 shows the updated fan plot based on the optimized blade 

properties. The frequencies of the second flap, second lag, and first 

torsion modes were increased because the mass of the blade was reduced 

using composite materials and due to the optimization of the design as 

introduced here. 

The blade flap and lag bending moment trends near the blade root 

after applying the lift offset and optimization process were also 

investigated, as there was a direct correlation between the 3/rev hub 

moments and the 2/rev bending moments at the root of the blades for the 

three-bladed hingeless rotor (Ref. 27). As shown in Fig. 20, the trend of 
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the 2/rev bending moments at the root of the blade was diminished. As a 

result, the vibratory hub moments were also decreased. 

Figures 21 and 22 show comparison between the baseline and 

optimized lift/drag distributions. It was observed that the lift 

distributions of the baseline and optimized were almost similar. However, 

the drag induced by the reverse flow was decreased by applying the 

optimized properties. 

 

4.6 Lower-Level Optimization 

 

In the lower-level optimization process, the cross-sectional 

configurations corresponding to the optimized structural properties were 

obtained. In the lower-level optimization process, there was no necessity 

for finding the global optimum. Thus, the genetic algorithm with fifty 

population size and elite count of three were used during this 

optimization process. 

The objective functions for each section, the target values, and the 

optimized values are summarized in Table 11. When target values from 

the upper-level optimization did not exist, auxiliary objective function 

values corresponding to the original properties of XH-59A were used. At 

the fourth radial section, the mass was excluded from the objective 
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function because such a significant increase on the tip of the blade could 

be realized by adding a non-structural mass value. It was found that the 

structural properties of the blade obtained by the optimized cross-

sectional design variables were close to the target values. The shear 

center and the center of gravity of each blade section were located 

between 0.20c and 0.30c. The optimized cross-sectional design values 

for each section are illustrated in Fig. 23. Using the internal forces and 

moment predicted at each blade station by CAMRAD II, the structural 

integrity of the cross-section designed here was evaluated. The results of 

the structural integrity are shown in Table 12. No ply failures were 

observed. The maximum strain in the optimized blade was found to be 

located rather at the third blade radial section, although the maximum 

internal force and moment were occured at the first radial section. It was 

also found that the root section of the original XH-59A rotor blade was 

significantly stiffened to maintain adequate tip clearance. However, the 

limit on the tip clearance was relieved in the upper-level optimization. 

As mentioned previously, the increased tip mass lifted the limit on the tip 

clearance while also reducing the vibration index. 

It is expected that the present framework can be used to provide 

design guideline for a compound rotorcraft with a lift offset. In addition, 

the results from this framework will be useful for a compound rotorcraft 

conceptual design program. If the airfoil shape is optimized as well in 
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the present design framework considering an enhancement of the 

aerodynamic performance, further improvements can be expected. 
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Fig. 8. Fan plot for the present elastic blade model 
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(a) Cp-Cw curve 

 

(b) Figure of merit 

Fig. 9. Validation result for XH-59A aircraft in hover, out of ground 

effect 
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(a) Aircraft power required 

 

(b) Rotor lift to drag ratio 
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(c) Tip clearance 

 

 

(d) Flap bending moment at 10% radial station 
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(e) Hub vibratory pitch moment (1/2 peak to peak) (Ref. 28) 

Fig. 10. Validation results for XH-59A aircraft in a high speed cruise 

with auxiliary propulsion 
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(a) Aircraft power required 
 

 
(b) Vibration index 
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(c) Shaft bending moment 

 
 

 
 

(d) Tip clearance 

Fig. 11. Results of the present parametric study upon the lift offset in 

XH-59A aircraft 
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(a) Lift offset = 0.0 

 

(b) Lift offset = 0.1 
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(c) Lift offset = 0.2 

 

(d) Lift offset = 0.3 

Fig. 12. Lift distribution for the present parametric study upon the lift 

offset in XH-59A aircraft 
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(a) Lift offset = 0.0

 

(b) Lift offset = 0.1 
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(c) Lift offset = 0.2

 

(d) Lift offset = 0.3 

Fig. 13. Drag distribution for the present parametric study upon the 

lift offset in XH-59A aircraft 
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(a) Aircraft power required 
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(b) Vibration index 
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(c) Total (summation of the aircraft power required and vibration 

index) 

Fig. 14. Sensitivity examination for the candidate design variables 

(total) 

 

 

 

 



５９ 

 

 

 

 

(a) Aircraft power required 

 

(b) Vibration index 
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(c) Tip clearance 

 

(d) Shaft bending moment 
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(e) Cp-Cw margin 

 

(f) Hover figure of merit 
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(g) First flapwise bending frequency 

 

(h) Second flapwise bending frequency 
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(i) First lagwise bending frequency 

 

 

(j) Second lagwise bending frequency 
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(k) First torsion frequency 

 Fig. 15. Predicted plot for the present response surfaces 
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(a) Vibration index with respect to aircraft power required 

 

(b) Vibration index with respect to mass 
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(c) Mass with respect to aircraft power required 

 Fig. 16. The converged values of the three different objective functions 

for the present upper-level objective function 
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Fig. 17. Optimized blade configuration 
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(a) Objective function, Eq. (6) 

 

 

(b) Objective function (power required) 
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(c) Objective function (vibration index) 

 

(d) Design variable (mass at 1.0 R) 

Fig. 18. Evolution history of the objective functions and design variables 
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Fig. 19. Fan plot of the blade design based on the optimized properties 
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(a) Flapwise bending moment 

 

(b) Lagwise bending moment 

Fig. 20. Flapwise and lagwise bending moment of the optimized rotor at 

0.1 R 
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(a) Baseline 

 

(b) Optimized 

 Fig. 21. Lift distribution of the baseline and optimized 
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(a) Baseline 

 

(b) Optimized 

Fig. 22. Drag distribution of the baseline and optimized 
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 (a) First radial section (0.2 R)  

 

(b) Second radial section (0.5 R) 
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(c) Third radial section (0.8 R) 

 

(d) Fourth radial section (1.0 R) 

Fig. 23. Schematic of the cross-sectional configuration in the optimized 

blade sections 
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Table 3. Properties of the full-scale XH-59A compound rotorcraft 

with a lift offset 

Rotor  

Diameter, m 10.97 

Number of rotors 2 

Number of blades per rotor 33 

Blade taper ratio 2:1 

Blade twist,   -10 

Precone angle,   3 

Prelag angle,   1.4 

Shaft tilt,    0 

Design rotor tip Mach no. 0.6 (conventional helicopter mode) 

0.41 (aux. propulsion mode) 

Aircraft  

Design gross weight, kg 4,082 (conventional airframe only) 

 6,032 (including aux. propulsion) 

Fuselage length, m 12.34 

Fuel tank capacity, kg 756 

Equivalent flat plate area, m2 1.55 
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Table 4. Trim variables and quantities for the compound rotorcraft 

with a lift offset in CAMRAD II input 

No. Trim variable Trim quantity 

1 Rotor 1 lateral cyclic pitch Rotor 1 rolling moment 

2 Rotor 2 lateral cyclic pitch Rotor 2 rolling moment 

3 Rotor 1 longitudinal cyclic pitch Rotor 1 longitudinal flapping 

4 Rotor 2 longitudinal cyclic pitch Rotor 2 longitudinal flapping 

5 Auxiliary force Force X 

6 Pedal Force Y 

7 Collective Force Z 

8 Elevator Moment Y 

9 Rudder Moment Z 
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Table 5. Candidate design variables for the upper-level optimization 

Number Candidate design variables 

1 Precone angle, °  

2 to 5 Mass at 20, 50, 80, 100% blade radial station, kg/m 

6 to 9 Chord length at 20, 50, 80, 100% blade radial station, m 

10 to 13 EIflap at 20, 50, 80, 100% blade radial station, N-m2 

14 to 17 EIlag at 20, 50, 80, 100% blade radial station, N-m2 

18 to 21 EA at 20, 50, 80, 100% blade radial station, N 

22 to 25 GJ at 20, 50, 80, 100% blade radial station, N-m2 

26 to 29 Twist at 20, 50, 80, 100% blade radial station, °  
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Table 6. Regression coefficients of the present response surface  

(a) Aircraft power required 

Sym

bol 

Coefficients Sym

bol 

Coefficients Sym 

bol 

Coefficients 

A0 4017.947 A35 1.25080 A58 1.44979 

A1 -35.67530 A45 0.92458 A68 0.29869 

A2 -23.72769 A16 4.00119 A78 -2.39654 

A3 -81.99927 A26 2.63042 A11 4.32672 

A4 -87.95230 A36 8.91570 A22 2.86957 

A5 -0.70910 A46 7.29823 A33 14.04692 

A6 13.93757 A56 0.71850 A44 17.76922 

A7 13.62176 A17 -3.83533 A55 1.21452 

A8 -1.63416 A27 -2.54212 A66 2.31112 

A12 5.69458 A37 -4.31010 A77 1.17892 

A13 10.79183 A47 -3.75613 A88 -0.16043 

A23 7.28532 A57 -1.02360   

A14 9.50492 A67 -1.33968   

A24 6.81759 A18 1.57325   

A34 33.01746 A28 2.37867   

A15 -0.05758 A38 1.46360   

A25 -0.32846 A48 1.33433   
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(b) Vibration index 

Sym

bol 

Coefficients Sym

bol 

Coefficients Sym 

bol 

Coefficients 

A0 1.48219 A35 -0.00365 A58 0.00670 

A1 -0.14023 A45 -0.00199 A68 -0.00023 

A2 -0.09188 A16 -0.00076 A78 -0.00054 

A3 -0.02436 A26 -0.00273 A11 0.01521 

A4 -0.01870 A36 -0.00674 A22 0.00571 

A5 0.12509 A46 -0.00377 A33 -0.00334 

A6 -0.00583 A56 -0.00007 A44 -0.00034 

A7 0.03420 A17 -0.00225 A55 0.03396 

A8 0.06211 A27 -0.00122 A66 -0.00419 

A12 0.01864 A37 0.00158 A77 0.00156 

A13 0.00306 A47 -0.00027 A88 -0.00009 

A23 0.00068 A57 0.00141   

A14 -0.00027 A67 0.00057   

A24 0.00188 A18 -0.01091   

A34 -0.00589 A28 -0.00741   

A15 -0.02613 A38 -0.00129   

A25 -0.01647 A48 -0.00171   
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(c) Tip clearance 

Sym

bol 

Coefficients Sym

bol 

Coefficients Sym 

bol 

Coefficients 

A0 1.63149 A35 0.00198 A58 0.00004 

A1 0.07929 A45 -0.00009 A68 0.00030 

A2 0.05395 A16 0.00085 A78 -0.00047 

A3 0.02413 A26 0.00167 A11 -0.00900 

A4 -0.00859 A36 0.00105 A22 -0.00480 

A5 -0.02117 A46 0.00020 A33 0.00105 

A6 0.02995 A56 0.00082 A44 -0.00055 

A7 -0.00362 A17 0.00481 A55 -0.00295 

A8 -0.01016 A27 0.00277 A66 -0.00190 

A12 -0.01201 A37 -0.00205 A77 -0.00205 

A13 0.00302 A47 -0.00513 A88 -0.00145 

A23 0.00241 A57 -0.00070   

A14 0.00927 A67 -0.00251   

A24 0.00533 A18 0.00265   

A34 0.00264 A28 0.00188   

A15 0.00573 A38 0.00029   

A25 0.00500 A48 -0.00113   
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(d) Shaft bending moment 

Sym

bol 

Coefficients Sym

bol 

Coefficients Sym 

bol 

Coefficients 

A0 -15208.39 A35 -0.03435 A58 -1.31255 

A1 -1.39094 A45 -0.22813 A68 0.63127 

A2 -1.18334 A16 -0.30308 A78 0.25002 

A3 24.26518 A26 -0.23757 A11 -0.73128 

A4 21.58024 A36 0.09062 A22 0.01872 

A5 -6.20308 A46 0.28441 A33 -1.48078 

A6 -32.00457 A56 0.33751 A44 -3.18148 

A7 0.57576 A17 -0.56563 A55 -2.03108 

A8 -2.37880 A27 0.14375 A66 -1.58088 

A12 -1.21559 A37 -0.24065 A77 -0.13118 

A13 -0.05623 A47 0.19069 A88 0.36932 

A23 -0.25310 A57 0.28120   

A14 0.18132 A67 0.11247   

A24 -0.00938 A18 0.97185   

A34 -2.83751 A28 0.96877   

A15 2.72813 A38 0.27815   

A25 1.95619 A48 0.30312   
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Table 7. R squared values for the present response surfaces 

 R2 

(coefficient of determination) 

Aircraft power required 0.9974 

Vibration index 0.9992 

Tip clearance 0.9968 

Shaft bending moment 0.9987 

Cp-Cw margin 0.9870 

Hover figure of merit 0.9968 

1st flapwise bending frequency 0.9999 

2nd flapwise bending frequency 0.9999 

1st lagwise bending frequency 0.9999 

2nd lagwise bending frequency 0.9999 

2nd lagwise bending frequency 0.9999 

1st torsion frequency 0.9999 
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Table 8. The resulted objective function values for the present upper-

level optimization by adjusting the weighting factors 

No. 1w  2w  3w  
,

r

r

P
P baseline

eq

eq
 

,baseline

index

index

V
V  

,baseline

rotor

rotor

W
W  J  

(Eq. (1)) 

1 0.333 0.333 0.333 1.0796 0.3121 0.9969 0.8092 

2 0.500 0.250 0.250 1.0329 0.4455 0.9864 0.8724 

3 0.250 0.500 0.250 1.1535 0.2788 0.9942 0.6783 

4 0.250 0.250 0.500 1.1027 0.2996 0.9803 0.8524 

5 0.600 0.200 0.200 0.9315 0.5614 0.9866 0.8807 

6 0.500 0.167 0.333 0.9237 0.5705 0.9845 0.9012 

7 0.500 0.333 0.167 1.0275 0.3519 1.0082 0.8167 

8 0.571 0.286 0.143 0.9848 0.5317 1.0020 0.8485 

9 0.625 0.250 0.125 0.9216 0.5562 0.9945 0.8569 

10 0.667 0.222 0.111 0.9174 0.5606 0.9895 0.8654 

11 0.625 0.125 0.250 0.9229 0.6196 0.9937 0.9057 

12 0.667 0.111 0.222 0.9228 0.5999 0.9983 0.9043 
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Table 9. Results for objective function and design variable values in the 

baseline and optimized design 

Type Quantities Lift offset 
= 0 

Baseline, lift 
offset = 0.15 
(difference, %) 

Optimized, lift 
offset = 0.15 
(difference, %) 

Objective 
function (1) 

Aircraft power 
required, hp 

5,821 4,070 
(-30.1%) 

3,799  
(-34.7%) 

Objective 
function (2) 

Vibration index 2.048 1.62  
(20.9%) 

0.85  
(-58.5%) 

Objective 
function (3) 

Blade weight, kg 104.7 104.7 
 (-) 

81.4  
(-22.3%) 

Design 
variables (1) 

Mass at 1.0 R, 
kg/m 

22.8 22.8  
(-) 

26.97  
(+18.3%) 

Design 
variables (2) 

Mass at 0.8 R, 
kg/m 

6.51 6.51  
(-) 

5.04  
(-22.6%) 

Design 
variables (3) 

Chord length at 
0.5 R, m 

0.423 0.423  
(-) 

0.539  
(+27.4%) 

Design 
variables (4) 

Chord length 0.8 
R, m 

0.336 0.336  
(-) 

0.380  
(+13.1%) 

Design 
variables (5) 

EIlag at 0.2 R, 
Nm2 

1,218,008 1,218,008  
(-) 

869,105  
(-28.6%) 

Design 
variables (6) 

Chord length at 
0.2 R, m 

0.526 0.526  
(-) 

0.4  
(-24.0%) 

Design 
variables (7) 

EIflap at 0.2 R, 
Nm2 

797,469 797,469  
(-) 

570,108  
(-28.5%) 

Design 
variables (8) 

EIlag at 0.5 R, 
Nm2 

608,279 608,279  
(-) 

554,741  
(-8.8%) 
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Table 10. Constraint values in the optimized design 

No. Constraints Lower 

bound 

Upper 

bound 

Optimized 

1 Tip clearance, m 0.457 −  0.502 

2 Cp-Cw margin 0 −  4.36 

3 Hover figure of merit 0.7 −  0.78 

4 Shaft bending 

moment 

−  27,115 20,421 

5 1st flapwise bending 

frequency, /rev 

1.1 1.9 1.46 

6 1st lagwise bending 

frequency, /rev 

1.1 1.9 1.30 

7 1st torsion frequency, 

/rev 

10 −  17.5 

8 Difference between 

1st flapwise and 

lagwise bending 

frequency 

10% of 

flap 

frequency  

−  11% of 

flap 

frequency 
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Table 11. Values of the optimized objective functions and auxiliary 

functions in each radial section 

Section Objective 

function 

Para-

meter 

Target Optimized Differe

nce, % 

First Objective  

function (1) 

chord 

length 

0.4 0.4 - 

radial  Objective  

function (2) 

EIflap 579,340 570,108 -1.59 

section Objective  

function (3) 

EIlag  867,588 869,105 +0.17 

Second Objective  

function (1) 

chord 

length 

0.539 0.539 - 

radial  Objective  

function (2) 

EIlag  434,995 444,845 +0.116 

section Auxiliary 

objective 

function (1) 

EIflap 149,177 148,647 +1.39 

Third Objective  

function (1) 

chord 

length 

0.379 0.379 - 
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radial  Objective  

function (2) 

mass 5.04 5.0397 -0.01 

section Auxiliary 

objective 

function (1) 

EIflap 41,553 40,313 -2.98 

 Auxiliary 

objective 

function (2) 

EIlag 302,121 299,441 -0.89 

Fourth 

radial  

Auxiliary 

objective 

function (1) 

EIflap 23,141 23,289 +0.64 

section Auxiliary 

objective 

function (2) 

EIlag  160,748 160,960 +0.13 
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Table 12. Maximum strain results in the optimized cross-sectional 

design 

Location  

Radial section Third radial section (0.8 R) 

Cross-sectional location An element in rear spar near 

the upper surface 

1) Horizontal location +30.5% of chord length  

(from the leading edge) 

2) Vertical location +2% of chord length  

(from the chord line) 

Magnitude  

Material used T300/5280 Graphite-epoxy 

Layup angle, °  +90 

Number of the ply in the lay-up 15th 

Strain component Transverse compression 

Strain, µ -strain 

(existing/allowable) 

624  

(0.26) 
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Chapter 5                            

Influence of the Optimization Results on the 

Conceptual Design 

 

The aircraft power required, vibration index, and the weight of the 

rotor blade were optimized. The optimized values of the power required 

and the weight of the rotor blade would be transferred to HCDO program. 

HCDO program was further improved for a compound rotorcraft with a 

lift offset, as described in Chapter 3. Thus, the validation of the 

improved HCDO program was conducted by using the data of XH-59A. 

And then, the influence of the optimization results on the conceptual 

design was investigated. 

5.1 Development of Rotor Map 

 

In order to operate the improved HCDO program, the hover and 

forward flight rotor map of the object aircraft, XH-59A, was required. 

The rotop map would be used to estimate the aircraft power required and 

the auxiliary thrust required. In the previous chapter, the CAMRAD II 

free flight trim input data for XH-59A using an elastic blade were 
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devised and validated. Using the validated inputs for hover and forward 

flight, the rotor map of the XH-59A was developed. And then, the rotor 

map of the optimized XH-59A was also developed by using the 

optimized structural properties of the blade and chord length. 

Comparison between the constructed rotor map of the original XH-59A 

and the optimized XH-59A was shown in Figs. 24 - 26. 

The hover performance obtained by the optimized structural 

properties and chord length was decreased. However, the forward flight 

performance by the optimized structural properties and chord length was 

increased. It is due to that the rotor optimization was conducted to 

improve the performance of the high speed cruise flight. The tip Mach 

number had a little influence on the hover performance. Degradation of 

the hover performance might not be a crucial problem because coaxial 

helicopters generally show higher figure of merit compared to that in the 

single main and tail rotor helicopter (Ref. 29). The influence of the rotor 

optimization on the forward flight performance was larger at higher 

weight. The values of /pC σ  of the optimized and the original XH-59A 

were almost similar as the values of /wC σ  were 0.0924 and 0.1109 

during all operating range. However, as the value of /wC σ  was 0.1293, 

there existed a significant difference between the optimized and the 

original XH-59A during high speed forward flight. Therefore, the rotor 
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design optimization had a significant influence on the high speed 

forward flight performance of the compound rotorcraft with higher 

weight. By the way, the high speed forward flight performance was 

degraded at a lighter gross weight. However, it is not a problem since the 

value of the lift offset is controllable during flight by using an 

independent control system. The limit of the lift offset was determined 

by the tip clearance and shaft bending moment as mentioned in Section 

4.2. However, if the aircraft flies at a lighter gross weight, those 

limitations will be relieved. Thus, the pilot will be able to apply the 

higher value of the lift offset at a lower gross weight. As a result, the 

high speed forward flight performance at a lighter gross weight will be 

significantly improved.  

The present hover and forward flight rotor maps were applied to the 

power estimation algorithm in HCDO program. 

 

5.2 Influence Verification of the Optimization Results on the 

Conceptual Design 

 

The verification of the influence of the optimization results on the 

conceptual design was conducted. Using the constructed rotor maps of 

both optimized and original XH-59A, the improved HCDO was operated. 
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The operating conditions are shown in Table 13. The suggested 

subsystem weight calibration coefficients by the literature (Ref. 10) were 

used because it was not feasible to collect the subsystem weight data of 

XH-59A. The detailed mission profile of the XH-59A aircraft was not 

available, and thus a simple mission profile, which satisfied the fuel tank 

capacity, was constructed and used. 

The results predicted by the improved HCDO are summarized in 

Table 14. The predicted results by the performance and blade weight 

data of the original XH-59A and the optimized XH-59A are compared 

with those of XH-59A. The input values of the rotor diameter and the 

horizontal tail area were used for the present design. The engines were of 

an appropriate size for a flight at an altitude of 914.4 m (3,000 ft) during 

cruise at 445.4 m/s. It was noticed that the engines were sized at the high 

speed forward flight condition. The engine of the conventional helicopter 

is usually sized during the takeoff condition since the more power is 

required during takeoff than forward flight. On the contrary, the 

compound rotorcraft with a lift offset requires the more power during 

forward flight than hover. The required power of the primary and 

auxiliary engines was decreased because the optimized forward flight 

performance and blade weight were applied. Thus, smaller primary and 

auxiliary engines were designed compared with those engines based on 

the performance and blade weight data of the original XH-59A. As a 
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result, the predicted gross weight by the optimized XH-59A was also 

decreased approximately 8.11% compared to that by the original XH-

59A. 
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Fig. 24. Present hover rotor map ( /pC σ ) 
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Fig. 25. Present forward flight rotor map ( /pC σ ) 
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Fig. 26. Present forward flight rotor map (auxiliary force) 
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Table 13. Operating conditions for the present conceptual design 

Operating conditions  

Design point cruise speed, km/h 440 

Design point cruise altitude, m 914 

Maneuver load factor 2 

Number of primary engines 1 

Number of auxiliary engines 2 

Payload, kg 317.5 

Fixed useful load, kg 454 

Fixed equipment, kg 454 
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Table 14. Results predicted by the improved HCDO program 

Variables XH-59A Original  

XH-59A 

(Difference, %) 

Optimized  

XH-59A 

(Difference, %) 

Main rotor    

Diameter, m 10.97 10.97 

(input) 

10.97 

(input) 

Horizontal tail    

Area, m2 5.57 5.57 

(input) 

5.57 

(input) 

Fuselage    

Length, m 12.64 12.34 

(-2.34) 

12.34 

(-2.34) 

Engines    

Primary engine, hp 1,800 2,006 

(+11.44) 

1,841 

(+1.17) 

Auxiliary engine, N 29,357 27,301 

(-7.00) 

26,126 

(-11.00) 

Weight    

Gross weight, kg 6,033 5,888 

(-2.41) 

5,543 

(-8.11) 

Main rotor blade 

weight per rotor, kg 

314.1 314.1 

(input) 

244.2 

(-22.25) 

Fuel tank capacity, kg 755.7 754.8 

(-0.12) 

730.7 

(-3.3) 

Aerodynamics    

Equivalent flat plate 

drag area, m2 

1.55 1.564 

(+0.93) 

1.556 

(+0.40) 
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Chapter 6                            

Conclusions 

 

By establishing and applying a two-level procedure, design 

optimization was attempted for the structural construction of a rotor 

system in a compound rotorcraft with a lift offset. This was done in an 

effort to enhance the high-speed forward flight performance, vibration 

characteristics, and to reduce the weight of the rotor blade. As a result of 

these validation and design optimization efforts, the following 

conclusions were obtained. 

1) Good agreement was obtained between the CAMRAD II analysis 

and the flight test data of the XH-59A aircraft, which showed the validity 

of the present analysis. 

2) A parametric study regarding the lift offset showed that the 

aircraft power required and vibration index were improved as the value 

of the lift offset was increased in a discrete fashion. In contrast, the shaft 

bending moment and tip clearance were violated when the value of the 

lift offset exceeded 0.19. 

3) The optimized design of the construction of the blade structure 

showed a significant improvement in the vibration index by 
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approximately 38%. The aircraft power required was decreased by 5% 

and the blade weight was decreased by 22% compared to those of the 

baseline. The trend of the 2/rev bending moment at the root of the blade 

was also reduced. As a result, the vibratory hub moments were also 

decreased.  

4) In the present lower-level optimization scheme, cross-sectional 

configurations corresponding to the optimized structural properties were 

obtained. The frequencies for the structural modes were increased 

because the mass of the blade was reduced. 

5) The influence of the optimization results on the conceptual design 

was evaluated. The required power of the primary and auxiliary engines 

was decreased due to the optimized performance and blade weight. And 

thus, smaller primary and auxiliary engines were designed compared 

with those engines based on the original XH-59A. The predicted gross 

weight by the optimized XH-59A was also decreased approximately 8.11% 

compared to that by the original XH-59A. 

6) The present framework can be used to provide a design guideline 

for a compound rotorcraft with a lift offset. In addition, the results from 

the present framework will be useful for conceptual design of a next-

generation advanced compound rotorcraft. 

There are a few challenging further works as follow: 
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1) The hover performance obtained by the optimized structural 

properties and chord length was decreased although the forward flight 

performance was increased. Generally, the coaxial rotors show a great 

hover performance than that of a single main and tail rotor helicopter. 

However, application of the stricter hover constraints is needed. 

Additional optimization results with the stricter hover constraints will be 

conducted. 

2) If the optimization of the airfoil shape is added to the present 

design framework while considering an enhancement of the aerodynamic 

performance, further improvements can be expected.  

3) It is expected that the influence of the vibration index can be 

considered to HCDO by introducing the weight of the vibration isolation 

system to the subsystem weight estimation algorithm in HCDO. For 

example, the vibration index influences on the subsystem weight of the 

vibration isolation system.  

4) Using the present CAMRAD II input, the individual blade control 

can be applied to the rotors with a lift offset. It is expected that the 

improved vibration and performance characteristics can be obtained. 
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Appendix 

A. Helicopter Conceptual Design and Optimization 

Framework (HCDO) 

 

In order to obtain the capability for designing modern rotorcrafts 

with enhanced accuracy and reliability, the first version of an improved 

rotorcraft conceptual design and optimization program was developed by 

the author (Ref. A1). In that attempt, an existing conceptual design 

program was to be upgraded. The performance estimation algorithm 

used in the baseline program, such as the power required for the rotor, 

was based on the simple momentum theory. It was not accurate enough 

to fulfil the quality and sophistication required in the conceptual design 

framework for the present and future generations of rotorcrafts. 

Moreover, it only provided a typical trend related with the estimation of 

the engine performance, and the methodology was constructed by using 

the data of old-dated engines. Rotorcraft subsystem sizing and weight 

estimation formulas included in the baseline program were based again 

on old-dated aircraft data. Furthermore, the program consisted of a 

simple iteration loop, which monitored and controlled the aircraft gross 

weight only. Thus, it was sensitive to the initial value of the aircraft 
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gross weight. In addition, it did not have enough robustness in terms of 

computational efficiency to obtain the converged solution. 

Then, new trend formulas were established for the rotorcraft 

subsystem sizing, by considering modern aircraft data and trend curves 

of turboshaft engines available these days. An external design 

optimization using ‘fmincon’ in MATLAB optimization toolbox was 

also established. Then, the results of the updating efforts were evaluated. 

However, those updated algorithms were not integrated to the 

optimization framework. And the design results were not significantly 

improved by only varying a few elements. The external optimization 

methodology applied did not converge well and not robust enough, either, 

because it was only based on the gradient based method. Therefore the 

converged value of the objective function was sensitive to the initial 

values of the design variable.  

Thus, additional improvements will be devised and added upon the 

first version of the rotorcraft conceptual design framework, as will be 

described in this thesis. The development history of the present 

framework, named HCDO is summarized and shown in Fig A1. The 

improvements in the existing baseline program are categorized as 

follows: 

(i) Trend formulas used in the rotorcraft subsystem sizing and weight 

estimation were improved by considering modern aircraft data.  
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(ii) Trend curves of turboshaft engines by their generation were 

established and incorporated.  

(iii) Instead of the simple formula for the rotor power in the baseline 

program, improved procedures were established and used by adopting 

blade element rotor aerodynamics and trim analysis.  

(iv) A simple iteration loop to determine the aircraft gross weight 

was replaced by a rigorous mathematical optimization algorithm, that is, 

the genetic algorithm.  

The influence of the present improvements were evaluated by the 

data of a UH-60L aircraft, in terms of aircraft sizing, subsystem weights, 

engine size, and gross weight. 

A.1. Improvements in HCDO 

 

A detailed flowchart of the present framework is shown in Fig A2. 

In the figure, the presently included elements, such as the formula to 

improve the subsystem sizing and weight estimation, new engine 

performance estimation, and new power calculation are highlighted. 

Since the rotorcraft sizing results were dependent on many different 

disciplines, it was not expected to have significant improvement in the 

conceptual design results by only changing a few disciplines in it. 

However, it was expected that the present framework would show 
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conspicuous improvement since the highlighted elements were important. 

It was also expected that the present framework would have more 

robustness and improved convergence characteristics. 

A.2. Estimation of the Subsystem Sizing 

 

Estimation of the subsystem sizing function of the design framework 

determines the trends for the geometric dimensions of the rotorcraft and 

its subsystem. However, the estimation algorithm in the baseline 

program was established based upon a database that consisted of old 

fleets of rotorcrafts. In this thesis, an improvement in the algorithms for 

estimating the rotorcraft sizing was attempted by replacing those with 

new trend formulas presented in the literature (Ref. A2). The formulas 

suggested in the literature (Ref. A2) were obtained from a database of 

150 modern single main rotor helicopters. Then, an evaluation for the 

accuracy of the present formulas was conducted. It was observed that a 

few formulas among those in the literature (Ref. A2) showed an 

increased accuracy for predicting the size of modern rotorcrafts. 

However, the other formulas were not applicable to the present 

framework. This was due to that the baseline program does not directly 

support the detailed design variables used in the formulas in the literature 

(Ref. A2). Among those, the formulas included in Ref. A2 for the 
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main/tail rotor diameter ( /MR TRD D ) and the disk loading ( LD ) were 

adopted in the present framework. In the baseline program, the tail rotor 

diameter ( TRD ) was estimated by the following equation, which was 

developed by Prouty (Ref. A3): 

 

7.15 0.00602MR
L

TR

D D
D

= −              (A1) 

7.06 0.0049MR
L

TR

D D
D

= −               (A2) 

 

Comparison between the present and baseline formulae used for the 

main rotor sizing is shown in Fig. A3. Eq. (A1) shows good agreement 

with the outdated single main rotor helicopters, such as 500MD and BO-

105. In contrast, Eq. (A2) shows enhanced agreement with modern 

helicopters, such as the Lynx and AH-64A. Therefore, in this thesis, the 

updated formula presented in Eq. (A2) had been selected. 

A.3. Power Estimation 

 

Power estimation function of the design framework predicts the 

required power of a rotorcraft, which already acquires certain dimensions 

estimated through the rotorcraft sizing estimation routine. Most of the 
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performance analysis routines in existing rotorcraft conceptual design 

programs are based on the momentum theory with empirical corrections 

(Ref. A1). Momentum theory provides clear insight into the basic 

aspects of helicopter rotor analysis, but it has unavoidable limitations in 

accuracy. Moreover, detailed airfoil data and important design variables, 

such as built-in twist and tip speed, which have a significant influence on 

the required power, cannot be reflected in momentum theory. Therefore 

such a coarse power estimation routine was replaced with a refined 

algorithm (Ref. A4) based on the blade element theory. By applying an 

improved algorithm, the effect of influential design variables can be 

reflected. Then, a more accurate and reliable power calculation result can 

be expected. Moreover, a more appropriate turboshaft engine can be 

selected based on the present result. 

In order to predict the required power by the blade element theory, 

information about the aircraft trim conditions is required. However, in 

the baseline program, a separate helicopter trim analysis was not 

included. Thus, a trim analysis algorithm was developed simultaneously 

and incorporated.  

A.3.1 Trim Analysis 
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Blade element theory assumes that each blade section acts as a two-

dimensional airfoil to generate aerodynamic loads. Linear twist, tip loss, 

and reverse flow effect were included in the present algorithm. Both 

uniform and non-uniform inflow models are implemented. Drees model 

(Ref. A5) was used to represent the non-uniform inflow configuration. A 

propulsive trim procedure was implemented to obtain the main rotor 

control angles and fuselage roll/pitch attitudes. The steps used in the 

evaluation of the trim and response were described as follows. For a 

given flight condition, the mean rotor inflow was evaluated based on the 

aircraft gross weight by assuming the initial values for the trim variables 

such as pitch angles, longitudinal shaft tilt angle, and lateral shaft tilt 

angle. Then, using the rotor inflow and assumed trim variables, the 

aerodynamic loads could be obtained. Using the blade aerodynamic 

loads, blade response, inflow, and trim variables could then be obtained. 

Newton-Raphson technique was used to find the blade response, inflow, 

and trim. With the blade response, inflow, and trim variables, the 

aerodynamic loads could be calculated repeatedly. This iteration was 

carried out until the convergence in the blade response, inflow variables, 

and trim variables were obtained. 

A.3.1 Power Estimation 
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The required power of a rotorcraft can be estimated at the converged 

trim condition. The required power is the sum of the induced, profile, 

parasite, and climb power. Two approaches are provided in the present 

analysis. One is the use of the constant aerodynamic coefficients. The 

other is the C81 airfoil table look up. The present power estimation 

routine was validated by comparing the data to existing UH-60A 

aircrafts (Ref. 10). Figure 4 shows the validation result of the UH-60A 

aircraft. In the figure, CQ is the torque coefficient and σ  is main rotor 

solidity ratio. By the baseline program, the estimated /QC σ  had a 

significant difference from the experimental data. In contrast, the result 

by the present algorithm had better agreement with the experimental data. 

This is due to the correction factors in the baseline program are based on 

data from old fleets of rotorcrafts. On the contrary, additional important 

variables such as built-in twist and tip speed were considered in the 

present algorithm.  

A.4 Estimation of the Engine Performance 

 

The engine performance function in the present framework estimates 

the scaling factors used in engine sizing, such as the maximum static 

thrust or power. Engine sizing requirements for helicopters were selected 
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for either takeoff or forward flight conditions. There were two ways to 

select these within the performance estimation routine. One was to use 

“rubberized” primary engines. The other was to select a fixed size engine 

whose detailed data are provided by a user. The baseline program 

provided the basic cycle performance data consisting of tabulated values 

for four variables such as power, fuel flow, gas generator shaft rpm, and 

power turbine shaft rpm. These tables are functions of the Mach number 

and turbine inlet temperature. The baseline program only provided a 

typical methodology related with the estimation of the engine 

performance, but  the trend of various turboshaft engines was not 

included within the program. 

 Figure A5 shows the specific fuel consumption of the modern 

turboshaft engines in terms of their shaft horse power. If the shaft horse 

power of two different engines is similar, an engine with lower specific 

fuel consumption must be a more advanced one. It would be a difficult 

task to establish a single engine library curve, which reflects the 

characteristics of multiple turboshaft engines. For that reason, in this 

appendix, modern turboshaft engines were classified according to their 

development phase or generation, such as 1st, 2nd, and 3rd shown in Fig. 

A6. The interpolation polynomials expressing the relationship between 

the shaft horse power and specific fuel consumption were obtained 

according to their generation. By using the polynomials, each engine 
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library was developed according to its generation. For example, a second 

generation engine library was established shown in Table A1. In the 

table, fuel flow was normalized with respect to the shaft horse power of 

the engine. The improved estimation procedure for power and the engine 

performance can provide more accurate estimation results for the takeoff 

power. 

A.5 Subsystem Weight Estimation 

 

Subsystem weight estimation function of the design framework 

estimates the weights for the main rotor group, tail rotor group, gear 

group, etc. In addition, the resulting subsystem weights can be combined 

with the input values such as payload, fixed useful load, and fixed 

equipment weight in order to constitute the aircraft gross weight and 

available fuel. The formulas to estimate the subsystem weights in the 

baseline program were based on a database composed of old fleets of 

rotorcrafts. Thus, the formulas in the baseline program yielded 

acceptable estimation results for the subsystem weights for outdated 

rotorcrafts. However, those formulas may not be accurate enough to 

predict the trend of present and future generations of rotorcrafts. In order 

to develop an improved formula for the weight estimation, the specific 

data of subsystem weights from several existing modern rotorcrafts, such 
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as UH-60L, AH-1Z, Lynx, and KUH (Korean Utility Helicopter), were 

collected. Using the collected rotorcraft data, the formulas for estimating 

the subsystem weights were updated as follows. 

The trend formula that estimates the rotor weight per rotor was 

updated. In the baseline program, rotor weight per rotor was estimated 

by the following equation: 

 

0.438195.7 K×Rotor weight per rotor =         (A3) 

 

,where K is the parameter related to solidity, main rotor diameter, 

and aircraft gross weight. It was observed that Eq. (3) underestimated the 

rotor weight by approximately 9 % when compared with the four object 

modern aircraft shown in Table A2. Thus, the formula was improved as 

follows: 

 

0.4711171.7 K×Rotor weight per rotor =         (A4) 

 

Rotor weight per rotor versus K (function diameter, solidity, gross 

weight, etc.) is shown in Fig. 7. From the figure, it is seen that Eq. (4) 

shows better agreement with the data from the four object aircraft. By 

updating the trend formula of the main rotor group weight, an 
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improvement in the accuracy of the estimation for the main rotor group 

weight of about 2 % was obtained, as shown in Table A2. 

In the baseline program, the landing gear group weight was 

determined by the following formula: 

 

Gear group weight =  0.04 Aircraft gross weight×  (A5) 

 

However, Eq. (A5) showed significant differences when compared 

to those of the four object aircrafts shown in Figure 8. Thus, an improved 

formula was suggested as follows. 

 

Gear group weight = 0.0132 Aircraft gross weight + 714.93×  (A6) 

 

By updating the empirical formula of the gear group weight, 

improvement in the accuracy by about 58% was obtained and it is shown 

in Table A3. 

Comparison of the tail rotor gross weight between the baseline 

formula and the updated formula is shown in Table A4. The estimated 

tail group weights by the formula from the baseline program showed 

significant differences from those of the existing vehicles by 

approximately 30%. In the baseline program, the tail group weight 
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consisted of the horizontal tail and tail rotor weight. However, the 

existing tail group weight data did not only include the horizontal tail 

and tail rotor weight, but also the secondary structure and stabilizer. 

Thus, it was not easy to update the estimation formulas. The tail rotor 

group weight by the baseline program was underestimated by 

approximately 28% when compared with those of the four object modern 

aircrafts. Therefore, a factor of 1.28 was used to multiply the coefficients 

in the formulas determining the tail rotor and horizontal tail weights. 

A.6 External Optimization for Design iteration 

 

When a new aircraft is designed using a conceptual design 

framework, its aerodynamic and weight calibration coefficients were 

determined in advance based on existing aircrafts, which have a similar 

gross weight and mission. In order to obtain appropriate values for those 

calibration coefficients, repetitive operations usually need to be done. 

Therefore, most of the existing conceptual design programs had an 

iteration loop. For example, aircraft gross weight was controlled during 

iteration until the convergence criterion was satisfied in the baseline 

program. However, its convergence was sensitive to the initial values of 

the input variables and frequently it did not converge to a stabilized 
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solution. Therefore, the baseline design program including such a simple 

iteration loop did not always operate in a robust manner. 

In the present framework, instead of such a simple repetitive 

iteration, an external optimization routine was developed based on 

genetic algorithm (GA) and it was incorporated in the updated program. 

In order to perform optimization, a genetic algorithm from the MATLAB 

Global Optimization Toolbox (Ref. 19) was adopted. Gradient based 

optimization algorithms were also considered as an optimizer because of 

their advantage for fast convergence. However, its convergence upon the 

objective function was found to be sensitive to the initial assignments of 

the design variables. Therefore, the genetic algorithm was selected rather 

than the gradient based method. 

Genetic algorithm, one of the global optimization methods, is a 

stochastic search technique that imitates the process of natural evolution. 

The convergence upon the objective function becomes less sensitive 

when a global optimization process is used. As a result, the present 

framework had more robustness and improved convergence 

characteristics than that of the baseline program. In contrast to the 

baseline program, the present framework with external optimization is 

capable of controlling the aircraft gross weight and several design 

variables simultaneously. However, on the contrary, an increase in the 

computational time can also be expected when a global optimization 
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method is adopted. Hence, the addition of such optimization cannot be 

suitable for repetitive calibration. Therefore, those design variables that 

are more influential upon the design result and convergence were 

selected and retained by conducting a sensitivity test in advance. In 

addition to the present framework, a second revision of the design 

optimization framework was developed to include a more robust 

calibration environment. The detailed procedure of the second revision 

will be explained below. 

A.6.1 Design Variables additionally included for an Initial 

Improvement 

 

The objective function in the present optimization was selected to 

minimize the difference between the fuel required and the fuel available. 

Then, candidates for the design variable were selected for the initial 

improvement. Table A5 summarizes the candidate design variables 

selected for the initial improvement, and the corresponding upper and 

lower bounds. 

Jump (JMP) (Ref. A6), a separate design optimization framework, 

was used to build an approximate model based on a response surface 

method, and the sensitivity of the candidate design variables was 

evaluated. The result of the sensitivity evaluation for the candidate 
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design variables before the final selection is shown in Fig. A9. The 

candidate design variables that exhibited a relatively lower influence on 

the objective function were eliminated from the list. Finally, the aircraft 

gross weight, disk loading, and main rotor built-in twist were selected as 

the design variables of the present design framework. 

A.6.2 Automatic Calibration Process 

 

Although the most influential design variables were only selected, 

the present framework still needs a significant amount of computational 

time than that of the baseline program. This is due to the genetic 

algorithm consuming much more computational time than that of the 

previous simple iteration loop. Moreover, the number of design variables 

increased from a single variable to three variables. Hence, this 

framework might not be suitable for repetitive calibration. Conceptual 

design frameworks are frequently used for parametric studies, which 

need repetitive operations. In addition, as mentioned previously, to 

obtain appropriate values for those calibration coefficients, repetitive 

operations are usually required. 

For that reason, in addition to the present framework with the 

external optimization, a second revision of the design optimization 

framework was developed shown in Fig. A10, which additionally 
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includes an automatic calibration process. Additionally included 

elements in the second revision are highlighted in Fig. A10. The 

subsystem weight and aerodynamic calibration coefficients were added 

shown in Table A6. In addition to the objective function previously 

established in the present framework, the genetic algorithm also tried to 

minimize the difference in each subsystem weight and engine 

performance, simultaneously. The additional objective function is shown 

in Eq. (A7).  

 

2

2

(Subsystem Weight Subsystem Weight )
min

   (Engine Performance Engine Performance )
TARGET ESTIMATED

TARGET ESTIMATED

J
−

=
+ −

(A7) 

 

Therefore, the second revision is capable of conducting the 

subsystem weights and engine performance calibration automatically 

without executing a significant amount of repetitive operations. 

A.6.3 Numerical Validation 

 

The aircraft chosen for the assessment of the present framework was 

a UH-60L single main- and tail-rotor helicopter. This specific aircraft 

was selected because its performance, weight and geometric information 



１２６ 

 

are readily available (Ref. A7). The parameters of UH-60L rotorcraft are 

tabulated in Table A7. 

For the trim and performance evaluation, a lift curve slope of 5.7 and 

a drag coefficient of 0.01 were used since these values provide the best 

match for the estimation of the required power described in Ref. A5. A 

flat plate area of 3.255 m2 was used since this provided the best match of 

the parasite drag at high speed (Ref. A8). The detailed mission profile of 

the UH-60L aircraft is not available, and thus a simple mission profile, 

which meets the fuel tank capacity, was constructed and used. In this 

validation, the size of both rotors and engines were determined by the 

present framework. The engine was of an appropriate size for a flight at 

an altitude of 1,219 m (4,000 ft). 

Table A8 shows the existing data of the UH-60L aircraft and the 

prediction results obtained by the baseline program, the present 

framework, and the second revision with automatic calibration, 

respectively. The results were compared with those of the existing UH-

60L aircraft. The present framework included the updated estimation 

formulas for the subsystem size and weight estimation algorithms 

reflecting the data of modern aircrafts, and the new trend curves of 

various turboshaft engines. Moreover, the developed power estimation 

algorithm in this study based on the blade element theory was also 

included in the present framework. 
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As a result, most of the present design results, including the engine 

size and subsystem weights, had improved agreement with those of the 

UH-60L. Numerically, an average improvement in the accuracy of about 

4.5% was obtained with the present update efforts compared to the 

baseline program. More specifically, the aircraft dimensions were 

maintained as they were predicted from the baseline program. And the 

present framework provided a more accurate takeoff power estimation 

result of approximately 9 % compared to that by the baseline program. 

The improved accuracy is due to the updated power estimation algorithm 

and the new trend curves of the various turboshaft engines applied to the 

present framework. The correction factors used in the baseline program 

were selected by examining the old fleets of rotorcrafts. In contrast to 

that, additional design variables such as built-in twist and tip speed were 

included in the present framework. As a result, a more accurate required 

power was obtained. In addition to the accurately predicted required 

power, the engine was selected based on the detailed characteristics of 

the specified generation of the engine in the library. Therefore, a more 

accurate result for the takeoff power estimation was obtained by the 

present framework. And an improvement in accuracy for the empty 

weight of about 14% was obtained by the updated algorithm for the 

estimation of the subsystem weights. At the same time, it is expected that 

a significant improvement in accuracy for the individual subsystem 
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weight, such as main rotor group, tail rotor group, fuselage, landing gear 

group, will be obtained by the updated algorithm. 

The results predicted by the second revision of the present 

framework including the automatic calibration are also presented. The 

aerodynamic and subsystem weight calibration coefficients were 

automatically calibrated by the second revision of the present framework. 

From Table A8, it was noticed that the second revision yielded further 

improvement in the predicted results. Therefore, it is concluded that the 

improved design framework from this study not only can design modern 

rotorcraft accurately and reliably, but it can also establish a fast and 

convenient calibration environment. 

In addition to the present update efforts, additional activities are 

currently planned. It was observed that a rotorcraft and its subsystem 

dimensions show different trends according to the aircraft gross weight. 

This suggests that the trend formulas used in the rotorcraft subsystem 

sizing can be classified according to the aircraft gross weight, such as 

light, medium, and heavy class rotorcrafts. To include the capability for 

a bearingless type rotor, the algorithm to estimate the subsystem weights 

has to be updated for that. Moreover, various objective functions such as 

minimizing the gross weight and maximizing the endurance range will 

be considered in addition to the present objective function in the near 

future. 
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Fig. A1. Activity elements included in HCDO program 

 

 

 

 

 

 

 



１３０ 

 

 

 

 

 

 

 

 

 

Fig. A2. Flowchart of HCDO program 
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Fig. A3. Comparison between new and old formulas used for the main 

rotor sizing 
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Fig. A4. Validation result of the improved power estimation procedure 

(Ref. A4) 
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Fig. A5. Specific fuel consumption of the modern turboshaft engines 
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Fig. A6. Interpolation polynomials for the present engine libraries 
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Fig. A7. Update of the rotor weight estimation formula  
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Fig. A8. Update of the gear weight estimation formula  
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Fig. A9. Sensitivity evaluation for the candidate design variables 
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Fig. A10. Flowchart of the second revision including the automatic 

calibration process 
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Table A1. Engine library created for the 2nd generation engines 

Mach no. 

Turbine 

inlet temp. (°K) 

 

0 

 

0.2 

 

0.4 

 

0.6 

 

0.8 

667 0.134 0.135 0.138 0.149 0.163 

778 0.232 0.233 0.245 0.268 0.293 

889 0.318 0.319 0.334 0.361 0.398 

1000 0.398 0.404 0.421 0.453 0.495 

1111 0.483 0.494 0.513 0.552 0.588 

1222 0.565 0.578 0.599 0.633 0.690 
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Table A2. Comparison on the main rotor group weight (N) 

Rotorcraft Existing 

aircraft data  

Prediction by the 

baseline program 

(difference, %) 

Prediction by the 

updated formula 

(difference, %) 

UH-60 3,758 3,581 (-4.7) 3,585 (-4.7) 

AH-1Z 3,238 2,882 (-11.0) 3,011 (-7.0) 

LYNX 1,855 1,882 (+1.4) 1,806 (-2.6) 

KUH 3,558 2,891 (-18.8) 3,118 (-12.4) 

Average difference (%): 8.9 6.7 

 
 

 

 

 

 

 



１４１ 

 

 

 

 

 

 

 

Table A3. Comparison on the gear group weight (kg) 

Rotorcraft Existing 

aircraft data 

Estimated by the 

formula in the 

baseline program 

(difference, %) 

Prediction by the 

updated formula 

(difference, %) 

UH-60 2,082 3,100 (+49.0) 1,739 (-16.5) 

AH-1Z 939 2,954 (-214.7) 1,690 (+80.0) 

LYNX 1,374 2,010 (+46.3) 1,379 (+0.3) 

KUH 2,046 2,825 (+38.0) 1,646 (-19.5) 

Average difference (%): 87.0 29.1 
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Table A4. Comparison on the tail rotor group weight (kg) 

Rotorcraft Existing 

aircraft data 

Estimated by the 

formula in the 

baseline program  

(difference, %) 

Prediction by the 

updated formula 

(difference, %) 

UH-60 468 184.8 (-53.7) 319.5 (+19.9) 

AH-1Z 211 167.8 (-32.9) 215.0 (+14.0) 

LYNX 309 139.7 (-29.5) 179.0 (+9.7) 

KUH 460 174.8 (+3.7) 223.9 (-32.8) 

Average difference (%): 29.9 19.1 
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Table A5. Candidate design variables selected for initial improvement 

Design variables Lower 

bound 

Upper 

bound 

Disk loading (N/m2) 239.4 526.7 

Main rotor built-in twist (°) -20 -10 

Rotor blade thickness/chord at 

75% radius (%) 

0.05 0.15 

Main rotor tip speed (m/s) 207 221 

Tail rotor built-in twist (°) -7 0 

Tail rotor tip speed (m/s) 207 221 

Gap between the main rotor and 

tail rotor disk (m) 

0.1524 0.3048 

Aircraft gross weight (N) 66,720 111,200 
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Table A6. Design variables additionally included in the second revision 

Additional design variables 

(calibration coefficients) 

Lower 

bound 

Upper 

bound 

Main rotor drive system 260 300 

Tail rotor drive system 250 300 

Primary engine and installation 0.5 1 

Fuel system 0.15 0.4 

Main rotor blade 0.5 1.5 

Main rotor hub and hinge 0.15 0.4 

Tail rotor blade 15 45 

Tail rotor hub and hinge 2 8 

Body group 120 180 

Gear group 0.6 1.3 

Engine section1, mount 20 40 

Engine section2, nacelle structure 0.5 2 

Engine section3, air induction 0.5 2 

Cockpit control 20 40 

Main rotor control 20 40 

System control 20 40 

Aerodynamic, flat plate area (m2) 2.32 3.72 
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Table A7. Object aircraft parameters (UH-60L) 

 UH-60L 

Main rotor  

Number of blades 4 

Disk loading (N/m2) 368.7 

Diameter (m) 16.38 

Solidity 0.0826 

Built-in twist (°) -18 

Tip speed (m/s) 221 

Tail rotor  

Number of blades 4 

Diameter (m) 3.35 

Solidity 0.1875 

Built-in twist (°) -18 

Tip speed (m/s) 209 

Fuselage  

Length (m) 15.43 

Width (m) 2.36 

Height (m) 1.75 

Weight  

Weight empty (N) 51,179 
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Fuel tank capacity (N) 10,399 

Design gross weight (N) 77,538 

Engines T700-GE-701C 

Number of engines 2 

Takeoff power, IRP (kW) 1,322 

Cruise drag  

Flat plate area (m2) 3.255 

Cruise speed  

Maximum cruise speed (m/s) 77.25 
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Table A8. Validation results using the data of UH-60L aircraft 

Variables UH-60L 

Baseline 

program 

(Difference,  

%) 

Present 

framework 

(Difference,  

%) 

Second revision 

with automatic 

calibration 

(Difference, %) 

Main rotor     

Disk loading 

(N/m2) 

368.7 368.7  

(input) 

359.1  

(-2.6) 

368.2  

(-0.1) 

Diameter (m) 16.38 15.33 

(-6.4) 

16.28 

(-0.7) 

16.12  

(-1.6) 

Solidity 0.0826 0.088  

(+6.5) 

0.086  

(+4.1) 

0.09  

(+9.0) 

Built-in twist 

(°) 

-18 -18  

(input) 

-15.3  

(-15.0) 

-18.8  

(+4.4) 

Tail rotor     

Diameter (m) 3.35 3.02  

(-10.0) 

3.02  

(-10.0) 

3.02  

(-10.0) 

Solidity 0.1875 0.188 

(+0.3) 

0.188 

(+0.3) 

0.188  

(+0.3) 

Fuselage     

Length (m) 15.43 15.24  15.70  15.64  
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(-1.2) (+1.7) (+1.3) 

Engines     

Takeoff 

power, IRP 

(kW) 

1,322 1507  

(+14.0) 

1,395  

(+5.5) 

1,350  

(+2.2) 

Weight     

Gross weight 

(N) 

77,538 68,023  

(-12.3) 

75,064  

(-3.2) 

76,541  

(-1.3) 

Weight 

empty (N) 

51,179 41,598  

(-18.7) 

48,786  

(-4.7) 

50,222  

(-1.9) 

Fuel tank 

capacity (N) 

10,399 10,608  

(+2.0) 

10,462  

(+0.6) 

10,506  

(+1.0) 

Average 

Difference: 

7.9 3.4 2.8  
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국문초록 

 

Lift offset 복합형 회전익기의 로터 구조 

최적설계 프레임워크 개발 연구 

 

임재훈 

서울대학교 대학원 

기계항공공학부 

 

본 논문에서는 Lift offset 로터와 보조추진장치가 장착된 

복합형 회전익기의 로터 최적설계 프레임워크를 2 단계의 

형태로 개발하였다. 개발된 최적화 프레임워크에 의해 

고속전진비행에서의 복합형 회전익기의 성능, 진동, 중량이 

향상되었다. lift offset 복합형 회전익기는 lift offset, 

강성이 높은 로터 블레이드, 로터 회전속도 변화 등의 다양한 

요소가 진동과 성능에 미치기 영향 때문에, 진동과 성능 모두를 

만족시키는 설계를 도출하는 것이 난이하다. 상위 
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최적설계에서는 로터 블레이드의 최적화된 물성치와 

시위길이가 도출된다. 상위 최적설계 프레임워크에서 도출된 

시위길이, 질량 및 강성 값을 가지는 복합재 블레이드 단면의 

설계가 하위 최적설계에서 수행되었다. XH-59A 복합형 

회전익기의 자료를 이용하여 개발된 최적설계 프레임워크를 

이용한 최적설계를 수행하였다. 그 결과 대부분의 목적함수가 

상당히 향상되었음을 확인하였다. 로터 최적설계 결과가 

회전익기 개념설계 결과에 미치는 영향을 알아보기 위해 lift 

offset 복합형 회전익기의 개념설계가 수행 가능한 개념설계 

프레임워크가 개발되었다. 이를 이용하여 로터 최적설계 결과가 

개념설계에 미치는 영향을 확인하여 본 결과 향상된 로터 성능 

및 중량으로 인해 총 중량이 감소한 회전익기가 설계됨을 

확인하였다. 

 

주제어: 로터 구조 설계, 최적화, Lift Offset 복합형 

회전익기  

학번: 2010-30197 
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