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Abstract

This work conducts a validation study for the XH-59A helicopter using a rigid coaxial rotor system in order to establish the 

techniques of the conceptual design and performance analysis for the lift-offset compound rotorcraft. As a tool for conceptual 

design and performance analysis, NDARC (NASA Design and Analysis of Rotorcraft) is used for the present study. An assumed 

mission profile is considered for the conceptual design of the XH-59A. As a validation result of the design, the dimensions and 

weight of the XH-59A are appropriately designed when compared to the target values since the relative error is less than 0.5%. 

Then, performance analyses are conducted for the designed XH-59A model with and without auxiliary propulsion in hover 

and forward flight conditions. The present analyses show good validity since the prediction results compare well with both the 

flight test and previous analyses. Therefore, the techniques for the conceptual design and performance analysis of the lift-offset 

compound helicopter are overall considered to be appropriately established. In addition, this study investigates the influence 

of the lift-offset on the rotor effective lift-to-drag ratio of the XH-59A helicopter with auxiliary propulsion. As a result, the 

improvement of the rotor effective lift-to-drag ratio can be obtained by appropriately increasing the lift-offset in high-speed 

flight.
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Nomenclature

A = Rotor area, ft2

c  = Blade mean chord, ft

cd mean  = Mean blade drag coefficient

CP  = Power coefficient
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3.3 Performance analysis technique 

The performance analyses with and without auxiliary propulsion are conducted for the XH-59A 

helicopter model obtained from the present conceptual design.  

The rotor power in NDARC analysis is defined as Eq. (7). 
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As shown in Eqs. (8) and (9), the induced power is obtained from the induced power factor and 

ideal power, and the profile power is calculated from the mean blade drag coefficient. The parasite 

power given in Eq. (10) is calculated from the wind axis drag force. Various rotor performance model 

parameters, such as the values of   and d meanc  are used for the present performance analysis. The 

values of these parameters are obtained from the reference [3], but they are adjusted slightly for better 

correlation with the flight test data. In addition, aircraft lift-to-drag ratio (L/D) and rotor effective lift-

to-drag ratio (L/De) in the analysis using NDARC are calculated by the following Eqs. (12) and (13), 

respectively. Note that the rotor power coaxialP  for a coaxial rotor in Eqs. (12) and (13) is the sum of 

 = Profile power coefficient

CT = Thrust coefficient

CT/σ = Thrust coefficient divided by solidity

D  = Drag, lb

De  = Aircraft effective drag, lb

Fp  =  Function for the increase of the blade section 

velocity with rotor edgewise and axial speed

GW  = Gross weight, lb

h  =  Coaxial rotor separation (fraction rotor diameter)

L  = Lift, lb

L/D = Aircraft lift-to-drag ratio

L/De = Rotor effective lift-to-drag ratio

LOS  = Lift-offset 

Mroll  = Rolling moment, lb·ft

Mtip  = Mach number at tip

Nblade = Number of blades per rotor

Nrotor = Number of rotors

nz  =  Design ultimate flight load factor at structural 

design gross weight, g

P  = Rotor power, hp

Pcoaxial  = Coaxial rotor power, hp

Pi  = Induced power, hp

Pideal  = Ideal power, hp

Plower = Power of lower rotor, hp

Po  = Profile power, hp

Pp  = Parasite power, hp

Pupper  = Power of upper rotor, hp

R  = Rotor radius, ft
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s  =  Coaxial rotor tip clearance (fraction rotor 

diameter)

t.2R  = Blade thickness at 20% R, ft

T  = Thrust, lb

V  = Flight speed, ft/sec

Vtip  = Rotor hover tip velocity, ft/sec

W  = Aircraft weight, lb

W/A  = Disk loading, lb/ft2

Wblade  = Blade weight, lb

Whub  = Hub-hinge weight, lb

Wshaft  = Inter-rotor shaft weight, lb

WSD = Structural design gross weight, lb

X = Rotor wind-axis drag force, lb

Ω  = Rotation speed of a rotor, rad/sec

ρ  = Air density, slug/ft3

σ  = Rotor solidity

κ  = Induced power factor

λ  = Blade taper ratio (tip chord/root chord)

μ  = Advance ratio

τ.2R  = Blade airfoil thickness-to-chord ratio (at 20% R)

χblade  = Calibration factor for blade weight

χhub  = Calibration factor for hub-hinge weight

χshaft = Calibration factor for inter-rotor shaft weight

1. Introduction

Helicopters have the unique capability of vertical take-off/

landing and hovering. However, one of the disadvantages 

of conventional helicopters is low forward flight speed 

(maximum forward flight speed of conventional helicopters 

is approximately 150~170 knots). In addition, the trim for 

rotor rolling moment due to unbalance of lift distribution 

on rotor disk may reduce the performance of helicopters. 

Therefore, research and development for compound 

rotorcrafts with wings and auxiliary propulsion systems 

have been conducted in U.S. and Europe to overcome these 

disadvantages recently. 

Among compound rotorcrafts, the XH-59A (Fig. 1) and X2 

technical demonstrators are compound helicopters using 

a rigid coaxial rotor system with the ABCTM (Advancing 

Blade Concept, [1]) developed by Sikorsky. The ABCTM 

technology for high-speed helicopter flight is named since 

most lift is produced by advancing blades. The ABCTM can 

be represented alternatively by the lift-offset (LOS) which 

is defined as the rolling moment of each rotor divided by 

its thrust (Fig. 2, [2]). The ABCTM uses two coaxial counter-

rotating rigid rotors and it offers the following advantages: 

First, the dynamic stall on the retreating side can be 

avoided. Second, the trim for the rotor rolling moment is not 

required. Third, the rotor lift-to-drag ratio can be improved 

as compared to that of conventional helicopters. Finally, the 

rotor rotation speed can be reduced, and forward flight with 

high-speed is possible [2]. 

The conceptual design is important when developing 

a compound helicopter using lift-offset for high-speed 

flight. Consequently, it is necessary to establish techniques 

for conceptual design and performance analysis. There 

are various rotorcraft conceptual design tools including 

HESCOMP and VASCOMP (Boeing), RC (U.S. Army 

Aeroflightdynamics Directorate(AFDD)), PRESTO (Bell), 

GTPDP (Georgia Tech.), and NDARC (NASA, [3]). NDARC 

(NASA Design and Analysis of Rotorcraft) is the newest tool for 

conceptual design and performance analysis of rotorcrafts. 

Since NDARC can consider additional components, such as 

(a) Pure helicopter configuration

(b) Compound helicopter configuration

Fig. 1. XH-59A technical demonstrator

(a) Single main rotor

(b) Rigid coaxial rotor with ABCTM

Fig. 2.  Lift and rolling moment characteristics of conventional single 
rotor and ABCTM rigid coaxial rotor
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wings and auxiliary propulsions as well as the rotor system, 

it can be used for sizing and analysis for rotorcrafts with 

various configurations such as conventional helicopters, 

tandem helicopter, coaxial lift-offset compound helicopter, 

tiltrotors, and so on. Fig. 3 summarizes the NDARC tasks for 

design and performance analysis [3].

NDARC is a very powerful tool for rotorcraft sizing and 

performance analysis. However, as compared to other 

rotorcraft sizing tools, it is not easy to establish appropriately 

the techniques for modeling and analysis, since many input 

variables should be correctly used to write input decks [4].

The weight calibration factors for weight design and the 

empirical parameters for performance analysis were given 

in the previous work [3] using NDARC. However, the sizing 

work with iterative designs to determine the dimensions 

and the weight of the XH-59A aircraft was not conducted 

in the reference [3]. In addition, although the performance 

analyses for the XH-59A were also extensively conducted in 

the work [3], the XH-59A aircraft model used for the analyses 

was not the model obtained from the conceptual design, but 

for the actual aircraft.

Therefore, this study using NDARC aims to validate the 

sizing work to design the dimensions and weight of lift-

offset compound helicopters and the performance analyses 

for the designed lift-offset compound helicopters from the 

present sizing. Through the present work, the techniques 

for conceptual design and analysis can be established 

appropriately. As a lift-offset compound helicopter for the 

present validation work, the XH-59A technical demonstrator 

is considered. Since the mission profile is an important 

factor in conceptual design, an assumed mission profile 

is considered for this conceptual design work. Through 

the present conceptual design, the results of the sizing 

(dimensions and weight) for the XH-59A are obtained and 

they are compared with the reference data to validate the 

technique for the conceptual design of lift-offset compound 

helicopters. After obtaining the XH-59A helicopter model 

from the conceptual design, various performance analyses 

for the designed XH-59A model with and without auxiliary 

propulsion are conducted in hover and forward flight and 

the present prediction results are correlated with both 

the test data [3] and the previous analyses [3]. Finally, the 

influence of lift-offset on the performance of the XH-59A in 

the compound helicopter mode is investigated.

2. XH-59A lift-offset compound helicopter

The XH-59A lift-offset compound helicopter is the ABCTM 

technical demonstrator for high-speed helicopter flight, 

while still maintaining the advantages of conventional 

helicopter capabilities, such as hover, vertical take-off/

landing, and efficient low-speed flight. The ABCTM uses 

counter-rotating coaxial rotors with very stiff hingeless 

rotors, and it is designed to generate the most lift on the 

advancing side of each of the upper and lower rotors (Fig. 

2 (b)). Therefore, stall on the retreating blades of the rotor 

can be avoided. By using the lift-offset rotor, performance 

loss of the rotor from roll trim can be reduced, since each 

rolling moment of the upper and lower rotors are equal 

and opposite. In addition, it can be reduced the rotational 

speed of the rotor since sufficient lift with an improved 

rotor lift-to-drag ratio is generated. Thus, the phenomenon 

of increasing drag from the compressibility effect on the 

advancing side of the rotor is avoided. Therefore, based on 

the above characteristics, the ABCTM allows the high-speed 

flight of lift-offset compound helicopters. Eq. (1) defines the 

lift-offset (LOS) for the ABCTM as the rolling moment of each 

rotor divided by its thrust. 

5 
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defines the lift-offset (LOS) for the ABCTM as the rolling moment of each rotor divided by its thrust.  

LOS= rollM
TR

       (1) 

The XH-59A was initially designed by Sikorsky as a pure helicopter configuration (Fig. 1 (a)) in 

1964. It flew for the first time in 1973, and it was subsequently transformed into a compound 

helicopter by adding auxiliary propulsion (Fig. 1 (b), [5]). Because of the increased weight with 

installation of auxiliary propulsion, the XH-59A in compound helicopter mode used short take-off and 

landing rather than vertical take-off and landing [5]. A Pratt & Whitney PT6T-3 turboshaft engine is 

used to drive the main rotor in the XH-59A pure helicopter, its maximum continuous rating is 

approximately 1,600 shp. For the XH-59A compound helicopter with auxiliary propulsion, two Pratt 

& Whitney J60-P-3A turbojet engines are used additionally as auxiliary propulsion for high-speed 

(1)

The XH-59A was initially designed by Sikorsky as a pure 

helicopter configuration (Fig. 1 (a)) in 1964. It flew for the 

first time in 1973, and it was subsequently transformed into 

a compound helicopter by adding auxiliary propulsion (Fig. 

1 (b), [5]). Because of the increased weight with installation 

of auxiliary propulsion, the XH-59A in compound helicopter 

mode used short take-off and landing rather than vertical 

take-off and landing [5]. A Pratt & Whitney PT6T-3 turboshaft 

engine is used to drive the main rotor in the XH-59A pure 

helicopter, its maximum continuous rating is approximately 

1,600 shp. For the XH-59A compound helicopter with auxiliary 

propulsion, two Pratt & Whitney J60-P-3A turbojet engines are 

used additionally as auxiliary propulsion for high-speed flight. 
Fig. 3. Outline of NDARC tasks
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Its total static thrust is about 6,600 lbs in sea-level standard 

condition. A flight of the XH-59A compound helicopter 

with auxiliary propulsion was conducted in 1978 [2, 6]. The 

maximum level flight speed of the XH-59A pure helicopter 

configuration was 160 knots. In a compound helicopter 

configuration using auxiliary propulsion, the maximum level 

flight speed of the aircraft reached 240 knots [6]. The flight test 

and previous performance analysis results for the XH-59A 

in hover are given in the references [3, 7, 8]. The references 

[2, 3] also provide the flight test results and the previous 

performance analyses of the XH-59A in forward flight.

3.  Conceptual design and performance anal-
ysis techniques of XH-59A helicopter

3.1  Rotorcraft conceptual design and performance 
analysis tool – NDARC

Developed by NASA, NDARC is a tool for conceptual 

design and performance analysis of rotorcraft satisfying 

the design conditions and mission profiles. Fig. 3 shows a 

representation of the tasks and functions of NDARC [3]. The 

aircraft description in Fig. 3 can define the aircraft, and its 

data can be obtained from sizing work or input entirely for 

a fixed model. They are used for all tasks and all solutions. 

The sizing task of NDARC determines the dimensions, 

power, and weight of an aircraft. The size of the aircraft 

is determined from design gross weight, weight empty, 

rotor radius, and engine power available. Fig. 4 represents 

more detailed solution methods of NDARC for design and 

analysis. The iterative solution is required to determine 

the relationship between dimensions, power, and weight. 

Aircraft trim must be performed by calculations of control 

and motion in the given flight conditions, and the solution 

of blade flap equation is required to evaluate the rotor hub 

force and blade pitch angle [9]. 

3.2 Conceptual design technique

The dimensions and weight of an aircraft to satisfy the 

design requirements and mission profiles are determined 

through the conceptual design, thus the mission profile 

is essential for conceptual design. However, the detailed 

mission profile of the XH-59A for conceptual design is 

unavailable in the public domain, thus, an assumed mission 

profile as given in Fig. 5 is used for the present design study. 

In this assumed mission profile, the cruise speed of 120 

knots at 10,000 fts is used since the best lift-to-drag ratio of 

the XH-59A helicopter was achieved at 110 to 130 knots in 

the flight test [3, 10].

The gross weight of the XH-59A is reported from 9,000 

lbs to 13,300 lbs in the public domain [2, 3, 11] and fuel 

weight of the XH-59A helicopter in the reference [3] is given 

as 1,666 lbs. However, the present study uses that design 

gross weight and the fuel weight for the XH-59A are 11,000 

lbs and 1,270 lbs, respectively, obtained from the reference 

[11]. Since the detailed weight of the subcomponents for the 

XH-59A helicopter is not also given in the public domain, 

this study uses the off-design mission analysis [12] using 

NDARC in order to obtain them. The general engine model 

of the 2000 lbs class, geometry information, and weight 

calibration factors for the XH-59A given in the reference [3] 

are used to conduct the present off-design mission analysis. 

The weight during the design process is calculated from the 

weight model developed by the U.S. Army AFDD. The weight 

models of each of these subcomponents are estimated 

Fig. 4. Solution methods of NDARC Fig. 5.  Mission profile of XH-59A helicopter
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from parametric equations, based on the weight of existing 

turbine-powered rotorcrafts [9]. However, the weight of 

a rigid coaxial rotor system is estimated from the scaled 

model with lift-offset [13] as shown in Eqs. (2) to (4). They 

were developed for the rigid coaxial rotor configuration and 

calibrated to the weight of the XH-59A rotor system [12, 13]. 

As seen in Eqs. (2) to (4), the value of lift-offset has an effect on 

the weight of the rigid coaxial rotor system. The blade weight 

in Eq. (2) is calculated considering beam stiffness in order 

to maintain the clearance (s) for the given lift-offset value. 

The hub weight in Eq. (3) is determined from the structure in 

upper and lower hub plates for the reaction of a tensile force 

caused by combined centrifugal force and bending moment 

at blade tip. The inter-rotor shaft weight in Eq. (4) is estimated 

considering the structure to react the hub moments for the 

given lift-offset value. Further detailed explanations for 

these equations can be found in the reference [13]. These 

estimated weights of the subcomponents from the off-design 

analysis are used as target values for the present validation 

study on the conceptual design for the XH-59A helicopter. 

When the weight design of the XH-59A is conducted, the 

calibration factors given in the reference [3] are used but 

adjusted appropriately.
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As shown in Eqs. (8) and (9), the induced power is 

obtained from the induced power factor and ideal power, 

and the profile power is calculated from the mean blade drag 

coefficient. The parasite power given in Eq. (10) is calculated 

from the wind axis drag force. Various rotor performance 

model parameters, such as the values of κ and cd mean are 

used for the present performance analysis. The values of 

these parameters are obtained from the reference [3], but 

they are adjusted slightly for better correlation with the flight 

test data. In addition, aircraft lift-to-drag ratio (L/D) and 

rotor effective lift-to-drag ratio (L/De) in the analysis using 

NDARC are calculated by the following Eqs. (12) and (13), 

respectively. Note that the rotor power Pcoaxial for a coaxial 

rotor in Eqs. (12) and (13) is the sum of each power for the 

upper and lower rotors as given in Eq. (14). In addition, Pupper 

and Plower are calculated from Eq. (7).
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weight for the XH-59A helicopter with auxiliary propulsion are moderately different from those for a 

pure helicopter mode [8]. As shown in Fig. 6(b), all the group weights in the present design compare 

excellently with the target values, since the relative errors are less than 0.5%.  
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the results of weight design for the XH-59A helicopter. Even 

though the auxiliary propulsion is additionally included for 

the compound helicopter mode, most group weights remain 

unchanged, since the weight empty and the payload weight 

for the XH-59A helicopter with auxiliary propulsion are 

moderately different from those for a pure helicopter mode 

[8]. As shown in Fig. 6(b), all the group weights in the present 

design compare excellently with the target values, since the 

relative errors are less than 0.5%. 

Figures 7 to 9 represent more detailed weight design 

results of the rotor group, empennage group, and system 

and equipment group of the XH-59A respectively. The 

percentages in the figures represent the relative error of 

the weight design to the target value. The main rotor size 

is determined by the rotor radius and disk loading (W/A) 

which is defined from the design gross weight and disk area 

in NDARC [9]. Thus, it is considered that a very small error 

of blade assembly weight shown in Fig. 7 is generated from 

the design results of the design gross weight and rotor radius. 

Since the geometry of the tails is determined correctly as 

shown in Table 1 and it is not affected by the design gross 

weight [3], the error of the weight design results to the target 

value is zero in the present result for the tails. Although a 

relatively large calibration factor of 1.65 is used to design the 

vertical tails in the present design, this value is reasonable 

because the calibration factor of the same value was also used 

(a) Weight design results

(b) Relative error of weight design results

Fig. 6. Weight design results for XH-59A helicopter

Table 1. Sizing results of XH-59A lift-offset compound helicopter

18 

 

 

 

 

 

 
Table 1. Sizing results of XH-59A lift-offset compound helicopter 

 

 Reference [3] Initial values Design results % error 

Radius [ft] 18 20 18.002 0.011 

Solidity,   0.0636 0.0004 0.0636 0.000 

Number of blades*, bladeN  3 3 3 N/A 

Tip speed* [ft/sec] 650 650 650 N/A 

Flap frequency* [/rev] 1.45 1.45 1.45 N/A 

Horizontal tail Area* [ft2] 60 60 60 N/A 

Span [ft] 15.50 0.00 15.49 0.065 

Aspect ratio* 4 4 4 N/A 

Tail length 
[ft] 

20.30 0.00 20.30 0.000 

Vertical tail Area* [ft2] 30 30 30 N/A 

Span [ft] 12 0.00 12 0.000 

Aspect ratio* 4.8 4.8 4.8 N/A 

Tail length 
[ft] 

20.30 0.00 20.30 0.000 

Fuselage  Length [ft] 40.5 0.00 40.5 0.000 

Width* [ft] 6.08 6.08 6.08 N/A 

Height* [ft] 6.08 6.08 6.08 N/A 

Rotor separation* [ft] 2.5 2.5 2.5 N/A 
*: Input variables for aircraft modeling 
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for the previous work [3]. As seen in Figs. 7 to 9, the weight 

design results of all the detailed groups are relatively good 

since all the relative errors are less than 0.5%. Therefore, it 

can be considered that the present modeling and conceptual 

design techniques using NDARC with a mission profile are 

established well for the XH-59A aircraft.

Figure 10 represents the comparison results for the ratio of 

weight empty to the gross weight and the ratio of rotor group 

to the gross weight for the XH-59A lift-offset compound 

helicopter and the UH-60A single main rotor. The weight 

information of the UH-60A helicopter is obtained from the 

reference [3]. Percentages of the figure represent the ratio 

of each component to the design gross weight of the given 

helicopter. The ratio of the rotor group to the gross weight 

for the XH-59A (22%) is much higher than that of the UH-

60A (9%). Thus, the ratio of the weight empty to the gross 

weight for the XH-59A (73%) is also higher than that of the 

UH-60A (68%) since the rotor group of the XH-59A coaxial 

rotor helicopter occupies the highest percentage of the 

weight empty. Therefore, the ratio of the useful load weight 

to the design gross weight for the XH-59A should be lower 

than that of the UH-60A, thus this is one of the disadvantages 

of the XH-59A lift-offset compound helicopter. However, it 

is expected that the weight empty may be reduced by using 

composite materials and advanced technology for advanced 

lift-offset compound helicopters such as the Sikorsky X2 

technical demonstrator and S-97 Raider helicopter.

Fig. 7.  Weight design results for rotor group of XH-59A helicopter

Fig. 8.  Weight design results for empennage group of XH-59A helicopter

Fig. 9.  Weight design results for system and equipment group of XH-59A 
helicopter

(a) UH-60A single main rotor helicopter

(b) XH-59A lift-offset compound helicopter

Fig. 10. Comparison for detailed weight ratio to the design gross weight
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4.2 Performance analysis results

Figures 11 and 12 represent the result of performance 

analysis for the pure XH-59A helicopter without auxiliary 

propulsion in hover. As shown in Figs. 11 and 12, the present 

analysis results are correlated very well with both the flight 

test result and previous study [3, 7]. In particular, the rotor 

figure of merit, with the value of 0.75 to 0.8 for the XH-59A, 

is higher than the hover performance of the conventional 

single main rotor helicopter with the typical value of 0.6 to 

0.75 [14]. This outperformance in the rotor figure of merit for 

the XH-59A is mainly due to that the wake of the upper rotor 

is contracted before it reaches the lower rotor [8].

Figures 13 and 14 validate the rotor power and aircraft 

lift-to-drag ratio (L/D) of the XH-59A helicopter without 

auxiliary propulsion in forward flight, respectively. As seen in 

Fig. 13, the present analysis for rotor power correlates nicely 

with not only the previous analyses [3] using NDARC and 

CAMRAD II, but with also the flight test data [3]. Although 

the present result in this study is under-predicted slightly 

than the flight test data in low-speed flight, the rotor power 

is predicted well when compared to both the flight test data 

and the previous analyses at a higher advance ratio of 0.15. 

In addition, the aircraft lift-to-drag ratio given in Fig. 14 also 

nicely matches both the flight test [3] and previous analyses 

[3] in the entire flight speed range.

Figure 15 compares the rotor powers of the upper and 

lower rotors in hover and forward flight for the XH-59A in 

pure helicopter mode. As seen in Figs. 15 (a) and (b), it is 

interesting that the rotor powers of upper and lower rotors 

for the XH-59A are almost identical to each other in both 

hover and forward flight conditions. The similar results are 

also found in the previous work [5]. 

Figure 16 represents the rotor effective lift-to-drag ratio 

(L/De) of the XH-59A with auxiliary propulsion in terms of 

forward flight speed. Fig. 16 shows the correlation of the 

present prediction with the flight test [3] and the previous 

analyses using NDARC [3], CAMRAD II [3], and Sikorsky’s 

in-house code [2]. The gross weight of 12,000 lbs was 

considered in Sikorsky’s analysis [2]. When the lift-offset 

of 0.1 is used, all the previous analyses under-predict the 

Fig. 11. Rotor power in terms of rotor thrust in hover
Fig. 13. Validation of rotor power for XH-59A in pure helicopter mode

Fig. 14.  Validation of aircraft lift-to-drag ratio for XH-59A in pure heli-
copter modeFig. 12. Figure of merit in hover
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rotor effective lift-to-drag ratio as compared to the flight test 

data, but the previous analyses with the lift-offset 0.2 and 

0.3 are very similar to each other, and they also correlate 

well with the flight test. Therefore, as previously described, 

it can be considered that the lift-offset value of 0.25 used 

for the present analysis is reasonable for the correlation to 

the flight test. As shown in Fig. 16 (a), the previous analysis 

using NDARC [3] for all the lift-offset values over-predicts 

moderately in comparison with the flight test in low- and 

moderate-speed flights. Although both the present analysis 

and previous prediction use the same analysis code, NDARC, 

in Fig. 16 (a), there is the difference in the results between 

the present analysis (LOS=0.25) and the previous analyses 

(LOS=0.2 and 0.3). This is mainly because the present XH-

59A model obtained from the conceptual design may be 

slightly different from the model used in the reference [3]. As 

seen in Fig. 16 (c), Sikorsky’s analysis matches well with the 

test result in high-speed flight. However, Sikorsky’s analyses 

for all the lift-offset values under-predict the rotor effective 

lift-to-drag ratio as compared to the flight test, particularly 

in low-speed forward flight. As one can see, the present rotor 

effective lift-to-drag ratio using the lift-offset of 0.25, given 

in Fig. 16, is relatively well correlated with the flight test [3] 

because the present result is between the upper and lower 

bounds of the flight test data. In addition, as shown in Figs. 16 

(a) and (b), the difference between the present analysis and 

the result [3] with CAMRAD II is smaller as compared to that 

(a) Hover

(b) Forward flight

Fig. 15.  Power comparison of upper and lower rotors for XH-59A in 
pure helicopter mode

(a) Comparison with NDARC

(b) Comparison with CAMRAD II

(c) Comparison with Sikorsky’s analysis

Fig. 16.  Validation of the rotor effective lift-to-drag ratio for XH-59A in 
compound helicopter mode
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between this analysis and the previous prediction [3] using 

NDARC particularly in low-speed forward flight. However, 

the performance analysis result with the lift-offset of 0.25 

in this study compares well with the previous analyses [2, 

3] using lift-offsets of 0.2 and 0.3, particularly in high-speed 

flight. Therefore, through the correlations given in Figs. 

11 to 16, it can be believed that the performance analysis 

technique of the XH-59A helicopter is also established well 

through this study.

Finally, Fig. 17 represents the influence of lift-offset 

on forward flight performance. For the lift-offset of 0.1, 

the present analysis and the previous prediction [3] are 

moderately different before an advance ratio of 0.45, but 

the two analyses compare to each other quite well after an 

advance ratio of 0.45. The present prediction using the lift-

offset of 0.25 and the previous analyses with lift-offsets of 

0.2 and 0.3 all show higher rotor effective lift-to-drag ratio 

particularly in high-speed flight as compared with the 

results using lift-offset of 0.1. Therefore, the rotor effective 

lift-to-drag ratio can be improved by increasing the lift-offset 

appropriately.

5. Conclusions

In this study, the validation work for the conceptual 

design and performance analysis of the XH-59A lift-offset 

compound helicopter was conducted using NDARC. The 

conceptual design was conducted considering an assumed 

mission profile for the XH-59A. The present design results 

were validated well when comparing with target values 

since the relative error of design results on the dimensions 

and the weight for the XH-59A was less than 0.5%. The 

technique of conceptual design for a lift-offset compound 

helicopter was therefore appropriately established. Using 

the XH-59A helicopter model with and without auxiliary 

propulsion constructed from this conceptual design study, 

various performance analyses were conducted during 

hover and forward flight. The present analysis compared 

well with both the flight test data and the previous analyses. 

Consequently, the performance analysis technique was 

also well established. Finally, the influence of lift-offset on 

the effective lift-to-drag ratio of the rotor was studied. When 

the lift-offset increased, the effective lift-to-drag ratio of the 

rotor could be improved especially in high-speed flight. 

The established techniques for the conceptual design and 

performance analyses of the XH-59A helicopter through 

this work will be used for the development of advanced 

compound rotorcrafts using lift-offset.
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