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Abstract 

Aerodynamic lift variations of an isolated coaxial rotor system were analyzed by a computational fluid dynam-

ics (CFD) approach. The study focused on a coaxial rotor configuration equipped with four blades per rotor 

and employed rFlow3D, a CFD solver specifically tailored for rotorcraft analyses. The analysis focuses on 

the high-speed forward flight with an advance ratio of 0.6 or higher, which is the ratio of the forward speed to 

the rotor tip speed. The numerical findings demonstrate a significant reduction in lift variation and reveal that 

the appropriate inter-rotor phase angle holds the potential to minimize the fluctuation to a level akin to that 

experienced during hovering. This reduction can be attributed to the mitigation of the vibrational component 

associated with the number of blades per rotor revolution. A detailed analysis further reveals that the pitching 

and rolling moments exhibit opposing changes in response to variations in the inter-rotor phase angle. 

 

1. BACKGROUND1 

Helicopters play a pivotal role in contemporary soci-

ety owing to their exceptional hovering capabilities. 

Among the various applications of helicopters, life-

saving activities stand out, necessitating swift patient 

transportation. Nonetheless, present-day helicopters 

encounter challenges in achieving high-speed flight 

due to the substantial disparity in airspeed between 

the advancing and retreating side blades. To ad-

dress this, contemporary helicopters implement 

swash-plates to periodically adjust the pitch angle, 

thereby maintaining rolling moment equilibrium be-

tween the advancing and retreating sides. Neverthe-

less, this configuration results in inadequate overall 

rotor thrust, rendering high-speed flights, such as 

those reaching 500 km/h, unfeasible. 
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The compound helicopter embodies a concept 

aimed at increasing the velocity capabilities of ro-

torcraft (Ref. 1). It comprises distinct lift-generating 

and propulsion-generating mechanisms. Among 

these concepts is the coaxial helicopter, featuring a 

rotor system comprising a pair of counter-rotating 

rotors, as depicted in Figure 1. The coaxial rotor 

configuration generates greater lift on the advancing 

side than on the retreating side, thereby providing 

sufficient lift for high-speed flight. Additionally, the 

rolling and yawing moments are nullified by the op-

posing rotation directions of the upper and lower 

rotors. 

Sikorsky, a prominent U.S. company, has denomi-

nated this concept as the "Advancing Blade Concept 

(Ref. 2)" and has developed a demonstrator aircraft, 

the X2 Technology Demonstrator, which has at-

tained an impressive flight speed of 463 km/h (Ref. 

3). Key parameters in this concept is the "lift offset," 

a pivotal parameter defined as follows: 

Figure 1: Coaxial rotor system with lift offset. 
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Where 𝑅  and 𝑟𝑇  represent the rotor radius and the 

radial position of the thrust, correspondingly, while 

𝐶𝑀𝑥
 and 𝐶𝑇  stand for the pitching moment and the 

thrust coefficient, respectively. The subscripts 𝑈 and 

𝐿 pertain to the upper and lower rotors. 

The flow field surrounding a coaxial rotor is very 

complex, arising from the intricate interplay of vorti-

ces and blade interference. Moreover, the interfer-

ence of pressure fields during blade passage en-

genders blade vibrations. These aerodynamic inter-

ferences significantly contribute to rotor vibration 

and noise (Ref. 4). 

Hayami (Ref. 5) conducted a comprehensive com-

putational fluid dynamics (CFD) analysis on a 2 

blades per rotor (𝑁𝑏 =  2) coaxial system, building 

upon wind tunnel tests by Cameron et all (Ref. 6). 

The study demonstrated that manipulating the lift 

offset can effectively mitigate thrust oscillations. 

However, it was discerned that restraining thrust-

induced vibrations becomes progressively challeng-

ing with escalating forward flight speeds. Ho et al 

(Ref. 7, 8). explored the vibrational characteristics of 

a coaxial rotor, revealing that a blade phase angle 

shift between the upper and lower rotors can miti-

gate the vibration within the coaxial rotor system. 

During the X2 Technology Demonstrator assess-

ments, Walsh et al (Ref. 9). suggested that adjusting 

the blade displacement angle contributes to the re-

duction of thrust fluctuations. Nonetheless, a com-

prehensive understanding of the complex vibration 

reduction mechanisms and the optimal phase shift 

angle between the upper and lower rotors remains 

elusive. Furthermore, the impact of vibration mitiga-

tion under high advance rate conditions, specifically 

𝜇 = 0.6 or higher, has yet to be examined. The ad-

vance ratio 𝜇 are defined as follows: 

𝜇 =
𝑉∞ cos 𝑖

Ω𝑅
(2) 

where 𝑉∞ and 𝑖 denotes the freestream velocity and 

the rotor disk plane incidence angle, respectively. 

The primary objective of this study is to delve into 

the complex mechanisms of vibration reduction and 

to determine the optimal phase difference angle 

between the upper and lower rotors under conditions 

of high advance ratio. This investigation shall be 

conducted through high fidelity numerical simula-

tions. 

 

2. COAXIAL ROTOR MODEL 

Figure 2 shows the computational model used in this 

study. The model is based on the X2 Technology 

Demonstrator, developed by Sikorsky in the U.S 

(Ref. 10). The blades were created by combining 

five Sikorsky airfoils, DBLN526, SC325218, 

SC36212, SC36210, and SSCA09. The radius of 

this model is 4.023 m and the number of blades per 

rotor 𝑁𝑏  = 4. Table 1 summarizes the specifications 

used in this study. 

 

3. NUMERICAL SIMULATION 

3.1. Numerical method 

Numerical simulations were performed on JSS3 

(JAXA Supercomputer System generation3) using a 

rotorcraft CFD tool, rFlow3D, developed at the Ja-

pan Aerospace Exploration Agency (JAXA). rFlow3D 

has been validated for prediction accuracy on ro-

torcraft (Ref. 11, 12, 13, 14). The governing equa-

tions are the compressible Navier-Stokes equations, 

and a moving overlapped grid is applied to simulate 

the rotor blade motions. The computational grid is  

Number of blades 𝑁𝑏 4 

Rotor radius 𝑅 4.023 m 

Precone angle  2° 
Rotor solidity 𝜎 0.1441 

Rotor separation 0.4572 m 
Rotation Upper CCW 

  
  

Table 1: Specification of the rotor blades. 

Figure 2: Computational model. 



 discretized using a finite volume method for struc-

tured grids. This calculation uses the trim analysis 

developed by Sugawara et al (Ref. 15). The trim 

analysis is performed with the pitching moment, 

torque balance, and rolling moment as target varia-

bles, where the lift offset is adjusted based on the 

target rolling moment. 

 

 

3.2. Computational setup 

 The vibration characteristics are investigated at a 

high advance ratio 𝜇 = 0.6~0.8. The tip Mach num-

ber of the blade is changed depending on the tip 

Mach number at the advancing side 𝑀Adv,Tip ≤ 0.9. 

The target rotor thrust is set to be the gross weight 

of X2TD. The target rolling moment of the rotor is 

determined by the lift offset, which is determined 

considering the structural limit (Ref. 3), and the 

pitching moment of the rotor is set to zero. The rotor 

disk plane incidence angle, 𝑖,  is set to zero degrees 

in this study. Figure 3 shows the definition of the 

azimuth angle, 𝜓 , and inter-rotor phase angle, 𝜙 . 

The inter-rotor phase angle is defined as the azi-

muth angle at which upper and lower rotor blades 

first cross. Where the inter-rotor phase angle is posi-

tive counterclockwise and the subscript 𝑈 represents 

the upper rotor, and the subscript 𝐿 represents the 

lower rotor. The phase difference between rotors 

simulates 𝜙 = 7.5°, 15°, 22.5°, 30°, 37.5°, and 45° to 

Advance ratio 𝜇 0.6, 0.7, 0.8 

Lift offset 𝐿𝑂 0.3 

Gross Weight 5955 lb 
RPM 438, 413, 390 

  

Figure 3: Definition of the azimuth angle, 𝜓 and 

the inter-rotor phase angle, 𝜙. 
Figure 4: Grid distributions of the coaxial rotor. 

Table 2: Assumed flight conditions. 

(a) 𝜇 = 0.6 

(b) 𝜇 = 0.7 

(c) 𝜇 = 0.8 

Figure 5: Thrust fluctuations for 𝜇 = 0.6, 0.7 and 0.8. 



investigate the optimum inter-rotor phase angle. 

Table 2 summarizes the assumed flight conditions in 

this study. 

Figure 4 shows the overlapping grid system used in 

this study. The total number of computational grid 

points is about 32 million. The inner background grid 

has a uniform grid distribution, while outer back-

ground grid has non-uniform grid distribution. The 

grid size of the inner background grid is 15% of the 

75%𝑅 chord length of the blade. 

 

4. RESULT AND DISCUSSION 

4.1. Thrust variation of 4/rev (Nb/rev) compo-

nent 

CFD analyses are performed for the conditions of 

𝜇 ≥ 0.6 to investigate the difference in thrust varia-

tion with inter-rotor phase angle, 𝜙. Figure 5 shows 

the thrust fluctuations for 𝜇 = 0.6, 0.7, and 0.8, re-

spectively. For the total thrust coefficient, the dimen-

sion-less fluctuation is obtained by subtracting the 

mean value from the value at each azimuth angle 

and then dividing it by the mean value. Figure 6 

shows the mean of the absolute value of thrust fluc-

tuation as a function of inter-rotor phase angle. Fig-

ures 6 and 7 show that the thrust fluctuations are 

reduced even at 𝜇 ≥ 0.6, with the minimum of thrust 

fluctuation observed at 𝜙 = 22.5° across all advance 

ratios.  

Figure 7 shows the results of the discrete Fourier 

transform at each advance ratio. The vertical axis 

represents the dimensionless amplitude normalized 

by the average thrust, and the horizontal axis repre-

sents the vibration period per rotor revolution. Nota-

bly, Figure 7 reveals a remarkable reduction in the 

Nb/rev vibration component across all advance rati-

os. Particularly in Figure 7 (c), at 𝜇 = 0.8, the 𝑁𝑏/rev 

component exhibits a staggering decrease of ap-

proximately 90%. 

Figure 8 shows the discrete Fourier transform re-

sults for 𝜇 = 0.6, 0.7, 0.8 at 𝜙 = 22.5°, alongside the 

thrust variation during hovering. Importantly, Figure 

8 demonstrates that even at 𝜇 ≥ 0.6, the appropriate 

Figure 6: Mean of the absolute value of thrust fluc-

tuations. 

(a) 𝜇 = 0.6 

(b) 𝜇 = 0.7 

(c) 𝜇 = 0.8 

Figure 7: Frequency spectra of the total thrust 

fluctuation for 𝜇 = 0.6, 0.7 and 0.8. 



inter-rotor phase angle holds the potential to mini-

mize the fluctuation to a level akin to that experi-

enced during hovering. 

Figure 9 shows the thrust fluctuations of the upper 

and lower rotors at 𝜇 = 0.8 and 𝐿𝑂 = 0.3, respec-

tively. Remarkably, Figure 9 indicates that at 𝜙 = 

45°, the 𝑁𝑏 /rev thrust variations of the upper and 

lower rotors harmoniously reinforce one another in 

phase, while at 𝜙 = 22.5°, the 𝑁𝑏 /rev thrust varia-

tions of the upper and lower rotors elegantly cancel 

each other in opposite phase. 

Figure 10 shows the distribution of the vertical force 

coefficient, 𝐶𝑛𝑀2, on the rotor surface for the sum of 

the upper and lower rotors. 𝐶𝑛𝑀2 is defined as fol-

lows: 

𝐶𝑛𝑀2 =
2𝑓𝑧

𝜌∞𝑎∞
2 𝑐

(3) 

Where the vertical force is denoted by 𝑓𝑧, air density 

in the freestream by 𝜌∞ , speed of sound in 

freestream by 𝑎∞ and blade cord length by 𝑐.  

Figure 10 vividly demonstrates that 𝜇 = 0.8 exhibits 

the most non-uniform lift distribution, while 𝜇 = 0.6 

displays the most uniform lift distribution. This ob-

served variation arises from the distinct size of the 

reverse flow region. Despite the expectation that 𝜇 =

= 0.8 would yield the largest thrust fluctuations, be-

cause of the non-uniform lift distribution on the rotor 

surface, Figure 8 intriguingly showcases similar 

thrust fluctuations for all advance ratios. Conse-

quently, Figures 8, 9, and 10 collectively underscore 

that the strategic implementation of the inter-rotor 

phase angle proficiently mitigates thrust fluctuations 

to a level equivalent to that experienced during hov-

ering, independent of the lift distribution on the rotor 

surface. 

 

4.2. Thrust variation of 8/rev (Nb/rev) compo-

nent 

Figure 11 exhibits the 2𝑁𝑏/rev thrust variation com-

ponent as a function of the inter-rotor phase angle 

for different advance ratios. It becomes apparent 

from Figure 11 that the 2𝑁𝑏/rev thrust variation com-

ponent diminishes significantly by the inter-rotor 

phase angle for 𝜇 =  0.7 and 0.8, while it remains 

relatively constant at 𝜇 = 0.6. 

Figure 8: Frequency spectra of the total thrust 

fluctuation at the 𝜙 = 22.5°. 

(a) 𝜙 = 22.5° 

(b) 𝜙 = 45° 

Figure 9: Thrust fluctuations of the upper and 

lower rotors at 𝜇 = 0.8 and 𝐿𝑂 = 0.3. 



The 2 𝑁𝑏 /rev thrust variation component emerges 

because of pressure field interference at the inter-

section of upper and lower rotor-blades in the coaxi-

al rotor configuration. As revealed in Figure 10, an 

escalated advance ratio correlates with increased lift 

generation both ahead and behind of the aircraft. 

Moreover, Figure 11 implies that the inter-rotor 

phase angle influences the lift force generated at the 

intersection of the upper and lower rotor blades. 

The magnitude of the pressure field surrounding the 

blade undergoes variation in tandem with the gener-

ated lift, consequently influencing the intensity of 

interference at the blade crossing (Ref. 16). Con-

sidering these observations, it is recommended to 

optimize the inter-rotor phase angle, such that the lift 

generated by the upper and lower rotor blades inter-

sects at a smaller azimuth angle. By doing so, the 

2𝑁𝑏 /rev thrust fluctuation component can be effec-

tively diminished. 

4.3. Moment variation 

In addition to investigating the thrust variation, this 

study also conducted a comprehensive analysis of 

the rolling moment coefficient, 𝐶𝑀𝑥
, and the pitching 

moment coefficient, 𝐶𝑀𝑦
. These coefficients are de-

fined as follows:  

𝐶𝑀𝑥
=

𝑀𝑥

𝜌∞𝜋𝑅3(Ω𝑅)2
(4) 

𝐶𝑀𝑦
=

𝑀𝑦

𝜌∞𝜋𝑅3(Ω𝑅)2
(5) 

Where 𝑀𝑥  and 𝑀𝑦  denote the rolling moment and 

pitching moment, respectively. 

Figure 12 presents the outcomes of the discrete 

Fourier transform of 𝐶𝑀𝑥
 at various advance ratios, 

while Figure 13 showcases the results of the dis-

crete Fourier transform of 𝐶𝑀𝑦
 at different advance 

ratios. Remarkably, Figures 12 and 13 elucidate that 

the Nb/rev component of 𝐶𝑀𝑥
 amplifies at 𝜙 = 22.5°, 

whereas the Nb/rev component of 𝐶𝑀𝑦
 nearly dimin-

ishes to zero at the same angle. These variations 

are intrinsically tied to the non-uniform lift distribution 

on the rotor surface, as expounded in Figure 10. 

Significantly, these observed trends align with the 

experimental findings of Cameron et al. (Ref. 6), and 

they consistently hold true for high advance ratios 

and 𝑁𝑏 = 4. 

 

Figure 11: 2𝑁𝑏/rev thrust variation component. 

Figure 10: Distribution of 𝐶𝑛𝑀2 on the rotor surface for the sum of the upper and lower rotors. 

(a) 𝜇 = 0.6 (b) 𝜇 = 0.7 (c) 𝜇 = 0.8 



5. CONCLUSIONS 

This study delves into the influence of inter-rotor 

phase angle on thrust and moment variation during 

high-speed forward flight conditions. The Sikorsky 

X2 Technology Demonstrator's coaxial rotor serves 

as the model, and Computational Fluid Dynamics 

(CFD) analysis is employed. Six cases of inter-rotor 

phase angle ranging from 7.5° to 45° in 7.5° incre-

ments were analyzed for 𝜇 = 0.6, 0.7, and 0.8 with 

𝐿𝑂 =  0.3, respectively. The principal findings are 

summarized as follows:  

1. Setting the inter-rotor phase angle to 𝜙 = 22.5° 

yields a remarkable reduction in thrust fluctua-

tions, even under high-speed forward flight con-

(a) 𝜇 = 0.6 

(b) 𝜇 = 0.7 

(c) 𝜇 = 0.8 

Figure 13:  Frequency spectra of 𝐶𝑀𝑦
 for 𝜇 = 0.6, 

0.7 and 0.8. 

(a) 𝜇 = 0.6 

(b) 𝜇 = 0.7 

(c) 𝜇 = 0.8 

Figure 12: Frequency spectra of 𝐶𝑀𝑥
 for 𝜇 = 0.6, 

0.7 and 0.8. 

 



ditions (𝜇 ≥ 0.6), with fluctuations equivalent to 

those experienced during hovering. This notable 

outcome can be attributed to the synchronization 

of vibration phases between the upper and lower 

rotors in opposite phases, thereby diminishing 

the 𝑁𝑏 /rev thrust fluctuation component by an 

impressive 90%. 

2. The inter-rotor phase angle also leads to a re-

duction in the 2𝑁𝑏/rev thrust fluctuation compo-

nent. This phenomenon can be attributed to the 

strategic intersection of the upper and lower ro-

tor blades at an azimuth angle where the gener-

ated lift is relatively smaller, consequently result-

ing in diminished pressure field interference at 

the crossing point. 

3. 𝐶𝑀𝑥
 and 𝐶𝑀𝑦

 exhibit opposite trends in response 

to variations in the inter-rotor phase angle, 

wherein one parameter diminishes while the 

other augments. This observed behavior aligns 

with the findings of the previous study, even un-

der conditions of high advance ratio and 𝑁𝑏 = 4. 
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