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Abstract 

The coaxial rotor is utilized in a high-speed and long-range compound helicopter as its main rotor system, 

eliminating the need for a tail rotor. To enhance the compound helicopter’s survivability, the coaxial rotor sys-

tem must be designed aerodynamically efficient with low noise. The value of inter-rotor spacing (IRS), which 

refers to the distance between the upper and lower rotors, is a critical design parameter that determines a 

coaxial rotor system's aerodynamic and noise performance. This study conducted the computational investi-

gation of the effects of IRS on the interactional aerodynamics and acoustics of the coaxial rotor in low and 

high-speed forward flight conditions using Spalart-Allmaras detached eddy simulation (SA DES) with the over-

set mesh technique. When IRS increases, the growth rate of thrust is analyzed to be higher in low-speed 

conditions than in high-speed conditions, and the fluctuation’s amplitude decreases more. Regarding noise, in 

both conditions, as IRS increases, the impact of loading noise decreases, resulting in a reduction in noise 

levels. 

 

1. NOTATION1 

Symbols  

𝑅 Rotor radius, m 

𝐷 Rotor diameter, m 

𝜓 Azimuth angle, deg 

θ Elevation angle, deg 

α Shaft tilt angle, deg 

μ Advance ratio 

CnM2 Normal force coefficient 

CT Thrust coefficient 

TW  Total solidity 

TipM  Tip Mach number 

IRS Inter-rotor spacing 

OASPL Overall sound pressure level 

DES Detached Eddy Simulation 

FW-H Ffowcs Williams-Hawkings 

MS Moment area, m2 

BPF Blade passing frequency 
BVI Blade-vortex interaction 
UAM Urban air mobility 
  

2. INTRODUCTION 
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The main advantage of a conventional helicopter is its 

capability to enable vertical takeoff and landing 

(VTOL) and hover at low altitudes. However, the flight 

speed, operational range, and transport capacity are 

limited compared to fixed-wing aircraft. As a result, 

conventional helicopters cannot achieve high-speed 

forward flight, which limits their operational range. To 

overcome the limitations of conventional helicopters, 

many types of VTOL rotorcraft utilizing different rotor 

configurations have attracted much attention. Bell 

developed the V-280 Valor with tilt rotors to enable 

control over flight direction. Piasecki developed the X-

49 SpeedHawk, which features a ducted fan at the 

fuselage’s rear side to enhance the pusher propeller’s 

thrust efficiency. X3 is a compound helicopter 

developed by Eurocopter, equipped with two tractor 

propellers mounted on the fuselage wings, allowing it 

to fly at high speeds. Sikorsky-Boeing developed the 

SB>1 defiant, which utilizes a coaxial counter-rotating 

rotor system for the main rotor to increase thrust. 

Among various rotor systems, the coaxial rotor 

enhances helicopter stability and maneuverability by 

eliminating the need for a tail rotor, as the counter-
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rotating blades naturally cancel out torque. This 

design also allows for greater lift capacity and 

compactness, making it ideal for operations in 

confined spaces. For these reasons, the coaxial rotor 

is widely used for next-generation high-speed and 

long-range compound helicopters (Ref. 1), urban air 

mobility (UAM) (Refs. 2-3), and drones.  

The coaxial counter-rotating rotor configuration is 

useful for generating about 1.7 times additional thrust 

in the limited space by making the upper and lower 

rotors rotate in opposite directions to counterbalance 

the torque (Ref. 4). It removes the need for a tail rotor, 

saving on the weight and power consumption 

required to operate it. This creates space for the 

installation of auxiliary propellers, which give 

rotorcrafts additional propulsive force and enable 

high-speed flight (Ref. 5). However, the mutual 

interaction between the upper and lower rotors 

causes complex flow interference, which could 

significantly decrease aerodynamic performance and 

increase noise levels compared to conventional 

helicopters with single main rotor system. Moreover, 

rotor-wake interaction complicates the understanding 

of the physical phenomena occurring in coaxial 

helicopters. The interaction between the two vertically 

arranged rotors is of critical importance. The inter-

rotor spacing (IRS) refers to the distance between the 

upper and lower rotors, and it serves as a key 

parameter in controlling the interaction effects in 

coaxial helicopters. The large IRS reduces the 

interactional aerodynamics between the upper and 

lower rotor, but the bulky hub design that comes 

along with it generates a significant parasite drag. On 

the other hand, as the IRS decreases, the 

aerodynamic interaction between the upper and lower 

rotors increases, even if the performance loss 

brought on by parasite drag decreases. Therefore, 

more vibrations during flight may make it difficult to 

control and raise noise levels. 

Ramasamy (Ref. 6) investigated the interactions 

between the IRS and interference loss factor in 

hovering conditions. Wake interactions may cause 

wake instability in hovering conditions, leading to 

asymmetry and aperiodicity. Wake instability impacts 

the distribution of unsteady loading and wake-

induced inflow. It is essential to predict unsteady 

loads in aerodynamics correctly (Ref. 7) and 

aeroacoustics (Ref. 8). Leishman and Anathan (Ref. 

9) developed the blade element momentum theory 

(BEMT) model for the coaxial rotor to design the 

optimal coaxial rotor. Also, Lee and Dassonville (Ref. 

10) developed a new BEMT for a coaxial rotor, 

indicating each rotor’s aerodynamic performance in 

relation to the IRS in hover. Harrington’s data (Ref. 

11), which provides experimental data about the 

thrust to power coefficients at a given distance, was 

used to validate these BEMT models. Leishman and 

Syal (Ref. 12) used momentum theory and the 

Harrington data to develop the figure of merit 

formulas for a coaxial rotor considering four different 

operating conditions. Ho et al. (Ref. 13) used 

Harrington and Ramasamy data to investigate coaxial 

rotor performance in hover and forward flight using 

RCAS SW. The impact of rotor-wake interference on 

the wake geometry and performance of a coaxial 

rotor was investigated by Nagashima and Nakanishi 

(Ref. 14) using the momentum equation and a 

simplified free wake analysis. Ko and Lee (Ref. 15) 

investigated the wake structure of a coaxial rotor 

when IRS changes, indicating that the low IRS makes 

blade-vortex interaction (BVI) stronger than high IRS. 

Qi et al. (Ref. 16) investigated the thrust fluctuation of 

a coaxial rotor, showing the overlap effect generated 

by the bound vortices of both rotors and the induction 

effect caused by the wake interaction. Park and Kwon 

(Ref. 17) analyzed the IRS effects on aerodynamic 

performance of the isolated coaxial rotor in hover and 

forward flight. 

Most research has analyzed the IRS effects on 

aerodynamics and aeroacoustics on the isolated rotor 

configuration. However, wakes from a coaxial 

helicopter's upper and lower rotors could interfere 

with the fuselage and blades in forward flight, 

affecting the noise and aerodynamics. Thus, based 

on the forward flight speed of a coaxial rotor 

helicopter, it is necessary to investigate the IRS 

effects on the helicopter’s noise and aerodynamics. 

The Spalart-Allmaras detached eddy simulation (SA-

DES) is performed to compute the aerodynamic 

loading acting on the coaxial rotor blades and capture 

complex wake flow (Ref. 18). The overset mesh 

technique is adopted to carry out the coaxial rotor’s 

trim analysis in forward flight conditions (Ref. 19). 

Based on the results of aerodynamic analysis, 

thickness noise, and loading noise, which exhibit 

periodic characteristics associated with blade 

passing frequency (BPF), were evaluated using the 

acoustic analogy method with the Farassat 1A 

formulation. The DES predictions are compared 

against the  Harrington rotor 1 model’s experimental 

results and the X2TD rotor’s other computational 

results for validation work. Finally, the full 



configuration of the high-speed and long-range 

compound helicopter X2TD, equipped with a coaxial 

rotor, is employed to investigate the interactional 

aerodynamics and acoustics in forward flights. 

3. Numerical Methodology 

3.1. Aerodynamic Analysis Method 

This study employed the detached eddy simulation 

(DES) equation to analyze the aerodynamic and 

acoustic characteristics of a compound helicopter 

equipped with coaxial contra-rotating rotors. The DES 

is a hybrid approach that combines features of the 

Reynolds-averaged Navier-Stokes (RANS) and the 

large eddy simulation (LES). DES turbulence models 

solve the boundary layers and irrotational flow re-

gions using a base RANS approach. However, when 

the grid is sufficiently fine, it emulates an LES sub-

grid-scale model in areas of detached flow. This al-

lows for using RANS in boundary layers and LES in 

unsteady separated regions, producing the ad-

vantages of both techniques. Turbulence models in 

RANS can be divided into Spalart-Allmaras DES, El-

liptic Blending k-ε DES, and Shear Stress Transport 

(SST) k-ω DES. This study used the Spalart-Allmaras 

turbulence model due to its ability to analyze large 

and complex flow fields with a lower computational 

cost and high accuracy in turbulence analysis near 

wall surfaces (Ref. 20). 

The mean velocity v  from RANS and the filtered ve-

locity v  from LES can be expressed by Eq. (1) and 

(2), respectively, in the momentum equations. 
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The Reynolds Stress Tensor ( RANST ) is defined as a 

function of time and length scales in Eq. (3), and it is 

represented by Eq. (4) for LES. 

(3) ( , k, )f=   RANST v  

(4) ( , )f=  SGST v  

In Eq. (4), the width of the filter and the length scale 

are the most important factors. These are used not 

only for the definition of subgrid-scale eddy viscosity 

but also in many models for the transition region. The 

similarities in Eq. (1) and (2) allow for a unified ap-

proach to be used to solve for a quantity ˆiu as repre-

sented in Eq. (5). 
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And the model RANST  is defined by Eq. (6). 

(6) 
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For unsteady simulations, time advancement is ac-

complished by the dual time stepping technique, with 

15 sub-iterations per time step and a time step of 1º 

per rotor blade rotation angle. Using Roe’s Flux-Dif-

ference Splitting Scheme (FDS), inviscid flux evalua-

tion is employed, and spatial accuracy is acquired 

through the MUSCL-3rd order scheme. Venkatakrish-

nan's flux limiter reduces numerical oscillations 

caused by shock waves on the advancing rotor blade 

faces during forward flight. 

3.2. Aeroacoustic Analysis Method 

This study employed the Farassat 1A formula, based 

on the theoretical solution of the FW-H, to predict the 

noise generated by the coaxial rotor helicopter when 

it’s moving (Ref. 21). The fluid movement during 

blade rotation is the source of thickness noise. Aero-

dynamic forces operating on the blade surfaces 

cause loading noise, and interference between the 

rotating blade and strong tip vortices developed at the 

blade ends is the source of blade vortex interaction 

(BVI) noise. Also, high-speed impulsive (HSI) noise 

occurs at the rotor blades’ advancing side (Ref. 22). 

In cases where coaxial rotor is used, interference be-

tween the upper and lower rotors may create interac-

tional noise, which can then affect the loading noise.  

The thickness noise and loading noise caused by the 

surfaces of the coaxial rotor blades were analyzed us-

ing the acoustic analogy with impermeable boundary 

conditions. Eq. (7) shows the Farassat 1A formulation 

that contains the acoustic pressure from the thickness 

noise source Tp  and the loading noise source Lp . 



This formulation was used to calculate the magnitude 

of each type of noise that moved to the observer’s po-

sition. Eq. (8) and Eq. (9) indicate each noise source’s 

acoustic pressure specifically, and the values in 

brackets are calculated at a retarded time(Ref. 23). 
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A spatial delay is equal to the time required for the 

sound wave to move through the spatial distance be-

tween the noise source and the observer. As a result, 

the point at which sound is generated at the source is 

transmitted to the observer much later. Eq. (10) and 

Eq. (11) show the spatial distance, and Eq. (12) indi-

cates the delay time between the noise source and 

the observer. 
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4. Numerical Setup 

4.1. Compound Helicopter Model 

The Sikorsky X2TD rotor blades and fuselage were 

used to analyze the IRS and advance ratio effects on 

the aerodynamics and acoustics in forward flight con-

ditions. Table 1 shows the geometric information of 

X2TD helicopter, referred from Passe et al. (Ref. 24). 

Each rotor has four blades, for a total of two rotors, 

and each blade has a radius of 4.023 m. The upper 

rotor and lower rotor rotate counter-clockwise and 

clockwise, respectively. The planform, twist angle, 

and thickness distribution of the X2TD rotor blade 

spanwise are shown in Figure 1 (Ref. 25).  From avail-

able data and engineering estimates, generic airfoil 

profiles at important span locations were derived (Ref. 

26). With the use of two elliptic parts, the X2 main ro-

tor blade is designed to reduce the considerable drag 

that the inboard sections encounter when operating 

in reverse flow. A transonic airfoil is used at the tip to 

minimize compressibility drag, transitioning from a 

sharp trailing edge high-lift cross-section at the mid-

span. These data were used to choose template 

cross-section profiles for the X2TD main rotor blades, 

assuming that the upper and lower rotors would have 

the same configurations. The template airfoil cross-

sections were slightly modified for improved smooth-

ness throughout the blade surface to ensure that the 

blade geometry aligned as closely as possible with 

the available data. These modifications are shown in 

Table 2 (Ref. 24). From the blade spanwise of 0.142R 

to 0.331R, which R is the radius of the rotor, the ellip-

tical airfoil DBLN-5262 airfoil was employed. From 

0.468R to 0.568R, the SC1012-R8 airfoil was used, 

and from 0.6R to the tip, the SSCA-09 airfoil was used. 

 

(a) Blade planform 

 

(b) Blade twist angle 



 

(c) Blade thickness 

Figure 1: Blade information of X2TD rotor 

Table 1: Geometry of X2TD helicopter (Ref. 24) 

Properties Specification 

Gross Weight [kg] 2,700 

Radius, R [m] 4.023 

Number of Rotors, bN  2 

Blades per Rotor  4 

Total Solidity, TW  0.14 

Rotation Direction CCW Upper rotor 

Blade Aspect Ratio 19.2 

Tip Mach Number, 
TipM  0.556 

Rotor Vertical 

Separation [m] 
0.443 

Fuselage Length [m] 9.1 

Horizontal Tail Area [m2] 3.159 
 

Table 2: Airfoil cross sections of X2 rotor blade (Ref. 
24) 

Radial Location 

(r/R) 

Template Airfoil 

Section 

0.142 DBLN-526 

0.331 DBLN-526 

0.468 SC1012-R8 

0.568 SC1012-R8 

0.600 SSCA-09 

1.000 SSCA-09 
 

 

 

4.2. Grid System and Boundary Condition 

To investigate the IRS effects on the aerodynamics of 

the helicopter, the computational domains and grid 

system for SA-DES are depicted in Figure 2 and Fig-

ure 3. And grid distribution around the blades and 

their surroundings is illustrated in Figure 4. The size 

of computational domain is 10D (W) x 10D (H) x 

20D(L). Here D is the rotor diameter. The minimum 

mesh size is 5 mm, corresponding to 2% of the chord 

length at 75% of the spanwise. The rotor blade’s 

pitching motions are considered using the overset 

mesh technique. 76 million grids are used for compu-

tational analysis, including 4 million in the area near 

each blade and 3 million in the fuselage. The no-slip 

boundary condition is imposed on the surfaces of the 

compound helicopter, and velocity inlet and pressure 

outlet boundary conditions are applied to the surfaces 

of the computational domain.  

 

Figure 2: Computational domain for simulating X2TD 
helicopter in full configuration at forward flight condi-
tion 

 

Figure 3: Computational grid system for SA-DES 



 

Figure 4: The surface grid of the rotor blade 

The forward flight conditions for the IRS and advance 

ratio effects on the aerodynamics and aeroacoustics 

in forward flight in this study are presented in Table 3. 

X2TD helicopter is operated in forward flight condi-

tions by employing atmospheric conditions at 4,000 ft. 

The rotor’s original vertical separation is 0.443 m or 

0.055D. To investigate how IRS changes affect the 

X2TD helicopter’s noise and aerodynamics, cases 

with IRS values of 0.055, 0.0825, and 0.11 were con-

sidered. The helicopter’s advance ratios were set for 

0.15 and 0.41 to investigate the IRS effects on aero-

dynamics and noise in low and high-speed flight con-

ditions. Six rotor revolutions of computational analysis 

are conducted to ensure sufficient frequency resolu-

tion ( f ). After two revolutions, the aerodynamic 

data from the helicopter converged adequately. 

Therefore, data obtained after the second rotation is 

used in the analysis. Using parallel computing and an 

Intel(R) Xeon(R) Gold 6230R CPU operating at 2.1 

GHz and 128 cores, the computational analysis for 

five rotations of an isolated rotor was done in approx-

imately 32 hours. 

Table 3: Forward flight simulation information 

Properties Specification 

IRS (H/D) 0.055, 0.083, 0.11 

Advance Ratio 0.15, 0.41 

Reynolds Number 2.5 x 106 

Flight Altitude 4,000 ft 

Pressure 87,494 Pa 

Temperature 280.21 K 

 

The upper and lower rotor’s pitch angle coefficients 

for each advance ratio were calculated by trimming 

the collective and cyclic pitch angles until the target 

air load was reached, using prior research as a refer-

ence. Table 4 displays the pitch angles used in this 

study (Ref. 24). 

Table 4: Pitch angle conditions of each advance ra-
tio (Ref. 24) 

Advance 

Ratio 

(  ) 

Pitch 

angle 

Upper  

Rotor’s 

Value [°] 

Lower  

Rotor’s 

Value [º] 

0.15 

0  9.45 9.39 

1c  3.29 3.29 

1s  -3.65 3.16 

  -0.44 -0.44 

0.41 

0  5.95 6.08 

1c  0.28 0.28 

1s  -5.90 5.93 

  2.10 2.10 

 

4.3. Microphone Setup 

24 microphones were positioned at intervals of 15º 

around the rotational axis of the lower rotor blade at a 

distance of 40.23 m, 10 times the rotor radius (R), to 

predict the noise variations due to changes in IRS and 

advance ratio. Figure 5 illustrates the distribution of 

the microphones for noise analysis according to azi-

muth and elevation angles. 

 

 

(a) Azimuth angle 



 

(b) Elevation angle 

Figure 5: Microphone array 

5. Numerical Results 

5.1. Validation  

The numerical validation was carried out before ana-

lyzing a compound helicopter’s aerodynamic and 

noise characteristics due to changes to the IRS and 

advance ratio. The thrust and power of the Harrington 

rotor 1 model with respect to advance ratio were eval-

uated using SA-DES, and the predictions were com-

pared to the experimental results for validation work 

(Ref.11). The blade planform of the Harrington rotor 1 

is shown in Figure 6. It has a taper ratio of 0.39 and 

is composed of six different kinds of symmetrical air-

foils without a twist angle. 

 

Figure 6: Blade planform of Harrington rotor 1 

Cyclic pitch angles for the upper and lower rotors dur-

ing the forward flight to get the target thrust on the 

advance ratio were referred to in the previous study 

(Ref. 27). Experimental data for the Harrington rotor 

1 measured the power on advance ratio, which is 

from 0.12 to 0.24, with increments of 0.02, when the 

thrust coefficient was 0.0047. Compared with the data, 

when using SA-DES, thrust on the advance ratio of 

Harrington rotor 1 showed an error within 4%. The 

power comparison shown in Figure 7 illustrates the 

SA-DES predictions are in excellent agreement with 

the experimental data within the maximum prediction 

error of 3.5%. 

  

Figure 7: Comparison of power of the Harrington rotor 
1 with the experiment on advance ratio 

This study investigated the thrust produced by an iso-

lated coaxial rotor at an advance ratio of 0.15 in low-

speed flight conditions with various mesh counts to 

confirm the mesh density used for the computational 

analysis of the X2TD rotor. Table 4 shows the thrust 

generated by the rotor on the number of cells with the 

total computation time. Thrust was investigated and 

compared for the resolution test in four cases, ranging 

in total cell counts from 44 million to 74 million. The 

thrust grew as the total number of cells increased. 

Particularly, case employing 60 million cells in-

creased thrust by about 2% compared to case of 54 

million cells. Compared to the case using 60 million 

cells, thrust increased by about 0.4% when 74 million 

cells were used, and computation time increased by 

six hours. Thus, considering the computational time 

and thrust, a case with 60 million cells is chosen, 

providing accurate thrust at less computational cost 

than the case with 74 million cells. 

Table 4: Grid convergence test results of X2TD iso-
lated rotor 

Total cells Time Thrust [N] 

44 mil. 18 hrs. 26,900 

54 mil. 26 hrs. 27,100 

60 mil. 30 hrs. 27,500 

74 mil. 36 hrs. 27,600 



The sectional normal forces generated by the upper 

and lower rotor blades were compared with the other 

computational results to validate the aerodynamic 

performance of the X2TD isolated coaxial rotor (Ref. 

24). Another solver’s investigation of the sectional 

normal force in slow-speed flight conditions was 

compared to perform additional comparisons with the 

other computational results (Ref. 28). Figure 8 and 

  

(a) Upper rotor at chord position of 0.30R (b) Lower rotor at chord position of 0.30R 

  

(c) Upper rotor at chord position of 0.85R (d) Lower rotor at chord position of 0.85R 

Figure 8: Sectional normal force coefficient in μ=0.15 

  

(a) Upper rotor at chord position of 0.30R (b) Lower rotor at chord position of 0.30R 

  

(c) Upper rotor at chord position of 0.85R (d) Lower rotor at chord position of 0.85R 

Figure 9: Sectional normal force coefficient in μ=0.41 



Figure 9 show the normal force coefficients 

investigated at chords located at 0.3R and 0.85R in 

the spanwise of the blades for advance ratios of 0.15 

and 0.41 which are the low and high-speed flight 

conditions. The azimuth angle is opposite for the 

blade positions for the lower rotor, rotating clockwise, 

and the upper rotor rotating counterclockwise. The 

absolute azimuth angle was set when rotating 

counterclockwise, standardizing it for both rotors to 

prevent confusion caused by the differences. The 

sectional forces investigated at chord locations of 

0.30R and 0.85R were analyzed closely compared to 

the other results using OpenFOAM and OVERFLOW. 

Additionally, when the lower rotor blade faced the 

advancing side, a rapid increase in normal force was 

accurately predicted at the 0.85R chord position. 

The low-speed flight conditions were validated by 

comparing the normal force on the azimuth angle with 

the other computational results. Based on the valida-

tion, OVERFLOW’s investigation of the results and 

the normal forces created by the upper and lower ro-

tor blades at an advance ratio of 0.41 in high-speed 

flight conditions were compared. The OVERFLOW 

results indicated small differences at the 0.85R chord 

position, where the lower rotor passes the retreating 

side, and the upper rotor passes the advancing side 

from 270°°to 360°. On the other hand, other regions 

generated similar predictions about the normal forces. 

This validation confirms that employing the SA-DES 

model to investigate the IRS effects on aerodynamics 

and noise for the X2TD helicopter is appropriate. 

5.2. IRS Effects on Aerodynamics in Low-Speed 

Conditions 

This study investigated the IRS effects on the coaxial 

rotor helicopter’s aerodynamics when the advance 

ratio is 0.15 in low-speed flight conditions. The thrust 

generated at the upper and lower rotors as the IRS 

increases is displayed in Figure 10, and Table 5 

presents the averaged thrust coefficient. The thrust 

fluctuation of the upper and lower rotors is 8/rev, 

indicating that for one revolution, the rotor blade 

passes the other eight times. The interference scale 

between the upper and lower rotor diminished as the 

IRS increased, improving thrust. There is a tendency 

to absorb the flow beneath the upper rotor, mainly 

when the lower rotor rotates. This reduces the 

pressure difference between the lower and upper 

surface of the upper rotor so that the thrust decreases. 

However, when the IRS increases, the flow 

absorption from the upper to the lower rotor weakens, 

and the upper rotor’s thrust increases. Also, the lower 

rotor’s thrust dropped less when the blades crossed 

the lower rotor, with a spacing of 45°° This is because 

the wake created by the upper rotor interacted with 

the lower rotor less than IRS is small. This leads to 

generating the additional thrust at the lower rotor. 

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 10: Thrust coefficient on azimuth angle in low-
speed flight condition 

Table 5: Averaged thrust coefficient depending on 
IRS at μ=0.15 condition  

IRS 0.055 0.083 0.110 

Upper rotor 0.00727 0.00752 0.00763 

Lower rotor 0.00729 0.00735 0.00750 

Total rotors 0.01460 0.01487 0.01513 
 

Investigating the normal force on the blade‘s 

spanwise is essential because the IRS increased the 

upper and lower rotor’s thrust. Figure 11 illustrates 

how the IRS affects the normal force along the 

spanwise of the upper and lower rotor blades in low-

speed flight conditions. Using the DBLN-526 airfoil, 



the normal force hardly changed before the chord 

position of 0.331R, while the IRS increased. However, 

significant differences in normal force were observed 

when using SC1012-R8 and SSCA-09 airfoils after 

the chord position of 0.468R. The upper rotor’s 

normal force improved as the IRS increased, 

especially as the chord position moved close to the 

tip. This is because the large IRS reduces the flow 

absorption force at the lower rotor, increasing the 

pressure difference between the upper rotor’s lower 

and upper blade surfaces. When the IRS increased, 

the lower rotor interacted with less downwash from 

the wake created by the upper rotor, and the inflow 

angle at the blade tip decreased, increasing normal 

force. The case with the small IRS generates more 

normal force than the large IRS, especially before the 

chord position of 0.85R, but creates less force over 

that position. Because the difference in the upper 

rotor’s normal force is maximum on the IRS, it is 

necessary to analyze the normal forces at the chord 

position at 0.85R on the azimuth angle. 

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 11: Normal force coefficient of rotor blade on 
spanwise in low-speed flight condition 

The IRS effect on the normal force at a chord position 

of 0.85R in low-speed conditions is shown in Figure 

12. The difference in the normal force is the most 

visible at the azimuth angle of 90° and 270°, where 

the upper and lower rotor blades pass through the 

advancing and retreating sides. Increased IRS 

improves the pressure difference between the blade’s 

upper and lower surface at the upper rotor with a high 

relative speed, generating additional normal force. In 

contrast, a small difference of normal force occurred 

on the retreating side due to stalling, in which the 

angle of attack is high, and the relative speed is slow. 

Strong downwash generated from the advancing side 

and significant flow separation on the upper rotor’s 

retreating side rarely affect the lower rotor blades 

when the IRS increases, so that increases the normal 

force. 

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 12: Sectional normal force coefficient on azi-
muth angle at r/R=0.85 in low-speed flight condition 

The IRS grew as the upper and lower rotor thrust in-

creased in low-speed flight conditions. This occurs 

due to changes in the flow around the X2TD helicop-



ter, so an investigation of the IRS effect on wake char-

acteristics is required. Figure 13 demonstrates the 

IRS effects on the wake structures of a coaxial rotor 

helicopter employing Q-criterion Iso-surfaces. The ro-

tor blades at the smallest IRS in Figure 13(a) gener-

ate significant rolled-up tip vortices due to interfer-

ence between the upper and lower rotors. At this point, 

the rotor blades’ advancing and retreating sides ex-

hibit super-vortices with strong vorticity. Also, due to 

the interference between the wakes created by the 

two rotors, unstable flows propagate to the rear. As 

the IRS increases, the interference displayed in Fig-

ure 13(b) and Figure 13(c) decreases. More steady 

flow may propagate over a wider area because it 

weakens the tip vorticity at the rotor blades’ advanc-

ing and retreating sides and reduces the interference 

between wakes at the back. 

 

 

(a) IRS = 0.055 

 

(b) IRS = 0.083 

 

(c) IRS = 0.110 

Figure 13: Wake structures represented by an iso-
surface of Q-criterion colored by vorticity magnitude 
in low-speed flight condition 

Figure 14 illustrates the IRS effects on the flow 

around the X2TD helicopter in low-speed flight condi-

tions by modeling the sectional vortex fields. Strong 

vorticity is created when the wake from the upper and 

lower rotors intersect, as seen in Figure 14(a). These 

wake then interfere with the fuselage, especially at 

the horizontal stabilizer. This occurrence gets weak-

ened, and the wake’s vorticity decreases when the 

IRS gets larger in Figure 14(b) and Figure 14(c). The 

interference between the rotors’ wake and the fuse-

lage could impact the helicopter’s aerodynamics and 

maneuverability, so it is essential to analyze the IRS 

effect on the fuselage’s pitching moment. 

 

 

(a) IRS = 0.055 

 
(b) IRS = 0.083 

 
(c) IRS = 0.110 

Figure 14: Vorticity contours around X2TD helicopter 
with IRS effect in low-speed flight condition 



To investigate the interference between the wake cre-

ated by the rotors and the fuselage, Figure 15 dis-

plays the IRS effects on the fuselage’s pitching mo-

ment in low-speed conditions. The fluctuations show 

8/rev that each rotor passes the fuselage four times 

for a revolution. But when the IRS increases, the 

wake created by the upper rotor rarely interferes with 

the fuselage. So, when looking at the case of 

IRS=0.110, the fluctuation’s amplitude at the 2nd, 4th, 

6th, and 8th are reduced. Also, the interference be-

tween the lower rotor and the fuselage decreases as 

IRS increases because the wakes from the upper and 

lower rotors have less vorticity. The advancement of 

stability indicates that as IRS increases, the coaxial 

helicopter’s maneuverability improves. 

 

Figure 15: Moment area of the fuselage at IRS effect 

on azimuth angle in low-speed flight condition 

5.3. IRS Effects on Aerodynamics in High-Speed 

Conditions 

The IRS effects on the aerodynamics and flow around 

the helicopter were analyzed in low-speed flight con-

ditions. Likewise, to investigate the IRS effects in 

high-speed flight conditions, the advance ratio is set 

to be 0.41. Figure 16 illustrates the IRS effects on the 

thrust in high-speed flight conditions. Table 6 shows 

the average thrust coefficient per revolution for the 

upper and lower rotors, compared to the results from 

low-speed flight conditions demonstrated in Table 7. 

In high-speed flight conditions, compared to low-

speed flight conditions, the reduction rate in thrust 

fluctuation’s amplitude is lower when the separation 

distance of the upper and lower rotor increases. As a 

result, in low-speed flight conditions, the thrust gener-

ated by the upper and lower rotors increases by up to 

3.63% as the IRS increases. In contrast, only an ad-

ditional 0.71% of thrust is created in high-speed flight 

conditions. This is because the wake created by the 

upper rotor propagates faster, even with a smaller 

IRS, causing less interference with the lower rotor. 

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 16: Thrust coefficient on azimuth angle in high-
speed flight condition 

Table 6: Averaged thrust coefficient on IRS in high-
speed flight condition 

IRS 0.055 0.083 0.110 

Upper rotor 0.00625 0.00628 0.00629 

Lower rotor 0.00644 0.00648 0.00649 

Total rotors 0.01269 0.01276 0.01278 
 

Table 7: Comparison of averaged thrust coefficient of 
total rotors on IRS in low and high-speed conditions 

IRS 0.055 0.083 0.110 

μ=0.15 0.01460 0.01487 0.01513 

Growth rate - +1.85% +3.63% 

μ=0.41 0.01269 0.01276 0.01278 

Growth rate - +0.56% +0.71% 



The IRS effect on the normal force on the blade’s 

spanwise in high-speed flight conditions is shown in 

Figure 17. The DBLN-526 airfoil provides minimal 

changes in normal force before to the chord location 

0.331R, similar to low-speed flight conditions, though 

the IRS increases. However, there was a significant 

change in normal force for the chord position range of 

0.6R to the tip when employing the SSCA-09 airfoil. 

When IRS increases, the upper rotor indicates an in-

crease in normal force towards the blade’s tip, while 

the lower rotor shows a decrease. To explain these 

results, one needs to investigate the normal forces 

generated on the blade’s chord at an azimuth angle 

at a chord position of 0.85R or the same location as 

the investigation in low-speed flight conditions.  

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 17: Normal force coefficient of rotor blade on 
spanwise in high-speed flight condition 

Figure 18 displays the IRS effects on the normal force 

at the chord location of 0.85R in high-speed flight 

conditions on the azimuth angle. The smallest IRS 

showed the largest fluctuation amplitude at the upper 

rotor in the high relative speed area with the azimuth 

angle from 0° to 180°, and the lower rotor from 180° 

to 360°. Regardless of the azimuth angle, the normal 

force was similarly analyzed in all ranges while the 

IRS increased. The reduced wake absorption from 

the lower rotor and the decreased interference 

between the upper rotor’s wake and the lower rotor 

as the separation distance increased led to a 

reduction in the amplitude of normal force fluctuations 

with increasing IRS. However, the thrust increaseing 

rate with IRS is less in high-speed flight conditions 

than in low-speed flight conditions. 

 

(a) Upper rotor (CCW) 

 

(b) Lower rotor (CW) 

Figure 18: Sectional normal force coefficient on azi-
muth angle at r/R=0.85 in high-speed flight condition 

To analyze the IRS effects on the coaxial rotor 

helicopter’s wake structure, Figure 19 displays how 

IRS affects the wake characteristics in high-speed 

flight conditions using Q-criterion Iso-surface. While 

the IRS increases, the vorticity intensity at the ad-

vancing and retreating sides of the rotor blades is un-

changed, in contrast to low-speed conditions. Fur-

thermore, the turbulence around the rotor blades gets 

weakened because of the fast-forward flight, even 

though there was little interference between the 



Figure 19: Wake structures represented by an iso-
surface of Q-criterion colored by vorticity magnitude 
in high-speed flight condition 

wakes produced by the upper and lower rotor blades. 

Figure 20 analyzes the IRS effects on the flow, which 

could interfere with the fuselage in high-speed flight 

conditions using the vorticity field. Interference be-

tween the wakes generated by the upper and lower 

rotors is visible in Figure 20(a), but it’s not as much 

as in low-speed flight conditions. So, the only flow 

with weak vorticity propagates toward the rear side. 

Small-scale vortices were created when the IRS in-

creased, as shown in Figure 20(b) and Figure 20(c), 

and the interference between the wakes and the fu-

selage is almost nonexistent. IRS effects on the fuse-

lage’s pitching moment in high-speed flight conditions 

on azimuth angle are shown in Figure 21. It also indi-

cates 8/rev fluctuations, the same as low-speed flight 

conditions. 

 

 

(a) IRS = 0.055 

 

(b) IRS = 0.083 

 

(c) IRS = 0.110 

Figure 20: Vorticity contours around X2TD helicopter 
with IRS effect in high-speed flight condition 

 

Figure 21: Moment area of the fuselage at IRS effect 

on azimuth angle in high-speed flight condition 

 

 

(a) IRS = 0.055 

 

(b) IRS = 0.083 

 

(c) IRS = 0.110 



However, because the interference scale between 

the wake and the fuselage is smaller, the IRS 

changes hardly affect the fuselage’s pitching moment. 

So, although the IRS increases, the maneuverability 

will not be changed. 

5.4. IRS Effects on Noise of Coaxial Rotor Heli-

copter 

The IRS effects in low and high-speed flight 

conditions significantly affect the aerodynamics of a 

coaxial rotor helicopter, which could impact its 

aeroacoustic performance. Figure 22 and  Figure 23 

Analyze the IRS effects on the X2TD helicopter’s 

aeroacoustics by investigating the Overall Sound 

Pressure Level (OASPL) across the azimuth and 

elevation angles in low and high-speed flight 

conditions. At the azimuth angle, noise levels 

decrease with increasing IRS, mainly due to reduced 

thickness noise on the advancing and retreating sides 

of the rotor blades. In low-speed flight conditions,  

Figure 22: Variation of Overall Sound Pressure Level (OASPL) in low-speed flight condition 

 

  

(a) Azimuth angle (b) Elevation angle 

 

  

(a) Azimuth angle (b) Elevation angle 

Figure 23: Variation of Overall Sound Pressure Level (OASPL) in high-speed flight condition 



noise levels at IRS=0.083 and IRS=0.10 were about 

2 dB lower than IRS=0.055. Looking at high-speed 

flight conditions, the case of IRS=0.083 created noise 

2 dB lower than IRS=0.055, and the IRS=0.110 

reduced an additional 1 dB. Also, noise levels 

decreased with increasing IRS at the elevation angle, 

especially at 90° and -90°, where the reductions were 

the most noticeable. Specifically, at 90°, the case of 

IRS=0.083 predicted 4 dB lower noise than at 

IRS=0.055, and the case of IRS=0.110 reduced by 6 

dB. At -90°, the noise reductions were 5 dB and 7 dB 

in the cases of IRS=0.083 and IRS=0.110, respec-

tively. These indicate that increasing IRS reduces the 

interference between the rotor wakes and between 

the rotors and the fuselage, decreasing the unsteady 

loading noise. This reduction is particularly significant 

at elevation angles of 90° and -90°, so it is essential 

to analyze the noise specifically in these areas 

through the BPF harmonic spectra To investigate 

significant noise differences, Figure 24 and Figure 25 

demonstrate the IRS effects on the BPF harmonic 

spectra at elevation angles of 90° and -90° in both 

low-speed and high-speed flight conditions. The first 

BPF showed a reduction in noise  

of about 0.5 dB for IRS=0.083 compared to 

IRS=0.055 and a decrease of 3 dB for IRS=0.110 in 

the low-speed flight condition at an elevation angle of 

90°. It shows that at -90°, the noises were predicted 4 

and 9 dB lower than for the IRS=0.055 case. 

Subsequent BPFs showed a general decrease in 

noise levels with increasing IRS. The first BPF in the 

high-speed flight condition depicted noise reductions 

of 3 dB and 5 dB with increasing IRS at 90°, with noise 

reductions of 4 dB and 9 dB at -90°. The investigation 

of the contributions of helicopter components to the 

noise when IRS changes are required by a more 

significant decrease in noise at -90° than at 90°. At  

  

(a) θ = 90° (b) θ = -90° 

Figure 24: Comparison of acoustic BPF harmonic spectra in low-speed flight condition 

  

(a) θ = 90° (b) θ = -90° 

Figure 25: Comparison of acoustic BPF harmonic spectra in high-speed flight condition 



elevation angles of 90° and -90°, Figures 26 and Fig-

ure 27 demonstrate the noise contribution from the 

X2TD helicopter’s upper and lower rotors, fuselage, 

and full configuration as IRS changes. The upper ro-

tor was shown to be the main source of noises affect-

ing the acoustics of the helicopter, while the fuselage 

has the most minor effect on noise levels in all condi-

tions. In both low and high-speed flight conditions, the 

noise produced by the fuselage decreased by 1 dB at 

90° and 2 dB and 3 dB at -90°, respectively, when IRS 

increased from the case of IRS=0.055 to IRS=0.083 

and IRS=0.110. For the upper rotor, in low-speed 

flight conditions, noise decreased by 6 dB and 11 dB 

at 90° and -90°, respectively, as IRS increased. And 

in high-speed flight conditions, lower noises were pre-

dicted by 5 dB and 8 dB, respectively. Consequently, 

for both conditions, the noise created from the full 

configuration decreased by 5 dB when IRS increased 

from IIRS=0.055 to IRS=0.083 and by 7 dB in the 

case of IRS=0.110 at 90°. At -90° location, noise de-

creased by 5 dB at IRS=0.083 and by 10 dB at 

IRS=0.110. This demonstrates a reduction in noise 

contribution from the upper rotor, leading to lower 

noise levels in the full configuration under both condi-

tions. 

6. CONCLUSIONS 

This study employed the SA-DES governing equa-

tions and the FW-H acoustic analogy method to ana-

lyze and compare the noise and aerodynamic effects 

of IRS on the coaxial rotor at the main rotors of the 

high-speed and long-range compound helicopter 

X2TD in low-speed conditions with an advance ratio 

of 0.15 and high-speed conditions with an advance 

ratio of 0.41. Based on the advance ratio, the thrust 

and power of the coaxial rotor model Harrington rotor 

1 in forward flight were investigated and compared 

with experimental data. This study compared the 

X2TD rotor’s normal forces, which depend on azimuth 

angle and advance ratio, with other computational re-

sults. The thrust created by the blades and the normal 

forces on the spanwise and azimuth angles all 

  

 (a) θ = 90° (b) θ = -90° 

 Figure 26: Comparison of noise contribution at different elevation angles in low-speed flight condition 

  

(a) θ = 90° (b) θ = -90° 

 Figure 27: Comparison of noise contribution at different elevation angles in high-speed flight condition 



showed aerodynamic effects due to IRS. Pitching mo-

ments resulting from the fuselage through vortex flow 

fields were compared. Noise at elevation angles was 

examined to investigate the IRS effect on loading 

noise. The effects of IRS changes on noise and aer-

odynamics at low-speed and high-speed conditions 

are discussed below. 

1. In low-speed conditions, as IRS increases, the 

strength of the lower rotor to absorb the wake 

from the upper rotor weakens, and the interfer-

ence between the wake generated by the upper 

and lower rotors decreases, resulting in increased 

thrust and a reduction in the amplitude of thrust 

fluctuations on the azimuth angle. In high-speed 

conditions, even though IRS increases, the 

wakes generated by the two rotors propagate 

faster than in low-speed conditions, resulting in a 

lower rate of increase in thrust.  

2. Strong rolled-up phenomena and significant vorti-

city are created at the advancing and retreating 

sides of the blades when low-speed conditions 

with low IRS go on due to the overlapping of the 

wakes from the upper and lower rotors. As IRS 

increases, the interference between these two 

wakes becomes weaker. However, in high-speed 

conditions, the two rotors’ wakes propagate faster 

in the direction of the rear, reducing the effect of 

IRS on wake interference. 

3. Aerodynamic interference occurs when the two 

rotors’ wakes flow toward the fuselage’s horizon-

tal stabilizer during forward flight. At low-speed 

conditions, this interference diminishes with in-

creasing IRS, reducing the fuselage’s pitching 

moment. Even when the IRS grows, the impact 

on the fuselage’s pitching moment is minimal be-

cause, in high-speed conditions, the wake gener-

ated by the upper rotor and the fuselage almost 

rarely interact. 

4. Noise reduction over a range of angles results 

from less loading noise affecting the upper and 

lower rotors as the IRS increases, both in low-

speed and high-speed conditions 

5. The hub in the main rotor of a coaxial rotor-based 

helicopter generates most of the drag in the full 

configuration of the helicopter. When the IRS in-

creases, the size of the mast fairing located be-

tween the upper and lower rotors also increases, 

potentially generating detrimental drag. Therefore, 

the impact of IRS on the drag will be analyzed for 

coaxial rotor-based helicopters equipped with a 

hub and mast fairing. 
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