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Abstract 

Three-dimensional unsteady Euler equations are numerically solved to simulate the unsteady flows around forward flight heli-
copter with coaxial rotors based on unstructured dynamic overset grids. The performances of the two coaxial rotors both become 
worse because of the aerodynamic interaction between them, and the influence of the top rotor on the bottom rotor is greater than
that of the bottom rotor on the top rotor. The downwash velocity at the bottom rotor plane is much larger than that at the top rotor
plane, and the downwash velocity at the top rotor plane is a little larger than that at an individual rotor plane. The downwash
velocity and thrust coefficient both become larger when the collective angle of blades is added. When the spacing between the 
two coaxial rotors increases, the thrust coefficient of the top rotor increases, but the total thrust coefficient reduces a little,
because the decrease of the bottom rotor thrust coefficient is larger than the increase of the top rotor thrust coefficient. 
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1. Introduction1

Coaxial rotors configuration is one of the techno-
logical solutions for increasing helicopter load-carr- 
ying ability. Since two rotors produce the net thrust 
instead of a single rotor in the conventional design, the 
diameter of the rotors can be reduced to carry the same 
amount of weight. The most attractive feature of a co-
axial design is the resulting compactness and safety of 
the vehicle. Secondly, the converse torsional moments 
generated by the two rotors would be canceled due to 
the opposite rotational directions, and the tail rotor and 
tail boom can be eliminated, resulting in a smaller and 
lighter vehicle. 
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Compared to the individual rotor helicopter, the 
aerodynamics and flow physics of coaxial rotor heli-
copter are relatively less studied and understood. The 
method of slipstream theory was firstly used to study 
the coaxial rotors, and then the predicted wake vortex 
model[1-2], free wake vortex model[3], momentum the-
ory[4], and blade-element momentum theory(BEMT)[5-6]

were applied to the coaxial rotor analysis. Recently, 
the unsteady Euler/Navier-Stokes equations based on 
structured overset grids were used to simulate the 
time-accurate flows around coaxial rotors[7-9]. In our 
nation, some researchers have used methods of mo-
mentum source terms[10-11], rigid-wake mode[12], ex-
perimental data analysis[13], and free-vortex wake 
model[14] to investigate the property of coaxial rotors. 
Except the time-accurate unsteady simulation method,  
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the other methods above all carried out some approxi-
mations to the rotor, and the detailed flow feature near 
the blades and blade vortex in the wake could not be 
simulated, and the solutions were just time-averaged. 
In the previous study, Xu, et al. investigated the aero-
dynamics of the coaxial rotor helicopter in hover by 
solving the unsteady Euler equations based on un-
structured dynamic overset grids[15]. At present, studies 
of time-accurate numerical simulation of the forward 
flight coaxial rotor helicopter have not been found in 
the open literature domestically. 

In the present article, three-dimensional unsteady 
Euler equations are solved to simulate the forward 
flight flow around coaxial rotor helicopter based on 
the unstructured dynamic overset grids. The aerody-
namic interaction property of the coaxial rotor heli-
copter in forward flight, and the influence of some 
parameters on the coaxial rotor performance are inves-
tigated fairly detailedly. 

2. Unstructured Overset Grid Generation 

For the lack of the standard model of coaxial rotor 
helicopter, here we use an assembled model. The fuse-
lage model of the NASA (National Aeronautics and 
Space Administration) ROBIN (ROtor-Body INterac-
tion) configuration is used for the coaxial rotor heli-
copter’s fuselage, and the coaxial rotors are two-layer 
four-blade rotors. The ROBIN fuselage has an ana-
lytical configuration, and the coordinates of the 
ROBIN body are defined by super-ellipse equations. 
For a given non-dimensional body longitudinal station, 
the non-dimensional coordinates of the cross section 
are obtained from the analytic functions for the model 
height, width, camber and elliptical power, and Ref.[16]
gives the detailed analytic functions. The blades are 
made of an NACA (National Advisory Committee for 
Aeronautics) 0012 airfoil section and have a rectangu-
lar planform shape with an aspect ratio of 12.98. The 
root cutout is at 24% of the radius. The blades have no 
linear twist and the forward tilt angle of rotor shaft is 

.
The two-layer rotors rotate at converse directions 

with a high velocity when the coaxial rotors are on 
working. For the effective treatment of the compli-
cated flow field involving the relative motion between 
the blades and the fuselage, the computational domain 
is decomposed into three subzones. The two rotational 
subzones contain the top and bottom rotors respec-
tively, and rotate with them. The stationary subzone 
covers the remainder of the flow field including the 
fuselage and the far wake of the rotor. 

After grid generation, we can obtain the unstruc-
tured overset grids for the coaxial rotor helicopter con-
figuration, containing three subzone meshes, as shown 
in Fig.1. The slice meshes of the top rotor subzone and  

bottom subzone and fuselage subzone are shown in 
Figs.1(a)-(c) respectively, and the overlapping drawing 
of the slice meshes is shown in Fig.1(d). The proce-
dure of generating unstructured overset grids was 
given detailedly in Refs.[17]-[18]. This method can  
ensure that there is always a reasonable overlapping 
area between overset subzones at every time stepping 
during the unsteady simulation, without any hole 
boundary regeneration and inverse map grid genera-
tion, which increases the efficiency of generating 
overset grids and unsteady simulation. 
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Fig.1 Overset grids of coaxial rotors helicopter.

3. Numerical Method 

3.1. Governing equation 

The unsteady Euler equations in an arbitrary lagran-
gian Eulerian (ALE) formulation[19] are discretized by 
a centre finite-volume method on the inertial coordi-
nate system. The integral form of unsteady Euler equa-
tions for a bounded domain  with a boundary can
be written as 

d ( ) dV S
t

0Q F Q n      (1) 

where Q=[ u v w e0]T, and F(Q) is the invis-
cid flux vector and n is the exterior surface unit normal 
vector on the boundary. Variables  and e0 are the den-
sity and total energy per unit volume, respectively. u, v
and w are the velocities in x, y and z(downwash veloc-
ity) axes, and they are non-dimensionalized by the 
sonic velocity of incoming flow. The inviscid flux 
across each cell face is computed based on the 
Jameson’s central difference scheme. To obtain sec-
ond-order spatial accuracy, estimation of the state 
variables at each cell face is achieved by interpolating 
the solution using the Taylor series expansion in the 
neighborhood of each cell center. The cell-averaged 
solution gradient required at the cell center for the 
above expansion is computed from the Gauss’ theorem 
by evaluating the surface integral for the closed sur-
face of the tetrahedron. The expansion also requires 
the nodal value of the solution, which can be computed 
from the surrounding cell center data using a sec-
ond-order accurate pseudo-Laplacian averaging pro-
cedure.

3.2. Time stepping 

A dual-time stepping[20] is adopted to advance the 
time-accuracy solution in time for the ith volume ele-
ment as follows:  
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where  is the pseudo time, t the scale of real 
time-stepping, Vi

n the volume of grid element at time 
level n, R(Qi

n+1) the residual in pseudo timestepping, 
and R*(Qi

n+1) the residual in real timestepping. An ex-
plicit multi-stage timestepping scheme is used to dis-
cretize the time derivative in Eq.(2). The solution is 
advanced from time t to t+ t with a four-stage 
Runge-Kutta scheme[21], given by 
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where j = 1,2,3,4 is the stage counter for the four-stage 
scheme and j is the multi-stage coefficient for the jth
stage with values being 1/4,1/3,1/2 and 1 respectively 
in this article. 

4. Results and Discussion 

4.1. Simulation of coaxial rotors in hover 

The validation of the present method for predicting 
forward flight flow around coaxial rotor helicopter is 
made for the coaxial rotor model in hover, which is 
experimented in Japan in the late 1970s[22]. The hover 
state is considered as a special forward flight, namely 
the advancing ratio is zero. The blades have an NACA 
0012 airfoil section with no twist angle, and the calcu-
lation model has no fuselage. The parameters of coax-
ial rotors are shown in Table 1. 

Table 1 Parameters of experimental coaxial rotors
Name of parameter Symbol Value 

Radius of rotors R/m 0.38 
Rotor spacing H/m 0.10 
Airfoil chord c/m 0.06 
Root cutout rc/% 21 

Rotational speed /(rad·s 1) 324.5 
Collective angle /(°) 3-12 

The slice meshes of the unstructured overset grids 
are shown in Fig.2. After a series of unsteady calcula-
tions, the variation of thrust coefficient CT with torque 
coefficient CQ is shown in Fig.3, and they have a fairly 
good agreement with the experimental data, which 
demonstrates that the present method is effective and 
accurate for the prediction of unsteady flow around 
coaxial rotors. 

From Fig.3, we can find that the thrust of top rotor 
is larger than that of the bottom rotor for the same 
torque coefficient, due to the aerodynamic interaction 
between the two rotors. For the bottom rotor, the wake 
vortex of the top rotor directly traverses through the 
bottom rotor plane into its wake vortex, and the 
downwash is the collective effect of the two rotors, 
which results in decreasing the effective angle of at-
tack of the bottom rotor. So the thrust of the bottom 
rotor is smaller than that of the top rotor. 
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Fig.2  Overset grids of coaxial rotors. 

Fig.3 Comparison of CT -CQ curves in experiment and cal-
culation.

4.2. Simulation of forward flight coaxial rotor heli-
copter

The unsteady flow around forward flight coaxial 
rotor helicopter is simulated to investigate the aerody-
namic interaction among the two rotors and fuselage. 
The parameters of calculation are shown detailedly in 
Table 2. For the comparison between coaxial rotor 
helicopter and individual rotor helicopter, unsteady 

Table 2 Parameters of calculational coaxial rotor heli- 
copter

Name of parameter Symbol Value 

Advancing ratio 0.03 
Radius of rotor R/m 0.86 
Rotor spacing H/m 0.16 

Tip Mach number Mt 0.52 
Shaft tilting angle s/( ) 0

Attack angle /( ) 0
Coning angle /( ) 0

Longitudinal flapping angle 1/( ) 0
Lateral flapping angle 2/( ) 0

Collective angle /( ) 8
Longitudinal pitching angle 1/( ) 0

Lateral pitching angle 2/( ) 0

flow around an individual rotor helicopter is also 
simulated, and the configuration of the individual rotor 
helicopter is just the coaxial rotor helicopter configu-
ration with the top rotor removed. 

The thrust coefficients of coaxial rotors and indi-
vidual rotor varying with azimuth angle  are given in 
Figs.4-5, and after the second period, the results pre-
sent to be steady-going periodic solutions. For the co-
axial rotors, the thrust of top rotor is larger than that of 
bottom rotor, while the thrust of individual rotor is a 
little larger than that of the top rotor. From the com-
parison of the two figures, we can find that there are 
eight spikes in one period of the coaxial rotor thrust 
curve, while there are only four spikes in one period of 
the individual rotor thrust curve, and that the peak of 
fluctuation of the coaxial rotor thrust is larger than that 
of the individual rotor. For the coaxial rotors, the peak 
of fluctuation of the top rotor is a little larger than that 
of the bottom rotor. For the individual rotor helicopter 
model, only the fuselage has aerodynamic interactional 
influence on the rotor, so the appearance of the fluc-
tuation of thrust is attributed to the aerodynamic inter-
action between the rotating rotor and the fuselage 
when the blades pass through the above region of the 
fuselage, taking no account of the possible influence of 

Fig.4  Thrust coefficient curves of coaxial rotors.

Fig.5  Thrust coefficient curve of individual rotor. 
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the asymmetric coming flow. However, for the coaxial 
rotor helicopter model, not only the fuselage has an 
influence on the rotor, but also the two coaxial rotors 
have strong aerodynamic interactional influence on 
each other, so the eight locations of the spikes are the 
encounter locations of the two coaxial rotors, because 
the rotor can encounter the other one for eight times in 
one rotating revolution. The larger fluctuating spike of 
the coaxial rotor thrust comparing to the individual 
rotor demonstrates that the aerodynamic interaction 
between the two coaxial rotors is much stronger than 
that between the rotor and fuselage. For the bottom 
rotor, the fluctuation of the thrust is the result of the 
collective effect of the interactions of both the top ro-
tor and fuselage, and the fuselage’s interaction influ-
ence on the bottom rotor is stronger than that on the 
top rotor due to a shorter distance from the bottom 
rotor to the fuselage, so the fluctuation spike of the 
bottom rotor thrust is smaller than that of the top rotor. 

The comparison of downwash velocity w at the rotor 
planes on the longitudinal and lateral sectional planes 
respectively through the center of the rotor disk are 
given in Fig.6. The r denotes the radial distance from 
the center of rotor. The downwash velocity of the top 
rotor is a little larger than that of the individual rotor, 
and the downwash velocity of bottom rotor is much 
lagrer than that of the top rotor. This can be explained 

Fig.6 Comparison of downwash velocity.

as follows. The bottom rotor is located in the outflow 
of the top rotor, and the top rotor generates a large 
downwash velocity at the location of bottom rotor, 
adding the bottom rotor itself downwash, so the re-
sulting collective downwash velocity at the location of 
bottom rotor plane is much larger than that of the indi-
vidual rotor. On the other hand, the discrepancy of the 
downwash velocity can explain the difference of the 
thrust values between the two coaxial rotors in Fig.4. 
Larger downwash velocity decreases the effective an-
gle of attack of the bottom rotor, resulting in a smaller 
thrust coefficient. 

The spatial streamlines through the longitudinal 
mid-plane at the zero-azimuth-angle blade location are 
shown in Fig.7 for both the coaxial and individual ro-
tor helicopter models. It is found that the flow around 
the coaxial rotor helicopter has a stronger downwash 
than the individual rotor helicopter, due to the larger 
thrust generated by the coaxial rotors, resulting in a 
stronger downwash flow. 

Fig.7 Streamlines on longitudinal mid-plane.

Fig.8 shows the iso-vorticity contours computed 
from the solution over the entire overset grids at a 
given instant. The figure shows the position of the ro-
tor blades at that time level, and the vortices coming 
off the blades can be seen distinctly. The formation of 
the trailing tip vortex, its migration to the downstream 
of the rotor, and the impingement of the tip vortex on 
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the fuselage can be observed in the figure. The forma-
tion of the rotor disk vortex similar to the tip vortex of 
fixed wing is also clearly demonstrated. 

Fig.8 Instantaneous iso-vorticity surface in the flowfield.

The surface streamlines on the fuselages of coaxial 
rotor helicopter and individual rotor helicopter are 
both shown in Fig.9 There are upwash vortex flows on 
the top of the fuselages, and the directions of the vor-
tex are the same as the rotational directions of the bot-
tom rotor and individual rotor respectively. It is found 
that the strength of the vortex of the coaxial rotor 
helicopter model is weaker than that of the individual 
rotor helicopter model, because the converse wake 
vortex induced by the top rotor decreases the strength 
of the vortex on the top of the fuselage. Additionally, 
the centers of the vortex of both models are behind the 
rotor shaft centers due to the streamwise component 
velocity of the coming flows. 

Fig.9 Surface streamlines on fuselages.

In order to investigate the influence of blade collec-
tive angle  on the performance of forward flight co-
axial rotor helicopter, the two models with blade col-
lective angle of 12  are both simulated here, and the 
comparison with the cases of blade collective angle of 
8  is given in Table 3. 

Table 3 Comparison of thrust coefficients between dif-
ferent collective angles

CT

Parameter
Top rotor Bottom 

rotor
Summa-

tion
Individual 

rotor

=8 0.004 7 0.002 9 0.007 6 0.005 1 

=12 0.007 8 0.005 7 0.013 5 0.008 6 

Increment 0.003 1 0.002 8 0.005 9 0.003 5 

From Table 3, we can find that the thrusts of coaxial 
rotors and individual rotor all increase when the col-
lective angle of blade becomes larger. The increment 
of the top rotor is larger than that of the bottom rotor, 
and the increment of the individual rotor is a little lar-
ger than that of the top rotor. 

Additionally, the influence of the rotor spacing on 
the performance of coaxial rotor helicopter is also in-
vestigated here by increasing the rotor spacing to 
0.24 m, with the blade collective angle kept at 8 . The 
calculation results are shown in Table 4. 

Table 4  Comparison of thrust coefficients between dif-
ferent rotor spacings

CT
Parameter 

Top rotor Bottom rotor Summation

H=0.16 m 0.004 70 0.002 90 0.007 60 

H=0.24 m 0.004 75 0.002 65 0.007 40 

Increment 0.000 05 0.000 25 0.000 20 

From Table 4, we can find that when the rotor spac-
ing becomes larger, the thrust coefficient of top rotor 
increases a little, but the thrust coefficient of bottom 
rotor decreases more, resulting in the total thrust coef-
ficient reducing. The result of the comparison demon-
strates that the aerodynamic interference of the bottom 
rotor on the top rotor decreases, while the interference 
of the top rotor on the bottom rotor is enhanced, with 
the resulting thrust reducing a little. 

5. Conclusions 

In the present article, the forward flight flows 
around the coaxial and individual rotor helicopters 
have been simulated by solving the three-dimensional 
unsteady Euler equations based on the unstructured 
dynamic overset grids, and some conclusions are ob-
tained as follows.  

(1) Compared to the individual rotor helicopter, the 
thrusts of both coaxial rotors are smaller; especially 
the thrust of bottom rotor is much smaller, which 
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demonstrates that the interaction between the coaxial 
rotors leads to decreasing the performance of the 
coaxial rotors, especially the bottom rotor.  

(2) The interaction between the coaxial rotors makes 
the downwash velocity at the bottom rotor plane much 
larger than that at the individual rotor plane, and the 
downwash velocity at the top rotor plane is a little lar-
ger than that at the individual rotor plane.  

(3) There are upwash vortex flows on the top of the 
fuselages of both helicopter models, and the strength 
of the coaxial rotor helicopter is weaker than that of 
the individual rotor helicopter.  

(4) The downwash velocity and thrust coefficient 
both increase when the collective angle of blade be-
comes larger.  

(5) When the rotor spacing increases, the thrust co-
efficients will increase for the top rotor and decrease 
for the bottom rotor, and the total thrust reduces a lit-
tle.

It is demonstrated that the present method of un-
structured dynamic overset grids is efficient and robust 
for simulating unsteady flows around helicopter with 
coaxial rotors, and new understandings of coaxial rotor 
systems and rotor/fuselage interactions will be studied 
in the future to uncover more aerodynamic problems 
of coaxial rotor systems. 
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