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Abstract. The presented work is dedicated to the numerical study of the aerodynamic characteristics of the helicopter ro-
tor. Two approaches to modeling of the rotor are applied: the free wake model developed by the Authors with using steady 
airfoil characteristics and the Unsteady RANS method based on the Ansys Fluent software. The modes of hovering and 
horizontal flight in the range of advancing ratio μ = (0-0.45) are considered. The shapes of the rotor wake, the distributions 
of the normal force coefficient and the fields of inductive velocities for all considered flight modes are calculated. For a 
particular case with μ = 0.25 there is a comparison with experimental data. The time needed for calculation of the applied 
methods is estimated. Accuracy of the used methods in the framework of the solved task is analysed with taking into ac-
count used models assumptions. It is shown that in the range of μ = (0-0.25) the free wake model provides a fast and reli-
able calculation of the aerodynamic characteristics of the helicopter rotor. For values of μ > 0.35 it is necessary to take into 
account the unsteady characteristics of the airfoil.
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Introduction

The aerodynamic characteristics of the helicopter rotor 
in the forward flight significantly depend on the vortical 
wake created by the rotor blades. The rotor wake at low 
and medium flight speeds is characterised by significant 
nonlinearity and complexity of its structure (Leishman, 
2006; Johnson, 2013). The vortices interact with the rotor 
blades (BVI – phenomenon), having a significant impact 
on distribution of aerodynamic loads along the blade. In 
the rotor wake the interaction of vortices leads to the roll-
ing up of the wake and the formation of two powerful 
rotor disc vortices.

Therefore, to solve practical tasks and problems related 
to determination of the aerodynamic characteristics of the 
rotor, it is necessary to take into account the deformation 
of the rotor wake under influence of its inductive velocity 
field.

Currently, FVM are widely used to solve practical tasks 
of helicopter rotor aerodynamics. It is generally accepted 
to distinguish two large classes of vortex models. The first 
type includes grid models based on VLM, where the free 
wake is modeled by the grid of vortex segments (Bhagwat 
& Leishman, 2000; Long & Fritz, 2004; Shcheglova, 2011; 

Colmenares et al., 2015; Dominique et al., 2018). The sec-
ond type is based on VPM (He & Zhao, 2009; He & Raj-
mohan, 2016; Singh & Friedmann, 2017; Tan et al., 2018; 
Alvarez & Ning, 2018). The blade of the rotor can be mod-
eled using the lifting line theory (Shcheglova, 2011) or the 
lifting surface theory. Also the hypothesis of plane sections 
is used (Leishman, 2006). A feature of the vortex models 
is necessity to use external data on the aerodynamic char-
acteristics of the airfoils. These data are usually based on 
the wind tunnel test results or computational methods.

With the growth of computational capabilities, meth-
ods of computational fluid dynamics, based on the solu-
tion of the Navier-Stokes equations by iterative method 
using the finite volume method, are also widely used. 
The most common is to use the RANS / Unsteady RANS 
(Reynolds-Averaged-Navier-Stokes) method as the least 
resource-intensive (Wenping et al., 2007; Potsdam et al., 
2009; Garipova et al., 2015; Kelly et al., 2015; Deng et al., 
2019; Kinzel et  al., 2019). It is also possible to use the 
DES (Detached-Eddy Simulation) method. DES allows 
clarifying the results obtained in comparison with the 
URANS method, especially the question of BVI, but it is 
extremely demanding for computing resources (Dehaeze 
et al., 2018). CFD methods make it possible to simulate 
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the dynamics of fluid flows taking into account the effects 
of viscosity, compressibility and stall phenomenon. These 
methods have a wide information content and potentially 
higher accuracy than vortex methods, but they are very 
sensitive to the choice of the turbulence model and the 
quality of the meshes (Ignatkin & Konstantinov, 2012). 
The disadvantage of such methods is extremely large com-
putational resources necessary to solve tasks related to the 
helicopter rotor aerodynamics (Kritsky et al., 2016).

Coupled methods combining the vortex theory for 
free wake modeling and CFD methods for modeling the 
flow around the blade are also widely used (Bhagwat et al., 
2006; Farrokhfal & Pishevar, 2014; Zhao et al., 2017; Shi 
et al., 2017). This approach allows combining high perfor-
mance calculations with high accuracy.

The presented work is concentrated on comparative 
analysis of the capabilities of two modern computational 
methods on the example of numerical simulation of heli-
copter rotor aerodynamic characteristics at the forward 
flight.

1. Object and methods of study

Parameters of the rotor and calculation. Calculation of 
aerodynamic characteristics was performed for the testing 
model of a rotor with the following parameters: number of 
blades is Nb = 4; rotor solidity σ = 0.133; linear speed of 
the blade tips ωR = 45.24 m/s; the blade pitch angle θ = 8°; 
the twist of the blade θtw = 0°; blade chord c = 0.15 m; the 
radius of the rotor R = 1.2 m; the radius of the blade root 
section r0 = 0.2 m, angle of attack of the rotor αR = 0°. The 
rotor is absolutely rigid and does not make the flapping 
motions relative to the hinges. The blades are rectangular 
in plan with a profile NACA 0012.

Calculations of the aerodynamic characteristics of the 
rotor on the hover mode and on the forward flight with 
advance ratio μ = 0.05; 0.1; 0.15; 0.25; 0.35; 0.45 have been 
performed.

Free wake model. The basis of the model developed at 
the Department of “Helicopter Design” MAI is the lifting 
line theory (Ignatkin et al., 2009). The rotor blade is mod-
eled by an attached vortex located on the quarter chord 
of the blade. To calculate the aerodynamic characteristics 

of the blade, the hypothesis of plane sections is used. The 
steady aerodynamic characteristics of the airfoils obtained 
by the wind tunnel tests at the real values of the Reynolds 
and Mach numbers are used. The blade is absolutely rigid, 
as in most vortex models for calculating the aerodynamic 
characteristics of the rotor (Bhagwat & Leishman, 2000). 
The model allows considering the flapping motions of the 
blades relative to the horizontal hinge (Long & Fritz, 2004).

The vortex lattice method used the system of longi-
tudinal and a transverse vortex departs from each rotor 
blade. Thus the free vortex wake behind the blade is a grid 
of quadrangular elements (Colmenares et al., 2015). Each 
element consists of vortex segments. The free vortex wake 
is deformed over time under the influence of the velocity 
of the free stream, as well as induced velocities from the 
vortex wake. As a result of the calculation, a free vortex 
wake is built step by step behind the rotor.

A feature of the vortex system used in the compu-
tational model is the representation of vortex segments 
as diffusing vortex lines (Shcheglova, 2011). This makes 
possible to simulate physical processes, occurring in the 
rotor wake, more accurately. Thus, it is possible to avoid 
mathematical features that lead to rapid destruction of 
the grid and the inability to simulate a lot of flight modes 
(Homayoun & Amir, 2003).

The used free wake model is characterised by low 
demands on computing resources (Kritsky et  al., 2016). 
The calculations based on this model were performed on 
a personal computer with CPU Intel Core i7 equipped 
with 6 computational cores (12 threads). To provide high-
resolution wake shapes of the rotor azimuthal step was 
Δψ = 3º. The calculation of one mode took about 20 hours 
for 10 revolutions of the rotor.

The computational model of the rotor is shown on 
Figure 1.

URANS method. Numerical simulation of the rotor 
by the URANS method was carried out in unsteady setting 
using a mesh with a sliding boundary interface. The calcu-
lations were performed on the supercomputer with using 
the ANSYS FLUENT software. The RANS closed by the 
Spalart-Allmaras turbulence model were used to describe 
the motion of a viscous turbulent flow of a compressible 
gas (Dindar et al., 2000; Ignatkin & Konstantinov, 2012).

Figure 1. Computational model of a rotor based on free wake model
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The calculated domain was a rectangular shape (Fig-
ure  2). The lateral boundaries of the computational do-
main were located from the axis of the model at a distance 
of 2.5R, the upper at a distance of 1.5R, the lower and 
input boundaries at a distance of 3R, the output bound-
ary at a distance of 5R. The blades were divided along the 
radius into 10 equal sections, the blade end section was 
additionally divided into two equal parts.

The calculated mesh had an unstructured topology 
and was built automatically. The mesh contains about fif-
teen million cells of tetrahedra and prisms. To determine 
reliably the aerodynamic characteristics of the rotor, the 
calculated mesh was adapted to the characteristics of the 
flow around the blades and was built with an increase of 
cells number in the end and end sections of the blades 
(Figure 2). To take account surface flow, a prismatic layer 
consisting of twelve prismatic cells, was created on the 
surface of the blade. The prismatic layer was constructed 
in such a way that the first node of the prismatic cell was 
located in a viscous sublayer ( 1Y + ≤ ).The initial turbu-
lence parameters were based on the average intensity of 
the mature turbulent flow. The value of the relative turbu-
lent viscosity was assumed to be equal to 3.

Calculations based on the RANS method were carried 
out with using of supercomputer with 150 cores. The cal-
culation of one mode took about 160 hours for 10 revolu-
tions of the rotor with azimuthal step Δψ = 0.216º

2. Presentation of the results and discussion

As a result of the calculations, the pictures of visualisation 
of the rotor wake shapes, diagrams of the vertical com-
ponent of the inductive velocities vy in the wake of the 
rotor, as well as diagrams of the distribution of the normal 
(normal to blade chord) force coefficient Сn (Leishman, 
2006) along the radius of the blade at various azimuths 
were obtained.

At the first stage of the study, the vortex wake shapes 
and the dependence of CТ = f(CQ) (power polar) of the 
rotor in the hover were calculated. Figure 3 and Figure 4 
presents these results by both used methods. In Figure 3 

there are results of visualisation of the free vortex wake 
obtained by free wake model (in this case a tip vortex 
trajectories have been visualised) and by URANS method 
(using isosurface). The presented results show good coin-
cidence of rotor wake shapes. The power polar present-
ed in the Figure 4 also shows good coincidence of rotor 
thrust and torque coefficient in hovering mode (Garipova 
et al., 2015) obtained by both methods.

The results of visualisation of the rotor wake shapes at 
the rotor advancing ratio μ = (0.05-0.45) are shown in Fig-
ure 5. Starting with advancing ratio value of μ = 0.05 (see 
Figure 5a) the formation of vortex wake into the system of 
the right and left rotor disc vortexes is observed (Shi et al., 
2017; Tan et al., 2018). This feature of the vortex system is 
mostly characteristic for μ = (0.1-0.25) (see Figure 5b–d). 
In fact, for all considered modes, the results of visualiza-
tion of the rotor wake shapes on the basis of the free wake 
model and the RANS method are in good agreement with 
each other.

Figures 6 shows calculated distributions of the coeffi-
cients of the normal force Cn along the radius of the blade 
for different azimuthally position for the advancing ratio 
values μ = (0-0.45). There is a satisfactory agreement be-
tween the results of calculations based on the free wake 
model and the RANS method for the values μ  = (0.05-
0.25) (Figures 6a–d). For μ = 0.25, the results of an experi-
ment in a wind tunnel (Belotserkovskii & Loktev, 1992) 
are additionally presented, confirming the reliability of the 
obtained calculations results (Figure 6d). At the μ = 0.35 
(Figure 6e) and μ = 0.45 (Figure 6f), there are observed 
significantly differences between the results of normal 

Figure 2. The model of the blade/rotor and the computational 
mesh used of the URANS method

 a) b)

Figure 3. Comparison of rotor wake visualisation at hover by 
URANS method (a) and by free-wake model (b)

Figure 4. Calculated dependences of СТ = f(СQ) in hover
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a) μ = 0.05 b) μ = 0.1

c) μ = 0.15 d) μ = 0.25

e) μ = 0.35 f) μ = 0.45

Figure 5. Comparison of rotor wake visualisation at the forward flight received by URANS method 
(isosurface) and by free wake model (blade tip vortex trajectories)
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force coefficient distributions obtained by both methods. 
Meanwhile, with growth μ values from 0.35 to 0.45 the 
difference of obtained results is also growing up. This fact 
is obviously related to the assumptions of the free wake 
model using the steady airfoil characteristics and the plane 
section hypothesis (Leishman, 2006; Johnson, 2013). 

Figure 7 shows the calculated diagrams of inductive 
velocity profiles in the wake of the rotor on the stud-
ied modes. Diagrams of inductive velocities were deter-
mined along the control line located in the coordinate 
system associated with the rotor OXYZ (see Figure 1). 
The diagrams show a vertical projection of the inductive 
velocity. The diagrams of inductive velocities obtained 

on the basis of calculations by the free wake model and 
URANS method satisfactorily coincides at the values of 
μ = (0-0.35) (Figure 7b–e). Differences are observed at 
μ = 0.05 (Figure 7a) and μ = 0.45 (Figure 7f). In the first 
case (μ = 0.05), the differences of the inductive velocity 
diagrams can be explained by the high complexity of the 
vortex wake shape at low advancing ratio value. In the 
second case (μ = 0.45), the cause may be identified with 
significant differences in aerodynamic characteristics ob-
tained on the basis of the methods used (see Figure 6). 
This is due to the assumptions made in the used free 
wake model, first of all, using stationary aerodynamic 
characteristics of airfoils.

Figure 6. Comparison of normal force coefficient distribution Cn = f(r/R) at various blade azimuthally location by 
URANS method and free wake model

a) μ = 0.05 b) μ = 0.1

c) μ = 0.15 d) μ = 0.25

e) μ = 0.35 f) μ = 0.45
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Figure 7. Comparison of inductive velocity profile vy = f(z/R) for y/R = 0 and x/R=-1.0 by URANS method and 
free wake model

μ = 0 (for y/R = -0.05;-0.25 and x/R=0.0 )

μ = 0.05 μ = 0.1

μ = 0.15 μ = 0.25

μ = 0.35 μ = 0.45

Conclusions

On the basis of created by the Authors free vortex wake 
model and the URANS method (based on Ansys Fluent 
software), a comparative numerical study of the helicop-
ter main rotor aerodynamic at the forward flight with ad-
vance ratio values of μ = (0-0.45) is performed.

New results of visualisation of the vortex wake shapes 
are obtained. These results illustrate the characteristic fea-

tures of vortex wake structure for helicopter rotor in for-
ward flight at different advance ratio values.

The vortex wake shapes and induced velocities fields 
data obtained by both used methods match the whole 
range of advance ratio values under consideration.

The analysis of blade distribution of the normal force 
coefficient for various azimuth angles shows that in the 
range of μ = (0.05-0.25) the results of both methods match 
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satisfactorily. For large values of μ > 0.25, there are signifi-
cant differences in the calculated aerodynamic loads.

The results of comparative study confirm the proposed 
limits in use of the vortex model for modeling high values 
of forward flight speeds (μ > 0.25). These limits are related 
to the application of the lifting line theory with plane sec-
tion hypothesis and usage of steady airfoil characteristics. 
The URANS method is free of these assumptions.

Therefore in the speed range of μ = 0...0.25, both ap-
proaches give similar results, when calculating total and 
distributed characteristics of the rotor forms a vortex wake 
and fields of induced velocities.

The estimation of the required calculation time showed a 
significant calculating speed of the created free wake model 
in comparison with the URANS methods. It is shown that 
the free wake model does not require special supercom-
puter clusters for the same calculation performing.

The obtained results confirm the prospects of using 
the free wake model for solving a wide range of practical 
tasks of helicopter rotor aerodynamics, especially at the 
low and medium flight speeds. This includes the case of 
calculating multi-rotor configurations that are still difficult 
for modeling, based on the URANS method and similar 
high-order approaches.

To expand developed free wake model unsteady aero-
dynamic characteristics of the blade airfoils should be 
implemented in the model. In the future, this may allow 
using a developed vortex model when modeling the he-
licopter rotor aerodynamics at forward flight speeds of 
μ > 0.25.
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Notations

Variables and functions
c – blade chord, m;
Cn  – blade section normal force coefficient, (2·N)/
(ρ·(ωR)2·c);
CQ – rotor torque coefficient, (2·Q)/(ρ·(ωR)2·πR3);
CT – rotor thrust coefficient, (2·T)/(ρ·(ωR)2·πR2);
N – normal force, N;
Nb – number of blades;

Q – rotor torque, N·m;
R – rotor radius, m;
T – rotor thrust, N;
V∞ – flight velocity, m/s;
vy – inductive velocity, m/s;
αR – angle of rotor attack, degree;
μ – rotor advance ratio, V·cosαR/ωR;
θ – blade pitch angle, degree;
θtw – blade twist, degree;
σ – rotor solidity, Nb/πR2;
ωR – linear speed of the blade tips, m/s;
ψ – blade azimuth angle, degree.

Abbreviations

BVI – phenomenon - vortices interact with the rotor blades;
CFD – computational fluid dynamics;
CPU – central processing unit;
DES – Detached-Eddy Simulation;
FVM – free wake vortex models;
RANS – Reynolds-averaged Navier–Stokes equations;
URANS – Unsteady Reynolds-averaged Navier–Stokes 
equations;
VLM – vortex lattice method;
VPM – vortex particle method.
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