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Abstract: In view of the reduction of hovering efficiency near high tension when a helicopter rotor hovers，a numerical
simulation method of lifting rotor hovering aerodynamic characteristics based on leading edge droop is established in
this paper. It is dominated by Reynolds average N-S equation in integral form. Firstly，VR-12 airfoil is taken as the
research object，and the influence of leading edge droop angle on the aerodynamic characteristics of two-dimensional
airfoil is studied. Secondly，the modified 7A rotor is taken as the research object，and the effects of different leading
edge droop angles at the position of blade r/R=0.75—1 on the aerodynamic characteristics in hover are explored. It is
found that the leading edge droop can significantly improve the aerodynamic characteristics of two-dimensional airfoil
and three-dimensional hovering rotor near high angle of attack，and can effectively inhibit the generation of stall vortex.
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0 Introduction

When a helicopter is the hovering state，with
the increase of the collective pitch angle θ0，the lift
coefficient and the torque coefficient increase，and
the figure of merit FM of the helicopter rises to the
highest point and then decreases. The figure of mer⁃
it of the rotor decreases when it is pulled in large
force，which affects the flight performance of the he⁃
licopter rotor. A series of studies on aerodynamic
characteristics of helicopter rotor have been carried
out world-wide. Refs.［1-2］used numerical simula⁃
tion methods and test methods to study the influ⁃
ence of leading edge dynamic droop on the dynamic
stall of two-dimensional airfoil. After a series of
parametric studies，the optimal control parameters
were obtained. In Ref.［3］，a rotor with extendable
chord length was used to study its influence on the
flight envelope and performance of the helicopter.

Some scholars have also carried out a series of nu⁃
merical simulation studies on active flow control
methods of the aerodynamic characteristics of the el⁃
evated rotor airfoil［4-6］. In addition，Refs.［7-11］
studied the influence of blade geometry，like blade
tip sweep，on the hover performance of the im⁃
proved rotor. Ref.［12］ studied the effects of tip
slots on the aerodynamic characteristics of helicop⁃
ter rotors using unstructured overset grids. Numeri⁃
cal results show that tip slots can improve the lift co⁃
efficient of the airfoil at the tip of the rotor blade and
reduce the strength of the rotor blade tip vortex. In
Ref.［13］，a genetic algorithm is adopted to opti⁃
mize the blade profile design of the advancing side
of disk，so as to achieve the improved aerodynamic
characteristics of the rotor. In this paper，combined
with the moving overset mesh and the radial basis
function（RBF）mesh deformation method，the lead⁃
ing edge droop method is used to study its influence
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on the aerodynamic characteristics of the elevated
two-dimensional airfoil and the three-dimensional
hovering rotor.

1 Numerical Methodology

1. 1 Governing equations of flowfield

In order to capture the vortex flow characteris⁃
tics of unsteady flow field，compressible N-S equa⁃
tion is adopted as the governing equation of flow
field solution

∂
∂t ∭

Ω

WdΩ+ ∬
∂Ω

( F c - F v ) dS= 0 (1)

where W is the conservation variable. Ω and S are
the volume and surface of the control body respec⁃
tively，and Fc and Fv the flux to the flow and viscosi⁃
ty，respectively. The Roe flux differential splitting
scheme is used for spatial dispersion，the implicit
LU-SGS method is used for time propulsion，and
the turbulence model is SST k‑w.

1. 2 Overset mesh and mesh deformation tech⁃
nique

The motion overset mesh system used in this
paper consists of a background grid and a fitting grid
around the rotor. In this method，holes are dug in
the corresponding area of the background grid
through hole unit identification and contribution unit
search at the overlapping interface between the
blade grid area and the background grid，as shown
in Fig.1. During the rotation of the blade grid
around the axis， the overlapping area is updated
with the movement of the blade grid. In order to re⁃
alize the information transmission between the blade
grid area and the background grid， the distance
weighting method is used to interpolate the adjacent
grid cells.

The mesh deformation method is used to real⁃
ize the deformation of specified leading edge droop⁃
ing. Deformation uses the control point displace⁃
ment to generate an interpolation field for the region
and then uses the interpolation field to shift the grid
node to the new position. The mesh nodes are redis⁃
tributed according to the boundary displacements so
that the mesh can be non-rigid. The grid deforma⁃
tion uses RBF interpolation method，and the con⁃
trol point i and its designated displacement d ′i are
used to create the equation，in which the known dis⁃
placement of each control node is expanded as

d ′i= ∑
j= 1

N

fb,j ( rij ) λj+ a （2）

where fb，j ( rij ) is the radial basic function of the
shape， rij the distance amplitude between two
nodes，λj the expansion coefficient，and N the num⁃
ber of control nodes. Fig.2 is the schematic diagram
of grid deformation after 0.75R—R part droop angle
δm = 10°. The red part is the rigid pendulous part of
the leading edge. In order to prevent the sharp angle
and other mesh deformation occurring when the
main blade part is connected with the leading edge
droop part，the blue part is set as linear floating de⁃
formation for smooth connection between the two
parts.

1. 3 Validation

In order to verify the validity of the calculation
method in this paper，an example is given to verify
the hovering state of the 7A rotor with the existing
test data. The rotor is equipped with four rectangu⁃
lar blades，configured by OA209 and OA213 airfoil
sections，with piecewise linear negative torsion. Ro⁃
tor radius R is 2.1 m and chord length is 0.14 m.
The comparison of pressure coefficient Cp withFig.1 Overset mesh diagram

Fig.2 Blade pattern with leading edge droop

11



Vol. 38Transactions of Nanjing University of Aeronautics and Astronautics

r/R=0.825 and 0.975 is shown in Fig. 3. It can be
seen that the calculated Cp of the rotor surface in this
paper is in good agreement with the test value［14］.
The results show that the proposed method can sim ⁃
ulate the hover state of the rotor effectively.

2 Influence of Leading Edge Droop
on Aerodynamic Characteristics
of Airfoils

Firstly，the influence of the fixed droop angle
of the leading edge on the aerodynamic characteris⁃
tics of 2-D airfoils is studied. In this paper，VR-12
airfoil is selected，chord length c is 0.35 m，inlet
Mach number is 0.45，and the fixed drooping part of
the leading edge of airfoil is c/4 from the leading
edge. In order to prevent the connection between
the drooping part of the leading edge and the fixed
part of the trailing edge from appearing too sharp
bending angle during the mesh deformation process，
the width of 2%c at the middle connection is set as
linear connection，which is more in line with the ac⁃

tual situation.
The states of 5° ，8° and 10° of the leading

droop angle are calculated and the aerodynamic char⁃
acteristics of airfoils under different droop angles are
compared with the reference state， as shown in
Fig.4. It can be seen that the stall angle of attack of
the airfoil is significantly increases when the leading
edge droop is used，and the drag coefficient at 16°
angle of attack is also significantly reduced. After
the leading edge of the airfoil droops，the entire air⁃
foil changes from the lifting moment to the lowering
moment relative to the datum state. When the angle
of attack is small，the lift coefficient Cl decreases
slightly with the increase of the droop angle of the
leading edge. This is because after the leading edge
droops，the relative angle of attack of the leading
edge decreases，so the lift force of this part decreas⁃
es. The increase of leading edge droop angle has no
obvious effect on lift coefficient Cl and drag coeffi⁃
cient Cd. The bow moment Cm caused by too large
droop angle at small angle of attack may have nega⁃
tive effects on flight control and blade vibration.

Fig.5 shows a comparison of the airfoil surface
flow diagram near the high angle of attack. When
α= 14° and 16°，stall vortexes of a certain size exist
near the trailing edge of the upper surface of the ref⁃
erence airfoil. For the smaller stall vortex at
α= 14°，no matter δm = 5° or 10°，the stall vortex
is well controlled. For the larger stall vortex at α=
16°，the leading edge droop also has a more obvious
control effect. As δm increases，the control effective⁃
ness becomes better.

Fig.6 shows the comparison of Cp of the airfoil
surface at different leading droop angles and the
baseline state when α=16° . It can be seen that the
leading edge droop has the most obvious improve⁃
ment on the Cp distribution around 0.2c—0.3c on
the upper surface of the airfoil. With the increase of
the leading edge droop angle， the Cp peak value
near the leading edge of the upper surface decreases.
This is because the relative angle of attack at this po⁃
sition decreases when δm is large，so Cl decreases
slightly.

Fig.3 Comparison of experimental and computed re⁃
sults of pressure coefficient Cp
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3 Influence of Leading Edge Droop
on Aerodynamic Characteristics
of Rotor in Hover State

In this paper，the research on the leading edge
droop of 3-D blades is mainly aimed at the modified
7A rotor in order to save the calculation cost. Two
blades are selected after modification，and the chord
length is 0.2 m. The leading droop position mainly
aims at r/R=0.75—1. The influences of fixed
droop angles of 5°，8° and 10° on the aerodynamic
characteristics of the blade hovering are studied，as
shown in Fig.7. CT and CQ are rotor thrust and
torque coefficients， respectively. The larger the
leading edge droop angle is，the greater the lift loss
will be when θ0 is less than 14°. This is because the
area near the tip of the paddle is an important source
of lift. The leading edge droop leads to a decrease in
the relative angle of attack of the leading edge and a
decrease in lift. For the torque coefficient of the ro⁃
tor，the torque decreases more obviously with the
increase of the leading edge droop angle. However，
at a smaller θ0，such as 6°，a larger droop angle will
cause an increase in the torque coefficient. It can be
seen from the hover efficiency FM that when
δm = 8°，FM increases when θ0 = 16° is the maxi⁃
mum. When θ0 is greater than 12°，the leading edge
droop can bring better FM promotion effect.

Fig.8 shows the comparison between the base⁃
line state at α= 16° and the equivalent vorticity map
near the blade tip calculated by Q-criterion when the
leading edge droop δm = 10°. It can be seen that un⁃
der the datum state，there is a large stall vortex on

Fig.4 Comparison of aerodynamic characteristics of
airfoils

Fig.5 Comparison of airfoil surface flow diagram

Fig.6 Comparison of airfoil surface pressure coeffi⁃
cient Cp（α=16°）
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the upper surface of the blade tip. Combined with
the above analyses，it can be seen that the stall near
the blade tip，as the main lift surface，will seriously

affect the aerodynamic characteristics of the blade，
and FM will be greatly reduced. However，when the
leading edge droop δm = 10° is adopted，there is no
obvious stall vortex near the blade tip，and the aero⁃
dynamic characteristics are greatly improved.

Fig.9 shows the comparison of the cloud map
of the pressure coefficient on the upper surface of
the reference blade at α= 16° with the leading edge
droop δm = 10° . It can be seen that there is a low
pressure area near the leading edge of the blade on
the upper surface of the baseline blade，but there is
a large high pressure area near the middle chord of
the blade tip. This is because there is a large stall
vortex and the Cp caused by airflow separation is
small，which has a great impact on the aerodynamic
characteristics of hover. After the droop of the lead⁃
ing edge，Cp is distributed evenly on the upper sur⁃
face of the blade，and no large Cp value appears near
the leading edge of the blade tip， indicating that
there is no airflow separation. Compared with the
reference state，the aerodynamic characteristics are
greatly improved at this time， indicating that the
leading edge sagging can effectively inhibit the gen⁃
eration of stall vortex near the blade tip.

4 Conclusions

The influences of leading drooping on the aero⁃
dynamic characteristics of 2D airfoil and 3D hover

Fig.9 Comparison of pressure coefficient on blade upper
surface

Fig.7 Comparison of aerodynamic characteristics of
hovering rotor

Fig.8 Comparison of equivalent vorticity map near
blade tip
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rotor are studied by using the method of motion
overset mesh and RBF mesh deformation. From the
comparisons of airfoil aerodynamics，rotor hovering
efficiency and other parameters，it can be concluded
that the leading edge sag can effectively improve the
aerodynamic characteristics of 2D airfoil and 3D
hovering rotor at high angle of attack，and restrain
the generation of stall vortex. For 2D airfoil，the
leading edge drooping can effectively delay the stall
angle of attack of the airfoil，and has better control
effect on the stall vortex on the upper surface of the
airfoil near the high angle of attack. It can effectively
increase Cl near the high angle of attack and de⁃
crease Cd，but will cause the overall decrease of Cm.
For rotors in the three-dimensional hovering state，
the leading edge droop can only effectively increase
the rotor lift near the high angle of attack，but can
effectively reduce the torque coefficient at different
collective pitch angles and improve the figure of
merit near the high collective pitch angle. It has a
better control effect on the stall vortex on the upper
surface near the blade tip.
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基于前缘下垂的提升旋翼悬停气动特性研究

厉聪聪 1，2，史勇杰 2，徐国华 2，马太行 2

（1.上海飞机设计研究院，上海 201210，中国；

2.南京航空航天大学直升机旋翼动力学国家级重点实验室，南京 210016，中国）

摘要：针对直升机旋翼悬停时，大拉力附近悬停效率降低的情况，本文建立了基于前缘下垂的提升旋翼悬停气动

特性的数值模拟方法，以积分形式的雷诺平均 N⁃S方程为主控方程。首先以 VR⁃12翼型为研究对象，研究前缘

下垂角度对二维翼型气动特性的影响分析。其次，以修改后的 7A旋翼为研究对象，探究了桨叶 r/R=0.75~1位

置处不同的前缘下垂角度对悬停状态的气动特性的影响。研究发现，前缘下垂对大迎角附近的二维翼型及三维

悬停旋翼的气动特性均有较为明显的提升，并且能够有效抑制失速涡的生成。

关键词：直升机旋翼；悬停；前缘下垂；气动特性
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