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An optimization method of helicopter rotor hovering performance is proposed, which is mainly carried out by means of CFD
simulation.�is method can be used to obtain the rotation speed of any blade model under the designed hovering tension through
several iterations, and then, the tension, torque, power, and power load of the rotor under the rotation speed can be obtained. By
comparing di�erent blade pitch, radius, twist, and chord length, the blade parameters at the highest power load can be selected. A
series of new rotor models are obtained by changing the model parameters on the basis of C-Trotor. NASA has carried out a lot of
experiments on the C-T rotor model and published detailed experimental reports. �e transient simulation is carried out by the
embedded grid method.

1. Introduction

�e aerodynamic performance of helicopter has a great
impact on its overall performance, which is a key problem to
be solved in engineering development. Hovering state is one
of the most important �ight states of a helicopter, which
must be considered in the process of helicopter aerodynamic
design [1].

In the past, the aerodynamic performance of the heli-
copter was mainly studied by experimental methods. Now,
with the rapid development of computer technology,
computational �uid dynamics has been paid more and more
attention. �e results of the experimental method are more
reliable and more suitable for simple problems such as re-
ducing fuselage resistance [2, 3]. However, the experimental
method is di�cult to observe the detailed characteristics of
the helicopter �ow �eld and is often time-consuming and
expensive. CFD technology has been developing rapidly in
the �eld of helicopter aerodynamic optimization due to its
low cost, short time consumption, and high accuracy.

Nowadays, there are many CFD methods applied to
helicopter rotor aerodynamic simulation [4, 5]. Among
them, the embedded grid method [6] is the most widely
used. �is method is applicable to helicopter hovering,
forward �ight, vertical �ight, near ground �ight, and other
complex �ight states. Due to the di�culty in realizing the
periodic change of pitch, the sliding grid method cannot be
applied to the forward �ight state of helicopter. However, it
is suitable for calculating the hovering state of the helicopter
and is widely used in this �eld. Steijl and Barakos [7] in-
troduced the sliding mesh method and proved that this
method has high precision through several examples. �e
adaptive mesh method [8, 9] can automatically encrypt the
region with large gradient according to the preliminary
calculation results, so as to improve the calculation accuracy.
It is highly regarded in the �eld of helicopter aerodynamic
simulation, and it can easily capture the wake of rotor vortex.
Jameson and Mavriplis [10] adopted the multigrid method
to e�ectively improve the computational e�ciency of CFD
simulation. Zhao et al. [11] developed the CLORNS code to
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solve the unsteady aerodynamic flow field of helicopter
rotors and achieved good results. Zhou and Chen [12]
proposed a CFD balancing method for helicopter forward
flight state, which has a high engineering practical value.
Barakos et al. [13] used the method of Actuator Disks (AD)
to calculate the rotor flow field in hovering and forward
flight and captured the main vortex structure around the
rotor disc well. Lyu et al. [14] put forward some improve-
ment suggestions on the hybrid trim method based on CFD
for helicopter rotor forward flight.

Generally, in order to determine the accuracy of numerical
simulation results, it is necessary to compare the numerical
solutions with the experimental values. Detailed test parame-
ters of the C-Trotor selected in this paper at different pitch and
rotation speed have been disclosed by NASA.

2. Rotor Aerodynamic Simulation Method

2.1. Solving Equations. (e Reynolds average Navier–Stokes
(N-S) equation [15, 16] is used for solving:
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where the stress is expressed by
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(e correlation between pressure and temperature is
expressed by the following formula:
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  ,

p � ρRT,

(4)

where ρ is the density, p is the pressure, e is the total energy
of gas per unit mass, μ is the viscosity coefficient, Κ is the
heat conduction coefficient, T is the temperature, qx, qy, and
qz are the components of the heat flow along three direc-
tions, c is the specific heat capacity, for ideal gas,
c � 1.4, andR � 287.3.

(is study adopts the Spalart–Allmaras (S-A) turbulence
model proposed by Spalart and Allmaras [17] because this
turbulence model is widely used in the field of aerodynamic
simulation of aircraft and has been verified by many cases.

(e flow field of rotor is discretized by the finite volume
method. According to different discrete methods of inviscid
flux, different interpolation schemes are formed. In this
study, Roe format [18] is adopted, which is a relatively
common type of upwind format.

In the transient simulation of this study, the time dis-
cretization method adopts the dual time stepping method.
Jameson [19] explained the principle and advantages of this
method in his article.

(e outermost boundary of helicopter flow field is set as
nonreflective boundary, and the surfaces of rotor blades are
set as nonsliding wall.
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2.2. Grid System. (e rotor motion is modeled by the em-
bedded grid method. (is method divides the flow field into
multiple subdomains and generates mesh blocks for each
subdomain. Different mesh blocks can be overlapped,
nested, or covered.

For the aerodynamic simulation of helicopter rotor in
this study, a structured embedded grid method is adopted. It
is mainly composed of two parts. (e first is an H-O grid
surrounding the blades. In order to make the calculation
results more accurate, the grid points in the area with sig-
nificant viscous effect are locally encrypted. (e H-O grid
moves with the blade.(e second is a stationary background
grid nested on the H-O grid, which is a cylindrical region
with a radius of 5R. Its upper boundary is 3R away from the
paddle plane, and its lower boundary is 5R away from the
paddle plane, where R is the radius of the blade. Figure 1
shows the embedded grid system of helicopter rotor aero-
dynamic simulation in this paper.

3. Optimization of Hover Performance

(e power load of the helicopter rotor in hovering condi-
tions is mainly affected by the rotation speed, total pitch,
radius, torsion angle, chord length, and other factors of the
blades. Meanwhile, different airfoils also have certain in-
fluences on the power load of the rotor.

(e power load formula of the rotor is shown as

q �
G

N
(0)
e

, (5)

where q represents the gravity that the engine can lift at the
rated power under standard atmospheric conditions at sea
level, and its unit is N/kW. (e gravity of the helicopter in
hover is close to the pulling force of the rotor (T ≈ G), and
the output shaft power of the engine at sea level is simplified
to the available power of the rotor ((N(0)

e ≈M∗Ω)). M

represents the torque of the rotor around the spindle, and Ω
represents the angular velocity of the rotor.

(e main purpose of hover performance optimization is
to increase the power load of the rotor as much as possible
on the premise of satisfying the limitation factors such as
material strength and space. (e higher the power load is,
the less power the rotor needs to provide the same pulling
force and the longer the helicopter’s endurance is.

In the process of blade design and optimization, in order
to ensure that the pulling force provided by the rotor is not
changed, with the change of blade radius, total pitch, torsion
angle, chord length, etc., the rotation speed of the blade
should also be changed accordingly, resulting in different
power loads of different blade models.

In this study, a method to optimize the hovering per-
formance of helicopter rotors is designed. (e specific steps
are as follows:

(1) Determine the pulling force of the helicopter rotor
designed in hover, defined as Tdesire.

(2) Design an initial blade with a fixed aspect ratio and
no torsion, and determine the number of blades, so
as to obtain the initial rotor.

(3) An assumed total distance φ was given to the blade.
Meanwhile, a relatively large rotation speed n1 and a
relatively small rotation speed n2 were set, respec-
tively. CFD method was used to calculate the rotor’s
pulling force T1, T2, and torque M1 and M2, re-
spectively, at the rotation speed n1 and n2, which met
the requirements of T1 >Tdesire >T2.

(4) According to the formula n3 � n1−

(T1 − Tdesire/T1 − T2)∗ (n1 − n2), the new rotation
speed n3 can be obtained.(e CFDmethod was used
to calculate the pulling force T3 and torque M3 of the
rotor at rotation speed n3. If |T3 − Tdesire|< ε, it is
considered that the requirement of design hover
tension can be met at the rotation speed of n3. If
|T3 − Tdesire|≥ ε, the formula n4 � n3−

(T3 − Tdesire/T3 − T2)∗ (n3 − n2) is used to get the
new rotation speed of n4, and the CFD method is
used again to calculate the pulling force T4 and
torque M4 of the rotor at the rotation speed of n4. In
this way, iterate i times until |Ti − Tdesire|< ε is sat-
isfied, which means that the design hovering pulling
force requirement is satisfied when the rotation
speed is ni. (e CFD method is used to calculate the
pulling force Ti and moment Mi of the rotor at the
speed ni, and the power load q of the rotor can be
obtained according to the rotation speed ni, pulling
force Ti, and moment Mi. Here, ε represents a small
value, which is taken as 10N in this paper.

(5) Given different total pitch of the blades, repeat steps
3 and 4 in turn to get the power load of the rotor at
different total pitch, select the maximum power load,
and take the total pitch corresponding to the max-
imum value as the optimal total pitch.

(6) (e blades with the optimal total pitch were enlarged
or reduced in turn according to the specified mul-
tiple, and then, steps 3 and 4 were repeated to cal-
culate the power load of the models with different
amplification or reduction multiples. On the premise
that the strength, space, and other factors of the blade
meet the design requirements, the radius of maxi-
mum power load is selected as the optimal radius of
the blades.

(7) (e blades with the optimal total pitch and the optimal
radius were used to repeat steps 3 and 4 with different
torsion angle successively, and the power loads of the
blade models with different torsion angle were calcu-
lated. (e torsion angle corresponding to the maxi-
mum power load was taken as the optimal torsion
angle of the blades. In this study, the torsion angle of
the designed blades changes according to the linear law.

(8) (e blade models with the optimal total pitch, op-
timal radius, and optimal torsion angle were scaled
to change the chord length, and steps 3 and 4 were
repeated to obtain the power load of the blade
models with different chord lengths. (e chord
length with the maximum power load is selected as
the optimal chord length of the blades.
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By this method, the optimal parameters of the helicopter
blademodel can be obtained at a relatively low cost with only
a few flight tests at the initial stage of blade design, thus
greatly shortening the design cycle of the blade and saving a
lot of research costs.

4. Examples and Discussion

In this study, taking the C-T [20] single rotor model as an
example, the influence of blade radius, total pitch, torsion
angle, and chord length on the power load of the rotor in
hover is sequentially analyzed by the CFD method. Table 1
shows the detailed design data of C-T rotor.

Four experimental states from NASA’s experimental
reports were selected to verify the credibility of the CFD
method proposed in this paper. (ey are, respectively, (1)
Mtip � 0.433, θc � 5°, Ω � 1250 rpm, and CT � 0.00213; (2)
Mtip � 0.612, θc � 8°, Ω � 1750 rpm, and CT � 0.00455; (3)
Mtip � 0.877, θc � 8°, Ω � 2500 rpm, and CT � 0.00473; (4)
Mtip � 0.612, θc � 12°, Ω � 1750 rpm, and CT � 0.00807,

(a) (b)

(c)

Figure 1: Embedded grid system of helicopter rotor aerodynamic simulation. (a) Profile of the blade grid. (b) AnH-O grid around the blade.
(c) Assembly of the embedded grid.

Table 1: Detailed design data of C-T rotor.

Number of blades (N) 2
Blade radius (R) 1.143m
Plane shape of blade Rectangle
Airfoil NACA0012
Chord length (c) 0.1905m
Undercut (Rcut) 0.243R
Torsion angle 0°

contour-1
Static Pressure

5.75e+04
4.61e+04
3.47e+04
2.34e+04
1.20e+04
6.84e+02
-1.07e+04
-2.20e+04
-3.34e+04
-4.47e+04
-5.61e+04

[pascal]

Figure 2: Pressure contours of C-T blade.

4 Mathematical Problems in Engineering



where Mtip is theMach number at the blade tip, θc is the total
pitch,Ω is the rotation speed, and CT is the thrust coefficient
of the rotor.

Figure 2 is the pressure contours of C-T rotor corre-
sponding to test state 3. In this figure, obvious shock waves
appear at the blade tip position of CT rotor.

Figure 3 compares the simulation date and the test date
of the pressure coefficient at 0.96 R of the C-T rotor, from
which it is not difficult to find that the simulation date and
the test date are highly consistent.

Figure 4 shows the comparison between the simulation
date and the test date of the thrust coefficient:

In Figure 4, SMA stands for simple moving average,
which allows curves to appear in a smoother manner. (e
SMA formula is as follows:

SMA �
xM + xM− 1 + xM− 2 + · · · + xM− (n− 1)

n
. (6)

Figure 4 shows that the simulation value of thrust co-
efficient is in good agreement with the experimental value.

In this study, working condition 3 is selected as the basic
working condition before rotor performance optimization.
Under this working condition, the thrust and torque of the rotor
are 2218N and 298.98N∗m, respectively, by CFD calculation.

Firstly, the performance of the rotor was optimized by
changing the total pitch of the blade. In the optimization
process, the thrust value of the rotor calculated in working
condition 3 was taken as the desired thrust Tdesire of the rotor
in hover. (e thrust value calculated with a different total
pitch should be almost equal, which is mainly realized by
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Figure 3: Surface pressure coefficients of C-T rotor at 0.96R profile in hover. (a) Mtip � 0.433 and θc � 5°. (b) Mtip � 0.612 and θc � 8°. (c)
Mtip � 0.877 and θc � 8°. (d) Mtip � 0.612 and θc � 12°.
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Simulation date
SMA
Test date

CT

0.002

0.004

0.006

0.008

0.010

0.05 0.10 0.150.00
Time (s)

(a)

0.015

0.012

0.009

0.006

0.003

Simulation date
SMA
Test date

CT

0.03 0.06 0.09 0.120.00
Time (s)

(b)

0.010

0.008

0.006

0.004

0.012

Simulation date
SMA
Test date

CT

0.02 0.04 0.06 0.080.00
Time (s)

(c)

0.016

0.012

0.008

0.020

Simulation date
SMA
Test date

CT

0.03 0.06 0.09 0.120.00
Time (s)

(d)

Figure 4: (e comparison between simulation date and test date of thrust coefficient. (a) Mtip � 0.433 and θc � 5°. (b) Mtip � 0.612 and
θc � 8°. (c) Mtip � 0.877 and θc � 8°. (d) Mtip � 0.612 and θc � 12°.

Table 2: CFD simulation results of rotors with a different total pitch.

Total pitch (°) Rotation speed (rpm) (rust (N) Torque (N∗m) Power load (N/kW)
6 2975 2223 410.68 17.37
7 2730 2216 317.44 24.42
8 2500 2218 292.98 28.92
9 2320 2221 293.16 31.18
10 2180 2220 309.57 31.42
11 2060 2216 328.22 31.30
12 1962 2220 350.10 30.87
13 1890 2225 373.01 30.14
14 1825 2222 999.90 29.08
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changing the rotation speed of the rotor. Table 2 shows the
results of CFD calculation:

It can be seen from Table 2 that when the total pitch is
10°, the C-T rotor has the maximum power load, that is, the
optimal hovering performance. (erefore, the total pitch of
10° is selected as the optimal total distance of the blade.

(e total pitch of the blades was maintained at 10°, and
the airfoil, undercut, and aspect ratio remained unchanged.
(en, the model of the blades was scaled up or down in equal
proportion. Table 3 shows the results of the CFD simulation:

According to the analysis of Table 3, as the rotor radius
increases, so does the power load of the rotor. (erefore, in
theory, the blade radius should be as large as possible.
However, due to the limitation of the blade material, if the
radius of the blade is too large, it is easy to break. At the same
time, the large-sized rotor is more likely to achieve large
torque, which the engine cannot withstand. Considering
comprehensively, 1.1R is temporarily selected as the optimal
radius of the blade in this study, where R is 1.143m. In the
process of engineering design, the radius of the blade must
be determined according to the rated parameters of the

engine, so as to achieve a higher matching degree between
the blade and the engine.

After the optimal size of the rotor radius is determined,
the rotor blades are given different torsion angles, and the
influence of torsion angle on the hovering performance of
the rotor is analyzed through CFD simulation. (e simu-
lation results are shown in Table 4.

It can be seen from Table 4 that the rotor has the highest
power load when the torsion angle is − 12°, that is, the rotor
has the optimal hovering performance. (erefore, − 12° is
chosen as the optimal torsion angle of the blades.

After the optimal values of the rotor’s total pitch, radius,
and torsion angle are selected, the power loads of the blades
with different chord lengths are calculated to select the
optimal chord length of blades. When determining the
optimal radius of the blades, the proportion of the blades is
enlarged by 1.1 times. (erefore, when selecting the blades
with a radius of 1.1R as the basic model for the optimization
analysis of chord length, the initial chord length should be
1.1c, and c is the chord length of the C-Trotor.(e calculated
results are shown in Table 5:

Table 3: CFD simulation results of rotors with different radius.

Radius (m) Rotation speed (rpm) (rust (N) Torque (N∗m) Power load (N/kW)
0.8R 3310 2221 283.18 22.63
0.85R 2960 2219 281.82 25.40
0.9R 2660 2219 285.32 27.92
0.95R 2400 2212 294.58 29.88
R 2180 2220 309.57 31.42
1.05R 1977 2220 323.93 33.10
1.1R 1813 2220 336.44 34.75
1.15R 1660 2211 349.54 36.39
1.2R 1530 2212 367.92 37.52
1.25R 1415 2223 384.42 39.03
1.3R 1310 2222 400.71 40.43

Table 4: CFD simulation results of rotors with different torsion angles.

Torsion angle (°) Rotation speed (rpm) (rust (N) Torque (N∗m) Power load (N/kW)
− 2 1880 2226 323.24 34.97
− 4 1890 2217 317.66 35.27
− 6 1907 2218 314.88 35.28
− 8 1920 2214 309.06 35.64
− 10 1935 2221 306.05 35.82
− 12 1950 2212 302.13 35.86
− 14 1975 2219 302.86 35.42
− 16 1995 2219 302.72 35.09

Table 5: CFD simulation results of rotors with different chord lengths.

Chord length (m) Rotation speed (rpm) (rust (N) Torque (N∗m) Power load (N/kW)
0.8∗ 1.1c 2055 2216 292.57 35.20
0.9∗ 1.1c 2020 2228 297.09 35.45
1.0∗ 1.1c 1950 2221 302.13 36.00
1.1∗ 1.1c 1880 2222 310.82 36.31
1.2∗ 1.1c 1820 2215 317.32 36.62
1.3∗ 1.1c 1776 2219 318.47 37.46
1.4∗ 1.1c 1745 2220 320.28 37.93

Mathematical Problems in Engineering 7



Table 5 shows that, for this design condition, the power
load of the rotor increases gradually with the increase of
chord length. However, bigger is not always better because
too large a chord length can affect the forward flight per-
formance of a rotor. In the process of engineering design, the
determination of the chord length of the blades should also
consider the requirements of working conditions such as
forward flight of the helicopter.

(rough the analysis in Tables 2 to 5, the optimal total
pitch, optimal radius, optimal torsion angle, and optimal
chord length of the rotor in hover can be determined in turn,
thus obtaining an initial design scheme of the blade with
excellent hovering performance.

5. Conclusion

(is study proposes and verifies a CFD simulation method
to optimize the hovering performance of helicopter rotors,
from which some useful inspiration can be obtained:

(1) In this simulation, the Navier–Stokes equation is
solved by the embedded grid method, and multiple
working conditions of C-T rotor are calculated and
verified, thus proving that the numerical method has
high accuracy for rotor flow field in hovering state.

(2) Take the C-T rotor as an example to explain the
optimization process in detail. (is method avoids
the shortcomings of traditional test methods, such as
long research period and huge cost, and has high
versatility. (erefore, it has the high engineering
application value.

(3) (ere is still room for further improvement. In this
study, the optimal value of each parameter is de-
termined in order of total pitch, radius, torsion angle,
and chord length. In the next step, we can try to
exchange the order of each parameter to determine
the optimal parameter order. In addition, the vari-
ation of chord length with radius should also be
considered.

(4) (e airfoil of the blade optimization example dis-
cussed in this study is NACA0012. In the engineering
design stage, the blades of different airfoils should be
optimized and compared, respectively.

(5) (e CFD method does not consider the influence of
blade deformation. In the next step, the coupling
method of CFD/CSD can be adopted to fully con-
sider the interaction between blade structure and
flow field, so as to further improve the accuracy of
simulation.
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