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Abstract
A computational fluid dynamics method is built to study the unsteady aerodynamic loads of a high-speed rigid coaxial rotor
model, taking account of lift offset (LOS). The flowfield is simulated by solving Reynolds Averaged Navier–Stokes equations,
and moving overset mesh is adopted to include blade motions. A high-efficient trim model for coaxial rotor is developed,
where the “delta method” is implemented. Performance of Harrington rotor-1 is calculated for validation. Forward flight
cases in three advance ratios are conducted. Results indicate that the temporal thrusts of coaxial rotor at low advance ratio
share some fluctuations similar to hover state. In forward flight, the impulsive thrust fluctuations caused by blade-meeting
are obviously exhibited around 270° for upper blades, and the strengths increase with the increase of LOS and advance ratio.
At higher advance ratios, the blade thrusts of the upper and lower rotors tend to be the same. At the advance ratio of 0.6, two
new kinds of Blade–vortex interaction (BVI) are captured. One is the parallel BVI caused by the root vortex and the other is
the complex interaction among the tip vortex, root vortex and the rear blade.
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U1 Blade 1 of the upper rotor
U2 Blade 2 of the upper rotor
Vy Velocity in y direction (m/s)
V tip Rotor tip speed (m/s)
V∞ Forward flight speed (m/s)
ψ Azimuth angle (°)
θ0 Collective pitch angle (°)
θ1s Longitudinal cyclic pitch angle (°)
θ1c Lateral cyclic pitch angle (°)
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Subscripts

L Lower rotor in coaxial system
U Upper rotor in coaxial system

1 Introduction

As well known, the maximum flight speed of a conven-
tional single main rotor configuration is approximately
278–315 km/h [1], due to the limitation of shock wave on
the advancing blade tips and dynamic stall on the retreating
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side. Combined with the advancing blade concept (ABC)
[2], rigid coaxial rotor compound helicopter offers a solu-
tion for the speed limit of single rotor configuration. At high
speed, the retreating blades are offloaded, and the rotor speed
is slowed down to avoid high tip Mach number. The X2
Technology Demonstrator aircraft has achieved a speed of
463 km/h in steady level flight [3]. At the same time, there
are complex aerodynamic interactions between the upper and
lower rotors, which can result in vibration loads on the blades
and hub as well as special acoustic characteristics. So it is
necessary to study the unsteady aerodynamic loads of high-
speed coaxial rotor.

At present, experimental researches on high-speed coax-
ial rotor are rather limited, while there are many experiments
on traditional coaxial rotor. Harrington [4] examined the
hover performance data of two full-scale traditional coax-
ial rotors. The blade of the first coaxial rotor was tapered
both in thickness and chordwise, recognized as Harrington
rotor-1. Another was Harrington rotor-2 and only tapered in
thickness. Dingeldein [5] performed a further test on the per-
formance of Harrington rotor-1 in hover and forward flight.
Ramasamy [6] conducted a series of experiments on the hover
performance characteristic of a small-scale coaxial rotor sys-
tem compared with the tandem and tilt-rotor systems and
summarized the hover experiments on traditional coaxial
rotor. Cameron et al. [7] tested the hover performance of a
Mach-scale coaxial rotor, providing the individual upper and
lower rotor loads. However, experiments on high advance
ratio single rotor are sufficient. The UH-60A slowed rotor
test [8, 9] conducted in the US Air Force National Full-Scale
AerodynamicsComplex (NFAC)provided valuable sectional
loads and performance of UH-60A rotor at high advance
ratio.

Analysis of coaxial rotor has been carried out by many
researchers. The blade element momentum theory (BEMT)
had been introduced to investigate the performance of coax-
ial rotor [10, 11]. Recently, some new efforts were made
to develop inflow model for coaxial rotor [12, 13]. Vortex
method was also applied to coaxial rotor [14–19] for aerody-
namic performance prediction and wake simulation. Among
these, Schmaus and Chopra [18, 19] expanded the compre-
hensive analysis model University of Maryland Advanced
Rotor Code (UMARC), where the rotor interactions were
captured by a free wake model, with trim routines for
the coaxial rotor in hover and forward flight. These meth-
ods are more efficient than computational fluid dynamics
(CFD)method.However,CFDmethodhas its obvious advan-
tages on the simulation of detailed flow field and blade
motions. Lakshminarayan and Baeder [20] used the com-
pressible RANS solver OVERTURNS and sliding meshes to
study the interaction characteristics of Harington rotor-2 in
hover. In their research, loads of the upper and lower rotors
showed opposite impulsive behavior when blades meet. Bar-

bely et al. [21, 22] investigated coaxial rotor wakes and
blade–blade aerodynamic interactions using Rotor Unstruc-
tured Navier–Stokes (RotUNS) CFD method. However, the
blades were modeled by lifting-line theory; the fidelity of
blade geometry could not be ensured. Researchers at Uni-
versity of Maryland [23, 24] conducted some analysis on
the aerodynamic interaction of X2 in forward flight using
CFD and free wake coupled with computational structural
dynamics (CSD). It was found that the low-fidelity (free
wake) model provided accurate performance estimation, but
could not precisely predict the vibratory loads of the coaxial
rotor, while CFD solutions were significantly better. So CFD
method is adopted in the present paper to compute the flow
field and to capture the unsteady loads of high-speed coaxial
rotor.

To achieve torque balance and correctly simulate the lift
offset (LOS) in forward flight, trim is necessary for coax-
ial rotor. Kim and Park [25] combined Newton iteration
method with a CFD solver for a single rotor trim, and the
control settings were updated by the CFD solver, and thus
the efficiency is low. Zhao and He [26] applied the “delta
method” to single rotor trim in coupled CFD/CSD calcu-
lation. Ye et al. [27] expanded the “delta method” to build
a high-efficiency trim strategy for single rotor CFD simu-
lation. In Ref. [20], Lakshminarayan and Baeder coupled
the Jacobian matrix from a vortex filament code for a tradi-
tional coaxial rotor trim, but their trim model was limited to
hover state. Qi et al. [28] developed a trim model for coaxial
rotor based on the “delta method”, which was also just for
hover.

Inspired by the previous researches, the goal of this paper
is to build a CFD method based on RANS equations to
provide a better understanding of the interaction aerody-
namics and unsteady loads of a high-speed coaxial rotor.
Different from the traditional coaxial rotor, the trim of high-
speed coaxial rotor is hard to achieve required LOS. Thus,
an efficiency trim model for coaxial rotor in forward flight
is established to get appropriate rotor control settings, by
applying the “delta method”. The CFD method for coax-
ial rotor is developed based on the method for single rotor
configuration built by our research group [29, 30] at Nan-
jing University of Aeronautics and Astronautics. In this
paper, a model rotor with no twist and taper is used for
numerical examples. Cases in three advance ratios are sim-
ulated: one is 0.15 (low advance ratio) and the other two
are 0.4 and 0.6 (high advance ratios). Through the anal-
ysis of temporal blade loads and flow field, some special
unsteady interaction features are captured in high-speed
flight states.
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2 Methodology

2.1 Numerical Method

The Navier–Stokes equations are used as governing equa-
tions for predicting the flowfield, as shown below:

∂

∂t

˚

∂V

WdV +
∫∫
©
∂S

(Fc − Fv) · ndS � 0, (1)

whereW represents the vector of conservation variables, Fc

is the vector of the convective flux, and Fv viscous flux. S
is the boundary of control volume, and V is the volume of
control volume.

For spatial discretization, Roe scheme [31] is used to com-
pute the convective flux terms. Dual time-stepping method
is employed for temporal discretization. The one-equation
Spalart–Allmaras turbulence model [32] is used to compute
the turbulent viscosity for the closure of RANS equa-
tions.

Moving overset meshes are adopted to simulate the
motions of coaxial rotor blades in forward flight. The vis-
cous blade meshes are generated in structured C–O type, as
shown in Fig. 1. A Cartesian background mesh is used to
capture the far-field flow, as shown in Fig. 2. For the coaxial
rotor model used in current work, each blade mesh has 221×
87×101 points in the stream-wise, normal and spanwise
directions, respectively. The background Cartesian mesh has
245×210×218 points in the x, y and z directions, respec-
tively. The background mesh is refined in the region of rotor
wake. Near the rotor disk, the refined mesh spacing of back-
ground is about 0.05 c.

Fig. 1 C–O blade mesh for the coaxial rotor model

Fig. 2 Moving overset mesh system for the coaxial rotor model

2.2 TrimModel

The blade pitch of a rotor for the coaxial system can be
expressed as:

θ (ψ) � θ0 + θ1s sin(ψ) + θ1c cos(ψ) + · · · , (2)

where ψ represents azimuth angle, θ0 is the collective pitch
angle, θ1s and θ1c denote longitudinal and lateral cyclic
pitches, respectively.

The control settings (input vector) and target variables
(response vector) are as shown below:

(3)

x � {θ0U , θ1sU , θ1cU , θ0L , θ1sL , θ1cL}T, y

� {CT,CQ, LOS,CMU,CL,CML}T,

LOS � (CLU − CLL)
/
CT, CL � CLU + CLL, (4)

where CT and CQ represent the total thrust and torque
coefficients of the coaxial system, and CL and CM are the
coefficients of rotor rolling and pitching moment. The sub-
scripts of U and L indicate the upper rotor and the lower
rotor, respectively. The positive directions of CLU and CLL

are opposite in the global coordinate system. Since thrusts
of the upper and lower rotors are often different due to rotor
interactions, the average lateral lift offset [19] of dual rotors
is adopted in this paper, as shown in Eq. (4).

The relationship between the input vector and response
one can be expressed by
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y � f (x). (5)

The function can be carried out by Taylor expansion to the
first order at x0 as follows:

y � f (x0) +
∂y

∂x
x � x0 · (x − x0) + . . . (6)

Neglecting the higher order terms, the expression for the
change of the input vector x can be written as:

�x � (x − x0) � J−1( f (x0 + �x) − f (x0)) � J−1 · � y,
(7)

where J represents the Jacobian matrix given by

(8)J �

⎡

⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢
⎣

∂CT
∂θ0U

∂CT
∂θ1sU

∂CT
∂θ1cU

∂CT
∂θ0L

∂CT
∂θ1sL

∂CT
∂θ1cL

∂CQ
∂θ0U

∂CQ
∂θ1sU

∂CQ
∂θ1cU

∂CQ
∂θ0L

∂CQ
∂θ1sL

∂CQ
∂θ1cL

∂LOS
∂θ0U

∂LOS
∂θ1sU

∂LOS
∂θ1cU

∂LOS
∂θ0L

∂LOS
∂θ1sL

∂LOS
∂θ1cL

∂CMU
∂θ0U

∂CMU
∂θ1sU

∂CMU
∂θ1cU

∂CMU
∂θ0L

∂CMU
∂θ1sL

∂CMU
∂θ1cL

∂CL
∂θ0U

∂CL
∂θ1sU

∂CL
∂θ1cU

∂CL
∂θ0L

∂CL
∂θ1sL

∂CL
∂θ1cL

∂CML
∂θ0U

∂CML
∂θ1sU

∂CML
∂θ1cU

∂CML
∂θ0L

∂CML
∂θ1sL

∂CML
∂θ1cL

⎤

⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥
⎦

.

The input vector is updated by adding the variation cal-
culated by the difference between current values and target
values to the current value, as follows:

�x(n) � J (n)
−1 · ( y(n) − ytarget), x(n+1) � x(n) + �x(n).

(9)

In this way, the iteration is continued until the relative
error (ε) meets the convergence criterion given by

ε � (εT, εQ, εLOS, εMU, εL, εML)
T

εT � |CTU + CTL|
/∣∣∣C target

T

∣∣∣, εQ � ∣∣CQU + CQL
∣∣,

εLOS �
∣
∣∣LOS − LOSTarget

∣
∣∣,

εMU � |CMU|, εL � |CL|, εML � |CML|
{

εT, εLOS < 1 × 10−2

εQ, εMU, εL, εML < 1 × 10−6 . (10)

The trimmodel for coaxial rotor in forward flight is devel-
oped based on the hover trim model built by our research
group [28]. In the trim model, the “delta method” [26] is
employed to improve the efficiency. The BEMT model for
coaxial rotor developed by Valkov [33] and the Newton iter-
ation method are adopted as the simplified trim model [27].

The CFD solver above is used to modify the rotor perfor-
mance (y) calculated by BEMT to guarantee the accuracy.

In the process of trim, the initial input vector x0 is obtained
throughNewton iterationby setting the target yofBEMTtrim
model ytarget(0)BEMT � ytarget. Then, the initial rotor performance

( y(0)CFD) is obtained by running CFD solver for three revolu-
tions with the initial pitches (x0) to get the convergence of the
flow field. After this, ytargetBEMT are updated by the difference
between yCFD and ytarget, as given by

ytarget(n+1)BEMT � ytarget(n)BEMT + ( ytarget − y(n)). (11)

In this way, new x is gotten by BEMT trim model and
then provided for CFD solver to get new y. Here, the CFD
solver is run for only one revolution to improve the effi-
ciency. The input vector is updated until the relative error
(ε) of CFD results satisfies the convergence criterion as
shown in Eq. (10). If full-CFD trim method is used, six
more revolutions of CFD solver are needed in each trim
step to get the Jacobi matrix. For the coaxial rotor model
in current work, the CFD solver costs about 20 h for each
revolution, which is very time consuming. Thus, 120 h
are saved for each trim step using current trim method,
and the trim efficiency is greatly improved, correspond-
ingly.

2.3 Validations

Figures 3 and 4 compare the computed rotor performance of
the present work and experimental data of Harrington coax-
ial rotor-1 [5] in hover and forward flight. Relative errors
of CQ between present work and experiment for coaxial
rotor are also given in Fig. 4. Results of CAMRAD II in
Ref. [21] are also given in forward flight. For hover cases,
a series of thrust coefficient levels are computed using the

Fig. 3 Comparison of hover performance of Harrington coaxial rotor-1

123



20 International Journal of Aeronautical and Space Sciences (2019) 20:16–30

Fig. 4 Comparison of forward flight performance of Harrington coaxial
rotor-1

Table 1 Trimmed pitches for Harrington coaxial rotor-1 compared with
CAMRAD II results

Pitches/(°) θ0U θ1sU θ1cU θ0L θ1sL θ1cL

CARMD II (μ �
0.12)

7.98 − 2.43 1.32 8.07 − 2.75 1.05

Present (μ � 0.12) 7.31 − 3.16 2.21 7.75 − 3.13 2.95

CARMD II (μ �
0.24)

10.65 − 5.75 0.50 10.68 − 5.90 0.36

Present (μ � 0.24) 10.22 − 5.40 1.53 10.45 − 5.30 1.83

trimmed collective pitches for torque balance of the coax-
ial rotor. For forward flight cases, the trimmed pitches are
achieved by setting the target CT as 0.0048 and keeping
torque balanced. As shown in the figure, the results of sin-
gle rotor demonstrate good agreement with the experimental
data in hover and forward flight. For the coaxial rotor, there
are some errors in reasonable range. This may be because of
the complex interaction of coaxial rotor and the regardless
of rotor hub in calculation. In forward flight, the maxi-
mum relative error happens at μ � 0.24, which is 7.77%.

The trimmed pitches for Harrington coaxial rotor-1 are
given in Table 1, compared with the results of CAMRAD II
given by Ref. [21]. The rotor shaft tilt angles are set same
as CAMRAD II data. It can be seen that results are close,
except that θ1c of current results are larger than CARMD
II. For the present trimmed results, θ1cL is larger than θ1cU
when μ � 0.12, and their difference turns small when μ

� 0.24. This may be because the wake of upper rotor acts
on the rear of the lower rotor, which enhances the longitu-
dinal asymmetry of the flow field in the lower rotor disk,
and such wake interaction turns weaker at higher advance
ratio.

Table 2 Summary of the coaxial rotor model parameters

Parameter Value

Rotor radius 2.0 m

Blade cutout 0.212R

Chord 0.22 m

Airfoil NACA0012

Number of blades 2 + 2

Twist None

Vertical distance of rotors 0.3 m

Rotor shaft tilt angle 0°

Fig. 5 Trim history of pitches for the coaxial rotor model

3 Results and Discussion

3.1 Cases Setup and Trim Results

The main parameters of the coaxial rotor model used in this
paper are listed in Table 2. The blades have no twist, with
constant chord and thickness. The solidity of one rotor is
about 0.07. The rotor tip Mach number is set as 0.587 for
μ <0.4, and it is reduced to 0.47 for μ ≥0.4, with a con-
sideration to limit tip Mach numbers to 0.9 or less [24]. The
upper rotor rotates anti-clockwise and the lower rotor rotates
clockwise, from top view. It should be noticed that the y-axis
heads down.

In trim process, the target CT is set as 0.01 for the coaxial
rotor model in this paper. The single rotor, which means the
isolated upper rotor, adopts same pitcheswith the upper rotor.
The trim convergence criterion can be reached in seven iter-
ation steps for all cases in current work. Figure 5 and Table 3
give the trim history of pitches and relative error for case
of μ <0.15, LOS � 0, as an example. Figure 6 gives the
trimmed rotor pitches for different states. It can be seen that
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Table 3 Trim history of relative
errors for the coaxial rotor
model (μ � 0.15, LOS � 0)

Trim step εT εQ εLOS εMU εL εML

1 4.01E−01 2.08E−05 1.20E−01 5.15E−04 1.66E−04 6.19E−04

2 1.60E−01 8.97E−07 8.53E−02 2.69E−04 1.68E−04 3.18E−04

3 3.70E−02 8.70E−06 2.18E−02 8.67E−05 1.18E−04 1.08E−04

4 5.68E−03 2.60E−06 5.16E−03 1.79E−05 2.94E−05 1.34E−05

5 6.33E−03 1.14E−06 8.98E−04 1.26E−05 3.65E−06 3.09E−06

6 4.17E−03 2.82E−07 8.12E−04 5.55E−06 3.46E−06 6.85E−07

7 4.78E−04 7.02E−08 1.79E−04 1.44E−07 4.14E−07 9.13E−07

Fig. 6 Trimmed rotor pitches for different advance ratios

at low speed (μ <0.25), the lateral cyclic pitches (θ1c) of dual
rotors have obvious differences, due to the strong rotor wake
interaction. At higher speed (μ ≥0.25), the rotor interac-

tion turns weak, and pitches of coaxial rotor are rather close.
So it is sufficient to let the pitches of upper and lower rotors
share same values in the process of trim, at high speeds.With
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Fig. 7 Temporal variations of blade CT (μ � 0.15)

the increase of LOS, θ0 drops down, while θ1s rises up, and
changes of θ0 and θ1s are larger than θ1c.

3.2 Low Advance Ratio Cases

Figure 7 gives the temporal CT variation of blades over one
revolution with different LOS atμ � 0.15. To make a further
insight into the interaction of blade and tip vortex, the tem-
poral variations of sectional lift at 0.8R are given in Fig. 8.
The key features of blade load fluctuations can be seen as
follows.

3.2.1 Periodic Fluctuations Shared by U1 and L1

The thrusts of U1 and L1 share a tendency of gradually rising
and sharply dropping in a period of 90°, as the dual rotors
meet each other every other 90°. This is similar to the phe-
nomenon in hover caused by the interaction of rotor wake
in the research of Lakshminarayan [20], as upper and lower
blades meeting and leaving periodically. However, this is not
as obvious as hover cases, which is just significantly shown
in 90°–180° region in forward flight.

3.2.2 Impulsive Fluctuations Around Blade-Meeting
Azimuths

There are pulse-type fluctuations of U1 and L1 around the
blade-meeting azimuths. For the upper blade, the thrust
spikes down, but for the lower blade it spikes up.Meanwhile,
the pulse amplitude of the upper blade is much larger than
that of the lower one, especially at 0° and 270°. The change
of LOS has little influence on the impulsive fluctuation, at 0°
and 180°. However, the change amplitudes of L1 at 90° and
L1 at 270° both have an obvious increase at LOS� 0.3. This
will be discussed in detail later in Fig. 9.

3.2.3 Load Reductions Over the Rear of the Coaxial Rotor
Disks

The blade loads over the rear of the upper and lower disks
have a reduction compared with the single rotor. Here, the
rear of rotor disk is corresponding to regions of 0°–90° and
270°–360° in Fig. 7. For LOS � 0 the reduction can be

Fig. 8 Temporal sectional lift variations at 0.8R (μ � 0.15)
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Fig. 9 Cp contours in different sections at 0° and 90° azimuths (μ � 0.15)

obviously seen. For LOS � 0.3, the blade loads have sig-
nificant increase on the advancing side (0°–180°).

3.2.4 Blade–Vortex Interaction

The temporal sectional lift variations at 0.8R of U1, L1 and
S1 with different LOS are shown in Fig. 8. On the advancing
side, there are two Blade–vortex interaction (BVI) events,
marked as #1 and #2. At #1, the lift fluctuations caused by
BVI are mainly presented on L1. At #2, the sectional lifts
of three blades are all evidently influenced by the BVI and
exhibit similar waveform. On the retreating side, the BVI
mainly occurs on L1 and S1 around 270°, marked as #3.
Comparedwith LOS� 0, theBVI of LOS� 0.3 turnsweaker
at #1 and #3 and stronger at #2. That is reasonable, as loads
increase with LOS on the advancing side and decrease on
the retreating side. The detailed flowfield insight of the BVI
events will be given in the following part.

To make a further study on the impulsive fluctuations of
blade thrust around blade-meeting azimuths. The Cp con-
tours in different spanwise sections at 0° and 90° are shown
in Fig. 9. At the blade-meeting time, the upper rotor enters
the low-pressure region induced by the lower rotor. However,
the high-pressure region below the upper rotor is evidently
weaker than the low-pressure region above it. It corresponds
to the larger amplitude of U1 as mentioned above, compared
with that of L1. Additionally, at 0°, the pressure distribu-
tion varies little with LOS. So the impulsive amplitudes of
lift fluctuations are similar between LOS � 0 and LOS �
0.3. At 90°, for LOS � 0.2, there is a high-pressure region
between U1 (90°) and L2 (270°), due to the high load of U1
and low load of L2. At the same time, on the retreating side of
upper rotor (see U2, at 270°) the pressure field is dominated
by the high-load blade L1 (at 90°). Thus, for U1 at 90° and
L1 at 270° the impulsive amplitudes are both enlarged and
for L1 it is more evident.

Figure 10 shows the induced velocity in y-axis direction
(Vy) contours in longitudinal sections at 0°, when μ � 0.15.
The induced velocity is normalized by the rotor tip speed
(V tip) and the y-axis heads down. On the one hand, the Vy

around S1 (U1, L1) at 0° is larger than that around S2 (U2,
L2) at 180° due to the forward flight flow. On the other hand,
the wakes interaction of coaxial system mainly takes place
on the rear of rotor disk. Thus, the Vy around U1 and L1
is larger than that around S1 due to the interaction of dual
rotors, especially near the blade tips.

Figure 11 shows the iso-surface of vorticity magnitude
(Vor) of the coaxial system and single rotor. The iso-surfaces
are colored by Vy/V tip. The BVI events marked in Fig. 8 are
also pointed out here. For the single rotor, it is obvious to
see two BVI events. One is #2 interaction S1 and blade tip
vortex S2 on the advancing side, the other is #3 interaction
between S2 and blade tip vortex of S1 on the retreating side.
For the coaxial system, the wake structures are complicated.
It is obvious to see the blade tip vortex of U1 acts on L1
rather than U2 after a vortex age of 180°, which is different
with the single rotor. That is because the wake of upper rotor
moves down faster than that of the single rotor, due to the
interaction of coaxial rotor.

The vorticitymagnitude contours of sectionsA andBwith
different LOS are given in Fig. 12. In section A of LOS � 0,
BVI events happen around U1 and L2 blade sections, which
correspond to #2 and #3BVI eventsmarked in Fig. 8. As seen
in section B of LOS � 0, there is no BVI event around U2,
while there are two BVI events (#1 and #2) around L1. The
interaction #1 takes place before 90°, and #2 takes place after
90°. For LOS � 0.3, the BVI events are obviously severer
than that of LOS� 0 on advancing sides. Interactions #3 and
#1 are weaker, as the blade tip vortexes located on retreating
sides are weaker.

Figure 13 shows the sectional lift distribution (clMa2) for
the coaxial system and single rotor. The impulsive fluctu-
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Fig. 10 Vy contours in
longitudinal section (μ � 0.15,
LOS � 0, ψ � 0◦)

Fig. 11 Iso-surface of vorticity magnitude for q � 0.2 (μ � 0.15, LOS � 0, ψ � 90◦)

Fig. 12 Vorticity magnitude contours in different sections (μ � 0.15, ψ � 90◦)
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Fig. 13 Sectional lift distributions (clMa2) for the coaxial and single rotors (μ � 0.15)

ations around blade-meeting azimuths for upper and lower
rotors are clearly shown. The main BVI events are marked in
the figures, which correspond to those in Fig. 8. The upper
rotor wake acts on the lower rotor, leading to a low-load
region on the lower rotor around 300°, which is obviously
shown when LOS � 0.3.

3.3 High Advance Ratio Cases

Figure 14 gives the temporal CT variation of blades over one
revolution with LOS for μ � 0.4, as well as the temporal
variation of sectional lift at 0.8R. The impulsive fluctuations
around blade-meeting azimuths are still clearly shown for
U1 around 270°. The amplitude increases with advance ratio
and LOS. That is because the flowfield is dominated by the
advancing blade with higher loads. However, for L1 blade
the impulsive fluctuation is still not obvious. Meanwhile, the
loads reduction between 270° and 360° is still severer for
larger LOS, similar to the cases ofμ�0.15.However, the dif-
ference between S1 and U1 (L1) is smaller at higher advance
ratio, becausewakes of coaxial rotor travel fast backward and
have little interaction in rotor disk.

Two BVI events are marked in Fig. 14b. Interaction #2
is similar to the #2 marked in μ � 0.15 cases. However, the
BVI event on the retreating side disappears, because thewake
moves faster backward far away from reaching the retreating
blade, as shown in Fig. 15. Moreover, at 90° the wake of U1
reaches L1 at about 0.5R rather than 0.8R as shown in μ �
0.15 cases.

Another BVI event is marked as #1 in Fig. 14, which is not
as strong as BVI #2. Figure 16 shows the vorticity magnitude
contours in the upper rotor plane at different azimuths. At the
current advance ratio, the tip vortex of U1 starts to reach the
root of itself at 345°, but there is no significant BVI. At 15°,
the root vortex of U2 lies almost parallel to the root of U1,
forming BVI #1. Furthermore, BVI #1 is stronger around the
root of U1, compared with the tip of it.

Figure 17 shows the sectional lift distribution for μ �
0.4. The impulsive fluctuations caused by blade-meeting are
only shown around 270°. The two BVI events in Fig. 14 are
marked only for the single rotor, because the BVI charac-
teristics of coaxial system are similar to it. In fact, the lift
distribution of single rotor and coaxial system has little dif-
ference at high advance ratio. BVI #2 is stronger at the tip
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Fig. 14 Temporal loads variation with different LOS (μ � 0.4)

Fig. 15 Iso-surface of vorticity magnitude for q � 0.2 (μ � 0.4, LOS � 0.1)

Fig. 16 Vorticity magnitude contours in upper rotor plane (μ � 0.4, LOS � 0.1)
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Fig. 17 Sectional lift distributions (clMa2) for the coaxial and single rotors (μ � 0.4)

Fig. 18 Temporal loads variation with different LOS (μ � 0.6)
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Fig. 19 Vorticity magnitude contours in the plane of single rotor (μ � 0.6, LOS � 0.3)

Fig. 20 Sectional lift distributions (clMa2) for the single rotor (μ � 0.6)

region, while BVI #1 is stronger at the root region, which is
coincident with Fig. 16.

Figure 18 gives the blade loads variation with LOS for
μ � 0.6. The impulsive fluctuations around blade-meeting
azimuths are still clearly shown on U1. Three BVI events
are identified, as marked in the figure. BVI #2 is the interac-
tion between the advancing blade and tip vortex of retreating
blade, which is stronger with the increase of LOS.

The vorticity magnitude contours in the plane of single
rotor are given in Fig. 19 to show theBVI events of #1 and #3.
The #1 BVI is recognized as parallel interactions because the
leading edge of U1 is nearly parallel to the vortex filament, as
shown in the Fig. 19a. Moreover, the interaction is stronger
near the root of U1 than the tip. The #3 BVI is complex
as there are two vortices acting on the blade. One is the tip
vortex and the other is the root vortex as marked in Fig. 19b.
This interaction mainly takes place near the tip of U1.

Figure 20 shows the sectional lift distribution for the sin-
gle rotor for μ � 0.6. As shown in the figures, complicated
lift fluctuations occur near the BVI locations. The lift fluc-
tuations caused by the #1 BVI are stronger on the inside of
spanwise than on the outside. The lift fluctuations caused
by the #3 BVI is only observed on the outside of span-
wise.

4 Conclusions

A CFD solver based on RANS equations and a high-
efficiency trim model are established to simulate the aero-
dynamics of a coaxial rotor model in forward flight. The
goal of this work is to study the unsteady aerodynamic loads
of coaxial rotor. Based on cases at different advance ratios in
this paper, the following conclusions can be drawn.
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1. At low advance ratio (μ ≤0.25, for current cases), the
lateral and longitudinal cyclic pitches of coaxial rotor
have obvious differences between the upper and lower
rotors, due to the interaction of rotor wakes. At higher
advance ratio (μ>0.25), the interaction isweak and, thus,
pitches of the upper and lower rotors are rather close.

2. There are obvious wake interactions for coaxial rotor
at low speed (such as μ � 0.15). The thrusts of upper
and lower blades share a tendency of gradually rising
and sharply dropping in every 90° period, which is more
significant in the region of 90°–180°. Meanwhile, there
are load reductions over the rear of coaxial rotor disks,
because the interactions mainly take place on the rear
area due to the forward flight flow. The interactions turn
weak with the increase of advance ratio.

3. The impulsive thrust fluctuations caused by blade-
meeting are obviously exhibited around 270° for upper
blades, and the strengths increase with LOS and advance
ratio. Such interaction exerts greater impact on the loads
of upper rotor, compared with the lower rotor.

4. With the increase of advance ratio, the BVI location of
the advancing blade gradually moves toward the root at
90°. For the advance ratio of μ � 0.15, the tip vortex
of advancing upper blade reaches the retreating lower
blade, forming special BVI of coaxial rotor. In higher
speed, the BVI located on the retreating side disappears,
as the tip vortex moves backward fast due to the forward
flight flow.

5. At high speed (μ ≥0.4), two new kinds of BVI start to
appear. One is the parallel BVI between the root vortex
of the front blade and the rear blade shown around 15°,
at μ � 0.4 and 0.6. The other is the complex interaction
among the tip vortex, root vortex and the rear blade
around 345°, at μ � 0.6.
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