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Abstract

A numerical method based on Reynolds Averaged Navier—Stokes (RANS) equations and moving overset mesh technique is
developed to simulate the unsteady flow field of a rigid coaxial rotor. A high-efficient hybrid trim model is adopted to ensure
the simulation accuracy of lift-offset (LOS). Cases in different advance ratios are trimmed for constant thrust coefficient and
torque-balance. The effects of LOS, rotor spacing and RPM on the aerodynamic performance and interaction are analyzed.
Results show that, in forward flight the lift—drag ratio can be improved by appropriate LOS. The rotor drag increases with
LOS, as there is also a corresponding offset of drag. The optimum LOS varies with flight speed. At large advance ratio the
interactions of the coaxial rotor are much weak, except the blade-meeting interaction. The interaction is typically illustrated
by the impulsive loads of the upper blade at retreating side (270°), as the flow field is dominated by the advancing blade
(90°) of the lower rotor. The interaction intensity is sensitive to LOS, rotor spacing and RPM, as it depends on the flow field
gradient induced by the lower blade acting on the upper blade.
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List of symbols Subscripts

c Blade chord L Lower rotor

Cr,Cq Rotor thrust and torque coefficient U Upper rotor

CL,Cp Rotor lift and drag coefficient

Cl Blade sectional lift coefficient

c, Pressure coefficient

" Rotor advance ratio 11 .
ntroduction

Mayp, Rotor tip Mach number in hover

R Rotor radius

Rigid coaxial rotor compound helicopter has been a potential
configuration for the next generation of vertical flight aircraft
[1], with the increasing requirement of high-speed flight.
Sikorsky Aircraft developed the X2 Technology Demon-
strator (X2TD) aircraft [2], adopting the advancing blade
concept (ABC) [3]. X2TD has shown good capability to
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S1,Ul,L1 One blade of the single, upper and lower rotors
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Some comprehensive analysis softwares based on vortex
method, such as RCAS [1, 4], UMARC [5, 6] and CAMRAD
II [7-9], have been applied to investigate the effect of LOS
on coaxial rotor aerodynamic performance. Those researches
can provide valuable aerodynamic data for rigid coaxial rotor
helicopter. And the potential of LOS to improve the rotor
performance has been verified. However, vortex method is
usually built partly based on empirical formulas, which lim-
itsits accuracy. At the same time, the detailed interaction flow
field cannot be achieved, especially when the upper and lower
rotors meet with each other [10]. By comparison, computa-
tional fluid dynamics (CFD) method has obvious advantages
for the aerodynamic analysis of coaxial rotor.

Lakshminarayanetal. [11] investigated the interaction of a
coaxial rotor in hover, using a Reynolds Averaged Navier—S-
tokes (RANS) solver, OVERTURNS and sliding meshes. The
unsteady rotor loads of different rotor spacing was studied.
Based on an unsteady RANS solver and moving overset mesh
technique, Qi et al. [12, 13] carried out a series of studies on
the aerodynamic interaction of coaxial rotor in hover and
forward flight. The impulsive fluctuations were explained
to be caused by the severe near-field interaction when the
upper and lower blades meet with each other [12], which
can also be called as blade-meeting interaction. Wang et al.
[14] preliminarily studied the aeroacoustic characteristics of
a model coaxial rotor. Park et al. [15] investigated the effect
of coaxial rotor spacing on interaction in hover and forward
flight, based on a RANS solver. However, the rotor pitches
were trimmed by CAMRAD II, which was not coupled with
the CFD solver. Hayami et al. studied [10] the effect of lift-
offset on rotor vibration loads, through a rotorcraft CFD
solver rFlow3D. The comprehensive CFD/CSD (computa-
tional structural dynamics) loose coupling solver Helios have
been applied to coaxial rotor by some researches [16—19].
Among them, Klimchenko et al. [17] conducted some aero-
dynamic analysis of X2TD in forward flight using CFD and
free wake coupled with CSD. The free wake model presented
less accurate on the prediction of unsteady rotor loads than the
CFD solution. Researches of Jia et al. [18, 19] were focused
on the complex types of aerodynamic interaction in forward
flight. The impulsive loading-noise of a lift-offset coaxial
rotor was interpreted as caused by the blade—crossover inter-
action.

Present studies are still limited about the influence mech-
anism of LOS on its aerodynamic performance and unsteady
interactions. Especially for the blade—meeting interaction in
high-speed forward flight. This paper is a further step of the
previous researches [12, 13], which aims to advancing the
understanding of rigid coaxial rotor aerodynamics. Current
research is focused on the influences of parameter on the aero-
dynamic performance and unsteady loads of a rigid coaxial
rotor. Three parameters are involved, including LOS, rotor
spacing and RPM. Here, rotor spacing is pay special interest
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as it is a unique design parameter of the coaxial rotorcraft
which affects the aerodynamic performance [15, 20]. The
work of this paper mainly involves two aspects. One is to
figure out the effect mechanism of LOS on rotor performance.
The other is to illustrate the interaction characteristics of rigid
coaxial rotor in forward flight through the parametric analy-
sis, especially the blade—meeting interaction. The CFD solver
used in this paper is developed based on RANS equations.
Moving overset mesh is adopted to simulate the rotating and
pitching of rotor blades. Cases at different advance ratios
are trimmed for certain thrust coefficient, torque-balance and
different LOS levels. Trimming is conducted by an efficient
CFD/BET (blade element theory) hybrid trim model [13],
which is responsible for the CFD solver.

2 Methodology
2.1 CFD Method

The baseline of the CFD solver were developed by the
researches [12-14, 21, 22] at Nanjing University of Aero-
nautics & Astronautics. Navier—Stokes equations [23] are
adopted to simulate the rotor flow field, which can be written
as

9
—// Wav + {p (F.— F,)-ndS = 0. (1
ot JIav 35S

Here, the equation is written in finite-volume form, and
S and V represent the surface area and volume of a control
volume. W is the vector of conserved variables. F. and F,
are the convective transport quantities and viscous fluxes.
Three-order Roe-MUSCL scheme [24, 25] is employed to
calculate the inviscid flux terms. The viscous flux terms are
evaluated by second-order central difference scheme. The
turbulent viscosity is calculated by Spalart—Allmaras turbu-
lence model [26], which is widely used for aircraft rotor and
propeller. Dual-time stepping approach is employed for tem-
poral discretization. Implicit LUSGS [27] scheme is used for
the calculation of pseudo time step to improve the efficiency.

A moving overset mesh system consists of cartesian back-
ground mesh and body-fitted blade mesh. Meshes used in
this paper is shown in Fig. 1. The flow field information of
the blade and background meshes is exchanged by searching
corresponding hole cells and donor elements [22]. Current
researches are conducted with a two-bladed model rotor [13].
The parameters of the model rotor are given in Table 1. The
blade is formed with constant chord and single airfoil. The
rotor tip Mach number (Maygp) is set as 0.587 for u<0.4.
The Mayp is reduced to 0.47 at large advance ratios (u >
0.4) according to the design principle of a rigid coaxial rotor
[28]. Meshes are generated to meet the requirement that the
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Fig. 1 Sketch map of moving overset mesh for coaxial rotor

Table 1 Parameters of the coaxial rotor model in this paper

Parameter Values
Rotor radius 2.0m
Blade cutout 0.212R
Chord 0.22m
Airfoil NACAO0012
Number of blades 242
Twist None
Rotor spacing 0.15R
Rotor shaft tilt angle 0°

mesh size near the blade tip path is refined to about 0.05c,
to capture the details of rotor wake. In this paper, the blade
mesh has 223 x 89 x 102 points in the streamwise, normal
and spanwise directions, respectively. The background mesh
has 218 x 196 x 245 points in the directions of x, y and z.
The total mesh number is about 14.5 million. The physical
time step for one resolution is set as 720, corresponding to a
step interval of 0.5° azimuth. And the pseudo time step is set
as 15 to ensure the simulation is fully converged, according
to the previous calculation experience.

2.2 Trim Model

Pitches of the rigid coaxial rotor are trimmed using a hybrid
trim model, which has been built in the previous research.
The control settings (x) and target variables (y) are shown
below:

x = {6ou, O15U, O1cU» Oor, O15L, O1cL)s
y={Cr. Co, LOS, Cyy, Cr, Cu}, (2)

)7,

Fig.2 Comparison of forward flight performances of Harrington rotor-1
[13]

where
LOS =|Cry —Crl/C7,CL =Cry +CLL. 3)

The detailed description of the trim model can be found in
[13, 29]. In trimming, a high-efficiency aerodynamic model
based on blade element theory (BET) is coupled with the
CFD solver. Trimming process is carried out by the high-
efficiency model, which can avoid solving Jacobian matrix
through CFD solver. The rotor performance for each trim-
ming iteration step calculated by the BET is modified by
the CFD solver. Thus, the efficiency can be significantly
improved and the accuracy is guaranteed by the CFD solu-
tion.

The hybrid CFD/BET trim model has been validated with
various experimental cases in hover and forward flight [12,
13]. The comparison of forward flight performances of Har-
rington rotor-1 [30] is given in Fig. 2. The performances
are calculated with the pitches trimmed for a constant Cr
(0.0048). As seen in the figure, the calculation results show
good agreements with the results of experiment [30] and
CAMRADII [31].

3 Results and Discussion
3.1 Effects of Lift-Offset

To provide accurate control settings for aerodynamic anal-
ysis, cases at different flight states are trimmed for C7 =
0.001. The other target values are all zero, except that LOS is
set according to demand. Figure 3 shows the trimmed pitch
angles for various advance ratios, from 0.1 to 0.5. For u =
0.1, there are some differences between the pitches of the
twin rotors. The difference of longitudinal cyclic pitch (61.)
is greater than the collective pitch (6p). This is mainly due
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0.00076
i = =0.25
to the strong interaction of the twin rotors at low advance — A j —o— =04
ratio, which enhances the longitudinal asymmetry of the flow ' —A=p=0.5
field in the rotor disks. To maintain the balance of pitch-
ing moment, the difference of 6;. between the twin rotors 0.00068 -
increases. With the increase of advance ratio, the interaction UO L o
intensity turns weak, and the collective pitches decrease first B e . A
and then increase. 6. decreases in a small amplitude, while \. ‘
015 rapidly drops to larger negative values. At high advance | \.
ratio, the pitches of the upper and lower rotors tend to be con- 0.00060 - n
sistent. For p = 0.5, pitches of the twin rotors are essentially =2
same. 0.00056 1 1 1 1 1
The concept of LOS is proposed to improve the aerody- 0.0 0.1 02 03 0.4
namic performance of rigid coaxial rotor in high-speed flight. LOS
In forward flight the main concerning performance parame- (b) CQ
ter is effective lift—drag ratio (L/De) of rotor [2]. For a single
rotor it can be written as 0.0007
lo} 0.0006 -
L/De = ——————, “)
Cp+Co/u 0.0005 |-
where Cy, and Cp separately indicate the rotor lift and drag 00004
coefficients in the wind axis system. Cg is the rotor torque o
. . . ; 0.0003 -
coefficient. The denominator term (equivalent drag) consists
of drag (Cp) and power equivalent drag (Cp/u). The def- 010062 -
inition of lift—drag ratio for rigid coaxial rotor is similar to
the single rotor, where Cy and Cp are the resultant force of 0.0001 -
the twin rotors and Cy is the sum of absolute values of rotor Fo
0.0000 A —
torques. o ) 0.0 0.1 02 03 0.4
The effect of LOS on performances of the rigid coaxial LOS
rotor is shown in Fig. 4. With the increase of LOS, the rotor
lift—drag ratio first increases and then decreases. The LOS (C) Cp

corresponding to maximum lift—drag ratio varies at different
advance ratio states. For u = 0.25, the optimum LOS is about
0.1, while for © = 0.4 or 0.5, it is about 0.2. The variation
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Fig.4 Performance comparison of rigid coaxial rotor with different
LOS
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Fig.5 Temporal blade C7 with different LOS

tendency of lift—drag ratio with LOS parallels the perfor-
mance test of a rigid coaxial rotor conducted by Deng [15].
As shown in Fig. 4b, for u© = 0.25 the rotor torque reaches
the minimum value when LOS = 0.2. For u = 0.4 or 0.5,
the lowest point locates at about LOS = 0.3. In summary,
a proper LOS can reduce the torque and lift—drag ratio of
the rigid coaxial rotor. And higher advance ratio corresponds
to larger proper LOS within limits. However, the rotor drag
increases with LOS, see Fig. 4c. The reason will be analyzed
in detail referring to Fig. 8.

Considering the longitudinal asymmetry of flow field in
forward flight, loads of the blade, rather than the rotor are
more meaningful for the analysis of unsteady interactions.
The temporal blade Cr with different LOS for © = 0.25 and
0.5 are shown in Fig. 5. Here the results of single rotor con-
figuration are also carried out for comparison. S1, Ul, L1,
indicate the first blade of the single, upper and lower rotors,
separately. And the blade azimuth is shown in polar coor-
dinate for a more intuitive display of LOS. First, compared
with hover state, the aerodynamic interaction of rigid coaxial
rotor in forward flight is much weaker. With the increase of
LOS and advance ratio, the blade thrusts of the coaxial and
single rotors tend to be consistent. However, the interaction
caused by the blade-meeting event turns more severe. And
this is obviously indicated on the C7 of Ul blade at about
270°.

More importantly, the influence of LOS on the rotor load
distribution has been illustrated in Fig. 5. For £ = 0.25, LOS
= 0, the distribution of blade C7 is elliptical. The thrust is
large at the longitudinal azimuths (near 0° and 180°), and
relatively small at the lateral azimuths (near 90° and 270°).
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Blade-meeting
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That is because the dynamic pressure of blade at the retreat-
ing side (270°) is much small. Considering the limitation of
blade stall, the retreating blade can provide less thrust than
the blade at 0° or 180° azimuths. To guarantee the balance of
rolling moment, the thrust potential of the advancing blade
is suppressed. This is more obvious when . = 0.5, as higher
flight speed will cause larger reverse-flow zone and poorer
aerodynamic efficiency at the retreating side. The LOS of a
coaxial rigid rotor refers to the offset of the lateral lift. With
a larger LOS, the thrust at the advancing side is obviously
larger, while at the retreating side, it is rather smaller. Mean-
while, the thrusts at the longitudinal azimuths turns smaller
too. In general, the large thrust range is concentrated near
the 90° azimuth, which can take full advantage of the large
dynamic pressure at the advancing side. In this way, the rotor
aerodynamic efficiency in high-speed flight can be improved.

Figure 6 shows the sectional lift distributions (cIMa?) in
the rotor disk for the coaxial and single rotors. The blade—vor-
tex interaction (BVI) events can be found in the advancing
side on each rotor disk for the upper and lower rotors, which is
consistent with the single rotor. The g-criterion iso-surface
of the coaxial rotor at 60° azimuth is shown in Fig. 7. As
shown, the vortex shedding from the retreating side blade tip
acts on the advancing side blade. For LOS = 0.4, the high-
lift region mainly lies on the advancing side, while on the
retreating side the lift is rather low. And the BVI is signifi-
cantly enhanced by larger LOS. The lift distributions of the
twin rotors are generally similar with the single rotor, except
the low-lift regions near blade—meeting azimuths. This is
coincident with the analysis referring to Fig. 5.
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The temporal blade drag coefficients with different LOS
are given in Fig. 8, to investigate the influence mechanism
of LOS on the total rotor drag. The blade Cp stands for
the temporal resultant force in the vertical direction of local
blade spanwise in the rotor disk plane. For the convenience
of comparison, the blade azimuths in this figure are uni-
formly given in counterclockwise, although the upper and
lower rotors rotate in opposite directions. There is obvious
impulsive fluctuation near the 270° azimuth, which is still
caused by the blade-meeting interaction. The blade drags of

@ Springer

the single and coaxial rotors all gradually deviates toward
the advancing side with the increase of LOS, which means
that the drag offset appears with the lift-offset. The offset of
temporal blade drag distribution will increase the total time-
averaged rotor drag. This provides a good explanation for the
phenomenon as mentioned in Fig. 4c.

The sectional C), contours at different azimuths for 4=0.5
are given in Fig. 9, to make a view of the blade-meeting
interaction. When the rotors meet at longitudinal azimuths
(0° and 180°), the loads of the upper and lower rotors are rel-
atively close. And the flow field is not dominated by either
side. When the upper blade (U2) locating at 270° meets the
lower blade (L1) at 90°, the flow field is obviously domi-
nated by L1, as it owns much larger dynamic pressure and
stronger load than U2. Similarly, the flow field is dominated
by Ul 90°at rather than L2 at 270°. However, the flow field
gradient above the blade is stronger than the below, so the
load fluctuations caused by the blade—meeting interaction are
more obviously shown by the loads of the upper blade at 270°
azimuth.

With the increase of LOS, the attack angle and loads of L1
turn larger. The negative-pressure region above the blade is
further enhanced. The enhancement of the negative-pressure
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region below is relatively insignificant. Therefore, the inter-
action from L1 to U2 turns stronger, while the interaction
from Ul to L2 turns weaker. And this is corresponding to the
amplitudes of the upper and lower blades as shown in Fig. 5.

3.2 Effects of Rotor Spacing and RPM

As mentioned above, at high-speed flight, the most obvi-
ous interaction between the upper and lower rotors is the
blade—meeting interaction. In this section, the effects of rotor
vertical spacing and RPM are investigated for u© = 0.5.
Figure 10 shows the comparison of temporal blade Cr for
the coaxial rotor blades with different rotor spacing. Here,
the original spacing of the coaxial rotor is marked as H. For
LOS = 0.1, the differential Cr fluctuations with the single
rotor mainly lie in two ranges, one is at about 90° ~ 95°
marked as #1. Another is near the blade-meeting azimuths,
which is much obvious for the upper rotor at 180° and 270°
marked as #2. The amplitude of #1 and #2 fluctuations both
turn weak. #2 fluctuation is recognized as the blade—meet-
ing interaction, and gradually disappears with the increase of

rotor spacing. However, for the #1 fluctuation, there is still
some difference with the single rotor when the rotor spacing
is 2.0H. This indicates that it is caused by other kind of inter-
action which is not insensitive to the rotor spacing. For LOS
= 0.4, and the thrusts of the coaxial and single rotors are
generally consistent, except for the blade-meeting azimuths.
The effect of rotor spacing mainly locates near 270° azimuth,
where the impulsive amplitude of Cr gradually turns small.
And the effect is more obvious shown on the upper rotor than
the lower rotor.

Figure 11 shows the temporal blade Cr of different LOS
at a higher RPM, May, = 0.588. The general fluctuation
characteristics are similar with the low RPM case. The main
difference locates near 270° azimuth. First, the fluctuation
amplitudes of the upper and lower blades are larger. Second,
the waveform is different. There is an obvious secondary
fluctuation (#2) after the main fluctuation (#1). Blade section
lifts at three spanwise locations with different RPM are given
in Fig. 12. As the section moves from inboard to outboard,
the linear velocity increases and the effect of RPM turns
greater. Compared with the 0.4R section, the lift fluctuation
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of 0.9R is magnified severely near 270°, which dominates
the fluctuation of the blade thrust. The BVI at the advancing
side is also shown by the section lifts from 45° to 90°. And it
is also enhanced with higher RPM, especially at 0.9R. When
May;, =0.588, the local Mach number of the advancing blade
tip is close to 0.882, and weak shock waves are generated in
the flow field, as shown in Fig. 13. Thus, the gradient of
the flow field above the blade turns greater and shows some
different distribution characteristics, compared with the case
at low RPM.

4 Conclusions

The aerodynamic performance and unsteady loads of a coax-
ial rotor model at different advance ratios are investigated,
using an unsteady RANS solver based on moving overset
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mesh technique. The effects of LOS, rotor spacing and RPM
are analyzed. Following conclusions can be drawn from this

paper:

(D

2

3)

In forward flight, the lift—drag ratio of the rigid coaxial
rotor increases first and then decreases with the increase
of LOS. This is the combined result of two aspects. One
is that the high dynamic pressure at the advancing side
can be fully utilized via LOS, improving the aerody-
namic efficiency. The other is that when the lift-offset is
achieved, the offset of drag is also brought correspond-
ingly. And this leads to larger rotor drag. The optimum
LOS for lift-drag ratio varies with the advance ratio.
At large advance ratio, interactions of the rigid coaxial
rotor are much weak, except the blade-meeting interac-
tion, which leads to impulsive blade loads. It is typically
shown on the thrust of the upper blade at the retreating
side (270°), as the flow field is dominated by the lower
blade with larger dynamic pressure and stronger load
at the advancing side (90°). The interaction is mainly
formatted by the strong-gradient flow field induced by
the lower blade, and turns stronger with the increase of
advance ratio and LOS.

The blade—meeting interaction is much sensitive to rotor
spacing and RPM. With a larger spacing, the upper
blade is further away from the strong-gradient region of
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the lower blade. Thus, the interaction is sharply weak-
ened. At a higher RPM, the gradient of the flow field
above the advancing lower blade is enhanced, leading
to stronger interaction. Based on the parametric analy-
sis of this paper, our future work will be focused on the
parameter design of rigid coaxial rotor and blade shape
optimization to reduce the aerodynamic unsteady loads
and aerodynamic noise.
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