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Abstract

Based on the free-wake method, a comprehensive model for the analysis of the aerodynamic characteristics
of ABC rotor propeller-augmented compound helicopters is established and a new trim method for the multi-
control solutions of ABC helicopters is presented. The developed model is utilized to investigate the aerody-
namic interference characteristics of the main rotors on the propulsive rotor and the effects of the installation
location of propulsive rotor on its aerodynamic characteristics. Numerical examples show that in certain
range of forward flying speed, the aerodynamic interference characteristics of the blades of main rotors on
the front propulsive rotor will improve the aerodynamic performance, decrease the power consumption and
decrease the vibration level of thrust of the front propulsive rotor. This advantage will be weakened, if the
vertical spacing between the propeller hub of the propulsive rotor and the lower main rotor disc is increased
too much. On the other hand, however, the direct aerodynamic impacts of the wake of main rotors on the
regular rear propulsive rotor will degrade the aerodynamic performance, increase the power consumption

and increase the vibration level of thrust of the regular rear propulsive rotor.

1. INTRODUCTION

Helicopters have lower cruise speed than fixed-
wing aircrafts. Research on new configurations of
high-speed helicopters have been conducted to
overcome this disadvantage. The Advancing Blade
Concept (ABC) rotor™ propeller-augmented com-
pound helicopter®® (also called ABC helicopter) is
one of the most successful configurations; the X-2

helicopter is a representative of such configurations.

The X-2 helicopter maintains and develops the
technical features of conventional helicopters[l],
which is an important direction for the development
of future helicopters. However, the special configu-
ration of this helicopter causes complicated interac-
tional aerodynamics.

The common configuration of the ABC helicopter
includes coaxial main rotors with a propeller rotor™.
Many theoretical and experimental investigations
have been performed for conventional coaxial heli-
copters; vortex theory[‘r”el and CFD method™® are
often employed as theoretical analytical tools. The
interactional aerodynamics of an ABC helicopter
changes significantly when a propeller rotor is com-

pounded into a conventional coaxial helicopter.
Previous analytical tools cannot be directly applied
to the new configuration. Meanwhile, theoretical
studies on ABC rotor propeller-augmented com-
pound helicopters, particularly helicopters capable
of analyzing the interactional aerodynamic charac-
teristics of the main aerodynamic components, are
rare in current publication.

In 2008, Kim et al.” built the first comprehensive
model for analyzing the interactional aerodynamics
of ABC helicopters. In their model, VTM method™,
which is a viscous vortex method, was used. Kim et
al. comprehensively analyzed the aerodynamic
characteristics of the main rotors, horizontal tail
plane, and propeller rotor at different forward-flight
conditions. However, numerous computations™"
had to be performed because of VTM method’s
application; this condition resulted in the establish-
ment of a simplified helicopter trim model™. In the
simplified trim model, similar cyclic pitch controls
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Trim analysis is important for aerodynamic calcula-
tions of the ABC helicopter. According to Burgess[”,
the lateral lift offset control of the main rotors is the
essence of the ABC concept. This condition means
that for an ABC rotor propeller-augmented com-
pound helicopter, multi-trimmed control solutions
exist at each flight condition; performance optimiza-
tion, rotor moments, and vibration are readily af-
fected by the use of differential cyclic and collective
pitch. This control technique has a significant re-
search value™ . The technique cannot be imple-
mented by applying a simplified trim method with a
single-control solution for each flight condition.
Therefore, the setup of a trim model that can obtain
multi-control solutions for each flight condition is
significant but challenging.

On the other hand, the propulsive rotor is an key
part for the ABC helicopter. At high forward speed,
compressibility at the tip of the advancing blade will
weaken the aerodynamic performance of the rotor
regardless of the flapwise stiffness of the system.
And the effects of compressibility can be delayed to
higher forward speed however if the main rotor sys-
tem can be off-loaded by a suitable means of lift or
thrust augmentation, thus allowing for reduced rota-
tional speed of the main rotor’®. At first, a pair of
turbojets or a turbofan was selected to augment the
thrust produced by the main rotor. However, the
turbojet and the turbofan were almost abandoned
for the compound helicopter because of its ineffi-
ciency and noise. They will also result in a power
redundancy on the aircraft as the power from them
cannot be used during hovering flight. From this
point of view, the propeller will be a more appropri-
ate choice to off-load the main rotors for an ABC
helicopter.

However, this kind of thrust-augmented device, alt-
hough being crucial for the ABC helicopter to in-
crease the forward flying speed, but will cause an-
other complicated situation to the aerodynamic
characteristics of an ABC helicopter. For a regular
rear-installed propulsive rotor, it will be strongly af-
fected by the wake of main rotors under certain
flight conditions. Just as pointed out by Orchard
and Newman®, The interactions between the rotor
wake and propeller present an unknown factor, alt-
hough effects similar to the tail rotor-main rotor
wake blade vortex interaction effect must be ex-
pected, but only for certain portions of the flight en-
velope. In order to maximise the efficiency and po-
tential of this type of aircraft, a thorough under-
standing of the nature and form of the aerodynamic
interactions that occur within the system, as well as
an appreciation of the flight conditions under which
such interactions might pose the greatest challeng-
es to the operation and control of the vehicle, is
essential.

From this point of view, in this research, based on
the free-wake method, a comprehensive calculation
model of an ABC rotor propeller-augmented com-
pound helicopter will be established to investigate
its interactional aerodynamic characteristics. And a
new trim method for multi control solutions is pre-
sented. This research is focusing on the aerody-
namic interference characteristics of the main rotors
on the propulsive rotor and the effects of the instal-
lation location of propulsive rotor on its aerodynam-
ic characteristics. And some new conclusions will
be drawn.

2. MODEL AND METHODOLOGY
2.1 Computational Model

Because of the lack of detailed data in publication
of the main rotors of X-2 high-speed helicopter, the
calculation model of ABC-rotor propeller-
augmented compound helicopter applied in this
paper is partially simplified from the data of XH-59A
and X-2 helicopters in order to fit the free-wake
method. The calculation model is schematically
shown in Fig. 1.
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Fig. 1 Schematic of the configuration of ABC rotor
propeller-augmented compound helicopters

Horizontal tailplane

Propulsive
rotor

As shown in Fig. 1, configuration of the calculation
model is similar to X-2, i.e. a generic helicopter con-
figuration that comprises a stiffened twin coaxial
rotor system together with an auxiliary tail propeller
and a horizontal tailplane. The horizontal tailplane
is untwisted and has a rectangular planform
(3.74m*0.94m). Its airfoil section is NACA0012.

The main rotor system modeled in this study con-
tains two counter-rotating three-bladed rotors,
which are separated axially. The blades of both
rotors are tapered linearly in planform and have -
10° of linear twist and 5.5m of rotor radius. The twin
rotors of the coaxial system are arranged so that
the lower rotor rotates anticlockwise and the upper
one rotates clockwise when viewed from above.
The rotors have been arranged to overlap when
blades from both the upper and the lower rotors
pass directly over the centreline of the rear fuselage.
For simplicity, a constant airfoil section, NACA0012,
is used along the entire span of the rotor blades.



The geometric properties of the main rotor system
are summarized in Table 1.

Table 1 Main rotor and propulsive rotor geome-

tries
Main rotor ~ propulsor
Rotor radius (m) 5.5 154
Number of rotors 2 1
Blades per rotor 3 5
Root cutout 0.12 0.2
Twist (°) -10 -30
Tip Chord (m) 0.554 0.2772
Taper 2 1

Airfoil sections NACA0012 NACAO0012

In addition, a five-bladed propeller is used to
represent an auxiliary thrust-producing device
mounted in pusher configuration to the rear of the
fuselage. The blades of this propulsive rotor feature
a tapered root end, -30° of linear twist, and a
NACA0012 sectional profile. Its rotational speed is
fixed at 4 times the main rotor speed and its direc-
tion of rotation is anticlockwise when seen from the
rear of the aircraft. A summary of the geometry of
the propulsive rotor is given in Table 1.

2.2 Free-wake Method

In this paper, the rotor wake is calculated by the
time-marching free-wake method™”, which divides
the wake filament into lots of straight vortex seg-
ments. Each segment moves with the local velocity,
whose governing equation can be given as

dr
(1) " v(r,t)
where r represents the position vector of the vor-
tex node, and v is the local velocity.

To any node along the rotor wake filament, the 4™
order accurate Adams-Bashforth-Moulton predictor-
corrector scheme™ is applied, which is

i *
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where the predictor of the explicit 4™-order accurate
Adams-Bashforth method will firstly give a predicted
solution 1, , then the corrector of the implicit one
will obtain the final solution r,,, . The verification

of the reliability of this predictor-corrector scheme
can be found in other references, which therefore
will not be given here again.

2.3 Trim Methodology

During the flight of a helicopter, pilots change the
flight condition and the aerodynamic force by con-
trolling the rotor inputs. Therefore, to obtain the ac-
curate control data, a proper trim model should be
contained in the analysis of interactional aerody-
namic characteristics of a helicopter. As mentioned
before, within the few studies of interactional aero-
dynamic characteristics of ABC helicopters, be-
cause of the huge amount of computations, a sim-
plified helicopter trim model was carried out in their
method. In their simplified trim model, same cyclic
pitch control was inputted to both the upper and the
lower main rotors™.

On the other hand, in the current study, a more
complicated trim methodology is presented instead
of the former simplified one.

Specifically, different from the trim model of an
isolated rotor, for an ABC helicopter, there are more
control input quantities. Seven important ones of
them are picked up, which are the collective pitch
and cyclic pitch of the lower rotor, A0, Al, and

A2 , collective pitch and cyclic pitch of the upper
rotor, AO,, Al, and A2,, collective pitch of pro-
pulsive rotor, AO,. Then the control input vector of
an ABC helicopter can be given as

3) z=(A0_,AL A2 A9 AyLA j2A);
Where the blade pitch of main rotors can be defined
by azimuth angle y as

6 (w)= A0, + Al -cos(y) + A2; -sin(y)
) i=LU

As shown in Fig. 1, the xyz-coordinate system is
adopted. The Cartesian components of the overall
forces and moments constitute the trim state vector,
ie.

T
(5) y=(F.F, F.M MM, )
In order to match the number of control input varia-
bles with that of the trim ones, the lateral force, F,,

will be ignored, which is much weaker than the oth-
er forces. And the cyclic pitch inputs of the upper
rotor, Al, and A2,, will be used as the default

values, which do not change during the trim pro-
cess. In such way, failure of solving trim equation
could be avoided. Therefore, both the control input
and the trim state quantity consist of 5 components.
They can be regiven as follows

(6) 7=(A0_, AL, A2, A0y, A, )"
_ T
@) Y =(F.F M, MM, )

X1tz
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It should be pointed out, the default values, Al
and A2, , need to be chosen carefully, which

means that improper values will lead to the failure
of solving the trim equation.

So, the trim equation can be given as

(8) AZ = A3 7MAY

Where J is the Jacobean matrix, and
A(0<A<1) is a relaxation factor used to maintain
the numerical stability.

To verify the reliability of this trim methodology, the
flight condition at advance ratio of 0.15 is chosen as
a numerical example. Fig. 2 gives convergence
process of the control input and trim variables. As
shown in Fig. 2 (a), all the five trim state data have
converged from various initial values to zero. On
the other hand, as shown in Fig. 2 (b), all the five
control input data have converged to some specific
values accordingly. It can be seen from this trim
procedure that the trim methodology presented in
this paper is reliable and effective in finding a trim
state under specified flight conditions and getting
corresponding control input data. Moreover, differ-
ent from the conventional simplified trim method, by
assigning different default values, Al;, and A2,

present trim methodology can find much more trim
states under one specified flight condition to inves-
tigate the interactional aerodynamic characteristics
of ABC helicopters more deeply.

50k

40k - e ----F,

20k !
i

X
1
i
. ' IR
301(" P M\
Y
v

10k !

R -

(B o)
g

N, Nm

10kq -2
;
20k |

X
30k,

i
-40k 4|

'
50k T T T 1
0 20 40 60 80
Tteration revolutions

(a) Trim state data

0.251

0.24-_/_/

0.23 %

..............................

0. 08

0. 06 —_— A0, |
—f_ S AL
0.014 --m A2
A0,
0.02 — A0,
0.00 T T T !
0 20 40 60 80

Iteration revolutions

(b) Control input data

Fig. 2 Convergence process of the control input and

trim variables (u=0.15)

3. RESULTS AND ANALYSES
3.1 Thrust Vibration of Propulsor

Figure. 3 presents the temporal variation in propul-
sor thrust and power over one main rotor revolution,
with the helicopter trimed into forward flight at the
various advance ratios. As shown in the figure,
along with the growth of forward flight speed, the
thrust produced by the propulsor is increasing. And
the power consumption is accordingly rising. It
should be pointed out, there are two types of vibra-
tion frequency existing in the temporal variation in
propulsor thrust and power over one main rotor
revolution at the same time. One strong 3Q2 com-
ponent has a relatively longer wavelength, and an-
other component has a much higher frequency of
about 20Q2.

Between these two types of vibration frequency, the
strong 3Q component is mainly caused by the
wake of main rotors. On the other hand, the other
higher frequency of about 20Q is coming from the
rotation of the propulsive rotor. Because the propul-
sive rotor has 5 blades, rotating at a frequency four
times higher than the one of main rotors. Therefore,
when the distribution of blade loading over the pro-
pulsive rotor disc is not even, the propulsive rotor
will generate a high vibration frequency 20 times
higher than the rotating frequency of main rotors, i.e.
20Q2.
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Fig. 3 Temporal variation in the thrust and power



of the propulsive rotor over one revolution of main
rotors at various advance ratios

It has to be pointed out, besides the vibration fre-
guency characteristics of the propulsive rotor ob-
tained by the free wake method here, the VTM
(Vorticity Transport Model) can get similar results'.
These two groups of results are not completely
identical, because of the different calculating meth-
ods, calculating models and trim states being ap-
plied by these two researches. But the vibration
frequency characteristics of the propulsive rotor
being obtained by these two different methods are
still very similar, i. e. there are two types of vibration
frequency existing in the temporal variation in pro-
pulsor thrust and power over one main rotor revolu-
tion at the same time, i. e. one strong 3QQ compo-
nent and one high-frequency 20Q2 component. It
can be seen, even the vibration frequency charac-
teristics of the propulsive rotor cannot be verified
directly by experimental data so far, the similar cal-
culating results of these two methods could verify
their validity for each other.

Furthermore, Fig. 4 presents the Distribution of
thrust over the propulsive rotor at various advance
ratios, where darker area represents higher loading.
As shown in the figure, because of the effects of
down wash flow of main rotors, the blades of pro-
pulsive rotor can be distinguished into two different
operation conditions, i.e. the “climbing blade” and
the “descending blade”. In the propulsive rotor disc,
the “climbing blade” moves against the down wash
flow of main rotors, therefore obtaining larger inflow
velocity on the airfoil section and generating greater
thrust. On the other hand, the “descending blade”
moves along with the down wash flow of main ro-
tors, therefore obtaining smaller inflow velocity on
the airfoil section and generating less thrust. As
shown in Fig. 4, as the propulsive rotor is rotating
anticlockwise, a blade on the right side will be a
“climbing blade”, and one on the left side should be
a “descending blade”. These two different operation
conditions of the propulsive rotor are similar to the
two different operation conditions of “advanc-
ing/retreating blade” of main rotors because of the
effects of forward flying speed. It should be noticed,
the speed of down wash flow of main rotors is much
smaller than the forward flying speed for a helicop-
ter, especially for an ABC helicopter. It makes the
difference between “climbing/descending blade” is
smaller than the one between “advancing/retreating
blade”. Even so, it can be seen from Fig. 4, larger
forward flying speed will generate greater down
wash flow of main rotors, which will aggravate the
difference between “climbing/descending blades”.
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Fig. 4 Distribution of thrust over the propulsive
rotor at various advance ratios

Moreover, Fig. 5 shows the distribution of inflow
over the propulsive rotor at various advance ratios,
where darker area represents larger values. It could
be noticed, except the results at the advance ratio
of 0.05, showing a distribution characteristic of cen-
ter-diverging, all the other distributions of inflow
over the propulsive rotor are presenting a distribu-
tion characteristic of horizontal-banding. This situa-
tion could be explained by the side view of wake of
main rotors at various advance ratios, given by Fig.
6. As shown in the figure, when the ABC helicopter
is flying at a low advance ratio such as 0.05, the
wake of main rotors is being down-washed under
the propulsive rotor, with no direct aerodynamic
interference to the propulsive rotor. On the other
hand, at higher advance ratios, the wake of main
rotors will directly aerodynamic impact on the pro-
pulsive rotor at different levels. As shown in Fig. 6
(b)~(d), with the increasing of forward flying speed,
the wake of main rotors is becoming more horizon-
tal and the impacting zone on the propulsive rotor
disc is moving further upward. Under this kind of



directly aerodynamic impact, distributions of inflow
over the propulsive rotor are presenting a distribu-
tion characteristic of horizontal-banding, as shown
in Fig. 5, and there is greater inflow in the impacted
zone. It can also be seen, with the increasing of
forward flying speed, the impacted zone is moving
further upward, as shown in Fig. 5 (b)~(d), match-
ing the results of Fig. 6. Therefore, it can be seen,
the direct aerodynamic impacts of the wake of main
rotors on the propulsive rotor could raise the speed
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3.2 Effects of the Installation Location of Pro-
pulsive Rotor on the Aerodynamic Characteris-
tics

For some reasons, regular advancing Blade Con-
cept rotor propeller-augmented compound helicop-
ters are rear-propeller-augmented, such as the X2
and S97. However, the wake of main rotors will
make direct aerodynamic impacts on the propulsive
rotor, as discussed before. Then, in this section, the
effects of the installation location of propulsive rotor
on the aerodynamic characteristics will be investi-
gated by calculating the aerodynamic interference
characteristics of the propeller rotor for an ABC ro-
tor front-propeller-augmented compound helicopter.



And the results will be compared with the ones of a
regular rear-propeller-augmented ABC helicopter,
in the purpose of providing the reference for the
design of the installation location of the propulsive
rotor.

Fig. 5 gives the Schematic of the configuration of
ABC rotor front-propeller-augmented compound
helicopters. As shown in the figure, the propulsive
rotor is front-installed. The distance between the
shaft of the propulsive rotor and the lower main ro-
tor disc is expressed as gZ . The installation loca-

tions of other components are set to be as same as
them in Fig. 1.
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Fig. 7 Schematic of the configuration of ABC rotor
front-propeller-augmented compound helicopters

First, set gZ =0.56R, the new helicopter model is

retrimed and recalculated. Fig. 8(a) ~ Fig. 11(a)
show the temporal variation in the thrust of the
rear/front propulsive rotor over one revolution of
main rotors at the advance ratio of 0.15, 0.2, 0.25
and 0.3. As shown in these figures, overall, no mat-
ter for a rear propulsive rotor or a front one, the
aerodynamic drag of a helicopter at same forward
flying speed will be almost same. Therefore, as the
major contributor of the thrust of an ABC helicopter,
the rear and front propulsive rotor will generate av-
erage thrust in close levels.

Furthermore, as shown in these figures, the vibra-
tion amplitude of thrust of the regular rear-installed
propulsive rotor is larger than it of the nose-installed
propulsive rotor. And the difference in the vibration
amplitude of thrust is growing with the increasing of
forward flying speed. It means, relative to a regular
rear-installed propulsive rotor, the nose-installed
propulsive rotor has an advantage in decreasing
the vibration level of thrust for an ABC helicopter,
and it is more obvious in higher advance ratios.
This advantage for front propulsive rotor is mainly
benefited from avoiding the direct aerodynamic im-
pacts of the wake of main rotors.

On the other hand, Fig. 8(b) ~ Fig. 11(b) show the
temporal variation in the power of the rear/front
propulsive rotor over one revolution of main rotors
at the advance ratio of 0.15, 0.2, 0.25 and 0.3. As
shown in these figures, at a low advance ratio of

0.15, the power consumption of the nose-installed
propulsive rotor is higher than it of the regular rear-
installed propulsive rotor. When the advance ratio is
set to be 0.2, the nose-installed propulsive rotor
consumes slightly less power than the regular one.
And with the further increasing of advance ratio, the
nose-installed propulsive rotor is obviously more
efficient. It means, relative to a regular rear-
installed propulsive rotor, the nose-installed propul-
sive rotor has an advantage in decreasing the pow-
er consumption level for an ABC helicopter, and it is
more obvious in higher advance ratios. The case
will be the opposite, when the forward flying speed
is getting very low.
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Fig. 8 Temporal variation in the thrust and power
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Fig. 9 Temporal variation in the thrust and power
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Fig. 10 Temporal variation in the thrust and power
of the rear/front propulsive rotor over one revolution
of main rotors ( £=0.25, gZ =0.56R )
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Fig. 11 Temporal variation in the thrust and power
of the rear/front propulsive rotor over one revolution
of main rotors ( ©=0.3, gZ=0.56R)

In addition, it should be noticed, for a regular rear-
installed propulsive rotor, there are two types of
vibration frequency existing in the temporal varia-
tion in the thrust and power of the propulsive rotor
over one main rotor revolution at the same time at
various advance ratios, i. e. one strong 3Q com-
ponent and another high-frequency 20Q2 compo-
nent. This situation may not be as same as it of the
nose-installed propulsive rotor. For a front propul-
sive rotor, the two components of the vibration fre-
quency are 6Q and 20Q at lower advance ratio
as 0.15 and 0.2, as shown in Fig. 8 and 9. When
the advance ratio is increased to 0.25 or 0.3, then
the two components of the vibration frequency will
develop into the 3Q2 and 20Q.

Furthermore, in order to understand the advantage
of front propulsive rotor in power consumption in
higher forward flying speed, distribution of inflow
over the front propulsive rotor at various advance
ratios is given in Fig. 10, where darker area repre-
sents larger values. As shown in the figure, there is
significant difference between the front propulsive
rotor and the regular rear propulsive rotor in the
way of inflow distribution. For the nose-installed
propulsive rotor, the upper half of the rotor disc is
strongly interfered in aerodynamics by the blades of
main rotors above it from a close distance, showing
a distribution characteristic of asymmetrical center-
diverging in inflow. And the inflow over lower half of
the rotor disc is still presenting a distribution char-
acteristic of horizontal-banding. It should be noticed,
at all advance ratios, for the nose-installed propul-
sive rotor, the lower half of the rotor disc has the
largest inflow speed, while the upper half of the ro-
tor disc, being strongly interfered in aerodynamics
by the blades of main rotors above it from a close
distance, has the smallest inflow speed. In other
words, the aerodynamic interference characteristics
of the main rotors on the front propulsive rotor are
decreasing its inflow. And with the decreasing in
inflow on the propulsive rotor disc, the effective an-



gle of attack of its blades will be increased. This
means the aerodynamic performance of the propul-
sive rotor will be improved, when it is nose-installed
under the main rotors. On the other hand, as dis-
cussed before, the direct aerodynamic impacts of
the wake of main rotors on the regular rear propul-
sive rotor could raise the speed of inflow in the im-
pacting zone on the propulsive rotor, as shown in
Fig. 5. Then with the increasing in inflow on the
propulsive rotor disc, the effective angle of attack of
its blades will be decreased. This means the aero-
dynamic performance of the propulsive rotor will be
degraded, when it is rear-installed in the wake of
the main rotors. These aerodynamic characteristics
will be more distinct in relative higher forward flying
speed. In summary, the aerodynamic interference
characteristics of the blades of main rotors on the
front propulsive rotor, i. e. decreasing its inflow, is
the main reason of that the nose-installed propul-
sive rotor acts obviously more efficient than the
regular rear-installed propulsive rotor at relative
higher advance ratios.

() u=0.25

(d) ©=03

Fig. 12 Distribution of inflow over the front propul-
sive rotor at various advance ratios

In order to further investigate the aerodynamic in-
terference characteristics of the main rotors on the
front propulsive rotor, at the advance ratio of 0.3,
the vertical spacing between the propeller hub of
the propulsive rotor and the lower main rotor disc, i.
e. gZ, is adjusted to more values such as closer

distances ¢gZ=031R and gZ=036R , and a
larger distance gZ =3.6R. Then the new configura-
tions of the ABC helicopter will be recalculated. It

should be pointed out, in this research, the engi-
neering feasibility is not much considered here, the
helicopter configuration with a large distance of
gZ =3.6R is just being calculated as a theoretical

contrastive example with hardly any aerodynamic
interference of the main rotors on the front propul-
sive rotor. Therefore Fig. 13 gives the temporal var-
iation in the thrust and power of the rear/front pro-
pulsive rotor with various installation locations over
one revolution of main rotors at the advance ratio of
0.3.
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Fig. 13 Temporal variation in the thrust and power
of the rear/front propulsive rotor with various instal-
lation locations over one revolution of main rotors
(u=03)

As shown in the Fig. 13(a), all the calculation ex-
amples present similar mean thrust over one revo-
lution of main rotors. And for the closer vertical
spacing between the propeller hub of the propulsive
rotor and the lower main rotor disc, i. e. gZ =0.31R

and gZ =0.36R, the front propulsive rotor is clearly

being more strongly interfered in aerodynamics by
the blades of main rotors above it. At the azimuth of
main rotors of 0°, 120° and 240°, there are acute
oscillations in the temporal variation in the thrust of
the front propulsive rotor. These azimuth angles
indicate the times when the three blades of the
lower main rotor are just passing over the front pro-
pulsive rotor. Moreover, for the helicopter configura-
tion with closest vertical spacing of gZ =0.31R, the

oscillations in the temporal variation in the thrust of
the front propulsive rotor at these azimuth angles



are more acute than those of the other configura-
tions, except ones of the regular configuration with
rear propulsive rotor. And for the utmost vertical
spacing of gZ =3.6R, the oscillations in the thrust

of the front propulsive rotor at these azimuth angles
are the gentlest ones within all these calculation
examples. It means, the nose-installed propulsive
rotor will avoid the direct impact of the main rotor
wakes, whereas it will still be interfered by the
blades of main rotors in aerodynamics passing over
it. And too close vertical spacing between the pro-
peller hub of the propulsive rotor and the lower
main rotor disc, will make acute oscillations in the
temporal variation in the thrust of the front propul-
sive rotor, when the three blades of the lower main
rotor are just passing over the front propulsive rotor.

On the other hand, as shown in the Fig. 13(b), at
the azimuth of main rotors of 0°, 120° and 240°,
there are acute oscillations in the temporal variation
in the power of the front propulsive rotor, similar to
the situation in thrust before. Specifically, regular
rear propulsive rotor consumes more power than
any configuration with the front propulsive rotor.
Among all the configurations with the front propul-
sive rotor, the samples with ¢gZ=031R ,

gZ=0.36R and ¢gZ=056R consume approxi-

mate power, while the sample with largest vertical
spacing between the propeller hub of the propulsive
rotor and the lower main rotor disc, i. e. gZ =3.6R,

is the least efficient one (still more efficient than the
sample with the regular rear propulsive rotor).
These results verify the analysis in this section be-
fore. In certain range of forward flying speed, the
aerodynamic interference characteristics of the
blades of main rotors on the front propulsive rotor, i.
e. decreasing its inflow, will improve the aerody-
namic performance and decrease the power con-
sumption of the front propulsive rotor. This ad-
vantage will be weakened, if the vertical spacing
between the propeller hub of the propulsive rotor

and the lower main rotor disc is increased too much.

On the other hand, the direct aerodynamic impacts
of the wake of main rotors on the regular rear pro-
pulsive rotor, i. e. increasing its inflow, will degrade
the aerodynamic performance and increase the
power consumption of the regular rear propulsive
rotor, as shown in Fig. 13(b).

4. CONCLUSIONS

In this research, based on the free-wake method, a
comprehensive calculation model of an ABC rotor
propeller-augmented compound helicopter has
been established to investigate its interactional aer-
odynamic characteristics. And a new trim method
for multi control solutions is presented. This re-
search is focusing on the aerodynamic interference

characteristics of the main rotors on the propulsive
rotor and the effects of the installation location of
propulsive rotor on its aerodynamic characteristics.
And some new conclusions are drawn as follows.

(1) Relative to a regular rear-installed propulsive
rotor, the nose-installed propulsive rotor has an
advantage in decreasing the vibration level of thrust
for an ABC helicopter, and it is more obvious in
higher advance ratios. This advantage for front pro-
pulsive rotor is mainly benefited from avoiding the
direct aerodynamic impacts of the wake of main
rotors.

(2) In certain range of forward flying speed, the
aerodynamic interference characteristics of the
blades of main rotors on the front propulsive rotor, i.
e. decreasing its inflow, will improve the aerody-
namic performance and decrease the power con-
sumption of the front propulsive rotor. This ad-
vantage will be weakened, if the vertical spacing
between the propeller hub of the propulsive rotor
and the lower main rotor disc is increased too much.
On the other hand, the direct aerodynamic impacts
of the wake of main rotors on the regular rear pro-
pulsive rotor, i. e. increasing its inflow, will degrade
the aerodynamic performance and increase the
power consumption of the regular rear propulsive
rotor.

(3) There are two types of vibration frequency exist-
ing in the temporal variation in propulsive thrust and
power over one main rotor revolution at the same
time. One strong 3Q component has a relatively
longer wavelength, mainly caused by the wake of
main rotors. And another component has a much
higher frequency of about 20Q, coming from the
rotation of the propulsive rotor.

(4) Because of the effects of down wash flow of
main rotors, the blades of propulsive rotor can be
distinguished into two different operation conditions,
i.e. the “climbing blade” and the “descending blade”.
In the propulsive rotor disc, the “climbing blade”
moves against the down wash flow of main rotors,
therefore obtaining larger inflow velocity on the air-
foil section and generating greater thrust. On the
other hand, the “descending blade” moves along
with the down wash flow of main rotors, therefore
obtaining smaller inflow velocity on the airfoil sec-
tion and generating less thrust. And larger forward
flying speed will generate greater down wash flow
of main rotors, which will aggravate the difference
between “climbing/descending blades”.
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