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Abstract The Differential Longitudinal Cyclic Pitch (DLCP) in coaxial compound helicopter is

found to be useful in mitigating low-speed rotor interactions and improving flight performance.

The complex mutual interaction is simulated by a revised rotor aerodynamics model, where an

improved Blade Element Momentum Theory (BEMT) is proposed. Comparisons with the rotor

inflow distributions and aircraft trim results from literature validate the accuracy of the model.

Then, the influence of the DLCP on the flight dynamics of the aircraft is analysed. The trim char-

acteristics indicate that a negative DLCP can reduce collective and differential collective inputs in

low speed forward flight, and the negative longitudinal gradient is alleviated. Moreover, a moderate

DLCP can reduce the rotor and total power consumption by 4.68% and 2.9%, respectively. As

DLCP further increases, the increased propeller power and unbalanced thrust allocation offset

the improvement. In high-speed flight, DLCP does not improve the performance except for extra

lateral and heading stick displacements. In addition, the tip clearance is degraded throughout the

speed envelope due to the differential pitching moment and the higher thrust from the lower rotor.

Meanwhile, the changed rotor efficiency and induced velocity alter low-speed dynamic stability and

controllability. The pitch and roll subsidences are slightly degraded with the DLCP, while the heave

subsidence, dutch roll and phugoid modes are improved. Lastly, the on-axis controllability, includ-

ing collective, differential collective pitch, longitudinal and lateral cyclic pitches, varies with DLCP

due to its effect on rotor efficiency and inflow distribution. In conclusion, a reasonable DLCP is

recommended to adjust the rotor interaction and improve aircraft performance, and further to alter

the flight dynamics and aerodynamics of aircraft.
� 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The coaxial compound helicopter has experienced a lot of
interest in recent years due to its high-speed capability. The
two rotors inevitably introduce high mutual interference at
low speeds. Meanwhile, a total of six controls are available
from the coaxial rotor system, and the differential lateral
and longitudinal cyclic pitches can be seen as additional con-

trol inputs. The differential lateral cyclic pitch has been the
hot research point due to its ability in improving the high-
speed performance.1,2 It moves the lift centre toward the
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Fig. 1 Schematic diagram of coaxial compound helicopter.
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advancing side for maximum lift/drag ratio and offloads the
retreating side for stall avoidance.

To date, the Differential Longitudinal Cyclic Pitch (DLCP)

is usually not considered in engineering and academic
researches.3–5 In the coaxial compound helicopter
XH-59A,6,7 X2 Technology Demonstrator (X2TD)8,9 and

S-97,10,11 the DLCP was set as 0. In academic researches, the
differential longitudinal pitch was also set as 03–5 or slightly
adjusted to reduce the rotor noise.12

Nevertheless, there is a possibility of improving the flight
performance by introducing the DLCP to alter low-speed
interference. In the coaxial hingeless rotor, a close space
between coaxial rotors is designed to reduce the large parasite

drag of hubs and inter-rotor shaft.13 As a result, the interfer-
ence leads to strong pitching moments as the upper rotor
downwash moves to the lower-rotor aft region.14 On the other

hand, the DLCP alters the pitching moment distribution inside
the coaxial rotor system, and this moment distribution is the
critical factor for the rotor wake shape.15 Therefore, we won-

der if the DLCP can alleviate aerodynamic loads and improve
power performance.

However, the flight test of XH59A6 is the only public doc-

ument that studied the influence of DLCP on the trim states
and stress at speeds over 120 kt (1 kt = 1.852 km/h). The
results indicated that the DLCP introduced no significant
parameter changes except additional lateral cyclic displace-

ment. To date, no research has studied the effect of DLCP
on lower-speed interference and performance, which is the
key purpose of this paper.

In order to research the influence of DLCP, a suitable
coaxial rotor interaction model is required for interference
simulation. Although vortex-wake-based methods14,16,17 are

well-developed, they are mainly used for aerodynamics and
aero-acoustics analysis. For preliminary analysis of rotorcraft
flight dynamics and performance, the Blade Element

Momentum Theory (BEMT),1,18–20 a fast numerical method,
is preferred. Valkov18 developed the interaction model based
on Biot-Savart law. However, the harmonic inflow was
obtained based on an empirical function acquired from

single-rotor features, resulting in hub-moment underestima-
tion. Leishman and Ananthan19 developed BEMT for calculat-
ing the performance of coaxial proprotor, where only axial

motion was considered. Johnson,1 Lee20 and Kong21 devel-
oped the momentum theory for coaxial rotors based on fluid
mass, momentum, and energy conservation, but their methods

need complex and extensive iterations when performing.
Therefore, an advanced inflow model is proposed for fast aero-
dynamics analysis of axial and forward flight.

In light of the preceding discussion, the influence of

DLCP on the flight dynamics of the coaxial compound
helicopter is investigated. Firstly, a mathematical model is
developed and validated, with the rotors modelled by the

revised BEMT. Then the trim characteristics of this vehicle
at different advance ratio are studied, including stick move-
ments, power consumption and tip clearance. Following

this, the dynamic stability variations resulting from the
DLCP are assessed, including the longitudinal and lateral/
heading stability modes. Lastly, the on-axis controllability

of the aircraft at low speeds with strong interference are
investigated.
2. Aircraft flight dynamics model

A schematic diagram of the coaxial compound helicopter is
given in Fig. 1. The aircraft dynamics model consists of five

parts: rotor system, propeller, fuselage, and two empennage
surfaces. Among them, the mutual interference between the
coaxial rotors makes the flight dynamics model more complex

than that of a conventional helicopter. Thus, an advanced
blade element momentum theory is developed to simulate the
rotor aerodynamics.

2.1. Advanced coaxial rotor aerodynamic model

The coaxial rotor system with airflow interference is the most
critical and complex aerodynamic model in the coaxial com-

pound helicopter. The flow field interaction generated from
rotor wakes vary with flight speed, resulting in highly nonuni-
form airflow distribution on rotor disks. Fig. 2 presents the

mutual inflow interaction when the two rotors plunged into
each other’s wake. The direct way to simulate the interaction
is by assuming mutual transposition of the induced velocities

on blade elements. Therefore, a combined blade element
momentum equation is developed.

The normal inflow distribution along the rotor azimuth and
span is assumed as

ku r
�
;wu

� � ¼ viu r
�
;wu

� �þ viul r
�
;wu

� �þ k0

kl r
�
;wl

� � ¼ vil r
�
;wl

� �þ vilu r
�
;wl

� �þ k0

(
ð1Þ

which consists of the non-dimensional self-induced velocity
(viu and vil), aerodynamic interference from the partner
(viul and vilu), and free airflow in airframe motion (k0). In other
words, the interference from the other rotor is assumed as the

equivalent climb velocity.22 Local azimuths, wu and wl, are
defined in respective direction of rotor rotations (counterclock-
wise for the upper rotor from the top view).

The self-induced velocity of each rotor is assumed to be
linearly distributed along the span:

viu r
�
;wu

� � ¼ vi0;u þ r
�
vis;u sinwu þ r

�
vic;u coswu

vil r
�
;wl

� � ¼ vi0;l þ r
�
vis;l sinwl þ r

�
vic;l coswl

(
ð2Þ

The Pitt-Peters dynamic inflow method23 is applied to
calculate the harmonics. Adapted to the coaxial case, it yields
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Fig. 2 Wake superposition in forward flight.
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where v0i ¼ vi0; v
0
is; v

0
ic

� �T
refers to the self-induced inflow,

s0 ¼ C0
T;C

0
LA;C

0
MA

� �T
are defined in the rotor hub-wind axis

system, and M;V;L are defined in the dynamic inflow

equation.23

Then, the additional downwash on each rotor can be
expressed according to the velocity induced by its partner.

Two different streamline models are applied to the coaxial
rotors according to their positions relative to the partner. As
shown in Fig. 2, the upper rotor is above the slipstream of

the lower rotor, resulting in an equivalent climb rate, vi0;ul,

lower than the induced velocity vi0;l. The speed ratio,

vi0;ul=vi0;l is denoted as dul(dul < 1). Conversely, the lower rotor

is in the contracted wake of the upper rotor, and the inflow
from the upper rotor (vi0;lu) increases as reaching the lower

rotor. The speed ratio dlu (vi0;lu=vi0;u) is higher than unity.

Apart from the airflow speed variation, the actual interfer-
ence is affected by the overlapped area.24 In an ideal hover
state, if it is assumed that the wake contraction of the upper
rotor is not affected, the lower rotor will have one-half of

the disk area operating in the upper rotor slipstream.20 As
speed increases, the overlapped area moves rearward and
reduces progressively, resulting in varying aerodynamic

interference.
The interference on the upper rotor is usually not consid-

ered with the assumption of a large space between coaxial

rotors.19,22 In the coaxial compound helicopter, a close dis-
tance between rotors is designed for low drag from the hub
and shaft.25 As a result, the interference cannot be ignored.

Here, the Biot-Savart law is applied to simulate the stream-
line of the lower rotor, which is assumed to be not affected by
the upper rotor. Then, the speed ratio regarding the interfer-
ence acting on the upper rotor is yielded as18

dul ¼ vi0;ul
vi0;l

¼ 1þ �Dluffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2cos2vþD2

lu

q ð4Þ

Then, the wake geometry has the radius

Rul ¼ R=
ffiffiffiffiffiffi
dul

p
ð5Þ

based on mass conservation, bigger than the rotor disk. There-

fore, at extremely low speeds, hover for instance, the over-
lapped area covers the entire disk of the upper rotor. As
speed increases, the induced velocity decreases, and the inter-
ference zone washes out gradually. To simulate the interaction
without increasing computation complexity, the overlapped

area is assumed to cover the entire rotor disk, and is modified
by the coefficient cul.

18 Thus, the inflow interaction on the
upper rotor is yielded as

viul r
�
;wu

� � ¼ dulcul vi0;l � r
�
vis;l sinwu þ r

�
vic;l coswu

� � ð6Þ
where the transition from the left-hand system (the lower
rotor) to the right-hand (the upper rotor) is considered.

The strong interference upon the lower rotor is essential in
the coaxial rotor aerodynamic model. A precise model with
high fidelity is required. Therefore, the wake properties of

the upper rotor are derived by considering helical tip vortex fil-
aments. According to Ref. 26, the streamline vortex at the
blade tip can be expressed as

zw
R

¼
k1ww; for 0 6 ww 6 2p

Nb

zw
R

� �
ww¼ 2p

Nb

þ k2 ww � 2p
Nb

	 

; for ww P 2p

Nb

8<
: ð7Þ

where

k1 ¼ 0:25 CT=rþ 0:0573htð Þ
k2 ¼ 1:41þ 0:8079htð Þ ffiffiffiffiffiffiffiffiffiffiffi

CT=2
p�

ww is the wake azimuth angle relative to blade, ht is the blade
twist, r is the rotor solidity, and Nb is the number of the rotor
blade.

Then, the vortex radius for a given ww is

Rlu ¼ 0:78þ 0:22e� 0:145þ0:27CTð Þww ð8Þ
where wake-blade interactions and local viscous effects are
considered.

The radius contraction ratio is

clu ¼ Rlu=R ð9Þ
As aircraft flies forward, the in-plane velocity component

tilts the wake, and places the interaction backwards. Thus, a

combination of contraction and translation now determines
the streamline shape. The equation for the streamline issued
from xu; yuð Þ on the upper rotor to the lower rotor is

xl ¼ cluxu �Dul
2l

kuþkl
cos bW;u ¼ cluxu þ x0

yl ¼ cluyu �Dul
2l

kuþkl
sin bW;u ¼ cluyu þ y0

(
ð10Þ

where bW;u is the sideslip angle. Here a linear axial inflow accel-

eration from the upper to the lower is assumed, as an improve-
ment to the frequently-used skew angle.1,18,27



Fig. 3 Structure of coaxial rotor aerodynamics.
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The inflow acceleration of the upper rotor makes the
momentum theory for an isolated rotor not applicable for
the lower rotor. Therefore, a global flow mass balance past

the planes of the two rotors is applied. The approximation
of interaction velocity, vi0;lu, can be yielded from

k0 þ vi0;ulð ÞR2
ul þ v2i0;uR

2 ¼ vi0;lR
2 þ vi0;luR

2
ul

þ k0 R2 þ R2
lu � Slu=p

� � ð11Þ
where Slu is the overlapped area.

Finally, the downwash of the upper rotor (right-hand sys-
tem) on the lower rotor (left-hand system) can be expressed as

vilu r
�
;wl

� � ¼ dlu vi0;u þ vis;u y
��vic;u x

�� �
for R

�
xy 6 1

0 for R
�
xy > 1

8<
: ð12Þ

where

R
�
xy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
�
2 þ y

�
2

q
x
� ¼ � r

�
coswl�x0
clu

y
� ¼ � r

�
sinwl�y0
clu

8>>>><
>>>>:

The blades of each rotor are assumed to be identical, flap-
ping with the same periodic motion. The generalized coordi-
nates and their derivatives of one blade are obtained from

their truncated Fourier series expansions:

b wð Þ � bapp wð Þ ¼ b0 þ
XNh

j¼1

bjc cos jwð Þ þ bjs sin jwð Þ� � ð13Þ

where bapp is the flapping approximation, and Nh is the number

of harmonics. Then, bapp and its derivates are applied to the

flapping equation of a blade, where rotor rigidness is modelled
with equivalent spring stiffness.28 The steady flapping motion
is solved by applying the azimuthwise Galerkin technique, 29

where the rotor is considered to be in trim when the flap accel-

eration, €bapp, coincides with
€b. Thus, a set of 1þ 2Nhð Þ nonlin-

ear algebraic equations for each rotor is obtained. The first
harmonic flapping is critical to flight dynamics, and can well
predict the blade bending moments in normal flight. 30 There-

fore, Nh ¼ 1 is applied in this study.
The control input of the coaxial rotor is defined as

hu ¼ h0 þ Dh0ð Þ � A1 þ A0
1

� �
cos wu þ Cð Þ � B1 þ B0

1

� �
sin wu þ Cð Þ

hl ¼ h0 � Dh0ð Þ � A1 � A0
1

� �
cos wl þ Cð Þ � �B1 þ B0

1

� �
sin wl þ Cð Þ

(

ð14Þ
The overall calculation flow chart of the coaxial rotor aero-

dynamics is shown in Fig. 3, where inflow dynamics and flap-
ping dynamics of the rotors are considered.

2.2. Modelling of other aerodynamic parts

The modelling method of other aerodynamic components of

the coaxial composite helicopter is similar to that of a conven-
tional helicopter. Some key descriptions in the modeling of
coaxial composite helicopters are given here. The aerodynamic
interferences of the rotors on the horizontal and vertical tails

are considered. The local velocity vector of each empennage
can be expressed as follows:
uH ¼ uþ x� rH þ viH

uV ¼ uþ x� rV þ viV

�
ð15Þ

where viH and viV are the downwash at the aerodynamic centre

of tails. They are assumed as a function of the rotor-induced
velocity and the skew wake angle, fitted according to the load-
ing on the stabilizer in the level flight test.31

The angles of attack are presented as

aH ¼ arctan wH

uH
þ aH0 þ kede

aV ¼ arctan vV
uV
þ aV0 þ krdr

(
ð16Þ

where aH0; aV0 are the installation incidences of the horizontal
and vertical tails, respectively;ke; kr are the efficiency factors of
the elevator and rudder, respectively, and are related to Mach

number and deflection angles,de; dr. According to the local
angles of attack, the lift and drag coefficients
CDH;CLH;CDV;CLV can be obtained from a 2-D airfoil aerody-

namics look-up table with the velocity vectors uH and uV,
respectively.

The aerodynamic interference of the rotors on the fuselage
is fitted as a function of the rotor-induced velocity and the

skew wake angle, according to the wind test data in Ref. 32
and discussion from Kim et al.33 Then the local velocity vector
of the fuselage aerodynamic center can be expressed as follows:

uF ¼ uþ x� rF þ viF ð17Þ
where viF is the rotor downwash at the fuselage. Thus, the
attack and sideslip angles of the fuselage can be determined.
The fuselage aerodynamic loads are calculated using the scaled

aerodynamic load coefficients from the wind tunnel test. 25,32

In the hover state, the downwash on the fuselage causes a large
angle of attack. Thus, a dataset of force and moment coeffi-

cients from Ref. 28 is applied to determine the fuselage
aerodynamics.

A propeller is applied according to the development of the
coaxial compound helicopter in recent years. Parameters of the

propeller are the same as those given in Ref. 2. The propeller
model is similar to the rotor model, but does not consider
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flapping motion and inflow interference. A dynamic uniform
inflow, as expressed by Eq. (18), is applied

_vip ¼ 3p
4

CTp

2
� vip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
p þ kp þ vip

� �2q� 

ð18Þ

where variables are defined in the propeller axis system.

2.3. Trim strategy

The propeller pitch control makes the unknown trim variable
exceed the number of trim equations by one. Therefore, an

additional constraint is added. That is, the propeller is
trimmed for a targeted level-flight pitch attitude. According
to the flight test of X2TD,8 a minor upflow from nose-up
can increase rotor aerodynamic efficiency. Therefore, a con-

stant pitch attitude (2
�
) is assumed.

The coaxial rotor speed is slowed to delay the compressibil-

ity effect at the advancing blade tip in high-speed flight. There-
fore, the rotor speed is set as34

X ¼ X0 V < 70 m=s

X0 1� V�30
300

� �
V P 70 m=s

(
ð19Þ

As demonstrated in Ref. 2, the strong coupling between the
differential collective control and lift offset at high speeds can

significantly degrade flight performance. In addition, the con-
trol power of the differential control dDh0 reduces quickly as

airspeed increases, while that of the rudder increases.35 There-

fore, the pedal control, dped, is designed as

dDh0 ¼ edped
dr ¼ 1� eð Þdped

�
ð20Þ

where e represents the linear washout of collective differential
control between 20–40 m/s.

Finally, a flight dynamics model of the coaxial compound
helicopter is established. It contains 22 Degrees of Freedom
(DOFs), including nine DOFs of the fuselage rigid motions,

six DOFs of the induced velocities of the coaxial rotor, six
DOFs of flapping motions of the coaxial rotors, and one
DOF of the propeller induced velocity. The flight dynamics

model for the aircraft is expressed in the form of

_X ¼ F X;U; tð Þ ð21Þ
where

X ¼ xF; xb; xvi½ �T
U ¼ u1; u2½ �

(

where X is the state vector, containing the aircraft state vector
xF, coaxial rotors flapping state vector xb, and inflow state vec-

tor xvi ; U is the control variable vector, with u1 referring to the

general control variables, including h0;A1;B1;Dh0 and hp, and
u2 referring to two unique controls of the compound coaxial

helicopter, A0
1,B

0
1.

3. Steady flight validation

The coaxial compound helicopter is modelled according to the

parameters of XH-59A. The data of XH-59A are available
from the public technical report,6 but its airfoil data are
unavailable yet. Therefore, in our study, the airfoils that match
the thickness distribution of the actual foils are used:25 NACA

0026 is used for r
�
< 0:4, NACA 63–218 is used for

0:4 6 r
� 6 0:65, and NACA 23012 is used for r

�
> 0:65.

It is important to verify the accuracy of the interference
between the rigid coaxial rotors. Here, the flight test data of
the pure coaxial configuration6 are used, and are compared

with the trim results. In the flight, the rotor control phase angle
C is scheduled as

C ¼
40

�
V < 40 m=s

50
�

40 m=s 6 V 6 50 m=s

60
�

V > 50 m=s

8><
>: ð22Þ

to alter the Lift Offset (LOS), so as to improve rotor aerody-
namic performance.

An accurate flow model is vital for the behavior prediction
of the coaxial rotor. The inflow in this paper consists of self-
induced velocity and interference. The former is presented as

harmonic inflow, leading to the latter in a similar harmonic
form. In contrast, the inflow distributions obtained from
vortex-wake-based methods14,16,17 are usually highly non-

uniform. In order to quantify the non-uniform distribution
for model validation, the rotor inflow is fitted into the form of

vi r
�
;w

� � ¼ vi0 þ r
�
vis sinwþ r

�
vic cosw ð23Þ

by applying the least squares method.

The fitting results from calculation and Ref. 14 are pre-
sented in Fig. 4. The components of the inflow on each rotor
are also presented. The interference on the upper rotor is smal-

ler than the self-induced inflow. In contrast, the lower rotor is
subjected to strong harmonic downwash from the upper rotor.
The general inflow distribution shows a similar trend regarding
velocity, indicating the accuracy of the proposed BEMT

model.
Fig. 5 shows the trim validation of the coaxial rigid-rotor

helicopter. The results with interference are in good agreement

with the flight test. It indicates the accuracy of the proposed
aircraft dynamics model, which could be used to simulate the
flight dynamics of the rotorcraft. Results without aerodynamic

interference are also provided for comparison. The mutual
interference influences the trim characteristics, especially in
hover and low-speed flight (l ¼ 0 ! 0:2). It could be found

that the interference has significant influence on the flight
dynamics of the aircraft. Within this speed range, the addi-
tional downwash onto each rotor reduces the thrust of the
coaxial rotor at a given collective pitch. Meanwhile, the longi-

tudinal stick is pushed forward more.
In a conventional helicopter, the increase of airspeed causes

the rotor to tilt backward. In addition, there is high downwash

onto the horizontal tail. The two factors generate nose-up
moments. The coaxial compound helicopter is equipped with
a large tail for incidence stability, which generates more pitch-

ing moments. Moreover, the aft side of the lower rotor is
affected by the upper rotor’s wake, causing extra moments.
As a result, an additional longitudinal cyclic control is
required, leading to a negative longitudinal gradient through

the range of l ¼ 0:1� 0.2, as shown in Fig. 5.

The pitch attitude is below �10
�
at high speed to balance

the airframe drag due to low propulsion from rigid rotors.



Fig. 4 Validation of inflow distribution of coaxial rotors.

Fig. 5 Validation of trim result and related influence by interference.

212 Y. ZHAO et al.
Nevertheless, the pitch attitude is level until the advance ratio
of 0.15 due to sufficient propulsion from the high longitudinal

stick input.31

As the speed increases over 40 m/s (l ¼ 0:2), the aerody-
namic interference decreases. Thus, the results with and with-

out interaction are of similar patterns. The subtle higher
collective and longitudinal inputs in the interference case are
caused by the high inflow from the high nose-down, which

retains minor interference.

4. Trim analysis

This section investigates the influence of DLCP on trim char-

acteristics, and the results indicate that a negative A0
1 is recom-

mended. Therefore, various DLCPs are presented in the
descending order to illustrate the variation trend.
4.1. Attitude and stick movements

Fig. 6 shows the trim results of attitude and control sticks, with
varying DLCP. The case without rotor interference is also pro-
vided for comparison. The high-speed region shows subtle lat-

eral and heading changes and hardly any longitudinal
variation. By contrast, within the speed region with interfer-
ence (l < 0:2), the DLCP significantly influences the flight

dynamics of the coaxial compound helicopter. It indicates
the DLCP affects the interaction between the coaxial rotors.

The influence of DLCP, (�A0
1), is illustrated in Fig. 7. The

coaxial rotor system provides nose-down moments to balance

the coaxial compound helicopter. If A0
1 ¼ 0, the lower rotor

has a slightly lower nose-down moment due to the interaction.
A negative DLCP increases the nose-down moment on the
upper rotor, but decreases that on the lower rotor. The signif-



Fig. 6 Variation of trim state of attitude and stick movements.
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icant variation of aerodynamic force changes the harmonic
inflow and flapping motion. Conversely, the induced velocity
changes aerodynamic loads. As a result, the control inputs
and airframe attitude are changed for trim balance.

In the hover state, there is hardly any variation with A0
1 due

to symmetric rotors, except for the subtle roll attitude. A right
roll is needed to balance the extra profile drag from the upper
rotor (less than 50 N), whose rotor aerodynamics is degraded

by the negative A0
1.

As speed increases to around 10 m/s, stick displacements

change with varying A0
1. The DLCP changes the pitching

moments on the coaxial rotor and the harmonic inflow. Con-
versely, the induced velocity changes the aerodynamic loads.

Therefore, the inflow variation is the critical factor of the
DLCP. Fig. 8 presents the contour figures of the induced

velocities on the upper and lower rotors, with A0
1 ¼ 0. The flow

distribution indicates that the lower rotor operates in the full

wake contraction of the upper rotor. At the rear edge of the

rotor disk (azimuth 0
�
), the total downwash is around 30 m/

s. Meanwhile, the induced velocity does not vary along the

90
� � 270

�
azimuth axis because of the anti-symmetry of the

coaxial rotor and similar aerodynamic loads at the rotor
advancing and retreating sides.
The inflow of coaxial rotors is in a near-linear pattern along

0
� � 180

�
azimuth axis. The fitting method shown in Eq. (23) is

applied to quantify the influence of DLCP on inflow distribu-

tion. Variation of the fitted inflow with A0
1 is given in Fig. 9,

and the results without interference are also included for com-
parison. Only the uniform and cosine harmonic terms are pro-
vided, and the sine harmonic is omitted considering its minor

amplitude.
The collective and differential collective pitch variations are

related to the uniform inflow. Negative DLCP results in more
harmonic airflow on the upper rotor, aggravating the non-

uniformity of the inflow. The degraded aerodynamics leads
to a higher torque moment. Hence, the collective pitch of the
lower rotor is increased for torque balance, i.e., a negative

differential collective pitch (Dh0) is required. Consequently,
the lift is changed. In order to illustrate the lift variation
clearly, the classical momentum theory is used as the analytical

model.

CTu ¼ vi0;u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ k0 þ vi0;u þ vi0;ulð Þ2

q
CTl ¼ vi0;l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ k0 þ vi0;l þ vi0;luð Þ2

q
8><
>: ð24Þ
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A reduced collective pitch on the upper rotor results in less
induced velocity (vi0;u), reducing interference to the lower rotor

(vi0;lu). As a result, the lower rotor generates more thrust, thus

less collective pitch is required.

The longitudinal stick is pushed forward with DLCP. In the
ideal case with no interference, the DLCP merely changes the
inner pitching moments in antisymmetric coaxial rotors, and

the total pitching moment is not influenced. However, the
lower rotor is subjected to higher downwash from the upper
rotor, as shown in Fig. 9. Consequently, the nose-up moment
is increased, leading to more longitudinal stick displacements.

Variation of the lateral stick is relevant to the harmonic
inflow as well, due to complex coupling between the flapping
motion and aerodynamic forces. Generally speaking, there is

a phase difference between the aerodynamic moment gener-
ated by the airflow and the hub moment acting on the body.
Fig. 8 Inflow distribution when l ¼ 0:0
The phase difference is also known as the flapping response
lag /f, resulting from the harmonic motion. The phase lag
between the exciting force and response can be approximately

expressed as14

cos/f ¼
x
� 2

n � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
� 2

n � 1
	 
2

þ 4f2x
� 2

n

r ð25Þ

where f is the aerodynamic damping ratio, approximately

f ¼ cb
16x

�
n

for a blade without blade root lift loss.

The flapping response lag of the conventional helicopter is

about 90
�
, with the first-order flapping frequency approximat-

ing 1.0/rev. Therefore, aerodynamic pitching moments typi-
cally generate rolling moments on the body. By contrast, the
stiffness of the coaxial rigid rotor is much higher, with xn

being around 1.4–1.5/rev. Thus, the phase lag, /f, is approxi-

mately 30�-40� according to Eq. (25). As a result, the down-
wash interference, the key factor altered by DLCP, causes
both pitching and rolling hub moments. The phase angle

results in left-rolling hub moments from the lower rotor due
to the interference. Thus, the lateral stick is pushed right for
balance.

In order to illustrate the variation of lateral stick with

DLCP, the aerodynamic pitching moment is analysed. As A0
1

varies from 1
�
to �5

�
, distribution of the lower rotor inflow

does not vary significantly, as shown in Fig. 9. However, the

aerodynamic moment is changed. The relationship between
the cosine harmonic inflow and the aerodynamic moment of
the lower rotor can be presented as

15p
64vT

tan
vl
2
CTl � 4 cos vl

vM 1þ cos vlð ÞCMAl ¼ vic;l ð26Þ

where

vT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ k2l

q
vM ¼ l2þkl klþvi0;lð Þ

vT

8><
>:
according to the Pitt-Peters dynamic inflow method.23
5 (lower rotor on the right, A0
1 ¼ 0).



Fig. 9 Variation of inflow with DLCP control when l ¼ 0:05.
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Therefore, the aerodynamic pitching moment is alleviated
due to the reduced self-induced airflow, in line with the influ-
ence of DLCP. As a result, there is fewer hub left-rolling

moments, leading to less lateral stick.
As the advance ratio reaches 0.1, the upper rotor wake pri-

marily affects the aft side (azimuth 0
�
) of the lower rotor, and

the interference area is partially outside the rotor disk. Fig. 10
presents the contour figures of the induced velocities on coaxial

rotors, with A0
1 ¼ 0. The lower rotor is subjected to a highly

non-uniform inflow due to the interference from the upper

rotor. There is very large downwash (up to around 30 m/s)

within the range of �60
� � 60

�
azimuths, indicating the rear-

ward translation of the interference. By contrast, the fore
region has much lower airflow, ranging between � 5 m/s and
5 m/s due to the upflow from the upper rotor. The highly
non-uniform distribution results in high aerodynamic pitching

moments, leading to large longitudinal and lateral cyclic
pitches for trim balance, as shown in Fig. 6. The influence of
DLCP on the fitted inflow is given in Fig. 11.

The collective and differential collective variations are sim-
ilar to those in the case of l ¼ 0:05 for the same reason. More-
over, the amplitude is higher due to improved lower rotor

efficiency. The reasons are as follows. Less harmonic airflow
is generated as partial downwash from the upper rotor outside
the lower-rotor disk. Meanwhile, the reduced uniform flow,vi0;u
further leads to backward translation of the interference area
(Eq. (10)). Consequently, the lower rotor is subjected to lower

extra inflow, as shown in Fig. 11, resulting in improved rotor
efficiency.

The lateral stick displacement is reduced as the DLCP
decreases. One reason is the same as that when l ¼ 0:1. The
other factor is relevant to the improved lower rotor aerody-
namics. The advancing blade generates more rolling moments,
causing left lateral cyclic pitch (�B1).

Different from the case of l ¼ 0:05, the longitudinal con-

trol decreases with A0
1 for two reasons. The first and most

important is the inflow variation that changes the hub
moment. The upper rotor generates more nose-down moments

due to the reduced uniform inflow. In addition, the lower rotor
needs less longitudinal cyclic pitch owing to the reduced inter-
action. The other factor is the lowered rotor collective pitch. It

alleviates the rearward flapping due to the forward free-flow,
leading to fewer pitching moments. As a result, the negative
longitudinal gradient from l ¼ 0:1 to 0.2 is alleviated.

When the advance ratio increases to around 0.2 or higher,

there is no significant interference between coaxial rigid rotors.
The DLCP does not change longitudinal states, because A0
1

results in pitching moments of the same value with opposite
direction, without changing total moments. However, it

slightly affects the lateral and heading control. As illustrated

in Fig. 7, a negative A0
1 generates more nose-down moment

on the upper rotor. As a result, the aerodynamic condition
of the upper rotor is degraded, while that of the lower rotor
is improved. This leads to more thrust produced by the lower

rotor and less by the upper one. Thus, more rolling moments
and forces are produced from the advancing blade of the lower
rotor, leading to a left roll attitude and left pushed stick for

balance. Meanwhile, the rudder is adjusted for torque balance.
Another reason is due to the flapping characteristics of the

rigid rotor. During flight tests of XH-59A,6 the 60
�
control

phase, (C > /f), results in right rolling moment with �A0
1. In

the case studied in this paper, the flapping phase lag /f

becomes slightly smaller than the control phase C (40
�
) as for-

ward flight speed increases.2 Consequently, a minor left stick
displacement is needed.

4.2. Performance evaluation

The influence of DLCP on the performance of the coaxial
compound helicopter is studied in this section. Fig. 12 shows
the power consumption of the rotor system and propeller.

There are significant power variations when the advance ratio
is between 0–0.2, where the interference is changed. Table 1
shows the average power compared with the baseline

(A0
1 ¼ 0

�
) within the speed range.

Fig. 12(a) and Table 1 show that the rotor power is allevi-

ated by around 4.7% when A0
1 ¼ �3

�
. A higher negative

DLCP, despite the reduced interference and the low collective
pitch, results in higher power consumption. This is caused by
unbalanced thrust allocation between coaxial rotors. The

lower rotor has much higher thrust according to the negative
differential collective pitch. Consequently, the induced power

is increased, especially when A0
1 ¼ �5

�
and l ¼ 0:05. This

means that unbalanced lift distribution between coaxial rotors

can degrade power efficiency.

The propeller power required is increased with varying A0
1

for different reasons. The reduced longitudinal sticks in the

negative cases, A0
1, generate fewer forward forces. Thus, more

propeller propulsion is needed, and the power required

increases tremendously with A0
1. As a result, the best perfor-

mance improvement is achieved when A0
1 ¼ �3

�
. On the other



Fig. 10 Inflow distribution when l ¼ 0:1 (lower rotor on the right, A0
1 ¼ 0).

Fig. 11 Variation of inflow with DLCP control when l ¼ 0:1.

Fig. 12 Variation of average power with DLCP.

216 Y. ZHAO et al.
hand, the power is also increased despite the high stick input

when A0
1 ¼ 1

�
. It is because of a higher profile drag from the

degraded rotor aerodynamic performance. Finally, the highest

total power reduction is achieved when A0
1 ¼ �3

�
.

4.3. Tip clearance

Maintaining safe tip clearance is a crucial design target in
developing and testing counter-rotating coaxial rotors. The
tip clearance can be calculated according to the flapping
motion of the two rotors:

Dmin ¼ Dlu þ R b0u � b0lð Þ � R

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bsu þ bslð Þ2 þ bcu � bclð Þ2

q
ð27Þ

As airspeed increases, more aerodynamic rolling moment is
generated on the advancing blade. In a conventional heli-

copter, the roll moment generates a high pitch hub moment.
However, flapping lag also results in lateral flapping on the



Table 1 Average power consumption increments due to

DLCP when l 2 0; 0:2½ �.
A0

1
�ð Þ Average power consumption increment(%)

Total Rotor Propeller

1 2.16 2.31 1.45

0 0 0 0

�1 �1.82 �2.24 0.14

�2 2.06 �2.86 1.63

�3 �2.90 �4.68 5.35

�4 �2.14 �4.66 9.51

�5 2.33 �0.51 15.41
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advancing side (bsu; bsl) in the hingeless rotor, leading to
reduced tip clearance, as shown in Fig. 1. The trend is in accor-

dance with the results in Refs. 3,9. Finally, the decreased tip
clearance is well above the safe margin of 0.25 m.8

According to Fig. 13, a negative A0
1 reduces the tip clear-

ance throughout the speed range due to three factors. The

most direct reason is that A0
1 changes the longitudinal flapping

motion. This leads to the nose-down flapping of the upper
rotor (reduced bcu) and nose-up flapping of the lower rotor (in-
creased bcl). Consequently, the tip clearance is degraded, which

is in line with the results obtained from the flight test of XH-
59A.6 Meanwhile, more tip clearance is reduced at low speeds
because of higher lift from the lower rotor. Finally, it reduces

most when l � 0:05, where the increased downwash causes
more nose-up flapping of the lower rotor.

In summary, a suitable DLCP control can alleviate the low-
speed interference and improve rotor efficiency. As the

advance ratio reaches above 0.2 with subtle interference, A0
1

does not benefit the rotorcraft’s flight performance. Therefore,
it is recommended to introduce DLCP for low-speed flights.

5. Dynamic stability analysis

According to the trim results, the DLCP influences the rotor
efficiency and flight dynamics of the rotorcraft. The altered

mutual interference changes the aerodynamic loads of the
rotorcraft. Meanwhile, the DLCP changes the flapping motion
and further affects the stability derivatives of the rotors. There-

fore, the dynamic stability of the aircraft with various A0
1 is

investigated. Two representative speeds, l ¼ 0:05 and 0.1,
are discussed. The longitudinal and lateral dynamic stability
are given in Figs. 14 and 15, respectively.
Fig. 13 Tip clearance variation.
According to Fig. 14, a negative A0
1 decreases the pitch sub-

sidence, which is primarily determined by pitch damping
Mq.Mq is related to two moments: one is the aerodynamic

moment from the angular motion, and the other is from the
gyroscopic flapping moment. In an articulated rotor with

phase lag /f ¼ 90
�
, the pitch damping and coupled roll deriva-

tive are given by36

@bc
@q

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
�2

n�1

� �2

þ4f2x
�2

n

q � 2
X ¼ 16

cbX

@bs
@q

¼ � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
�2

n�1

� �2

þ4f2x
�2

n

q � cb
8X ¼ � 1

X

8>>><
>>>:

ð28Þ

where @bc=@q is relevant to the derivative from the gyroscopic
moment, and @bs=@q refers to damping from aerodynamic

loads. Adapted to the counter-rotating coaxial rotor system,
the damping is

@bcl

@q
¼ @bcu

@q
¼ 2 sin/f þ cb=8ð Þ cos/f

X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
� 2

n � 1
	 
2

þ 4f2x
� 2

n

r ð29Þ

where the ideal anti-symmetry flapping motion of coaxial
rotors is assumed.

In an articulated coaxial rotor system, the pitch damping

only depends upon gyroscopic moment, unaffected by aerody-
namic loads. In the rigid rotor, the influence of aerodynamic

damping increases due to the phase lag of around 30
�
to 40

�
.

Mq decreases as A0
1 varies from 1

�
to �5

�
. To explain this,

the pitch rate, q, is regarded as the equivalent harmonic inflow
(vic) in terms of the aerodynamic effect. The pitch rate influ-
ences the aerodynamic moment. According to the Pitt-Peters

dynamic inflow (Eq. (3)), the harmonic airflow alleviates the
influence of pitch rate. In other words, the damping effect is
degraded, especially when the self-induced term has a high

ratio in total airflow. As a result, the coaxial rigid rotor with

a large negative A0
1 has less damping due to its lower additional

inflow.
The heave subsidence is related to the damping derivative

Zw.
28 At low speeds, upflow perturbation influences the aero-

dynamic forces and the induced inflow. According to the
momentum theory, the induced airflow tends to offset the
effect of free airflow. What’s worse, the interaction from the

upper rotor degrades lower rotor lift. Therefore, jZwj slightly
increases in the case of a negative A0

1, when interference is

lower.
Fig. 14 Longitudinal stability when l ¼ 0:05; 0:10.



Fig. 15 Lateral stability when l=0.05, 0.10.
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According to Ref. 28, the powerful Mu and Mw are the
main factors relevant to phugoid stability in the rigid hingeless
rotor. The incidence instability, Mw, is alleviated with DLCP.

The explanation is as follows. A vertical upflow perturbation
results in higher induced velocity on the upper rotor. Then
higher interference on the aft side of the lower rotor generates

extra pitching moments. As a result, the upflow extravagates
the incidence instability. In other words, the negative A1

reduces Mw due to the alleviated interaction. In a conventional
helicopter, the speed stability, Mu, is caused by the aerody-

namic load increment of the advancing side. By contrast, the
interference in coaxial rotors complicate the response to speed
perturbation. An increase of speed results in rearward transla-

tion of the interference, especially in high DLCP cases with low
inflow. Therefore, the speed stability, Mu, is slightly reduced.
Combined with the alleviated incidence instability, the stability

of phugoid mode is slightly improved.
The roll subsidence and dutch roll, shown in Fig. 15, are

similar to the trend of pitch subsidence and phugoid mode,
respectively, because of the strong lateral and longitudinal cou-

pling. The amplitude of roll subsidence is much larger due to
the aircraft’s low roll inertia, Ixx. In a conventional helicopter,
the spiral and dutch roll modes typically involve excursions in

the lateral velocity, along with roll and yaw attitude motion.28

However, in the coaxial compound helicopter, the vertical fin
is of low dynamic pressure and does not significantly influence
Fig. 16 On-axis controllab
the yaw motion. In addition, it is hardly affected by the inflow
variation, leading to unaffected spiral subsidence. Hence, there
is hardly any difference in the spiral subsidence (stability is

determined by the yaw damping Nr).

6. Controllability analysis

The controllability of the coaxial compound helicopter is

affected by A0
1 . Firstly, the induced velocity tends to offset

the aerodynamic perturbation. Thus, different airflow changes
the force/moment derivate regarding control. In addition, the

DLCP changes the flapping motion of each rotor, leading to
different responses to stick inputs. Therefore, the controllabil-
ity at various DLCPs is investigated, and the results are given

in Fig. 16.
The on-axis control derivatives of the collective and differ-

ential collective are given in Fig. 16(a). Generally speaking, a

positive collective pitch increases rotor thrust, and results in
higher induced inflow. The airflow offsets the force increment
conversely. According to the momentum theory (Eq. (24)),
additional downwash alleviates the variation of induced veloc-

ity, consequently benefiting the control power. Therefore, the
collective pitch derivate, Zh0 , reduces with DLCP due to the

alleviated downwash.

By contrast, the differential collective derivate, NDh0 , shows

a complex trend with DLCP. The heading moment is analysed
based on the power required. DLCP mainly influences the
induced power, multiplication of the thrust and induced

inflow. The induced power variation can be evaluated by

d CTkð Þ ¼ dCTkþ CTdk ð30Þ
A negative differential collective pitch increases the lift on

the lower rotor. According to the analysis of Zh0 , the thrust

increment decreases with DLCP, while the induced velocity

variation increases with DLCP. Finally, the induced power
first decreases and then increases.

The longitudinal control power shows different trends at

different speeds. When the advance ratio is 0.05, a positive lon-

gitudinal cyclic pitch, A0
1, increases the harmonic inflow on the

upper rotor. Then, the downwash to the lower rotor offsets the

effect of the cyclic pitch. Therefore, a negative A0
1 has higher
ility when l ¼ 0:05; 0:1.
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harmonic inflow, amplifying the reduction of MA1
. On the

other hand, in the case of A0
1 ¼ �5

�
and l ¼ 0:1, the longitudi-

nal derivative is higher due to the alleviated harmonic inflow.

Different from the longitudinal derivate, the lateral control
power shows an increasing trend with the DLCP at the two

speeds. This is because A0
1 mainly influences the cosine har-

monic inflow, while the sine harmonics is around zero. Thus,

the lateral derivative is hardly affected by the harmonic air-

flow. When DLCP is lowered to �5
�
, the lower rotor operates

under an improved aerodynamic condition, increasing the lat-
eral control derivate.
7. Conclusions

This paper investigated the influence of DLCP on the flight
dynamics of coaxial compound helicopters. The trim features,

power consumption, rotor tip clearance, dynamic stability and
controllability of the vehicle are discussed. We can draw the
conclusions as follows:

(1) To calculate the aerodynamics of coaxial hingeless
rotors, an inflow interaction model is proposed based

on a revised blade element momentum theory and the
wake superposition model. The variation of the interfer-
ence velocity and area with flight speed are considered in
the model. The results of the aircraft flight dynamics

model achieve a satisfactory agreement with previous
data.

(2) DLCP influences the trim characteristics of the coaxial

compound helicopter, especially in low-speed forward
flight. A negative DLCP alleviates airflow interactions,
and increases thrust from the lower rotor. Thus, fewer

collective cyclic pitches and differential collective pitch
are required. Variation of the longitudinal stick first
increases and then decreases as the interference area
moves rearward, thus the negative longitudinal gradient

is alleviated. On the other hand, DLCP results in slight
lateral and heading control displacements at high
speeds. In addition, it reduces the tip clearance through-

out the flight range due to the differential pitching
moment and higher lower-rotor thrust.

(3) DLCP changes the rotor power consumption at low

speeds. The average rotor and total power reduction
reach 4.68% and 2.9%, respectively, when DLCP is

�3
�
. As DLCP further decreases, the total power effi-

ciency is degraded by a) the increase in propeller con-
sumption, and b) the unbalanced lift distribution
between the coaxial rotor.

(4) The variation of aerodynamic loads and inflow alter the
stability of the rotorcraft. A negative DLCP leads to
improved phugoid and dutch roll frequencies and heave
subsidence due to the reduced interference. In contrast,

the pitch and roll subsidences are slightly degraded.
(5) The variation of aerodynamic loads and inflow alter the

controllability of the rotorcraft. The control power of

the collective pitch has minor reduction and the on-
axis lateral derivative is increased. In addition, the con-
trol derivates of the differential collective pitch and the

longitudinal cyclic pitch vary with speed and DLCP.
(6) In conclusion, DLCP is a good way to improve the low-

speed performance of the coaxial compound helicopter
and alleviates the mutual interference between coaxial
rotors. Meanwhile, it alleviates the negative longitudinal

gradient due to severe interaction. Therefore, it can be
used to improve the low-speed flight performance of
the helicopter, such as takeoff and landing.
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