
Yuan, Y., Chen, R. and Thomson, D. (2020) Propeller design to improve flight dynamics 
features and performance for coaxial compound helicopters. Aerospace Science and 
Technology, 106, 106096.  (doi: 10.1016/j.ast.2020.106096)

There may be differences between this version and the published version. You are 
advised to consult the publisher’s version if you wish to cite from it. 

http://eprints.gla.ac.uk/222117/          
  

Deposited on: 14 August 2020 

Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk  

http://dx.doi.org/10.1016/j.ast.2020.106096


1 

Propeller Design to Improve Flight Dynamics Features and Performance 
for Coaxial Compound Helicopters   

Ye Yuan1,2 , Renliang Chen*2, and Douglas Thomson1 
1. University of Glasgow, Glasgow, United Kingdom 

2. National Key Laboratory of Rotorcraft Aeromechanics, Nanjing University of 
Aeronautics & Astronautics, Nanjing, China 

Abstract 

The coaxial compound configuration has been proposed as a concept for future 
high-performance rotorcraft. The co-axial rotor system requires no anti-torque 
device, while the longitudinal thrust is provided by a propeller. A well-designed 
propeller can ensure both the performance and the cruise efficiency. The propeller 
design also influences the flight dynamics of such configuration. To design the 
propeller parameters of the coaxial compound helicopter, the propeller modelling 
and design method devised by Adkins and Liebeck is firstly introduced. A flight 
dynamics model of the coaxial compound helicopter is developed. Trim 
characteristics, power consumption results, and handling qualities features are 
calculated with variable propeller parameters at optimum (corresponding to the 
maximum flight range) and maximum speeds. The results indicate that the 
propeller parameters alter its efficiency and improve the performance 
characteristics of this helicopter. In addition, the propeller design also influences 
the flight dynamics characteristics and handling qualities of the coaxial compound 
helicopter, and consequently affect the power consumption indirectly. In this 
light, a design method for the propeller has been developed by formulating the 
design procedure into the nonlinearly constrained optimisation problem based on 
the flight dynamics characteristics. The method is demonstrated by evaluating 
propeller parameters to improve the performance in both optimum and high-speed 
range, which could also guarantee the handling qualities of the rotorcraft for 
related requirements. 
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Nomenclature 

,l DC C   Local lift and drag coefficient 
F   Momentum loss factor 
I   Blade moment of inertia (kg.m3) 

10K   Rigidity of the equivalent flapping spring (N. m/rad) 
, ,L M N  Moment components in body axis (N. m) 

,a criticalM  Critical Mach number 
M   Blade mass static moment (kg.m2) 

bN   Number of blades 
R   Radius (m) 
S   Characteristic area of the helicopter part (m2) 

pU   Axial velocity on the propeller (m/s) 

fV   Freestream velocity (m/s) 
W   Local total velocity (m/s) 

, ,X Y Z   Force components in body axis (N) 
, 'a a   Axial and rotational interference factor of the propeller 
ca   Local speed of sound (m/s) 

c   Chord (m) 
e   Non-dimensional flapping offset 
l   Characteristic length of the helicopter part (m) 
q   Local dynamic pressure (N/ m2) 
r   Radius position (m) 
, ,x y z   The position coordinate in body axis (m) 
tw   Tangential velocity component (m/s) 
  Circulation (m2/s2) 
  Rotational speed (rad/s) 
  Angle of attach (rad) 
rp   Factor for the thrust allocation between rotors and propeller 
  Non-dimensional induced velocity 
  Airfoil lift to drag ratio 
p   Propeller collective (rad) 

pretwist   Blade twist angle (rad) 

1s   Longitudinal cyclic pitch (rad) 
,I l   Longitudinal control input (rad) 
  Air density (kg/m3) 

Subscript 

F    Fuselage 
ht    Horizontal tail 
p    Propeller 
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R    Rotor 
vt    Vertical tail 

Introduction 

There has been much research into the coaxial compound helicopter in recent years 
due to its high-speed performance [1, 2] and significant cruise-efficiency [3]. A properly 
designed propeller is the key to achieve these two important features. With reasonable 
parameters, the propeller can offload the rotor by producing most of the propulsive forces 
in flight. It can alleviate the compressibility effect across the advancing side of the rotor 
disc [4], and consequently reduce the power consumption at the high-speed range. The 
coaxial compound helicopter can also increase the cruise efficiency with proper design of 
the propeller parameters by increasing the propeller efficiency at the optimum flight 
range [5]. 

  Two considerations should be taken into during the propeller design process. Firstly, 
the design parameters, including radius, propeller rotational speed, number of blades, 
should be optimised to guarantee the excellent performance in various flight status. 
Additionally, the position of the propeller plays a major role in the trim, controllability, 
and stability characteristics. Nevertheless, coupling of propeller parameters and trimming 
features of the helicopter affects the required power of the coaxial rotors in a more 
complicated manner [6~9]. Also, the propeller optimisation influences other flight 
dynamics characteristics, such as the dynamic stability and the inter-axis coupling [10]. 
Potentially, the careful selection of propeller parameters could be a useful mean to 
improve the handling qualities of the coaxial compound helicopter. 

 
Fig.  1 The X2TD helicopter 

The propeller design process can be partly achieved using the Adkins-Liebeck 
method [11-15], but this only gives the optimal distribution of chord and pre-twist 
distribution for a designated thrust at fixed flow-field. In other words, this method cannot 
guarantee the propeller of the coaxial compound helicopter to have a satisfactory 
performance across its flight range. The X2TD helicopter (Fig.1) is the first coaxial 
compound helicopter using an auxiliary propeller to provide extra thrust [16, 17]. For this 
rotorcraft, the propeller was designed for the best performance at high speed. However, 
the design methodology for the propeller has not been openly published.  Other research 
on the coaxial compound helicopter [18-21] usually focused on the design and 
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characteristics of the coaxial rotor and assumed the aerodynamic efficiency of the 
propeller to be constant. However, Ferguson [22] pointed out that the flight dynamics 
features and performance are significantly different with various propeller parameters. It 
can be concluded that during the propeller design process of the coaxial compound 
helicopter, its flight dynamics characteristics and the power consumption of both the 
propeller and the coaxial rotors should be considered altogether. 

In light of the preceding discussion, this article first introduces the modelling and 
design method derived from Adkins and Liebeck and presents a flight dynamics model of 
the coaxial compound helicopter. Validations are made to verify the accuracy of the 
propeller aerodynamics model and the flight dynamics model. Then the influence of 
different propeller parameters on the trim, power consumption, the dynamic stability, and 
the longitudinal to lateral inter-axis coupling is investigated at optimum and maximum 
speeds. Lastly, this article presents a design method for the propeller to optimise the 
performance, as well as ensure the coupling handling qualities. 

The Adkins and Liebeck Method 
The propeller modelling and design method developed by Adkins and Liebeck [15] is 

summarised here. 

Propeller modelling 

According to the momentum theory, the thrust per unit dT and the torque per unit dQ  
can be express as: 

 4 (1 )p
p p

p

dT
r a U aF

dr
  (1) 

 21 4 (1 ) 'p
p

p p
p

dQ
r a U a F

r dr
  (2) 

where a  and 'a are the axial and rotational interference factor, respectively; F is the 
momentum loss factor, accounting for radial flow of the fluid. a , 'a and F are given by 
the following equation according to Adkins and Liebeck method: 
 2( / 2)cos (1 tan )a   (3) 
 ' ( / 2 )cos sin (1 / tan )pa x   (4) 

 1( / 2)cos ( )fF e   (5) 
 ( / 2)(1 ) / sin( )b tf N   (6) 
 tan( ) (1 ( / 2))t p   (7) 
 tan( ) [ (1 )] / [ (1 ')]pU a r a   (8) 

where is the non-dimensional induced velocity distribution of the propeller, which is a 
function of pr ; px  is p /pr U ;  p is the speed ratio, px  is p p/ pU R ; is the non-
dimensional radius. Thus, based on the blade element theory, the propeller thrust and the 
torque pre unit can then be given by: 
 (1 tan )cosdT dL

dr dr
  (9) 
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 1 (1 )sin
tan

dQ dL
r dr dr

  (10) 

The angle of attack  can be obtained by: 
 pretwist p   (11) 
where p  is the propeller collective. The dL and  are calculated using airfoil 
aerodynamics look-up table. Thus, with the integration of Eq. (9) and Eq. (10), the thrust 

pT and the torque pQ  are obtained. The , ,p p pX Y Z  forces and the moments , ,p p pL M N  
provided by the propeller can be expressed as: 

 0
0

p

p

p

pX T

Y

Z

  (12) 

 z

y
p

p

pp

p

p

L Q

M T

N T

  (13) 

where x ,y ,zp p p  is the Cartesian coordinates of the propeller hub relative to the centre of 
gravity. In order to verify the accuracy of the proposed propeller calculation method, the 
related experiment is introduced in this article and the CT and CP are compared against 
the experimental results, as shown Fig.2 (β0.75R represents the collective pitch at 0.75R). 
The detail of the experimental propeller settings and parameters can be found in reference 
[23]. 
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Fig. 2 The propeller aerodynamics validation 
      As shown in Fig.2, the calculation results are in line with experimental data, indicating 
the precision of the propeller aerodynamic model, and consequently the flight dynamics 
analysis and propeller design process can be implemented based on it. 

Design method 

Using the Adkins-Liebeck method, the pre-twist distribution is obtained using Eq. 
(11) and the airfoil aerodynamics look-up table. By adjusting the pre-twist distribution, 
the airfoil is allowed to have the best lift-to-drag ratio at a different radial position. 
      The chord design is set to maintain the induced velocity, i.e. the circulation , to be 
constant along with the radial direction to minimise the energy loss of the propeller, 
which is based on the Betz condition. The determination of the chord distribution needs 
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the combination of the potential flow theory and the blade element theory. The total lift 
per unit can be expressed using potential flow theory as: 

 p
b

dT
N W

dr
  (14) 

 (1 ) / sinpW U a   (15) 
When the induced velocity is constant, is also fixed at various radial positions. Thus,  
can be expressed using the tangential velocity component tw  in Eq. (16). 
 2b p tN r w F   (16) 
where tw  can be written using the induced velocity, which is the convective velocity of 
the wake vortex filament as: 
 t pw U sin cos   (17) 

Thus, the circulation of Eq. (16) can be written as: 
 22 /p b pU G N   (18) 
 cos sinG Fx   (19) 

Also, the total lift per unit can be expressed using blade element theory as Eq. (20): 

 2 / 2p
b l

dT
N W cC

dr
  (20) 

where c  is the chord; lC  is the local lift coefficient. Thus, c  can be expressed in Eq. 
(21). 
 4 / ( )p l bc GUR C N W   (21) 
      According to the analysis above, the optimum chord and pre-twist distribution can be 
directly solved for given inflow states. However, changes of propeller parameters, 
including the blade chord and the blade airfoil, may lead to additional alteration in the 
trim results, and stability and controllability of the coaxial compound helicopter, which, 
in turn, further changes the overall power consumption results at various flight 
conditions.  

Modelling of Coaxial Compound Helicopter 

In the present a coaxial compound helicopter model, the external forces and 
moments are composed of four parts: propeller, coaxial rotor, horizontal and vertical 
tails, and fuselage. The propeller model has already been introduced in previous sections. 

Rotor 
The rotor model contains three parts: the induced velocity, the flapping motion, and 

the aerodynamics load calculation.  
This article utilises the Multi-Vortex Ring Element (MVRE) model to calculate the 

induced velocity of the coaxial rotor. This method is based on the classical fixed wake 
model and the rotor disc hypothesis. Details of this wake modelling method can be found 
in reference [24]. Using this model, both the aerodynamic interference between wakes and 
the wake effect of one rotor on the inflow of the other are calculated. Meanwhile, this 
rotor wake model is used to calculate the wake-induced velocity on the propeller, which 
could be used to take the aerodynamic interference between the rotor and the propeller in 
the flight dynamics model. 
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       The coaxial compound helicopter usually uses ABC (Advancing Blade Concept) 
rotor to improve the efficiency of the rotor, which has higher flapping rigidity and 
flapping frequency. Therefore, this paper utilises the equivalence method of equivalent 
flapping offset and flapping spring [25, 26] to simulate the flapping motion of ABC rotor. 
The non-dimensional flapping offset e can be obtained by: 

 
0.75

1 tipW
e

R W
  (22) 

where  tipW  is flapping amplitude at the blade tip; 0.75W is the flapping angle at 0.75R. The 
rigidity of equivalent flapping spring is obtained by Eq. (23) to guarantee the flapping 
frequency. 

 2 2
10 ( 1 )n

eRM
K I

I
  (23) 

where n is the non-dimension first-order flapping frequency of rigid blade; 10K is the 
rigidity of the equivalent flapping spring. 
      The calculation of aerodynamics is similar to conventional method [9, 27]. The airfoil 
section is calculated according to the airfoil aerodynamics look-up table. 
Horizontal & Vertical Tails 

A simple 2-D representation of the horizontal and vertical tails using conventional 
strip theory is incorporated into the proposed model. The lift and drag coefficients can be 
obtained from a 2-D airfoil aerodynamics look-up table. The wake interference on the 
tails is obtained from the MVRE wake model, with which the wake induced velocity on 
the tail planes is obtained. Therefore, the dynamic pressure, the force, and the moment of 
horizontal and vertical tails can be represented in Eqns. (24~29). 
 2

ht htq 0.5 v   (24) 
 2

vt vtq 0.5 v   (25) 

 

ht ht ht ht ht ht

ht ht ht

ht ht ht ht htht

ht ht D,ht

ht ht L,ht

X cos cos sin cos sin
Y sin cos 0

cos sin sin sin cosZ

q S C
0

q S C

  (26) 

 

vt vt vt vt vt vt

vt vt vt vt vt vt

vt vtvt

vt vt D t

vt vt L,vt

X cos cos sin sin cos
Y cos sin cos sin sin

sin 0 cosZ

q S C
q S C

0

v

  (27) 

 
ht ht ht ht ht

ht ht ht ht ht

ht ht ht htht

L y Z z Y
M z X x Z

x Y y XN
  (28) 
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vt vt vt vt vt

vt vt vt vt vt

vt vt vt vtvt

L y Z z Y
M z X x Z

x Y y XN
  (29) 

where ht , vt  are the attack angles of the horizontal and vertical tails. ,ht vt  are the 
sideslip angle of the horizontal and vertical tails, which are decided by the free-stream 
inflow and wake induced velocity obtained from MVRE model. q  is the dynamic 
pressure. ht vtS S  are the characteristic areas of the horizontal and vertical tails.  
Fuselage 

The fuselage model is based on the wind tunnel test. Using MVRE wake model, the 
wake induced velocity on the centre of the fuselage is obtained, and the rotor wake effect 
on the fuselage is introduced into the flight dynamics model. The force and moment 
provided by the fuselage are obtained by Eqns. (30) and (31). 

 
F F F DF

F F F YF

F F F LF

X q S C
Y q S C
Z q S C

  (30) 

 
F F F F RF

F F F F MF

F F F F NF

L q S l C
M q S l C
N q S l C

  (31) 

where FS is the sectional area of the fuselage; Fl is the fuselage length; 
, , , , ,DF YF RF LF MF NFC C C C C C are the drag force, lateral force, lift force, rolling moment, 

pitching moment and heading moment coefficients, obtained from wind tunnel 
experiments. [28] 

Validation 
The model is verified by comparing the trim results with flight simulation data found 

in reference [22] due to the lack of experiment data. The helicopter used in reference [22] is 
based on the XH-59A helicopter and its primary data is shown in Table.1. It should be 
mentioned that the XH-59A helicopter utilises two turbojet engines, rather than the 
propeller, to provide the thrust in high speed flight. Therefore, the data of the propeller in 
the validation part is derived from reference [22]. 

Table.  1 The coaxial compound helicopter parameters 
Parameter Value 

Rotor radius/m 5.49 

Number of blades 3×2 

Pre-twist/ (°) -10 

Rotor rotational speed/(rad/s) 35.9  

Taper ratio 0.5 

Flapping frequency/Ω 1.4 

Shaft spacing/m 0.77 

Horizontal tail area/m2 5.57 
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Vertical tail area/m2 2.79 

Take-off mass/kg 5500 

Lower rotor position/m (0.00,0.00,-0.89) 

Centre of gravity/m (0.00,0.00,0.00) 

Horizontal tail position/m (-6.80,0.00,0.20) 

Vertical tail position/m (-6.80,0.00,-0.50) 

Propeller radius/m 1.3 

Number of propeller blade 5 

Propeller rotational speed/(rad/s) 162 

Propeller chord length 0.16 

Negative pre-twist/° -30 

Position/m (-7.66,0.00,0.00) 

      The trim strategy of the coaxial compound helicopter is unique due to three additional 
redundant control inputs, the propeller control strategy (propeller collective), the rotor 
rotational speed, and the lift-offset strategy.  

In high speed flight, the rotor rotational speed must reduce to minimise the 
compressibility effects at the advancing blade tip regions. The rotor rotational speed 
changes following Eq. (32), which is based on the related study [4].  

 
f

f
f

35.9, 70m/s
3.59( -70)

35.9 , 70m/s
30

V
V

V
  (32) 

The Lift-offset (LOS) has a marked impact on rotor aerodynamic efficiency [29~32]. A 
coaxial rotor with the LOS can attain good efficiency in high-speed flight by operating 
with more lift on the advancing side than on the retreating side of the rotor disc. In this 
article, the lateral cyclic pitch differential 1c,d  is used to further adjust the LOS effect to 
refine the rotor performance, and 1c,d  is set to be a trim variable. The LOS is given as 
Eq. (33), which is according to reference [17]. 
 2

fLOS 0.00002V   (33) 
The trim strategy of the propeller collective is aimed to maintain the pitch attitude 

fixed at a given angle, which is shown in Fig.3 [22]. Therefore, the propeller collective can 
be set as a trim variable in this investigation. 
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Fig. 3 Pitching Attitude Pre-determined Schedule 
Trim comparison results are shown in Fig.4. 

 

(a) Collective Pitch of Rotor 

 

(b) Longitudinal Cyclic Pitch 
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(c) Differential Lateral Cyclic Pitch 

Fig.  4 Trim Result Comparison 
As demonstrated in Fig. 4, results obtained using this model correlates well with 

simulation results from other researchers. This gives confidence that the proposed model 
can be used to analyse the effect of different propeller parameter on the flight dynamic 
characteristics and performances of the coaxial compound helicopter. 

Flight Dynamics & Performance Analysis 
      The influence of the propeller parameters on the trim characteristics, the power 
consumption of the propeller and rotor, and the handling qualities including the dynamic 
stability (eigenvalue) and the inter-axis coupling of roll-rate to pitch-rate (p/q) are 
analysed. The propeller parameters considered consist of the propeller design parameters 
and its position with respect to the airframe. The design parameters are normalised using 
the default value in Table. 1. Besides, the propeller position alters from -1m to +1m 
concerning the original propeller position coordinate shown in Table.1 
      The forward speed of 60m/s and 100m/s are set as test points, as they are close to the 
optimum speed and maximum speed according to the power consumption results given 
by Ferguson [22]. The improvement of the performance at the optimum and maximum 
speeds could be beneficial to the helicopter to increase its maximum flight range and 
high-speed performance, respectively. In order to clarify the coordinate, the schematic 
diagram of the propeller is shown in Fig. 5. In Fig. 5, RGr,lim is the limit for the vertical 
position of the propeller to ensure safety when landing. y g

 

Fig.  5 The schematic diagram of the coaxial compound helicopter propeller 

Longitudinal Trim 

The longitudinal trim results at 60m/s and 100m/s with various propeller design 
parameters and the propeller position are shown in Fig.6 and Fig.7, respectively. The 
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pitch attitude is excluded because it is fixed at a given value according to the trim 
strategy in Fig. 3.  
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(a)  60m/s: Longitudinal Cyclic Pitch 
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(b) 60m/s: Collective Pitch 
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Fig.  6 Longitudinal trim with propeller design parameters changing 
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(a) 60m/s: Longitudinal Cyclic Pitch 
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Fig.  7 Longitudinal trim with propeller position coordinates changing 
As demonstrated in Fig.6, changes of these parameters, e.g. smaller the radii, lower 

propeller rotational speed, and shorter chord, would cause the helicopter being unable to 
trim in high speed. As the parasite drag of the fuselage is large at this flight range, the 
propeller is needed to provide considerable thrust. Reducing these parameters makes the 
propeller unable to provide enough propulsive force. 

The Z position of the propeller has a significant influence on the longitudinal trim 
characteristics. According to Eqns. (12) and (13), increasing the Z vertical location of the 
propeller would add nose-down pitch moment to the vehicle, and consequently, the less 
longitudinal cyclic pitch is required to trim the helicopter. The change of the longitudinal 
cyclic pitch alters the tilt angle of the rotor tip plane and affects the collective pitch trim 
results. 

The effect of the Y-direction coordinate on the trim results is more complex. The ABC 
rotor and the lift-offset (LOS) should be considered together to explain this feature. The 
LOS is defined as: 
 xM

LOS
TR

  (34) 

where xM is the upper rotor rolling moment. T is the total thrust.  
     The increase of the Y-direction coordinate of the propeller would provide an extra 
yaw moment to the helicopter requiring additional collective differential for balancing it. 
The input of collective differential leads to differences in the lift produced by the lower 
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and upper rotor, which makes LOS on the lower and upper rotor also different. Therefore, 
the efficiency of the coaxial rotor changes, which is reflected by the collective pitch trim 
result. Meanwhile, the collective differential influences the flapping motion and the 
aerodynamic pitching moment of the upper and lower rotor and alters the longitudinal 
cyclic pitch trim results. 

Lateral Trim 
     The lateral trim results include the lateral cyclic pitch and the rolling attitude, as shown 
in Fig.8 and Fig.9 respectively.  
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Fig.  8 Lateral Trim Results with Design Propeller Parameters Changing 
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Fig.  9 Lateral Trim Results with propeller position coordinates changing 
As indicated in Fig. 8, the design parameters of the propeller influence the lateral trim 

results. Changes of these parameters alter the torque of the propeller, which in turn 
provides a rolling moment to the vehicle that increases the rolling attitude and the lateral 
cyclic pitch. As this torque increases with the forward speed, the effect of the lateral trim 
results is more obvious when the forward speed is 100m/s. 

The Z position of the propeller slightly affects the lateral trim, which is more 
significant in high-speed flight. The non-dimensional first order flapping frequency 
decreases at this flight condition due to the rotor rotational speed control strategy [4, 33]. 
This brings about the inter-axis coupling between longitudinal and lateral controls. Thus, 
the Z coordinate would change the longitudinal control, which in turn affects the lateral 
trim results. Moreover, the Z position also alters the torque of the propeller and the lateral 
trim features. 

The Y position significantly influences the lateral trim results, which drives the 
rolling moment of the upper and lower rotor to be different because of additional 
collective differential. It needs the lateral cyclic pitch to balance the rolling moment. The 
rolling attitude follows the alteration of the lateral cyclic pitch because of the high 
flapping rigidity of the ABC rotor. 

It should be mentioned that from Fig. 9 the lateral cyclic pitch would be considerably 
different if Y position is no longer zero. In this case, the maximum available control input 
will be reduced to a large extent so that it would be hard for the coaxial compound 
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helicopter to perform a large amplitude manoeuvre, especially in the lateral channel. 
Meanwhile, the Y direction change could also introduce additional control coupling 
between the longitudinal channel and yawing channel. When the pilot applied a propeller 
control input to accelerate the vehicle, the propeller would also produce an unexpecting 
yawing moment, requiring the pilot to compensate, increasing workload and reducing the 
handling qualities rating of the helicopter.  
Propeller Collective 

The propeller collective trim results with various design propeller parameters and 
propeller positions are shown in Fig. 10 and Fig. 11, respectively. 
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Fig.  10 Propeller Collective with Design Propeller Parameters Changing 
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Fig.  11 Propeller Collective with propeller position coordinate changing 
The propeller design parameters influence the propeller collective trim results. The 

increase of the design parameters leads the propeller collective to drop down. This is 
because the increment of these parameters would introduce additional propeller 
propulsive force at the given propeller collective. According to Fig. 10, it is noticeable 
that the change of the pre-twist also alters the propeller collective trim results. This is 
because the aerodynamic efficiency of the propeller changes along with the pre-twist. 
Therefore, the alteration of the aerodynamic efficiency would influence the propeller 
collective trim results.  

The Fig. 10 also demonstrates that changes of the propeller collective with propeller 
design parameters in various speeds are all in the same trend. 

As demonstrated earlier, The Z position of the propeller also affects the longitudinal 
cyclic pitch and pitching attitude, and consequently, the drag of the vehicle is altered. 
Therefore, the Z position drives the thrust that propeller collective to be different. 

The effect of Y position on the propeller collective is different at optimum and high-
speed conditions. At the optimum speed range (60 m/s), an Y position increment leads to 
more longitudinal cyclic pitch as shown above, which drives the main rotors to provide 
additional thrust. Thus, less thrust is needed from the propeller and consequently reduce 
propeller collective. In the high-speed flight, the rotor is offloaded, and less thrust can be 
provided by changing longitudinal cyclic pitch. Meanwhile, the alteration of Y position 
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causes the parasite drag of the fuselage to increase. Therefore, the propeller collective is 
lowest when the Y-direction position is around zero at this flight range. 
Performance 

The power consumption of the propeller and the total vehicle with various propeller 
design parameters and propeller positions at the speeds of 60m/s and 100m/s are shown 
in Fig.12 and Fig.13. 
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Fig.  12 Power Required with Design propeller parameters 
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Fig. 13 Power Required with Propeller Position Coordinate Changing 
The propeller design parameters mainly alter the power required of the propeller but are 

not evidently related to the rotor required power. Therefore, when designing the propeller 
design parameters to reduce the power consumption, it is reasonable to only take the 
required power of the propeller into consideration. 

On the other hand, the position of the propeller affects the power required for both the 
propeller and the rotor as it significantly influences the trim results of the longitudinal 
and lateral controls. For example, at the optimum speed range (60 m/s), increasing the Y 
position reduces the power consumption of the propeller but increase the power of the 
coaxial rotor, and lead to the increase of the total power required. Thus, the power 
consumption of both rotor and propeller should be considered in the propeller position 
design process. 
Dynamic Stability 

The article utilises the eigenvalue results to assess the effect of the propeller 
parameters on the dynamic stability. The eigenvalues in longitudinal and lateral with 
various propeller parameters are shown in Fig. 14 according to the boundaries derived 
from the ADS-33E-PRF [34] forward flight requirement.  
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(a) Short-Term Pitch Mode 

 
(b) The Longitudinal Mode 

 
(c) Lateral-Heading Oscillation Mode 

Fig.  14 Eigenvalue with Propeller Parameter Changing 
As demonstrated in Fig.14, the propeller parameters have a slight influence on the 

lateral mode eigenvalues and more evident alteration is shown in longitudinal eigenvalue 
results. The change of the propeller radius, chord, and the number of blades affects the 
solidity of the propeller, and the propeller rotational speed alters the dynamic pressure on 
the propeller disc, which leads to additional influence in the forward velocity damping. 
The Z-direction coordinate of the propeller changes the velocity stability derivative of the 
helicopter. All these influences the eigenvalue of the longitudinal mode and the short-
term pitch mode.  
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      The eigenvalues of the coaxial compound helicopter at optimum and maximum speed 
range are all in the Level 1 except for the Dutch roll mode in lateral-heading oscillations 
mode. The coaxial compound helicopter only has vertical tails to provide the lateral 
stability, and its efficiency is relatively low compared with the tail rotor of the 
conventional helicopter, which is a unique feature of the coaxial helicopter. 
Coupling 

The longitudinal to lateral (p/q) inter-axis coupling requirement has a direct 
relationship with the propeller parameters, and it is also affected by the thrust allocation 
between rotors and propeller, which can be described by Eq. (35) with the factor rpa . 
 P R P rpX / ( X X ) a   (35) 

The factor rpa  could also represent the allocation of the longitudinal control between 
rotor and propeller, shown in Eq. (36)  
  (36) 
Where ∆θ1,l is the longitudinal control input increment; ∆θp is the propeller collective 
increment; ∆θ1s is the increment of the longitudinal cyclic pitch. When the factor rpa  is 
close to 1.0 and the Z-direction coordinate of the propeller is around zero, the 
longitudinal control input provides relatively large rolling moment and no pitching 
moment. This leads to severe inter-axis coupling phenomenon. To prevent this 
disadvantageous situation, the relationship between Z-direction coordinate and the inter-
axis coupling is calculated with respect to the related requirement of the ADS-33E-PRF. 

 
Fig.  15 p/q inter-axis coupling with propeller Z direction changing 

As presented in Fig.15, the propeller Z-direction coordinate increment has a 
significant influence on the average p/q inter-axis coupling. When the coordinate of Z is 
around zero, the average p/q inter-axis coupling would be quite serious at both optimum 
and maximum speed ranges, which are rated as Level 3 according to the handling 
qualities specification. In addition, when the Z coordinate is positive, the direction of the 
pitching moment is opposite to the pitch moment provided by the longitudinal cyclic 
pitch, which causes the additional handling qualities problem. Thus, the Z-direction 
should be optimised to ensure the forward flight requirement as set out by ADS-33E-
PRF. 
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Design Method and Results 

Based on the analyses made earlier, a method to design the propeller of the coaxial 
compound helicopter is presented here. Both design parameters and the position of the 
propeller are taken into account. The method aims at reducing the power consumption at 
both the maximum speed and optimum speed ranges. Handling qualities requirements, 
especially the p/q coupling requirement are also considered. 

 According to the Adkins and Liebeck method, the lift-to-drag of the propeller airfoil is 
critical in the design process. Fig. 16 presents the lift-to-drag ratio of the Clark Y airfoil 
at different Mach numbers [35]. This airfoil has been used both in this article and the 
previous studies [22]. 

 

Fig.  16 Lift-to-drag ratios of airfoil at various Mach numbers 
Using the Adkins-Liebeck method, the angle of attack at any radial station on the 

propeller disc should be the angle corresponding to the best lift-to-drag ratio. However, 
as demonstrated in Fig.16, the angle of attack can vary within a given range while 
maintaining good lift-to-drag ratio. For instance, when the Mach number is 0.2, the angle 
of attack corresponding to the best lift-to-drag ratio is about 8.5 degrees. However, as the 
lift-to-drag ratio changes only slightly around this value, the angle of attack can pick up 
any value between 7 degrees and 10 degrees and still maintain acceptable efficiency. This 
gives the design method additional freedom to adjust the chord and pre-twist distribution 
to acquire a relatively better performance at both the maximum and optimum speed 
ranges.  

Meanwhile, the range of the angle of attack that maintains a reliable lift-to-drag ratio 
shrink as the Mach number increases. In other words, it is harder to adjust the chord and 
pre-twist distribution in high speed flight. 

In light of the idea mentioned above, the propeller design procedure is formulated as a 
nonlinearly constrained optimisation problem (NCOP) to optimise the performance in 
high-speed flight. Further, the optimum flight speed (the speed correspondence to the 
maximum flight range) should also be considered. 
Optimal variables 

In this NCOP, the optimal variables vector x  is shown in Eq. (37). 
 [ ]p p b p pretwist pr , ,N ,c , ,Zx =   (37) 

The position parameter pY  is excluded in this procedure and is fixed at zero to decrease 
the power consumption in high-speed flight and guarantee the satisfied lateral trim and 
controllability characteristics, based on previous analyses. 
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Cost function 
The cost function of the NCOP is the power consumption of the coaxial compound 

helicopter at the forward speed of 100m/s (maximum flight speed). Hence, the cost 
function can be formulated into the following general expression, 
 p,v 100m/ s r,v 100m/ smin(J) P P   (38) 
where J is the cost function; p,v 100m/ sP and r ,v 100m / sP are the power consumption of the 
propeller and the coaxial rotor at 100m/s.     
Constraints 

The constraint equations here are aimed to guarantee the performance at the optimum 
forward speed (60 m/s), to improve the handling qualities of the helicopter, and to 
optimise the propeller efficiency. 

(1) Performance at the optimum forward speed 
According to Fig. 16 and the related analysis, the power required at the optimum speed 

(60m/s) can be considered as a constraint of the airfoil attack angle. In other words, the 
angle of attack at every propeller blade element should be limited to a given range to the 
local Mach number to obtain a preferable airfoil lift-to-drag ratio. Thus, this constraint is 
formulated as follow. 
 l ,limit v 60m/ s u,limit( r )   (39) 
where l ,limit and u ,limit are the lower and upper limits of the angle of attack, which can be 
obtained by the airfoil aerodynamics characteristics.   

(2) Handling qualities requirement 
As analysed previously, the propeller parameters influence the p/q coupling. Therefore, 

the constraint of the coupling is shown in Eq. (40). 
 dB( p / q ) 10   (40) 

The value -10 is set based on Level 1 of the corresponding requirement in ADS-33E-
PRF. In the design process, the thrust allocation factor rpa  in Eq. (35) is equal to 1.0 to 
ensure adequate inter-axis coupling handling qualities in the most critical situation. 

(3) Propeller efficiency 
The solidity of the propeller should not be too large so that the blade can operate at the 

best blade loading and reduce the profile power [36, 37]. Therefore, extra boundary 
condition Eq. (41) is added in terms of the solidity. 
 0.4   (41) 
where is the solidity of the propeller.  

Other constraints are formulated as follow to guarantee the propeller sufficient thrust in 
high speed flight and to avoid the compressibility effect at the propeller blade tips: 
 p p a,Critical cR M acac   (42) 
 gr,lim p pR Z R 1.2m   (43) 
 p 148.1rad / s   (44) 
 c 0.11m   (45) 
where a,CriticalM is the critical Mach number of the airfoil; c is the average chord length. 
The critical Mach number is obtained from the aerodynamics look-up table of the airfoil. 
Eqns. (43-45) are to guarantee the propeller the sufficient potential to provide the thrust 
needed for trimmed flight at the maximum flight range. 
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The design process can be further explored as the design parameters of the propeller 
have little influence on the flight dynamics characteristics and the power consumption of 
the coaxial rotors. The optimisation procedure can be divided into inner-loop NCOP and 
outer-loop NCOP. Fig.17 shows the flowchart of the propeller design process.  

 

Fig.  17 Flowchart of the propeller design process 
   In the flowchart in Fig. 17, the design parameters are optimised in the inner loop 
NCOP, which is only based on the model of the propeller. The flight dynamics model of 
the coaxial compound helicopter is only utilised in the process of the propeller position 
optimisation design in outer loop NCOP. 
Results 

The optimal propeller parameters are shown in Table.2 and Fig. 17, along with the 
original is taken from Table.1.  

Table.  2 The designed propeller parameters 
Parameter Original Optimal 

Propeller radius/m 1.3 1.46 
Number of blades 5 6 

Propeller rotational speed/(rad/s) 162 167.7 
Chord length/m 0.16 In Fig. 18(a) 

Pre-twist/° 30 (Linear) In Fig. 18(b) 
Coordinates of Z(m) 0.00 -1.18 
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(a) Chord length 

 

(b) Pre-twist 
Fig.  18 Optimal results for chord length and the pre-twist 

According to the results, the design and location parameters are changed to a large 
extent after the optimisation. Compared to the original results, the solidity of the 
propeller does not change to a large extent. Nevertheless, the average chord length is 
reduced based on the result of the Adkins and Liebeck method. Also, the pre-twist is 
altered from 30 degrees to around 40 degrees to enhance the propeller aerodynamic 
efficiency. Meanwhile, the blade radius and tip speed are also changed in order to strike a 
balance between the propulsion requirement and the aerodynamic efficiency.  The tip 
speed of the propeller increases from 210.6 m/s to 244.8 m/s. Therefore, the dynamic 
pressure of the blade tip goes up so that the angle of attack of each blade element remains 
in their optimal incidence range. Also, the compressibility effects are automatically 
considered in the optimisation. When the vehicle is flying at 100 m/s, the compressibility 
effects are minimised as the blade tip Mach number is below 0.8, which ensures the good 
performance characteristics. The Z position is also changed dramatically after the 
optimisation. According to the analysis results, the Z position has a direct influence on 
the longitudinal/lateral control coupling, the increase of the Z position could lead the 
propeller to provide additional pitching moment when its collective pitch increases. 
Therefore, the relevant handling qualities requirement can be satisfied. Also, the pre-twist 
and chord length value after the optimisation process indicate a further performance 
improvement can be achieved. Altering these parameters ensure the propeller has the 
potential to improve the performance and flight dynamics characteristics of the coaxial 
compound helicopter.  
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Based on these optimised results, the power consumption of the propeller and the 
coaxial rotor and the inter-axis p/q coupling results are shown in Table.3. 

Table.  3 Power required and p/q coupling results 

 60m/s 100m/s 
Power (Kw) p/q (dB) Power (Kw) p/q (dB) 

Original 402.8 71.5 1018.9 69.7 

Optimised 389.7 -11.2 977.9 -10.3 

 
As shown in Table.3, the optimised propeller parameters reduce the power 

consumption at both the optimum speed (60m/s) and the maximum speed (100m/s) 
ranges. Meanwhile, the average p/q inter-axis coupling can be guaranteed to satisfy the 
level 1 requirement of ADS-33E-PRF.  

Conclusions 

An overview of the Adkins-Liebeck propeller design method is first presented in this 
article. A model of the coaxial compound helicopter is developed to study the influence 
of propeller design parameters on the flight dynamics characteristics and performance of 
co-axial compound helicopters, and a design method for the propeller of the coaxial 
compound helicopter was proposed. The results of the simulation and analysis allow the 
following conclusion to be drawn: 

1) The design propeller parameters, including the radius, propeller rotational speed, 
number of blades, chord, and pre-twist, have a slight influence on the trim and the 
handling qualities characteristics. However, they have evident effects on the propeller 
power consumption. 

2) The position of the propeller alters the flight dynamics characteristics and power 
required and have a slight influence on the eigenvalues results. The Y position changes 
the lateral trim results, and the Z position can alter the longitudinal trim results and the 
average inter-axis coupling of p/q. Both Y and Z positions affect the power consumption 
of both the propeller and the coaxial rotor. 

3) Propeller optimisation framework based on the Adkins-Liebeck method for the 
propeller of the coaxial compound helicopter was developed to extend the performance at 
optimum and maximum speed range. Additionally, the method can ensure the 
longitudinal to lateral inter-axis coupling meet the associated requirement in the ADS-
33E-PRF handling qualities requirements. 

The proposed method provides a feasible optimization method to improve the propeller 
aerodynamic efficiency and the associated flight dynamics and handling qualities 
characteristics of the coaxial compound helicopter. In the future, the aeroacoustics 
analysis and structural dynamics characteristics can be taken into the optimisation 
process to further enhance this method. 
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