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ABSTRACT 
A key challenge in open rotor design is getting the optimum 
aerodynamics at both the cruise and take-off conditions. This is 
particularly difficult because the operation and the requirements 
of an open rotor are very different at cruise compared to take-
off. This paper uses CFD results to explore the impact of vari-
ous design changes on the cruise and take-off flow-fields. The 
paper then considers how a given open rotor design is best op-
erated at take-off to minimise noise whilst maintaining high 
thrust. The main findings are that various design modifications 
can be applied to control the flow features that lead to lost effi-
ciency at cruise and increased noise emission at take-off. A 
breakdown of the lost power terms from CFD solutions demon-
strates how developments in open rotor design have led to re-
duced aerodynamic losses. At take-off, the operating point of 
the open rotor should be set such that the non-dimensional lift 
is as high as possible, without causing significant flow separa-
tion. This can be achieved through suitable amounts of re-pitch 
and speed up applied to a design. Comparisons with fully three-
dimensional CFD show that the amount of re-pitch required can 
be determined using simplified methods such as two-
dimensional CFD and a Blade Element Method. 

 
NOMENCLATURE 
a, a' Axial, Tangential induction factors 
c Blade Chord [m] 
CL , CD Lift Coefficient, Drag Coefficient 
D Diameter [m], Drag [N] 
i Incidence Angle 
g Axial spacing between rotors [m] 
L Lift [N] 
mɺ  Mass flow rate [kg s−1] 
M Mach Number 
N Rotor blade count 
p, p0 Static, Stagnation pressure [Pa] 
Pin Input shaft power [W] 
r, ∆r Radius [m], Radial thickness [m] 
R Rotor tip radius [m] 
s Specific entropy [J kg−1 K−1] 
t Section maximum thickness [m] 
T Temperature [K] 
U Blade speed [m s−1] 
V Absolute flow velocity [m s−1] 
W Relative flow velocity [m s−1] 
w Wake velocity defect [m s−1] 
x Axial (or Streamwise) distance [m] 
X Net thrust [N] 

Yp Section loss coefficient 
β Rotor pitch angle 
δ Wake width [m] 
φ Relative flow pitch angle  
η Propeller Efficiency 
ρ Density [kg m−3] 

Ω Rotational speed [s−1] 
Subscripts 
0 Free stream value 
1 Inlet to front rotor 
2 Inlet to rear rotor 
3 Rear rotor exit 
a Ambient conditions 
j Far downstream (jet) 
F, R Front Rotor, Rear Rotor 
rel Relative value 
x Axial component 
θ Tangential component 

 
INTRODUCTION 

The aerodynamics of a contra-rotating open rotor operat-
ing at cruise are illustrated in Fig. 1, which is a schematic for a 
typical modern open rotor design.  The key flow-features can 
be summarised as: 

(i) High subsonic axial Mach numbers leading to 
transonic flow over the rotor blades with weak 
shocks and small regions of supersonic flow. 

(ii)  Minimal contraction of the propeller capture 
streamtube (the tip streamlines in the meridional 
view are at almost constant radius). 

(iii)  The rotors are set at a pitch angle close to the ax-
ial direction at a small incidence angle to the on-
coming relative flow. This leads to thin rotor 
wakes and small tip vortices. 

The key requirement at cruise is low specific fuel con-
sumption and this is the main attraction of the open rotor con-
cept. However low near-field cabin noise is also important and 
this is likely to be an area of increasing interest for future re-
search. Low specific fuel consumption depends on achieving 
high propeller efficiency combined with a high thermal effi-
ciency of the gas turbine. The thermal efficiency depends on 
the engine core technology and cycle thermodynamic design, 
and this will not be considered further here. The propeller effi-
ciency is defined as: 

 0 inV X Pη =       (1) 
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This represents the ratio of total propulsive power to the 
aircraft (thrust×flight speed) to the shaft power input to the 
propellers (torque×rotational speed). The propeller efficiency 
can also be written in terms of the various sources of lost me-
chanical power as derived in the Appendix: 
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Equation (2) shows us that the propeller efficiency is re-

duced by irreversible losses in each of the rotor blades, 

a F a RT s T s∆ + ∆ , excess axial kinetic energy in the downstream 

jet, ( )2

0 2jxV V− , and residual swirling kinetic energy, 2 2jV θ . 

The magnitudes of each of these sources of lost power are con-
sidered further in the next section. 

 
(a) Meridional view 

 
(b) Blade-to-blade view at r/RF = 0.7 

 
Fig. 1   The open rotor cruise flow field 
 

The aerodynamics at take-off are completely different to 
those at cruise. Figure 2 shows the key features of the take-off 
flow field, which can be summarised as follows: 

(i) The flow is fully subsonic everywhere. 
(ii) High contraction of the capture streamtube lead-

ing to increasing axial Mach number through the 
propeller rotors. 

(iii) The rotors are set at a pitch angle close to the 
tangential direction at high incidence relative to 
the oncoming flow. This leads to thick rotor 
wakes and large tip vortex structures. 

The key requirement at take-off is low community noise. 
However, the open rotor also needs to generate as much thrust 
as possible in order to get the aircraft airborne for the minimum 
size of engine. Therefore, the take-off design requirements can 

be summarised as minimum noise emission and maximum 
thrust per unit frontal area.  

The noise from an open rotor is complex, because there 
are numerous different sources, each with different characteris-
tics in terms of spectra and directivity, and each generated by 
different aerodynamic mechanisms. However, various previous 
studies such as  [1], [2] and [3] led to some general principles 
that can be applied to diminish the key noise sources. Within 
this paper, these general principles will be applied to show how 
changes in the design and operation of an open rotor can mod-
ify the take-off aerodynamics in ways that are expected to re-
duce the noise emission.  

 
(a) Meridional view  
 

 
(b) Blade-to-blade view at r/RF = 0.7 
 

Fig. 2   The open rotor take-off flow field 
 
Historically, propellers were designed solely for maxi-

mum cruise efficiency [4]. Take-off was considered as an off-
design condition where the requirement was simply to generate 
sufficient thrust. However, in modern open rotor designs, be-
cause the noise emission is critical, both take-off and cruise are 
considered as design conditions.  

Designs that satisfy the requirement for low noise at take-
off and high cruise efficiency have been explored in recent pa-
pers, see [5], [6] and [7], for example. In these studies, results 
from advanced CFD were combined with aeroacoustic methods 
in order to optimise the propeller geometries. Studies such as 
these have shown that various design modifications combined 
with changes in operating conditions have the potential to im-
prove efficiency and reduce noise. However, because many 
modifications were made simultaneously the individual effects 
of each change are not clear. 
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The approach taken in the first part of this paper is to 
draw on some recent computational studies of open rotor aero-
dynamics and noise, such as [8], [9]  and  [10] to explain the 
individual impact of several key open rotor design features on 
the aerodynamics at cruise and take-off. Since all noise origi-
nates in the flow-field, understanding the impact on the take-off 
aerodynamics can be used to infer the expected effects on the  
noise emission. 

The second part of the paper examines take-off opera-
tional effects. The aim is to understand how, for a given design, 
the open rotor speeds and pitch angles should be set in order to 
minimise noise whilst maximising thrust per unit area. Some 
understanding of the effects of speed-up and re-pitch has al-
ready been covered in [9], but here it is shown that simpler 
methods such as a Blade Element Method and 2D CFD can be 
applied to determine the required operating point. Furthermore, 
the balance between the non-dimensional lift and blade speed is 
shown to be critical. 

The main objectives of the current paper are to (i) im-
prove the understanding of how the aerodynamics at take-off 
and cruise are modified by design changes, (ii) show how op-
erational changes can be best applied at take-off and (iii) dem-
onstrate that lower-order aerodynamic methods as well as state-
of-the-art CFD are useful in open rotor design. It should be 
emphasised that the paper focuses on aerodynamics and is not 
intended to address in detail the mechanical or acoustic aspects. 

The basis of this paper was presented at the Royal Aero-
nautical Society conference, Progress Towards Open Rotor 
Propulsion Technology, in November 2012. The paper should 
be of interest to engineers and researchers involved in open 
rotor aerodynamic design and performance.   
  
OPEN ROTOR DESIGN EFFECTS 

Table 1 compares some key geometric parameters of a 
basic open rotor design from the late 1980s with those of an 
advanced recent design. The configuration described as the 
early design within this paper is a test case known as 'Rig-140' 
fitted with straight blades, which was tested by Rolls-Royce plc 
and is specified in detail in [11]. The recent design example 
used here is one configuration from a model test rig called 'Rig-
145', developed by Rolls-Royce plc and detailed further in [10]. 
Although it is not the latest state-of-the-art, it is representative 
of the current generation of open rotor designs  

 
Table 1   Comparison of early and recent open rotor designs 

 
Table 1 highlights some important developments made in 

open rotor design over the last 25 years. Firstly, recent designs 
use a combination of rear rotor crop and rotor-rotor axial spac-

ing to manage interaction noise. Secondly, the numbers of front 
and rear rotor blades are different with more front rotor blades 
due to the higher loadings on the front rotor. Thirdly, the de-
signs of front and rear rotors are completely distinct with dif-
ferent chord distributions, section designs and sweep variations.  

Computational studies were performed for the designs il-
lustrated in Table 1 and the CFD solutions were used to calcu-
late all the terms in eqn. (2). The results are given in Table 2. In 
all cases, the CFD methodology was based on [11] using the 
Spallart-Allmaras turbulence model presented in [12]. Note that 
the pitch settings and rotational speeds used for the recent de-
sign are not intended to be precise matches of those that would 
be used in practice for take-off and cruise operation. 

Table 2 shows that the early design has good overall effi-
ciency at cruise. The losses in the front and rear rotors are sig-
nificant, but the lost power due to excess kinetic energy and 
residual swirl in the jet are small compared to take-off. Note 
that the calculation of the residual swirl power is covered be-
low. At take-off, the loss in the front rotor is high. This is be-
cause at this take-off operating condition the front rotor is 
highly separated and inefficient (see later). The excess kinetic 
energy loss is also high because at take-off the forward speed is 
low and the thrust is high, giving a large difference between the 
jet velocity and the flight speed. The swirl losses are also high 
due to poor matching of the front and rear rotors. 

For the recent design the efficiency is higher at cruise and  
take-off. At cruise the power breakdown is similar to the early 
design, but with lower losses in the rotors and, despite a 
cropped rear blade (see below), only slightly higher swirl 
losses. However, at take-off, the rotor losses are much lower 
than the early design and are also lower than the losses in the 
current design at cruise. This is not surprising as modern de-
signs are, of necessity, optimised for both the cruise and take-
off conditions. The excess kinetic energy losses are higher in 
the current design because, as shown by eqn. (A.2) in the Ap-
pendix, these losses increase with propeller efficiency for a 
given operating condition. 

Note that in all cases, the values given in Table 2 do not 
quite add up to 100%. This is because nacelle drag, spurious 
numerical losses, and non-uniform static pressure at the domain 
exit, are not included in the extraction of the power terms from 
the CFD solutions. 

  

 

 

 

 

 
  

Early Design      

CRUISE 83% 5.5% 6.0% 2.5% 0.8% 

TAKE-OFF 55% 9.5% 4.0% 22.0% 3.5% 

Recent Design      

CRUISE 86% 4.8% 4.4% 2.7% 0.9% 

TAKE-OFF 64% 3.5% 3.0% 24.9% 1.6% 

Table 2   Power breakdown for early and recent open rotors 

The remainder of this section considers some open rotor 
propeller design features and aims to explain how each one 
affects the aerodynamics at both cruise and take-off. The design 
features considered are: (i) rear rotor crop (ii) rotor-rotor axial 

Geometric Parameters Early Design (1988)  Recent Design (2008) 

Front Rotor HTR 0.32 0.34 

Rotor Axial Spacing (g/DF) 0.21 0.31 

Rear Rotor Crop No Yes 

Front rotor blades, NF 7 12 

Rear rotor blades, NR 7 9 

Side Views (not to scale) 
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spacing (iii) rotor sweep and (iv) rotor section geometry. These 
four design aspects have been chosen as they are regularly ap-
plied in modern open rotor designs and they are known to have 
significant implications to both cruise performance and take-off 
noise. In each case the designs shown in Table 1 are used as the 
test cases to demonstrate the design effects. Note that the rotor 
blade count is considered with rotor section geometry. 

Rear rotor crop 
One of the key principles of a contra-rotating open rotor is 

that the rear rotor removes the swirl put into the flow by the 
front rotor. This minimises the lost power due to the swirling 
kinetic energy in the jet behind the propeller, represented by the 
last term in Eqn. (2). Applying rear rotor crop means that flow 
that passes through the tip region of the front rotor passes over 
the tip of the rear rotor. Hence, some swirl imparted to the flow 
by the front rotor tip remains as residual swirl downstream of 
the engine and this leads to a loss of efficiency. 

Figure 3 shows 3D CFD results of computed swirl angle 
distributions for designs with and without crop operating at 
cruise. The distributions are plotted for axial locations down-
stream of the front rotor (station 2) and far downstream of both 
rotors (jet). With crop there is a significant region of residual 
swirling flow near the front rotor tip radius. At lower radii, the 
residual swirl in the jet is very close to zero and the rear rotor 
design has effectively removed the front rotor swirl.  In the 
design without crop, there is a small amount of residual swirl 
throughout the propeller span. This is due to the propellers in 
this configuration being identical (Table 1), combined with 
higher input shaft power to the front rotor.  

Given that the exit flow is non-uniform, the loss in propel-
ler efficiency due to residual swirl can be written as: 

2 3 2

0

1
tan ( )

2

FR

j jx j
in in

V dm V rdr
P Pθ

π∆η = − = − ρ α∫ ∫ɺ       (3) 

This shows that the efficiency loss scales with the tangent 
of the residual swirl angle squared, and it is therefore essential 
to minimise this. Equation (3) was evaluated using numerical 
integration for the swirl distribution cases shown in Fig. 3 and 
in the cropped case, the residual swirl contributes a 0.9% loss in 
efficiency. For the early design without crop, the residual swirl 
accounts for a loss of 0.8%, but this would be reduced in a 
modern design.   

 
Fig. 3   Residual swirl in a cropped and non-cropped design 

The motivation for applying crop is to reduce the noise at 
take-off caused by the interaction of the front tip vortex with 
the rear rotor, see [2] or [13]. Figure 4 shows a CFD result for a 
recent open rotor design operating at take-off with a cropped 
rear rotor. The computation is steady, which means that the 
front rotor tip vortex is smeared circumferentially when it 
passes through the mixing plane between the two rotors. How-
ever, it is clear that this smeared-out vortex passes above the 
rear rotor tip and the rear rotor tip vortex is radially inboard. In 
reality, due to the finite size of the tip vortices, there could still 
be interaction between the vortices and potentially some asso-
ciated noise, see also [14]. There is therefore a question of how 
much crop is sufficient to effectively eliminate the vortex inter-
action noise. This can only be reliably determined through test-
ing or with full unsteady CFD computations, such as those pre-
sented in [10].  

 

 
Fig. 4   Predicted contours of entropy for the cropped recent 
open rotor design operating at take-off 

Rotor-rotor axial spacing 
The further apart the front and rear rotors are placed, the 

more rear rotor crop is needed to avoid tip vortex interaction at 
take-off. This is shown by Fig. 5, taken from [10], which shows 
the trajectories of the front tip vortex at take-off, extracted from 
unsteady CFD solutions.  

 

 

Fig. 5  Vortex trajectory from the front rotor of the recent design 
at different angles-of-attack, from [10] 

 
Figure 5 demonstrates how the tip vortex moves inwards 

with downstream distance. In addition, when angle-of-attack 
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effects are included, front rotor tip vortices that originate at the 
bottom of the engine move further inboard as they convect 
downstream. Thus, if the rotors are placed further apart, the 
crop required increases dramatically, further reducing cruise 
performance. In addition, any additional axial length will in-
crease the overall engine weight and nacelle drag. 

Increased axial gap between the rotors provides more dis-
tance for the front rotor wake to dissipate before it hits the rear 
rotor and it is mainly the characteristics of this wake impacting 
the rear rotor that determine the viscous interaction noise, see 
[13]. Larger spacings are also favourable for lowering potential 
interaction. 

Figure 6 shows the variation in wake velocity deficit, w/W, 
with distance downstream of the front rotor for a wake model 
based on Schlichting [15] and for steady CFD results run on a 
front rotor alone configuration of the early design. A discussion 
of various classical wake models and their application to con-
tra-rotating propellers, is given in chapter 5 of [16]. It’s worth 
noting that a range of models are also derived in [16]  for appli-
cation to the forward and rearward potential field interactions 
between the two blade rows. Under certain conditions these 
potential field interactions can dominate [17]. 

The simple Schlichting model is derived from Prandtl's 
mixing length theory and can be summarised as: 

1 2andD D
w c x

k C k C
W x c c

δ= =             (4) 

, where k1 and k2 are constants. 
In all cases the wake deficit decays and the wake width in-

creases with increasing axial distance, which are both expected 
to reduce noise. Various wake decay models were also consid-
ered in [8] but the simple Schlichting model in Eqn. (4) was 
found to be the most promising in comparisons with CFD. 

 A key problem is that real open rotor wake characteristics 
are not well known. More rig experiments are needed that 
measure open rotor wake development and dissipation. Such 
tests could be used to validate computational results and to de-
velop improved models of wake-blade interaction. Several 
studies present computed viscous wake interaction noise, but 
none of these have demonstrated that the wakes impacting on 
the rear rotors are correctly reproduced.  

 
Fig. 6  Variation in take-off front rotor wake velocity deficit for 
Schlichting model and CFD. 

Rotor sweep 
Blade sweep relieves any transonic effects at high relative 

Mach numbers. At cruise, Fig. 7 demonstrates that without 
sweep, there is a supersonic region on the suction surface of 
both rotors, ending in a weak shock. With sweep added, the 
Mach number levels are reduced and the shock is eliminated. 
Any shock wave on the rotor will reduce efficiency through the 
shock itself and through increased loss in the rotor boundary 
layer. In addition, any shock waves introduce additional noise 
sources, which could increase cruise cabin noise.  

 

Fig. 7  CFD predicted section aerodynamics at r/R = 0.7 for an 
early swept and unswept rotor blade at cruise. 
 

The effect of applying sweep has potential benefits at take-
off. Figure 8 shows predicted surface streamlines for early de-
signs of swept and unswept rotors for identical take-off condi-
tions.  In both cases a leading edge separation forms above 
about 30% span. In the swept blade case, the separated region is 
smaller and moves more radially outwards giving a smaller loss 
core at exit and corresponding higher efficiencies than the 
straight blade. In the case shown the sweep does, however, also 
give a larger hub separation, which will reduce its benefit. 

 

 

Fig. 8  Comparison of suction surface streamlines at take-off. 
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The development of the loss core downstream of the front 
rotor for the swept and unswept cases are shown in Fig. 9. For 
the straight blade the blade leading edge vortex and tip vortex 
are fairly distinct and cause a large region of loss. In the swept 
case, the leading edge vortex and tip vortex combine and inte-
ract within a smaller high loss region. It is expected that this 
loss core from the swept blade will lead to reduced interaction 
noise, although this has not been calculated.  
 

 
Fig. 9  Comparison of take-off tip flow development downstream 
of a straight and swept rotor blade. 

 
Other studies, such as [18] and [19], have found possible 

acoustic benefits from sweep. These identified how sweep in-
troduces phase differences into the noise signals radiating from 
each spanwise part of a propeller. The balance and directivity 
of propeller noise sources can be modified by sweep, as dem-
onstrated in [20]. Analytical work in [21] also showed that the 
precise radial distribution of sweep is important as it can lead 
not just to reductions but also, under certain conditions, to en-
hancement of the radiated tones. 

Rotor section geometry 
The 2D sectional performance of open rotors seems to 

have received surprisingly little attention. Many earlier designs 
were based on standard NACA aerofoils, see for example,  [2] 
and [22], and there has been little published detail of the thick-
ness and camber distributions for recent open rotor section de-
signs. Here, we consider the cruise and take-off aerodynamic 
effects of some basic section geometric parameters.  

 
(i) Blade count and pitch-to-chord ratio 

A higher blade count, for a fixed rotor chord, reduces the 
loading on each propeller blade and this should give an effi-
ciency benefit at cruise. However, increased blade count im-
plies greater total wetted area and high blockage at the hub, 
which will tend to reduce efficiency. An optimum pitch-to-
chord ratio is expected to exist that gives low loss and sufficient 
operating range.  

The blade counts for each rotor are critical to the noise 
since these determine the blade passing and interaction fre-
quencies. It is generally accepted that it is favourable to have 
fairly high numbers on the front and rear rotors that will not 
generate common frequencies [23]. Adding more blades in-

creases the number of noise sources, but this can be offset by 
reducing the blade chord.  

Reduced chord (or increased aspect ratio) is expected to 
lower interaction noise and the rotor spacing required.  Howev-
er, the choice of chord must be appropriate to prevent any 
aeromechanical issues, such as flutter, and to achieve sufficient 
thrust at take-off. The number of blades that can be fitted are 
also limited by mechanical issues such as the design of the disk 
and the pitch change mechanism.  
 
 (ii) Maximum thickness  

The maximum thickness of propeller aerofoil sections is 
usually dictated by mechanical requirements such as robustness 
to impact and aeromechanical response. Thicker sections will 
inevitably lead to higher transonic losses at cruise and lower 
efficiency. In addition, the thickness noise from a propeller 
blade scales with the volume displaced and therefore thicker 
sections tend to have greater rotor alone noise. Increased thick-
ness can give an advantage at take-off though, because thicker 
sections tend to be more incidence tolerant (see below). 

 
(iii) Camber 

Increasing blade camber (or turning) can be used to in-
crease the power input to the flow at take-off, without requiring 
high incidence onto the blade sections. This can lead to lower 
loss, because the flow is less likely to separate at the leading 
edge, giving a much cleaner take-off flow-field. Lower rotor 
loss from the front rotor implies smaller wakes and tip vortices, 
thus helping to reduce interaction noise.  

 At cruise, however, the flow turning required is much 
lower, because the loading is much less than at take-off. Highly 
cambered blade sections can therefore end up operating at 
negative incidence with higher cruise losses than low camber 
sections operating at their optimum cruise incidence. 

 
(iii) Leading edge profile 

Leading edge shape has been shown to influence mini-
mum loss and operating range in compressor blades [24] and 
this is an area with potential for open rotors. The aim should be 
to prescribe robust leading edge shapes that will give low loss 
and the greatest possible incidence tolerance. 
 

Figure 10 shows some results from 2D CFD predictions 
using MISES [25] for three different designs of open rotor sec-
tion at take-off. MISES is a coupled inviscid method and 
boundary layer solver for turbomachinery cascades. It can 
therefore resolve the 2D viscous and transonic loss sources. 
The section in black, called the datum design, is a transonic 
section from an early open rotor. The dashed red section is an 
increased camber version of this. The solid red section is a 
thickened version of the datum design with a higher blade 
count (reduced pitch). 

The plot in Fig. 10(b) shows loss versus incidence for these 
sections. The circles represent operating points where the re-
quired take-off thrust is achieved. The datum design is based on 
a section from the early design in Table 1. This is at high inci-
dence at take-off, and thus is predicted to have high loss. It is 
actually found to be separated in 3D CFD (see later). With in-
creased camber, because incidence is defined here relative to 
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the section stagger line (rather than the leading edge metal an-
gle), the low-loss region moves to the right of the plot. The 
operating point needed for take-off thrust is now at much lower 
loss than the datum condition. Unfortunately, at cruise, this 
section is expected to operate at negative, non-optimum, inci-
dence. The section with increased thickness and greater blade 
count has a much wider low loss region. The added incidence 
tolerance means the take-off operating point is not at high-loss, 
but the minimum loss is higher than the other sections. The 
cruise loss, although not shown here, is also predicted to in-
crease due to the extra thickness and greater wetted area. 

The results in Fig. 10 demonstrate that the propeller section 
designs can have a significant effect on the take-off aerodynam-
ics and that a 2D method could be used to develop section de-
sign with low loss at both cruise and take-off. 

 

 (a)  Geometry of the three section designs 

 
 (b)  Loss loops for the three section designs. 

Fig. 10  Study of section performance at take-off using the 2D 
CFD code, MISES. 
 
TAKE-OFF OPERATION 

There is some useful flexibility in how contra-rotating 
open rotors can be operated at take-off. Although the torque 
ratio between the front and rear rotors is fixed by the gearbox, 
the variable pitch mechanisms for the rotors are independent. 
This means there are a range of pitch angles and rotational 
speeds that are possible for a given thrust requirement.  

Propeller aerofoil aerodynamics can be considered in a 
similar way to aircraft wing sections. Figure 11 shows a typical 
lift coefficient-incidence plot for a propeller. Similarly to a 
wing, at take-off, high CL and incidence are required to give 
high lift (and therefore thrust) for a fixed lifting area. However, 
the lift coefficient must not be so high such that separation and 
stall occurs as this will lead to high noise and poor perform-
ance, as well as being potentially dangerous. At cruise opera-
tion, low incidence is required to give the maximum Lift-to-
Drag ratio, L/D.  

 

Fig. 11  Lift-incidence curve for an aerofoil 
 
In this section we consider how computational methods 

can be used to determine a take-off condition that gives the 
required thrust with improved aerodynamics. Only the front 
rotor aerodynamics are considered in detail and it is assumed 
that the open rotor geometry and gearbox are fixed.  

Blade Element Method  
A simple Blade Element Method (BEM) can be used to 

explore and understand the effects of varying blade pitch and 
speed. The BEM used here is based on Glauert (1926) for a 
single rotation propeller [26]. Figure 12 shows the nomencla-
ture and angle convention used for a blade element.  

 

Fig. 12  Velocity triangle and aerodynamic forces for a propeller 
blade element 

In this method, the lift coefficient is simply assumed to be 
linearly proportional to incidence, i.e. L LC k i= . The section 

drag coefficient is assumed to be related to the lift coefficient 

by 2
0D D D LC C k C= + . The constants, kL, CD0 and kD were cho-

sen to give a typical, realistic lift-drag relationship for an open 
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rotor propeller. The axial and tangential induction factors, a and 
a' are critical within a BEM. These depend on the lift and drag 
coefficients on the blade element and therefore the method iter-
ates to find the inlet velocity triangle that is consistent with the 
computed values of CL and CD. The thrust on the blade element 
is given by resolving the forces in Fig. 12 in the axial direction: 

 

21
cos sin

2
D

L
L

C
X c rW C

C

 
= φ − φ ρ ∆ 
 

  (5) 

At take-off, the required total thrust from an open rotor is 
fixed by the aircraft requirement. Equation 5 shows that thrust 
increases as the pitch angle, φ , reduces, and as the relative flow 
speed, W, the blade element area, c∆r, and the lift coefficient, 
CL increase. Therefore, for a given thrust and propeller size, it 
is possible to operate an open rotor blade at a lower lift coeffi-
cient, by repitching the blade to reduce the incidence whilst 
simultaneously increasing the blade speed U (and thereby rais-
ing W).  

In Fig. 13 results from the BEM and 3D CFD are com-
pared for a range of take-off conditions, all at the same propel-
ler thrust. These results are for the front rotor of the early de-
sign of open rotor shown in Table 1. It is worth noting that the 
BEM takes less than 1s to run the full range of operating condi-
tions shown. The CFD results are from [9] and each computa-
tion took about 1 day of computational time.  

As the blade is re-pitched, the incidence drops, reducing 
the lift coefficient. To recover the thrust, the rotational speed 
must increase, which, as shown by the velocity triangle in Fig. 
12, acts to increase the incidence. The resultant reduction in 
incidence is therefore less than the change in rotor pitch angle 
(the top plot in Fig. 13 shows that re-pitching by -200 gives an 
incidence reduction of only 7.50). The fractional increase in 
rotational speed required is considerable, but much less than the 
corresponding decrease in incidence. As shown by the middle 
plot in Fig. 13, as the incidence reduces by a factor of 2.5, the 
rotational speed increases by a factor of about 1.58. Note that 

1.582 ≅ 2.5 and from eqn. (6) it is expected that 2X U i∝ . 
 

 
Fig. 13  Calculated operating conditions for constant thrust 

As the incidence is reduced, both the CFD and the simple 
BEM predict improved efficiency. This is because CL, and 
therefore CD, are both reducing. The re-pitching and speeding 
up of the propeller is effectively moving the operating point 
down the CL - i curve in Fig 11. For the early design of propel-
ler considered, the operating condition with no repitch is oper-
ating at high CL with separated flow and low efficiency (see 
below). It is therefore unsurprising that the efficiency continu-
ously improves as repitch is applied. The difference in the effi-
ciency variation between the BEM and CFD occurs because the 
BEM does not account for any separation or other 3D losses. 
The otherwise good agreement between the BEM and CFD 
results is to be expected since the BEM correctly determines 
the velocity triangle at inlet to the propeller and this is the main 
factor influencing the performance.  

Three-dimensional effects 
Fig. 14 shows some of the detailed 3D flow-field predicted 

by steady 3D CFD for the front rotor of the early open rotor 
design at the same take-off operating points considered above. 
As the rotor is re-pitched, reducing the incidence, the separation 
at the leading edge cleans up and the flow becomes more 2D. 

 
Fig. 14  Predicted front rotor suction surface streamlines at dif-
ferent take-off conditions for the early design 
 

Figure 15 shows the predicted exit flow from the front ro-
tor at the same operating conditions.  

 
Fig. 15  CFD predicted vorticity contours downstream of the 
front rotor at different take-off conditions for the early design. 

 
With no re-pitch, 100% speed, we can see the large loss 

core, combined with the tip vortex (see also Fig. 9). As the ro-
tor is re-pitched and the separated flow is reduced, the loss core 

3D SEPARATION
REASONABLY   

2D FLOW

Ω = 150%

Ω = 134%

Ω =112%

Ω = 105%

Ω = 100%
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is eliminated and the tip vortex becomes more compact. At −20 
degrees of re-pitch, the rotational speed is 50% higher, and the 
exit flow-field is similar to that seen at cruise: a small, well-
defined tip vortex with a distinct wake. 

The BEM used above assumed a linear relationship be-
tween lift coefficient and incidence and a simple relationship 
for drag. Figure 16 indicates that the real 3D situation is more 
complex, especially in this case where there is a significant 
separated flow.  

Figure 16(a) demonstrates how re-pitching reduces the in-
cidence throughout the blade span. The rate of reduction of 
incidence with re-pitch is almost linear, as suggested by Fig. 
13, but is greater towards the blade tip. The reduction in inci-
dence corresponds to a reduction in lift coefficient and below 
r/R=0.7, the variations in CL and i with radius are very similar 
and close to linear, as assumed in the BEM. However, a high 
lift coefficient is not achieved towards the tip of the blade and 
in the high incidence cases, the lift coefficient in this region 
collapses to a value of around 0.5. Figure 16(c) shows that 
modest levels of CL correspond to low CD .  However, areas 
where CL > 0.5 correspond to regions of high drag.  

 
 

 

(a) Incidence 

 

(b) Lift Coefficient 

 

(c) Drag Coefficient 

Fig. 16  Radial variations for different take-off re-pitch conditions 
derived from 3D CFD solutions. 
 

In summary, as the propeller considered is re-pitched and 
sped up at take-off, the incidence reduces at all radii and the lift 
coefficient follows this reduction. Once the lift coefficient is 
low enough, the rotor becomes low drag and low loss, without 
any significant 3D separations.  

Determining the best take-off operating condition 
 An open rotor should be operated at take-off to produce a 

flow-field that is essentially two-dimensional with no signifi-
cant separations and minimal wakes. However, if a propeller is 
re-pitched and sped up too much, the high rotational speed can 
lead to increased rotor alone noise, as found in [3] and [22]. In 
addition, if a propeller is operated such that CL is much lower 
than the value at which separation starts to occur, it implies that 
the same thrust could have been achieved with a higher CL and 
a smaller propeller (see eqn. (5)).  

For a given design, the optimum take-off operating point is 
therefore when the radial distribution of take-off lift coefficient 
is as high as possible without causing significant flow separa-
tion. At this condition, the flow over the propeller is essentially 
2D with no major 3D flow features. For the early design con-
sidered above, this is somewhere between the re-pitch -160 and 
-80 cases. For example, in the re-pitch -160 case, i < 70, CL < 
0.5, and CD < 0.05 at all radii except at the very tip.  

Given the required take-off flow-field is essentially 2D, 
cases with significant 3D flow are not of interest and therefore 
simpler 2D methods can be used to determine the optimum 
operating condition. For example, a BEM method can be used 
to determine the take-off operating condition that gives the re-
quired radial distribution of lift coefficient and incidence. This 
can be combined with aerofoil computations, such as MISES, 
to determine section loss as a function of incidence to ensure a 
sufficient margin to flow separation. An example is shown in 
Fig. 17, which presents a series of MISES predicted loss-loops 
for the mean-line section of the early propeller design consid-
ered above. Each curve shows the predicted variation of loss 
with incidence for various re-pitch conditions. As the blade is 
re-pitched and sped up, the loss-loops become narrower and the 
minimum loss levels increase because the relative Mach num-



 

ber increases with blade speed. Also shown are 
off thrust operating points. As expected, as re
the required incidence reduces and the section
reduce. In this case, the re-pitch -120 case is 
loss for the smallest speed increase, whereas the less re
cases are close to separation. This is consistent with the 3D 
CFD results above and demonstrates that a 
can be effective in finding a safe take-off operating condi
that gives good aerodynamic performance (minimum rotational 
speed, reduced wakes and no 3D separations).

 

Fig. 17  Predicted variation in section performance for
design at different re-pitch and speed-up take
 
 
CONCLUSIONS 

A power breakdown for an open rotor 
from a 3D steady CFD solution to show the key sources of lost 
efficiency.  For a recent design the rotor losses 
and take-off were found to be significantly lower than for a 
design from the 1980s. The front rotor loss at 
ticularly low in the recent design, which indicates small wakes 
and a flow-field free from large separations. This is expected to 
lead to reduced rotor-rotor interaction noise. 

The rear rotor crop required to reduce interaction noise 
tween the front rotor tip vortex and the rear rotor blade
on the rotor-rotor axial spacing and angle
Unsteady 3D CFD is required to resolve this interaction. 
crop increases, the losses due to residual swirl increase and a
cruise efficiency penalty of around 1% is typical

Increased rotor axial spacing can be used 
front rotor wake before it interacts with the rear rotor, reducing 
the expected interaction noise. However, minimal benefit 
expected for axial spacings beyond two rotor chord lengths.

Rotor sweep has well-known benefits at high speed, b
can also give benefits at take-off by modifying the structure of 
the front rotor's tip loss core.  

Improved blade section aerodynamics have 
increase cruise efficiency whilst giving greater incidence tole
ance at take-off, thereby enabling operation at high
dimensional lift without high loss. 

At take-off, high incidence onto the front rotor gives higher 
lift coefficient and if this gets too high the flow separates. 
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ber increases with blade speed. Also shown are constant take-
as re-pitch is applied, 

incidence reduces and the section loss tends to 
case is found to be low 

, whereas the less re-pitched 
consistent with the 3D 

demonstrates that a 2D CFD method 
operating condition 

good aerodynamic performance (minimum rotational 
speed, reduced wakes and no 3D separations). 

 
ariation in section performance for the early 

take-off conditions. 

rotor can be extracted 
the key sources of lost 

a recent design the rotor losses at both cruise 
were found to be significantly lower than for a 

he front rotor loss at take-off is par-
indicates small wakes 

field free from large separations. This is expected to 
se.  

reduce interaction noise be-
and the rear rotor blade depends 

l spacing and angle-of-attack effects. 
Unsteady 3D CFD is required to resolve this interaction. As 
crop increases, the losses due to residual swirl increase and a 

typical. 
can be used to dissipate the 

front rotor wake before it interacts with the rear rotor, reducing 
interaction noise. However, minimal benefit is 

rotor chord lengths. 
known benefits at high speed, but it 

by modifying the structure of 

aerodynamics have the potential to 
whilst giving greater incidence toler-

operation at higher non-

, high incidence onto the front rotor gives higher 
and if this gets too high the flow separates. The 

front rotor should be operated with 
speed-up to eliminate any 
thrust per unit area for the lowest rotor rotational speeds. The 
optimum take-off operating condition can be 
with 2D design methods in advance of 
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 APPENDIX - MECHANICAL POWER LOSSES  
 
The open rotor efficiency can be expressed in terms 

of lost mechanical power. Consider the flow through the 
open rotor from far upstream (station 0) to far down-
stream in the open rotor jet (station j). The following 
simplifying assumptions are made: (i) the flow down-
stream of the open rotor is uniform (ii) atmospheric pres-
sure applies across the downstream jet (iii) there is no 
core flow. In this case the enthalpy-entropy diagram for 
the open rotor is as shown in Fig. A.1. 
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Fig. A.1: Enthalpy-entropy diagram for an open rotor 

 
Applying conservation of energy, 
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Note also that: 
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