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Abstract — This paper presents the comparison of results obtained from two codes with different degrees
of accuracy and computational time on the case of a contra-rotating open rotor (AI-PX7). The main goal is
to assess the capacity of a code based on singularity methods to predict global open rotor performance, the
in-plane loads (also called 1P loads), and the blade load distribution during a full blade cycle. Moreover,
installation and unsteady correction models have been implemented in this code in order to evaluate
the possible improvements of initial predictions. Finally, a numerical method to quantify some of the
mechanisms governing open rotor thrust and 1P loads is proposed.
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1 Introduction

Due to the increase in fuel prices, airframe and engine
manufacturers are looking for step-changing technologies
that might enable them to produce more efficient and
cleaner aircraft by 2020 and later. Among a number of
emerging concepts, the contra-rotating open rotor engine
(CROR) is likely to be an interesting option for the sig-
nificant reduction of the aircraft fuel consumption and
polluting emissions (Fig. 1). Nevertheless, a number of
key aspects are not still sufficiently mastered from the
early development steps of the engine. Therefore, man-
ufacturers are investing in the development of method-
ologies adapted for preliminary design phases in order to
assess some of these key parameters.

As a step to provide these reliable methodologies for
preliminary design of CROR, a code based on the un-
steady lifting-line theory (HOST [1]) has been assessed
by comparing its results with the ones obtained with a
more complex and accurate CFD code solving the un-
steady Reynolds-averaged Navier-Stokes (URANS) equa-
tions. The test case used for comparison is AI-PX7, an
Airbus’ generic contra-rotating open rotor geometry, at
high-speed conditions and at 1° of incidence. Rotor per-
formance, blade loading, and induced velocity fields over
a rotation are compared, in order to show the strengths
and weaknesses of the lifting-line code with respect to
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the CFD solution. Finally, a method to quantify the im-
pact of different mechanisms on thrust and 1P loads by
induced velocity decomposition is proposed and applied
to the same test case.

The force developed by a propeller comes from the
integration of the forces developed by each of its blades.
If these forces are not the same for all blades along a
rotation, the resultant force vector may not be aligned
with the rotation axis. This means that, in addition to
the thrust which is aligned with the rotation axis, another
component of the force appears on the propeller plane.
This in-plane force is commonly called the 1P load and
can be decomposed in a norm and a phase lag. The phase
lag is defined as the angle between the 1P load vector
and the plane formed by the freestream velocity and the
rotation axis, as shown in Figure 1.

As the magnitude of these 1P loads can be of the or-
der of the thrust, they constitute a dimensioning factor
on the engine installation systems, on aircraft handling
qualities, on structural vibrations and fatigue limits, etc.
Thus, it is critical to understand the major aerodynamic
mechanisms behind these 1P loads and to predict them
accurately from the pre-design simulations.

HOST was conceived by Eurocopter as a comprehen-
sive code for the aeromechanical simulation of helicopters.
It uses a modular structure in order to be able to simulate
from an isolated rotor to a “complete” helicopter. This
modular structure makes it easier to extend the use of
HOST to other applications such as single propellers and
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Nomenclature
(M)rr Front rotor
(M)rr Rear rotor
e Angle of attack (°)
Qoo Freestream angle of attack (°)
Qlind Induced angle of attack (°)
b1p 1P load phase lag
v Azimuthal angle (°)
Poo Freestream density (kg.m™?)
T Thrust coefficient
0 Blade pitch angle (°)
Uind Induced velocity vector (m.s™!)
£ Non-dimensional radial position (r/Rrr)
Cip 1P load coefficient
CL Airfoil lift coefficient
Cru Thrust coefficient
Fy Side force(N)
Iy, Vertical force (N)
N Rotational speed (s™1)
Prr/Prr  Front-Rear power ratio
R Blade radius (m)
r Radial position (m)
T Thrust (N)
Vynd Circumferential induced velocity (m.s™")
Vind Axial induced velocity (m.s™')
Vi In-plane velocity (m.s™')
Vxoo Axial freestream velocity (m.s™!)
BPF Blade passing frequency (s™1)
URANS Unsteady Reynolds-averaged
Navier-Stokes equations

contra-rotating open rotors. The aerodynamic computa-
tions in HOST use a method based on the lifting-line the-
ory, a singularity method for which the blade is reduced
to its quarter-chord line. In the results hereafter, induced
velocities from the wake and the surrounding blades are
calculated using MINT, a high-order free-wake module
developed by Onera [2].

As it has been detailed in a previous communica-
tion [3], an unsteady airfoil model for curved and swept
blades has been implemented in this lifting-line code.
This airfoil model is based on the unified lifting-line the-
ory developed by Guermond and Sellier [4] and follow-
ing the adaptation to numerical applications proposed by
Devinant [5]. The global problem is solved by matched
asymptotic expansions between the outer domain, a clas-
sical lifting-line problem, and the inner domain, the airfoil
and its wake at the considered blade station. The inner
domain is solved using a linearized unsteady thin-airfoil
theory [6] which adds, to quasi-steady airfoil polar data,
the extra lift produced by the pitching and plunging mo-
tion of a infinite-span flat plate.

Finally, the effect of the nacelle on the blade aerody-
namics can be taken into account thanks to a velocity
perturbation field, obtained from a blade-off nacelle CFD
simulation.

Two main contributions are therefore obtained from
this paper. On one hand, as public experimental data are
not yet available, they provide a first step in the detailed
assessment of a simplified lifting-line code by comparison
with CFD computations. On the other hand, a method
for quantifying the impact of a number of aerodynamic
mechanisms on thrust and 1P loads has been developed,
providing a useful methodology for blade designers.

2 Test case description

Figure 1 shows the AI-PX7 open rotor geometry! used
in the present study. Table 1 presents the main geo-
metrical characteristics and the flight conditions of the
considered case. Four different simulations are presented
in this paper: three different lifting-line simulations us-
ing the HOST code are compared to a URANS CFD
computation using the elsA solver performed by Francois
et al. [7].

The CFD computation uses a mesh with 53 million
nodes, divided in a fixed far field domain and two rotating
domains, one for each rotor, connected by the sliding mesh
technique. This technique allows relative motions between
the non-coincident interfaces and interpolates the fluxes
between them.

Different lifting-line simulations are performed to as-
sess the effects of installation effects and an unsteady
airfoil model. First, the “isolated” lifting-line simulation
considers only the propeller blades, and although no na-
celle is considered, the freestream Mach number is slightly
increased (from 0.73 to 0.75) to simulate the mean accel-
eration due to the nacelle. Second, the effects of the hub,
also called “installation effects”, can be taken into ac-
count by introducing a steady velocity perturbation field
for both rotors. This field is obtained from an initial CFD
simulation of the nacelle in blades-off configuration. Fi-
nally, “unsteady corrections” stand for the addition of
new terms in the airfoil lift calculation so as to consider
its unsteady motion and three-dimensional blade forms.

While the CFD computation has been performed in
8 days on 128 cores and with a time step equivalent to
a rotation of 0.5°, lifting-line simulations have been per-
formed in 11 h on 8 cores and with an equivalent 2° time
step, for a matter of reasonable computational costs in a
design process.

In fact, the computational cost of lifting-line simu-
lations are of the order of O(N3,,) due to the simula-
tion time, O(Ngtep), and the free convection of the wake,
O(NZ.p) where Ngiep is the number of time steps. More-
over, as in the lifting-line approach there is no interpo-
lation between rotors and no viscous diffusion, the wake
propagation is less sensitive to time step in lifting-line
simulations than in CFD computations. Thus, a 2° time
step simulation has proven to be a good compromise to
capture the main part of the interaction between rotors,
i.e. the effect of incidence. Indeed, as the main frequency

! AI-PX7 is an Airbus’ reference contra-rotating open rotor
configuration for the European SFWA /CleanSky project.
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(a) Front Rotor loads.

Table 1. AI-PX7 Case conditions.

Blade count (Nrr, NRrR) & 11 x 9
Front Rotor Diameter [m] 4.2672
Rear Rotor Cropping - 10%
Rotor-Rotor Spacing [m] 0.95

Mach Number - 0.73
RPM [min™'] 795, ~795
Incidence [°] 1.0

of the incidence effect is a full revolution, 180 time steps
are computed per period, which is largely sufficient to
capture this mechanism. Moreover, blade-wake interac-
tions might also be captured with a certain accuracy, as
8 time steps are computed per blade passage period.

3 Code assessment: comparison
between elsA and HOST/MINT

This section presents the main results obtained in the
lifting-line simulations and compared with the reference
CFD simulation. First, open rotor performance is pre-
sented, then global blade thrust is compared, then blade
thrust distribution is presented, i.e. the contribution of
each section to the thrust, and finally induced velocities
in the field are compared.

Open rotor performance

Table 2 shows the propeller performance comparison
between CFD simulation and three lifting-line simula-
tions: “isolated”, with installation effects, and with both
installation and unsteady corrections. For HOST simula-
tions, pitch angles have been adapted in order to obtain
the same global thrust levels T = Tgr + Trr and power
ratio Ppr/Prr than in the CFD simulations. An accept-
able modification of the blade pitch setting, i.e. around 1°,

RR
Fip

(b) Rear Rotor loads.
Fig. 1. AI-PX7 generic open rotor geometry. Thrust and 1P loads definition.

is required in order to achieve the thrust and the power
ratio target levels.

Rotor performance and 1P loads

Three non-dimensional parameters are analyzed in
this section (see Eq. (1)): the thrust coefficient, the 1P
load coefficient, and the 1P load phase lag for front and
rear propellers, respectively.

2 2
CFR _ Trr o Fr_ VY Foon + Pl .
TH
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VF:  + F2 F
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w pOONgR(QRFR)4 " FZRR ( )

Figure 2 plots the comparison between the different sim-
ulations. The total thrust level is obtained with a slight
overestimation of the front rotor thrust (+3.5%) and a
slight underestimation of the rear one (—3.5%). These
differences can be explained by a lack of slipstream from
the rear rotor on the front rotor. Indeed, as the lifting-line
method models the blade as a vortex filament at the blade
quarter-chord line, the effects of the chord and the blade
thickness cannot be captured. As the distance between
front and rear blade quarter-chord lines is more impor-
tant than between the front blade trailing edge and the
rear blade leading edge, the potential interaction effects
between rotors may be underestimated. In this open ro-
tor configuration, even if results are still satisfactory, this
deficiency starts to be noticeable.

When comparing the 1P loads of the front rotor, it
can be noticed how installation effects play an important
role in predicting better its norm: the offset is reduced
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Table 2. AI-PX7 Performance. Comparison between elsA and HOST/MINT results (isolated, installed and installed+unsteady).

elsA CFD A Isolated A w/Installation

A w/Inst+Unst

oF R °] 62.50 -1.22° -1.36° -1.36°
RR
0 [°] 62.50 —0.28° —-0.167° —-0.167°
Thrust [N] 20320 0.575% 0.458% —-0.866%
Power ratio 1.25 1.46% 0.893% 0.0375%
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(f) Rear 1P phase

Fig. 2. Front and rear rotor performance comparison.

from —17% to +10% for the worst case. Rear rotor 1P
loads norm is slightly modified by installation effects and
the unsteady airfoil model.

The 1P load phase lag of the front rotor is reduced by
the effect of the hub as it induces mainly a vertical veloc-
ity component. This leads to an increase in the vertical
component without modifying the side component, thus
increasing the 1P load norm and reducing its phase lag.
The offset of front rotor phase lag is increased due to in-
stallation effects and the unsteady model, but offsets are
still reasonable, i.e. under the azimuth step of 2°. Mean
values of the rear rotor 1P load phase lag are closer to
CFD results when using the unsteady airfoil model, i.e.
from +12° to 4+7°. Indeed, the airfoil model adds some
lift components that tend to accelerate the lift evolution
under a local incidence variation, thus they reduce the
propeller 1P phase lag.

Oscillation amplitude due to the passage of the front
rotor wake, however, is slightly overestimated. Three fac-
tors may explain these differences in the oscillations due
to the blade-wake interactions: (a) differents time steps,

(b) neglecting viscous effects, and (c) reducing the blade
to its quarter-chord line.

First, with a time step corresponding to 8 steps per
blade-wake interaction, HOST simulations can capture
the correct frequency but not necessarily the oscillation
amplitude. Second, HOST uses a potential wake repre-
sented by a series of vorticity panels without thickness,
which means that no viscous effects are considered. Fi-
nally, as in the lifting-line approach the blade is reduced
to its quarter-chord line, each blade section is represented
by a point. The induced velocities from the wake on this
point represent the impact on all the airfoil. This gener-
ates a more impulsive response to the wake passage than
in the CFD simulation, where the influence of the wake
varies all along the blade airfoil.

Blade thrust

Figure 3 compares the blade thrust evolution along a
cycle. Very similar results are obtained for both front and
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(a) Front Rotor
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300

240
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(b) Rear Rotor

Fig. 3. Blade loading along a cycle. elsA compared to HOST simulations.

rear blade loads in all lifting-line and CFD simulations.
Notice however that for the front rotor the thrust coef-
ficient is slightly overestimated in the downward moving
blade (between 60° and 150°) when installation effects
are added. This offset can also be attributed to the lack
of slipstream from the rear rotor.

Notice also the lack of oscillations in lifting-line re-
sults. As explained before, this can be explained by the
fact that lifting-line methods reduce the blade to its
quarter-chord line, losing all chordwise information. As
the front quarter-chord line is further from the rear rotor
than its trailing edge, effects from rear rotor are not well
captured.

When observing rear blade loads, a slight underesti-
mation appears in the upper part of the blade cycle for all
HOST simulations. Unsteady corrections tend to increase
blade loads around 90° and around 270°, where the in-
cidence variation is the most important. On rear blades,
oscillations are fairly captured in lifting-line simulations
due to the passage of the front wake across the rear rotor.
Notice however that a certain phase lag appears between
the peaks, which is due to the point of emission of the
wake: while in elsA it is convected from the trailing edge
of the blade, HOST convects the wake panels from the
quarter-chord line.

Blade thrust distribution

Figure 4 shows the thrust coefficient distribution along
the blade 97/09¢ for the same four simulations. Thrust
coefficient distribution is defined as follows:

Omer _ 9Trr Rpr ,
o€ Or  pooNER(2Rpr)*’
OtrRr OTRR Rrr

9~ Or poNZR(2Rer)* (2)

Left-hand figures show the mean value of the thrust dis-
tribution for front and rear rotors. Fair predictions are ob-
tained in lifting-line approach compared to CFD results
for both rotors. However, the wall effect near blade root
is not captured by the lifting-line code as no hub model
is implemented in it, i.e. the loads are imposed to zero at
the root section. In the central part of the blade, 97/0¢ is
overestimated. Finally, the blade maximum loading is un-
derestimated (—8%) and slightly closer to the blade tip.
No significant difference is observed between the different
lifting-line simulations.

Right-hand side figures show the first mode of 97/9¢,
i.e. the incidence effect. Installation effects increase these
oscillations on both rotors. The unsteady model corrects
slightly the modulus on the rear blade and reduces the
phase lag, getting significantly closer to CFD results over
an important part of the blade.

Higher modes corresponding to the BPF are not
shown as their amplitude is not well captured in HOST
and it is negligible with respect to the incidence mode.

Induced velocity fields

This paragraph compares the axial and circumferen-
tial induced velocities as predicted by CFD and lifting-line
simulations for two planes normal to the rotating axis: one
upstream the front rotor and the other one between the
rotors (see Fig. 5). The circumferential component for the
first and the second plane are calculated respectively in
the direction of rotation of the front and the rear rotor.

For the plane upstream the front rotor (Figs. 5a
and 5c¢), important mismatches are observed. Neverthe-
less, as it has been shown in the previous paragraph,
the comparison between blade loads predicted by both
simulations are very similar. To explain this it must be
considered that the upstream plane is very close to the
leading edge of the blade, and so the passage of the blade
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Fig. 4. Discrete Fourier transform of the front and rear rotor d7/9¢.

is very well captured in the CFD simulations. It is not
the case in the lifting-line ones, as the blade is reduced to
its quarter-chord line. Therefore, this comparison shows
that volume effects are not negligible in the field near the
blade.

In Figures 5b and 5d, even if some differences can
be observed, the general pattern is well captured by the
lifting-line approach, specially the circumferential compo-
nent. The axial component calculated by the lifting-line
code presents higher values in the zone of the downward
moving blade, which is less evident in CFD results. On
the contrary, this zone in the circumferential component
is noticed both in lifting-line and CFD results. As the
lifting-line theory considers a potential wake, no veloc-
ity deficit is observed due to the viscous effects in the
wake. Moreover, similar to what was observed for rear
rotor blade loads, a certain phase lag in the tip vortex
position can be observed due to a difference in the emis-
sion points of the wake.

4 Aerodynamic mechanisms of 1P loads

The last section of this study is devoted to the analysis
of the aerodynamic mechanisms behind open rotor 1P
loads by using a number of lifting-line simulations.

From a purely geometrical approach, 1P loads can be
attributed to a difference in the relative velocities of the
downward and the upward moving blades, which gener-
ates a difference in their loads and thus a net force in the
propeller plane. However, the impact of induced veloci-
ties, Uind, on 1P loads cannot be neglected as it has been
shown in Section 3. To analyze their contribution, the ¥i,q
are going to be decomposed in several components. Under
linearity hypothesis, a quantification of the impact of one
single vinq component on thrust and 1P loads can be esti-
mated by removing that component in a new lifting-line
simulation and comparing the results with respect to the
original lifting-line simulation.



I. Gonzalez-Martino et al.: Mechanics & Industry 15, 19-28 (2014) 25

elsA CFD HOST/MINT

VN,
0.07
0.06
0.05
0.04
0.03 H
i 002 FR radius
0.01
0
(a) Axial Vx'“/Vx oo upstream front rotor
.
elsA CFD HOST/MINT

-

vi(:d/ Vy..

124 /Y s upstream front rotor

(¢) Circumferential Vj

elsA CFD HOST/MINT

VIV,

0.1
0.0625

| 0.025
-0.0125

i0.05
-0.0875

-0.125
-0.1625

-0.2

. 1 1sind
(b) Axial Vx"“/Vxoo between rotors
.

elsA CFD ) HOST/MINT

Ve,

03
0.25
0.2

0.15
0.1
0.05
[]
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3

(d) Circumferential V3¢ /Vx o between rotors
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The induced velocities represent the influence of po-
tential vorticity wakes, installation effects and airfoil mo-
tion on the airflow on a particular point of the field. To ob-
tain the aerodynamic behavior of a propeller, lifting-line
methods calculate the #i,q on each blade section. Thus, a
decomposition of #iq can be done as follows: (a) unsteady
corrections due to the airfoil motion; (b) installation ef-
fects due to the hub; (¢) auto-induced velocities, Uing by
the wake of a propeller on the propeller itself; and (d)
mutually-induced velocities, ving by the wake of the other
propeller. Both, auto- and mutually-induced velocities are
decomposed in mean value (mode 0), 1/rev or incidence
mode (mode 1), and the Blade Passing Frequency mode
(mode BPF).

Figure 6 plots the contribution of each ¥i,q component
on thrust, 1P load norm, and 1P load phase. Notice that
the percentage value accounts for the importance of the
impact of each component, whereas the sign accounts for
its positive or negative contribution. Moreover, percent-
ages in red should be considered carefully, as they are a
consequence of non-linear effects, as it will be explained
hereafter. These results have been obtained by storing the
Uinq field for a complete CROR simulation and then re-
moving one vUinqg component at each simulation, in order
to quantify its impact.

Aerodynamic mechanisms of thrust

The mean value of vi,q is composed mainly of an ax-
ial and a circumferential component, i.e. the swirl. In
the present method both components are considered to-
gether. Notice this is the main mechanism impacting the

propeller thrust, but in a different way between auto-
induced and mutually-induced velocities. On one side, in
auto-induced velocities both axial and twist decrease the
local angle of attack and thus the thrust. On the other
side, in mutually-induced ones twist increases the angle
of attack whereas axial component decreases it, but the
overall effect tends to increase the angle of attack.

The front rotor thrust predicted by the lifting-line sim-
ulations is almost not affected by rear rotor wake. Thus
we can consider that its response will be similar to the
case of a single propeller in incidence. On the contrary,
the rear rotor thrust is more impacted by the front ro-
tor mean vipnq (bar 5) than by its auto-induced velocity
(bar 2). Furthermore, the contribution of the swirl of the
front rotor wake increases the blade incidence and thus
the rear rotor thrust.

Finally, as hub tends to accelerate the airflow in the
axial and upward directions, it has a negative impact on
the thrust of both rotors (bar 1), though it is less impor-
tant than the wake components (—9%).

Aerodynamic mechanisms of 1P load norm

The main v;,q mechanism impacting the 1P load norm
is the first mode of the wake (bars 3 and 6), due to the
propeller incidence. Indeed, the vorticity shed in the wake
is proportional to the evolution of the angle of attack of
the blade and acts in the opposite direction. For exam-
ple, an increase in the angle of attack generates a wake
with more vorticity and more #j,q which tend to reduce
that angle of attack. As the 1P load norm is directly re-
lated with the oscillation of the angle of attack of the
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Fig. 7. Example of two-dimensional airfoil data and the os-
cillation of angle of attack due to the incidence along a blade
cycle.

blades, both auto- and mutually-induced velocities tend
to reduce this 1P load norm. As for the thrust, the most
important contribution on the 1P load norm of the rear
rotor is the first mode of the front rotor wake. This helps
to explain what was noticed in Section 3: that front rotor
wake reduces the rear rotor incidence and thus the 1P
load norm.

Notice the important contribution of mean g
(bar 2). As plotted in the scheme of Figure 7, this is due to
non-linear airfoil data, which is not desired in the present

0

5 6 7

Spinner

Propeller plane
@ = Qo + Aind

Fig. 8. Scheme of the impact of the hub on the surrounding
airflow.

linear analysis of 1P loads. Indeed, when removing mean
Uing from the input perturbation files, local incidence in-
creases up to angles after the airfoil stall. As it is shown
in the figure, for the same incidence oscillation, lift coef-
ficient almost does not oscillate in the used airfoil data.
Consequently, the contribution of mean vi,q on the 1P
load norm and phase lag is supposed to be very impor-
tant, but it would not be the case if the angles of attack
remained around the working point, in a linear part of the
airfoil data. Thus, in the 1P load norm and phase plots
the percentages of mean auto- and mutually-induced ve-
locities (bars 2 and 5) should be considered carefully.
Finally, the hub in incidence has a positive contribu-
tion on the 1P load norm as it accelerates the airflow
upward (see the scheme in Fig. 8), increasing the differ-
ence in relative velocity seen by the downward moving
blade and the upward moving blade, and thus increasing
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Fig. 9. Angle of attack evolution during a revolution for a
rear rotor blade section. Auto-induced and mutually-induced
A« are plotted together with the total A« for a given blade
section.

the rotor vertical force and consequently increases the 1P
load norm (bar 1).

Aerodynamic mechanisms of 1P load phase

One of the most important contributions comes from
the installation effects (bar 1). Indeed, as it has been ex-
plained in the previous paragraph, the hub increases the
vertical force generated by the propeller without modify-
ing its side force. This is why installation effects tend to
reduce the 1P load phase lag.

Notice also that the unsteady airfoil model has an im-
portant positive contribution on the phase lag (bar 8). In
addition to the #i,q from the airfoil motion, this model
includes the effect of the near wake. The first one tends
to accelerate the lift evolution when the incidence is mod-
ified, whereas the second one tends to lag it. The overall
contribution is an increase in the lag between incidence
and lift, which generates an increase in 1P load phase lag.

As explained before, mean ¥j,q has a non-linear im-
pact on 1P load norm and phase lag, and should be con-
sidered carefully (bars 2 and 5).

The first mode of vipq (bars 3 and 6) tends to decrease
the amplitude and lag the blade loading oscillation due
to the propeller incidence. This explains why the 1P load
phase lag of the rear rotor is around two times the one
of the front rotor. Figure 9 tries to illustrate how the
front rotor induced velocities contribute to lag the angle
of attack of a blade section of the rear rotor. First, the
dashed curve represents the angle of attack of a single
propeller induced by its wake; its minimum value is found
in the downward moving blade zone, because there the
wake has more vorticity. Second, the dash-dotted curve
represents the angle of attack induced by the front rotor
wake; its minimum value is placed around 270°, where
the front rotor wake has more vorticity. Finally, the solid
curve shows the addition of both contributions, as in the

case of a CROR. It presents a reduction of the amplitude
of the Aa and an increase in its phase with respect to the
single propeller case.

Finally, the contribution of BPF modes in lifting-line
simulations is negligible (bars 4 and 7). However, an anal-
ysis of the sensitivity of the 1P phase lag to time step
presented by Francois et al. [7], it was noticed that BPF
modes had an impact of around 3.5° for the front ro-
tor (—17%) and 3° for the rear rotor (—7%). These off-
sets can be a consequence of the three reasons exposed
in Section 3: using different time steps, neglecting viscous
effects in the lifting-line approach, and reducing the blade
to its quarter-chord line in the lifting-line approach.

5 Conclusions

A detailed code-to-code assessment between elsA CFD
solver and HOST lifting-line code, has been performed on
a generic contra-rotating open rotor geometry (AI-PXT7)
at high-speed conditions and at 1° of incidence. Three dif-
ferent types of HOST simulations have been performed in
order to assess the impact of nacelle effects and unsteady
corrections on aerodynamic performance and 1P loads.

Total thrust and power ratio target values have been
achieved for all lifting-line simulations within reasonable
pitch angles modifications, i.e. ~1.36°. On the one hand,
offsets obtained in the 1P load norm have been reduced
when adding the effect of the nacelle. On the other hand,
the unsteady airfoil model implemented in the lifting-line
code allows reducing mismatches on the rear rotor 1P
loads phase lag.

Fair results have been obtained in global blade thrust.
Nevertheless, the comparison has also highlighted some of
the shortcomings of the present method in the prediction
of rear potential effect on the front rotor. The mismatches
with respect to the CFD results have been explained by
the fact that chord effects are not considered in lifting-line
methods, and they become important for a rotor close to
another.

In the comparisons of thrust distribution along the
blade, the shape predicted by the CFD simulations was
also obtained with the lifting-line ones, but with some mi-
nor offsets. They were noticed near the blade root due to
the wall effect. Moreover, acceptable differences in max-
imum mean loads were also observed (—8%) and their
position was slightly closer to the blade tip than in CFD
simulations. The first harmonic was well captured by all
lifting-line simulations, though installation effects overes-
timate its amplitude on the front blade. Unsteady correc-
tions reduced the phase lag of the first mode, and hence
results get closer to the CFD predictions.

Induced velocity fields have shown, on one side, the
impact of neglecting chord effects in the lifting-line ap-
proach and, on the other side, the capacity to capture
correctly the potential effect of the tip vortices and the
global effect of the front wake on the rear rotor.

A method using the HOST code to quantify the im-
pact of a number of aerodynamic mechanisms on the open
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rotor thrust and 1P loads has been proposed. Though
some non-linear effects appear in some of the results, the
method is still valid and enables to determine the quan-
titative impact of each mechanism on global performance
of open rotors.

Front rotor behavior predicted by the lifting-line sim-
ulations is very close to a single-rotating propeller, as the
rear rotor has a very small contribution on its perfor-
mance and 1P loads (<10%). These results have to be
analyzed taking into account what has been exposed in
the Section 3, i.e. that the lifting-line approach neglects
all blade chord and thickness effects, leading to an under-
estimation of the potential effect of the rear rotor on the
front rotor.

On the contrary, the most important mechanism on
rear rotor response is the front rotor wake effect. Indeed,
more than 50% of its thrust is due to the combination of
positive axial and negative circumferential vi,q from the
front rotor wake. Moreover, this wake decreases the 1P
load norm (—41%) and increases its phase lag significantly
(+18%).

Finally, while installation effects play an important
role in the prediction of 1P loads for both rotors, the
unsteady corrections have shown to be important for the
1P phase lag, mainly in the case of the front rotor, where
more important incidence variations occur.
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