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This paper investigates by means of Computational Fluid Dynamics (CFD) and acous-
tic analogy the influence of blade deformations on open-rotor aerodynamics and aeroa-
coustics for three key operating points: cruise, takeoff and approach conditions. For each
operating point, simulation results obtained with unrunning blade shapes and running
blade shapes are compared with wind tunnel test measurements. Experiments show that
blade deformations affects mostly the front rotor, with twist deviations at tip varying
within a range of +2° and of opposite sign between cruise and takeoff conditions. Al-
though blade deformations are low for the rear rotor, aerodynamic performance exhibits
significant variations due to the modifications of the front rotor wash. Numerical results
show that accounting for blade deformations increases or decreases the thrust or power
depending on the operating point and leads to a much better prediction of the open-rotor
aerodynamic performance. The same comments apply for the noise prediction although

differences on self noise and interaction noise directivities are rather low.
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Nomenclature

B = rotor blade count

BPF = blade-passing frequency, Hz
Cp = P/psonD3, power coefficient
Cr = T/poson®D*, thrust coefficient
D = rotor diameter, m

= Vi /nD, advance ratio

F R = front and rear rotors BPF, Hz

n = w/2m, rotation fundamental, Hz
P = power, W

P = pressure, Pa

R, R, = tipradius, hub radius, m

T = thrust, N

\% = velocity, m.s™!

B = blade pitch angle at 0.7 Ry, deg
o = ratio of gas specific heats

n = JCr/Cp, efficiency

= density, kg.m?

Q,w = rotation speed, rpm, rad.s’!
Subscripts

1,2 = front, rear rotor value

00 = freestream value

I. Introduction

Counter-Rotating Open-Rotor engine architectures are currently under investigation as possible

candidates to motorize next generation short and middle range civil aircrafts. In this context engine
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manufacturers, in collaboration with aircraft manufacturers and research centers, have designed
and tested Open-Rotors geometries that would meet aerodynamic performance requirements with
sufficient margin with respect to AESA and FAA noise regulations. These objectives were only met
by fine tuning the design of open-rotor blades leading to high aspect ratio highly swept blades with
thin airfoil sections>~ and internal structures mostly relying on composite materials. Considering
that open-rotor operate under high disk loading for flow conditions ranging from low-subsonic
to transonic, the blades experience significant and complex deformations.”" Ideally, numerical
simulations of open-rotor aiming at assessing aerodynamic and acoustic characteristics should
account for these blade deformations.™" Yet, calculations on different operating points are often
carried out considering the same geometry.”" This is the case when the blade structural model is
not available, such as in the first stages of the design phase. Objective thrust or power are then
achieved by adjusting the pitch angles of the front and rear rotor blades and the rotor rotation
speed. Blade deformations are also rarely taken into account for computations aiming at studying
the influence of aerodynamic or acoustic aircraft installation effects on global performances or near
field and far field radiated noise. For this kind of analysis, the calculations use whether the design
or manufactured blade geometries.

The objective of this paper is to quantify the error that is made on the assessment of aerody-
namic performance, flow topology and acoustics of open-rotor when blade deformations are not
take into account. This study focuses on three flight conditions for which open-rotor operating
points are completely dissimilar from both aerodynamic and acoustic points of view: a cruise con-
dition, characterized by moderate front and rear rotor thrusts, high tip Mach numbers, and high
contribution of front and rear rotors self noise to the radiated noise; a take-off condition, char-
acterized by high values of front and rear rotor thrusts, moderated tip Mach numbers, and high
contribution of interaction noise to the radiated noise; an approach condition, characterized by low
values of front and rear rotor thrusts, moderate tip Mach numbers, and high contribution of inter-
action noise to the radiated noise. The analysis rely on the use of Computational Fluid Dynamics
(CFD) and acoustic analogy, based on the Ffowcs Williams and Hawkings (FWH) equation applied

to the Airbus Clean Sky generic Open Rotor configuration AI-PX7 11x9 open rotor at 1/5th model
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scale. This geometry was tested during year 2013 in ONERA’s SIMA transonic wind tunnel in the
frame of the European Union 7th Framework Joint Technology Initiative (JTI) Smart Fixed Wing
Aircraft Integrated Technology Demonstrator (SFWA ITD) project®. For each operating point, sim-
ulations carried out considering the open rotor unrunning blade shapes and running blade shapes
are compared to each other and with experimental measurements. The aim of the paper is thus to
quantify the influence of accounting or not for blade deformations on the prediction of open rotor
aerodynamic and acoustic performance.

The paper is organized as follows: the open rotor geometry and operating points are presented
in section II; the computational methodologies used for the evaluation of open rotor aerodynam-
ics and acoustics are detailed in section III. The results of the computations carried out for the
study, covering blade deformations, acrodynamics performance, flow topology and acoustics, are

presented and discussed in section V.

II. Open-Rotor Geometry and Operating Points

The open-rotor geometry considered in this study is the Airbus Clean Sky generic Open Rotor
configuration AI-PX7 11x9 open rotor that is thoroughly described in Ref. [1]. The main char-
acteristics of this open-rotor at full scale are reminded in table 1. The model scale open-rotor
that was tested in ONERA’s SIMA transonic wind tunnel, referred to hereafter as Z49 open-rotor,
was mounted on ONERA’s BHCR" test-rig dedicated to open-rotor studies whose instrumentation
allows measuring open-rotor overall performances, blade pressures, near-field and far-field acous-
tics as well as blade deformations. The present tests and rig development (including the acoustic
beam) were performed as a cooperation betwen Airbus Operations SAS and ONERA. Detailed
descriptions of the test rig aerodynamic and acoustic measurement capabilities can be found in
Refs. [9—11]. Illustrations of the wind tunnel, test-rig installation within the test section and test
rig with open-rotor and near-field acoustic beam are given in Figures 1 and 2.

The scope of the present study is to assess the influence of blade deformations on AI-PX7

ahttp://www.cleansky.eu/content/page/sfwa-smart-fixed-wing-aircraft
®Banc d’essais d’Hélices ContraRotatives, i.e. open-rotor test rig
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Z49 open-rotor aerodynamics and aeroacoustics for operating points encountered by an open-rotor
during a typical flight mission. For this purpose, two low-speed conditions (take-off and approach)
and one high-speed condition (nominal cruise) have been chosen among the many operating points
that have been measured during the wind tunnel test campaign. The freestream parameters and the
open-rotor operating conditions corresponding to these three wind-tunnel test measurements are

summarized in table 2.

Table 1. AI-PX7 open-rotor characteristics.

Parameter Value
Front rotor blades, B; 11
Rear rotor blades, B> 9
Front rotor tip radius, R; [m] 2.134
Hub-to-tip ratio, Ry /Ry 0.35
Rear rotor cropping 10%

Rotor-rotor axial spacing, /D 0.22

Table 2. AI-PX7 Z49 open-rotor operating points.

Cruise Takeoff Approach

Mach number, M, 0.75 0.2 0.2
Angle of incidence [°] 0 0 0
Air temperature [K] 284.7 304.8 304.5
Air pressure [Pa] 61,758 87,090 87,080
Rotation speed [Hz] 75.1 84.5 57.5
Advance ratio?, J 3.957 0.971 1.427
Front blade pitch, 5 [deg] 63.0 37.0 37.0
Rear blade pitch, §o [deg] 62.5 40.0 40.0

III. Computational Methodology

In order to quantify the influence of blade deformation on AI-PX7 Z49 open-rotor aerodynamics

and acoustics, two simulations are performed for each operating point: the first one considering
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the unrunning CAD (Computer-aided design) blade geometry, the second one considering the time-
averaged running blade shapes measured during the experiment. The unrunning and running blade
geometries do not take into account manufacturing defects, discussed in Ref. [1 1], which make
each blade slightly different. The computational method used here to assess the AI-PX7 Z49 open-
rotor aerodynamics and acoustics relies on the coupling of computational fluid dynamics (CFD) and
integral methods based on the acoustic analogy. ONERAs methodology is based on the elsA'~ and
KIM - solvers, that have been widely used for open-rotor characterization and optimization. "~

Cassiopee is used for pre- and post-processing of the computations.

IIILA. Computed Geometry and Mesh Generation

The AI-PX7 Z49 simplified geometry used for numerical simulations is presented in Figure 3. It
accounts for open-rotor minimum body spinner and nacelle, the rotating front rotor and hub, the
rotating rear rotor and hub, and finally the sting of the BHCR test-rig up to z/D = 3.5 downstream
the rear rotor. This simplified geometry does not account for gaps between the rotating hubs nor
for gaps at the junctions between the rotor blades and hubs.

Since the operating points detailed in table 2 exhibit no incidence, the flow solutions are ex-
pected to be axisymmetric. Accordingly, only one blade channel of the front and rear rotor need
to be discretized which allows the use of fine grids for relatively moderate computational costs.
The computational grids, displayed in Figure 4, consist in a full matching structured multi-block
mesh generated using ANSYS ICEM CFD Hexa mesh generation software. The computational do-
main extends 7 radii upstream and downstream of the rear rotor pitch axis and 4 radii in the radial
direction. The grid topology is the same as the one used in Ref. [1 1], with O-grid mesh types
around solid surfaces to avoid spreading boundary layer mesh refinement toward outer boundaries.
The rotor blades are discretized with 201 grid points per side in the chordwise direction, with 41
grid points on the blunt trailing edge. In the spanwise direction, the front and rear rotor blades
are discretized respectively with 121 and 113 grid points. The average azimuthal density of the
grids at the interface between the front and rear rotors computational domains is of 3.7 grid points

per degree upstream to the interface and of 6.2 grid points per degree downstream to the interface.
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The complete computational grid consist in 31.4 million cells and 326 structured blocks leading
to a approximately 34 million grid points. For this 11 x 9 bladed open rotor configuration, this
corresponds to a full 360 grid discretization of about 307.8 million cells.

Following the methodology developed in Ref. [ 1 1], the meshing is done on the unrunning CAD
geometry only, the grid for the running shape calculations is generated by deforming the unrunning
shape mesh using the experimental blade deformations resulting from the strain pattern analysis
(SPA) method described in Ref. [24]. CFD mesh deformations are performed using a structural
analogy algorithm.” First a linear structural problem is solved on a coarser mesh, defined by
packing several cells in each directions, then a linear interpolation is performed to get the displace-
ments on all points of the CFD mesh. In the frame of multiblock-structured mesh discretization, the
mesh coarsening could lead to non-matching grid interfaces, this is prevented by using a mortar fi-
nite element method ™ to solve the linear structural problem in parallel. Comparing minimum and
maximum values of cells volume and orthogonality between initial and deformed CFD meshes,

given in Tab. 3, show that this method does not decrease the quality of the initial grid.

Table 3. Variations of cell properties between initial and deformed CFD meshes

Cruise = Takeoff Approach
Min. volume +3.89% —0.17% —0.04%
Max. volume +0.00% +0.00%  40.00%
Min. orthogonality  +0.00% —0.19%  +0.09%
Max. orthogonality —0.16% +2.40%  +0.03%

IIL.LB. Computational Fluid Dynamics Simulation Setup

The CFD computations, solving the steady or unsteady compressible Reynolds-averaged Navier-
Stokes equations, are carried out considering one blade channel only. Unsteady computations are
performed using a phase/lag chrorochronic approach ">~ and are initialized by the steady solution
obtained using a mixing plane approach. The numerical setup is similar to the one presented in
Ref. [1 1] and benefits from ONERA’s best practices for open-rotor simulations.

The turbulence modeling relies on a £ — w turbulence model ~ with shear-stress transport (SST)
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correction and limiters.” The convective and diffusive fluxes are discretized using a second-order
centered scheme with scalar artificial viscosity -~ and Martinelli’s correction.”” The coefficient of
the second-order non-linear, fourth order linear dissipations and Martinelli’s scaling exponent are
set respectively to k2 = 1/2, k¥ = 4/125 and a = 1/3. The computations are carried out
considering an absolute velocity formulation within the relative reference frame. Characteristic re-
lation based flow boundary conditions are used at the domain inlet, outlet and radial boundary with
infinite flow values corresponding to the ones given in Tab. 2. All solid surfaces were considered
as adiabatic walls using a low Reynolds approach. The time-marching scheme used for the steady
computations is first-order backward Euler scheme while for unsteady computations it is a second-
order three-time-level implicit backward-difference scheme™ solved by a Newton algorithm. For
all unsteady computations, the physical time-step corresponds to an azimuthal angle equal to 2/11
deg leading to 1980 iterations per full revolution. For the 11 x 9 bladed AI-PX7 Z49 open-rotor, this
corresponds to a crossing period of 110 time-steps for a front rotor blade and 90 time-steps for a
rear rotor blade. For each time iteration, the maximum number of Newton sub-iterations was set to
25. Convergence of the chrorochronic flow solution is obtained after 2.5 revolutions corresponding
to 45 front and 55 rear blade chorochronic periods. The unsteady aerodynamic data necessary for

the acoustic computations are extracted every iterations, i. e. every 0.1818°.

III.C. Noise Radiation Computations

The noise radiated by the open rotor is computed with ONERA’s code KIM, ~ which solves the
Ffowcs Williams and Hawkings (FWH) equation™ in the temporal domain and considering a uni-
form free-stream propagation medium. Both solid and porous surfaces formulations of the FWH
equation are implemented in KIM. The porous one is actually best suited to quantify the noise di-
rectivities of open rotors as it accounts for all sources as well as non uniform propagation and flow
gradients embedded within the porous surface. Ideally that surface should be located close enough
to the rotors to collect (or capture) the aerodynamic fields with minimum numerical dissipation
and dispersion, but far enough to encompass the main flow in-homogeneities.

Finding a common surface satisfying these requirements for the three operating points ad-
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dressed in this study is not straightforward. To do so, the radiated noise has been computed using
several porous surfaces with different radii. In a first step, we select the closest surface for which
a convergence is obtained on the directivities of the first harmonics of the front and rear rotor self
noise for the cruise operating point. This ensures that sufficiently quadruple source terms are ac-
counted for to obtain a good prediction of the global noise level.” In a second step, we verify
that this surface is also close enough to predict correctly the self noise of the open rotor for the
two other operating points. The selected surface is shown in Figure 5, it has a radius of 1.21R;.
It has to be noted that in our methodology, the porous surface is closed downstream to the open
rotor. The FWH porous formulation we use contains specific additional terms to handle properly
the passage of vortical structures,”” yet some effects cannot be reproduced such as refraction and
scattering of the downstream acoustic waves by the shear layer separating the open rotor wake and
the external flow.

The full conservative variables are extracted on the porous surface over a blade crossing period,
and reconstructed in space and time over 360° and one revolution in the rotating frame. The noise
radiated by the open rotor is then obtained by summing the temporal acoustic signatures of the

front and rear parts of the surface.
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2 e L8 W) solid walls

Atmospheric 2 6 8 m
Air Intake "
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(8 meter diameter)
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(a) ONERA’s SIMA wind tunnel (b) Test section

(c) Rig in test section

Figure 1. ONERA’s SIMA wind tunnel and BHCR open-rotor test-rig used for AI-PX7 Z49 wind tunnel measurements.’
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Figure 2. ONERA’s BHCR open-rotor test-rig with acoustic beam used for AI-PX7 Z49 wind tunnel measurements.'’

(a) Front view (b) Side view

Figure 3. AI-PX7 Z49 simplified geometry used for CFD computations with rotating parts highlighted.

Figure 4. Grids of front and rear rotor single channels used for phase-lag CFD computations.
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Figure 5. Isometric (left) and side (right) views of the FWH porous surface used for the aeroacoustic computations.
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IV. Results

The results presented hereafter are divided in sections addressing different topics such as blade
deformations, aerodynamic performance, flow topology, unsteady loads and aeroacoustics. Con-
sidering that analyzes of Open-Rotor flow characteristics found in the literature usually address one
specific operating point, we choose to present simultaneously the results for all operating points so
as to highlight the influence of accounting or not for blade deformations as well as to put forward

the differences between these three key operating points.

IV.A. Blade deformations

The blades running shapes used in this study are obtained by applying to the unrunning shape the
strain pattern analysis (SPA) method described in Ref. [24]. The strain gauges are embedded in
the blade structure with adequate locations so as to maximize the accuracy of the blade deflection
measurements. The main constraints on strain gauges positioning are the number of recorded
channels available on the test rig, and the embedding of the gauges within the carbon layers.
Thanks to an important calibration phase to determine modal shapes and modal strains, the blade
deflection is determined as a function of time using the strains recorded during experiment. Due to
the limited number of gauges available, only three modes were used to reconstruct the front blade
and five modes for the rear blade. Details of the calibration, position optimization and validation of
the SPA method used in this experiment are given in Ref. [24]. The spanwise distribution of twist,
sweep and dihedral of the front and rear rotor blades running shapes are compared to the ones of
the blade unrunning shapes in Fig. 6. It has to be noted that none of the geometries shown here
match exactly the original design of the AI-PX7 given in Ref. [1] and that the unrunning shapes at
1/5" scale were derived in preparation of the high-speed wind tunnel tests® within a dedicated task
of the JTI SFWA project.

The greatest deformations of the front and rear rotor blades are obtained for the high-speed
cruise operating point, especially on the front rotor which has a much higher aspect ratio than the

rear one. The balancing of centrifugal, Coriolis and aerodynamic forces results in a significant
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increase of the blade twist and dihedral from the blade middle section up to the tip. The front
blade twist angle is increased by 2° at the tip, which is significant for this transonic operating
point. Since inertial forces lead usually to a decrease of both the twist and dihedral, this indicates
that aerodynamic loads are predominant and opposite to inertial forces for these composite blades.
It is worthy of note that the geometric span laws of the running blades are close to the original
design, especially on the twist laws that match very well the arctangent of the design freestream
and rotating velocities for both rotors." This highlight the quality of the methodology used to
derive the unrunning shape and indicates that the original design and measured running blade
shapes would give similar results.

The second operating point exhibiting significant blade deformations is the takeoff condition.
As for the cruise operating point, the front blade is more affected than the rear blade. This is again
due to its higher aspect ratio. The rotation speed of the rotors is about 10% higher than for the
nominal cruise but we still observe an increase of the blade bending. Yet, the front blade twist is
now decreased toward the tip indicating that load repartitions with respect to the blade section are
completely different in this region. The front running blade twist angle at tip is now decreased by
1.8° compared to the unrunning geometry leading to a decrease of 3.8° compared to the high-speed
running shape.

Finally, the running blade shapes for the approach operating point are very similar to the un-
running blade shapes. The rotation speed of the rotors is about 20% slower than for the cruise
condition reducing significantly inertial forces. The twist and dihedral of the front rotor blades are
slightly modified at the tip and the shapes of the running rear rotor blades are very close to the

unrunning geometry.

14 of 37




Front rotor blade Rear rotor blade

Twist 5° Twist 5°
0.4 an 04
N =
N A y
3 al gl ~
0.35 ? 0.35 N b
° i TS 4
£ 0.3 ' i 0.3 R A
g « \ o« AN
o 0.25 H ki 0.25 A\ K
; N
d : :
0.2 : 0.2 -/
Y 7 i
0.15 . 0.15
Sweep, Dihedral "¢ 02 Sweep, Dihedral 002
Twist 5° Twist 5
"*TJ\
[ IS 2
0.4 R A 0.4
e | : 5 AN ¥
0.35 PN 0.35 LAY
N A A
= 7 J
h -
S 0.3 3 0.3 SEED, 4
D x 4
- 1 d (vl -
2] F 4 ~
= 0.25 H 0.25 u n
; NS 1 :
0.2 i N 0.2 I/ L
y z ;
i 2
0.15 { 0.154
Sweep, Dihedral 02 Sweep, Dihedral "~ (.02
Twist 5° Twist 5
[ [ !
[ 21
0.4 v 0.4
o 7] r
i N VA
0.35 P ig 0.35 N
=N 4
§ 0.3 i 0.3 /)
>y o .\ : o« 7 n
5:" 0.25 ; 0.25 Y1 x
i 7 ;
0.2HHHHH RN 0.2 D% :
[ 7
0.15 0.15

Sweep, Dihedral 002 Sweep, Dihedral 002
Unrunning shape: twist (— ), sweep (- ), dihedral (- - ). Running shape: twist (—), sweep (— =), dihedral (-
-=).

Figure 6. Differences of AI-PX7 Z49 blades unrunning and running shapes span laws with respect to AI-PX7 original design' (twist, sweep,
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IV.B. Aerodynamic performance

The unsteady CFD simulations have been carried out on the running and unrunning geometries for
the three operating points using the computational grids and setup presented in section III. The
CFD simulations are compared to the experiments using classical thrust coefficient (C7), power

coefficient (C'p), and efficiency (1) that are defined as:

T P JC
P

1

where 1" and P are the thrust and power respectively produced and consumed by the rotor, J =
Vo /n.D is the advance ratio, p. is the air density of the upstream flow, n and D are the ro-
tation frequency and the rotor diameter. The front rotor, rear rotor and open-rotor aerodynamic
performance of the unrunning and running shapes simulations are compared to experimental mea-
surements in Tab. 4. Experimental cruise and takeoff conditions exhibit high values of thrust
coefficients. For the cruise condition, the rear rotor produces more thrust than the front rotor. The
opposite happens for the takeoff condition. The thrust coefficient for the approach condition is
about half the value of the two other operating points. Yet, it has to be kept in mind that these coef-
ficients are made non dimensional using the different freestream values and rotation speeds given
in Tab. 2. Actually, the thrust produced at takeoff and approach are equivalent respectively to 170%
and 40% of the thrust produced at cruise. Consequently, the disk loading is extremely high at take-
off condition. Regarding power consumption, the highest value is obtained for the cruise condition
but efficiency is very high for this point thanks to high value of the advance ratio. The value of C'p
at takeoff is about 2.6 lower but combined with an equivalent value of C'r and a much lower value
of .J this results in an efficiency of only 0.59, typical of highly loaded propellers at low-speed. For
the approach condition, the ratio Cp over C'r is close to the one of the takeoff condition but the
higher value of J results in a correct efficiency of 0.77. In terms of effective power consumption,
takeoff and approach conditions are equivalent respectively to 71% and 13% of the power needed
for the cruise operating point. Aerodynamic performances predicted by CFD calculations based on

unrunning and running blade shapes will now be compared with these experimental values. Note
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the coefficients from the CFD calculations have been obtained by averaging their unsteady values
over the last revolution.

For the cruise operating point, the thrust and power coefficients of CFD solutions with running
blade shapes are much closer to the experiments than the solution obtained with the unrunning
shape. Considering the full open-rotor, the error of the running shape solution is four times smaller
than the error of the unrunning shape simulation. Yet, this trend is not observed on the efficiency
since it involves the ratio of Cr and C'p such that large (respectively small) errors may compensate
(respectively worsen) each other. Comparing the running and unrunning simulations, the increase
of twist of the front blade running shape, described in the previous section, reduces about 5% the
thrust and power compared to the unrunning geometry. This was to be expected since in the frame
attached to the airfoil, reducing the pitch at constant advance ratio results in a decrease of the local
incidence and probably an increase of lift to drag ratio in this transonic regime. Thrust and power
of the rear rotor are also diminished for the running blade shape but this effect cannot be related
only to the local pitch variation since decreasing the front rotor thrust also lessen the upstream
velocity seen by the rear rotor.

For the takeoff operating point, thrust and power coefficients of CFD solutions with running
blade shapes are closer to the experimental value for the front rotor than with unrunning blade
shapes, but the opposite trend is observed for the rear rotor. When considering the full open-rotor,
the error of the running shape solution is again four times smaller than the error of the unrunning
shape simulation. Comparing the running and unrunning simulations, the decrease of twist of the
front blade running shape in the tip region is consistent with the increase of thrust compared to
the front rotor unrunning shape. This increase of the front rotor thrust augments the speed of the
upstream flow seen by the rear rotor. Combining this effect with the slight increase of twist of the
rear blade running shape explains the decrease of rear rotor thrust when compared to the unrunning
geometry.

For the approach operating point, the power coefficients of the running shapes calculations are
closer to the experiment than the unrunning shapes calculations while the opposite happens when

the thrust coefficients are considered. Taking into account the fact that blade deformations are very
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small for this low loaded operating point, it is difficult to highlight any specific trend.

Table 4. Time-averaged open-rotor performance for cruise, takeoff and approach operating points.

Results® Front rotor Rear rotor Open rotor
Cr, Cp, n Cr, Cp, 2 Cr Cp n
9 Experiments 0.439 2.230  0.779 0.467  1.853  0.997 0.907  4.083  0.878
'g CFD unrunning ~ +11.1%  +9.8% +1.3%  +3.9% +6.4% —22%  +74% +82% —0.7%
CFD running +5.3% +4.0% +1.3% —-24% +0.2% —2.5% +1.3% +2.3% —0.9%
5 Experiments 0.511 0.859  0.578 0.429 0.694  0.600 0.940  1.552  0.588
g CFD unrunning —-3.6% —4.6% +1.0% —-0.7% +0.5% —-1.2% —23% —2.3% +0.0%
CFD running +1.0% +2.3% —-1.3% —24% —-1.7% —0.7% —-0.6% +0.5% —1.1%
§ Experiments 0.263 0.518  0.724 0.223 0.387 0.824 0.486  0.905  0.766
% CFD unrunning +1.2% —53% +6.8% —1.4% +1.3% —2.8% +0.0% —2.5% +2.5%
< CFD running +4.5% -1.9% +6.4% -3.1% -0.6% —-2.7"% +1.0% —-1.4% +2.3%

bbased on front rotor diameter

IV.C. Flow topology

The influence of blade deformation on the flow topology is analyzed through wall pressure and
friction lines, displayed in Fig. 7, and wall pressure coefficients extracted at different span positions
along the blades, as shown in Fig. 8.

For the cruise operating point, wall pressure, friction lines and wall pressure coefficients are
almost identical for blade span locations at which blade deformation is not major, typically for
radii lower than 60% of the blade radius. For higher span locations, the flow over the front and
rear blades are noticeably different on the running and unrunning geometries. On the front blade,
the twisting of the blade under aerodynamic loads decreases the depressure at the tip and leading
edge while the shock location is moved downstream. Although deformations are less important
on the rear blade, significant differences are also observed on the pressure distribution. Actually,
the modification of the front rotor wash seems to diminish the incidence on the upper section of

the rear blade, thus increasing the pressure on the suction side near the leading edge and moving
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the shock downstream. Comparing the wall pressure coefficients of the two computations with
the experimental measurements shows that the running shape calculation is closer to the experi-
ments and that the blade deformations around the blade tip tend to unload the blade leading edge
and to increase the load in the aft area of the blade sections due to the shock displacement. In
Refs. [11,38], it has been shown that the results could be further improved, especially at blade root
sections, by using even more accurate blade shapes accounting for local surface defects due to the
manufacturing process.

For the takeoff operating point, both running and unrunning shapes exhibit strong flow sep-
aration along the blade leading edge. This flow separation, previously observed on AI-PX7 in
Ref. [39], is typical of highly swept propellers for high loads operating point at low speed and con-
tributes to the radiated tonal” -~ and broadband™’ noise. Contrarily to the cruise operating point,
the flow is now highly three-dimensional due to the separation at the front and rear blade leading
edges. The location of the reattachment line depends on the blade sweep, twist and thrust.” On the
front blade, the flows are very similar for the running and unrunning shapes. An explanation might
be that the sweep and twist variation of the running blade compensate each other with respect to
the flow sensitivity. This tends to be confirmed by the similarity of the wall pressure coefficients.
This is not the case on the rear blade since the running geometry exhibits a leading edge vortex
much closer to the blade leading edge. This change of topology is verified on the wall pressure
coefficients that have steeper slopes in the vicinity of the leading edge for span locations higher
than 60% of the blade radius.

Finally, for the approach operating point, the flow is subsonic and quasi-bidimensional all
over the front and rear rotor blades. No major differences are observed between the flows over
the running and unrunning shapes due to their strong geometrical similarity. The same comment

applies to the wall pressure coefficients extracted along the span of the front and rear rotor blades.
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Figure 7. Time-averaged wall pressure and friction lines on blade suction-side for cruise, takeoff and approach operating points.
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IV.D. Unsteady loads

We focus now on unsteady loads that are of importance regarding vibrations and interaction noise.
The time evolutions of the thrust coefficients of the front and rear rotor blades are displayed in
Fig. 9 over a blade azimuth variation corresponding to the phase-lag period. The greatest fluctua-
tions occur for the cruise operating point. This is true for both front and rear rotors. The second
operating point with significant C7 fluctuation is takeoff. Note that in terms of dimensional thrust
fluctuations, takeoff and cruise operating points have amplitudes of the same order once the air
density and rotation speed are taken into account. For the approach operating point, only the rear
rotor exhibit noticeable thrust fluctuations.

The mode amplitudes of the Fourier transform of the front and rear rotor blade thrust coeffi-
cients are also displayed in Fig. 9. This data shows that for the cruise operating point, the ampli-
tudes of the front rotor running shape are decreased for all interaction modes, except for the second

one, when compared to the front rotor unrunning shape. For the rear rotor, the running shape ex-
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hibit lower amplitudes than the unrunning shape for the first, third and fifth interaction modes with
the front rotor while the opposite happens for the second, fourth and sixth interaction modes. These
differences may be due to the modifications of the front rotor potential field and wake but also to
the modification of the rear blade response itself due to the change of flow topology between the
unrunning and running shapes.

For the takeoff operating point, the front blade running shape exhibits higher amplitudes than
the front blade unrunning shape for all interaction modes with the rear rotor. Considering the rear
blade, the C'r fluctuation amplitudes of the running shape are higher than those of the unrunning
shape only for the first and third interaction modes.

Finally, for the approach operating point, both geometries are very close in terms of C7 fluctu-
ation mode amplitudes. Differences are observed mostly for the first interaction mode which has
higher amplitude for the unrunning shape on the front rotor and higher amplitude for the running

shape on the rear rotor.
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cruise, takeoff and approach operating points.
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IV.E. Aeroacoustics
IV.E. 1. Wind tunnel tests signal post-processing

The acoustic signals from the Z49 experiments have been acquired by Z49 test teams (Airbus and
ONERA) on a set of near field microphones distributed on a beam parallel to the rotors axis at
2.2R; (cf. Figure 2). For every operating point the signals were recorded during 30 seconds at a
sampling frequency of 62.5 kHz (see Figure 10 (a)). The Power Spectral Density (PSD) of each
signal has been estimated with an averaged periodogram using the Welch method.” In order to
reduce the variance (i.e the noise) while keeping a fine frequency resolution, the signal is split into
50 segments of equal length, with 50% overlapping, and a Hamming window is applied to each
segment, leading to a frequency resolution of 0.84 Hz. The Sound Pressure Level and directivities
of the tones are then obtained by integrating the PSD around the theoretical tone frequencies de-
duced from the measured rotation speeds. The bandwidth used for this integration is £3.2 Hz for
the cruise operating point and 2.5 Hz for the take-off and approach operating points. These mar-
gins were determined empirically in order to limit as much as possible the integration of broadband
noise in the evaluation of the tones levels. Finally, considering the acoustic beam dimensions, a
correction accounting for scattering effect is applied. This correction has been derived from Bound-
ary Element Method numerical simulations, where an acoustic monopole source has been placed
in the vicinity of the antenna, with various positions tested, and where the noise on the beam was
computed at the microphone locations. These calculations allowed deriving a correction function
depending on the wavelength, i.e. on the emitted frequency and the microphone location, which
vary from O to about —7 dB. This post-processing has been validated against available results of
a more time consuming but also more accurate Time Synchronous Averaging (TSA) method. The
comparison of these two methods, illustrated in Figure 10 (b), gives differences lower than 1 dB as
long as the tones emerge sufficiently from background and broadband noises.

Last but not least, no acoustic treatment of the wind tunnel was used for these high-speed and
low-speed tests which means there may be wall reflections introducing a bias on the measured

signals. These reflections have been quantified by Computational AeroAcoustics (CAA) simula-
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Figure 10. Signal analysis example at the take-off operating point, measured on the acoustic beam in the rotors plane

tions of monopoles rotating in the wind tunnel in a M = 0.75 mean flow. At the acoustic antenna
location, these reflections lead to important noise increases of the rotors fundamental tones and har-
monics in the upstream and downstream directions, while the tones maximum level is decreased
due to destructive interferences. These reflections are present as well on the interaction tones but
are less harmful, since their levels are lower, and less acoustical energy is focused towards the lat-
eral walls. For the low speed operating points, the lower acoustic energy mitigates the wind tunnel
reflections impact on the measurements. All the above choices and imperfections regarding the ex-
periments must be kept in mind, especially when comparing the measurements with the numerical

simulations.

IV.E.2. Noise directivities

This section presents the noise directivites obtained from the FWH porous surface introduced in
§III.C. The signals have been computed on locations corresponding to the wind tunnel tests near
field microphones, in order to compare them with the measured ones. The antenna has also been
virtually extended with additional upstream and downstream points, in order to cover directivity

angles ranging from 10° (upstream) to 170° (downstream) in the frame of the rear rotor pitch
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axis. The tones are identified by the combinations of the Blade Passing Frequencies (BPF) of the
front and rear rotors, respectively written F' and R. The Overall Sound Pressure Level (OASPL)
is obtained by summing all the tones. Note that the plotted tones are not all the same depending
on the operating point. Focus is first put on the dominating ones, and then on those illustrating at
best the differences between the unrunning and running shapes, which generally differ from one
operating point to another. Moreover, the tones for which the experimental measurements are the
most reliable are preferably shown.

Several acoustic directivities for the cruise operating point are presented in Figure 11. On
both rotors fundamental tones and their harmonics, the running shape geometries lead to small
decreases. These lessenings are in agreement with the previous observations made on the mean
values of both pressure and thrust coefficients. The area between suction and pressure sides pres-
sure coefficients K'p, which is responsible for this steady noise, is particularly decreased when
considering the blades running shape at the tip (see Figure 8). It appears to be more pronounced
on the front propeller than on the rear one, which explains the 2 dB decrease on the front rotor
harmonics, while it is below 1 dB on the rear ones. However, it cannot be stated whether these
noise reductions are in agreement with the experimental measurements, due to the reflections on
the wind tunnel walls. Acoustic reflections seem to have less impact on the interaction tones, since
the numerical simulations and the measurements are in better agreement. On these frequencies, the
changes induced by the running blade geometries are clearly visible. It is characterized by noise
small reductions or increases of the maximum levels depending on the tones and directivity angles.
This is again in agreement with the modal analysis of the thrust coefficients, discussed in §1V.D,
for which reductions or increases were observed depending on the harmonics.

For the take-off operating point, noise directivities are presented in Figure 12. As can be
expected based on the mean values of the thrust coefficients, displayed in Figure 9, the front blade
running shape leads to a slight increase of noise on the front rotor fundamental, about 1.5dB,
while the rear one induces an even smaller decrease on the 1R tone, lower than 1 dB. The same
behaviors are observed on their harmonics, which are not shown for brevity sake. For both rotors,

taking into account the running shapes improves the comparison with the experimental results for
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observation angles without significant background noise levels, i.e. between 60° and 110°, though
the agreement with the unrunning shapes was already satisfying with gaps up to 2 dB. Regarding
the interaction tones, the directivity lobes are locally modified within a range of —2dB to 5dB
when considering the blade running shapes. Most of them are slightly increased, in agreement with
the differences between unrunning and running shapes previously seen on the thrust coefficient
modes. From a general point of view, both unrunning and running shape numerical results show
similar directivity patterns and levels as those obtained experimentally.

Finally, the acoustic directivities for the approach operating point are presented in Figure 13.
Not surprisingly, considering the steady and unsteady aerodynamic studies from §IV.C and §IV.D,
the unrunning and running shapes acoustic results are very close, with differences below 1dB,

except on the 2F' 4+ 1R interaction tone.
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V. Conclusion

A numerical study has been performed to quantify the influence of blade deformations on the
aerodynamic and acoustic performances of an open rotor for different operating points. The open
rotor considered in this study the Airbus Clean Sky generic Open Rotor configuration AI-PX7 for
which blade deformations, aecrodynamic and acoustic measurements were carried out on the 1/5®
scale Z49 model in ONERA’s wind tunnel. The numerical analysis, based on the coupling of CFD
with acoustic integral methods, has been performed for three operating points that are completely
dissimilar in terms of aerodynamics and acoustics.

The first operating point considered is a high speed cruise condition at Mach number 0.75 char-
acterized by moderate front and rear rotor thrusts, high tip Mach numbers, and high contribution of
front and rear rotors self noise to the radiated noise. Inertial forces and aerodynamic loads results
in an increase of the twist on the half upper section of the front rotor blades. Accounting for blade
deformations reduces the errors on the predicted thrust and power from 7 % and 8 % respectively
to 1 % and 2 % respectively. Acoustic predictions are slightly enhanced. Flow topology and flow
physics remain very similar.

The second operating point addressed is a take-off condition at Mach number 0.2 , charac-
terized by high values of front and rear rotor thrusts, moderated tip Mach numbers, and high
contribution of interaction noise to the radiated noise. The deformations experienced by the blades
are smaller in amplitude than for the high-speed condition but the variation of twist is of opposite
sign so that running blade shapes are very dissimilar. The flow exhibits three dimensional separa-
tion at the leading edge of the front and rear rotor blades so that small deformations may have a
significant impact on the open rotor aerodynamic performance. Contrarily to the high-speed case,
accounting for blade deformation increases the front rotor thrust and power that were underesti-
mated considering the unrunning shapes. The opposite happens for the rear rotor. Accounting for
blade deformations reduces the errors on both predicted thrust and power from 2 % to less than
1 %. The radiated noise computed with the running shape geometry is slightly higher but both self

noise and interaction noise directivities remain very similar.
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The third operating point is an approach condition, characterized by low values of front and rear
rotor thrusts, moderate tip Mach numbers, and high contribution of interaction noise to the radiated
noise. The deformations experienced by the blades for this operating point are the smallest of this
study. The aerodynamic results show discrepancies between the unrunning shapes and running
shapes simulations of the same order than for the two other cases in terms of relative errors. Since
the absolute values of thrust and power are rather low, these discrepancies are not so significant.
Running and unrunning shape geometries exhibit same flow topology and acoustic computations
show very similar results.

This study shows that accounting for blade deformations increases significantly the accuracy
of CFD calculations. State of the art coupled aero-elastic computations compare well with exper-
iments and should be used to predict open-rotor aerodynamic performance for multi-design point
approaches. Yet, blade structure models are often not available when disruptive architectures are
adressed. In this case, it would be better to use the manufactured blade shapes rather than the
design blade shapes since the former kind of average the geometric and prediction discrepancies

over extremely different operating points.
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