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Introduction – The Big Picture 

q  Renewed interest in contra-rotating open rotor (CROR) propulsion technology 
due to large potential of significantly reducing fuel consumption  

      (in context of HWB see Thomas et al. AIAA 2014-0258, Hendricks et al. AIAA 2013-3628) 

q Noise generation from CROR is a key concern and must meet community 
noise and cabin noise standards 

q  Reliable noise prediction capabilities are required for the design of low noise 
CROR systems 
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   x,  xi  = observer Cartesian coordinates in stationary frame of reference 

   
y,  y j  = source Cartesian coordinates in stationary frame of reference 

  y  = source Cartesian coordinates in rotating frame of reference 
κ  = convective amplitude factor 

 ρ0  = ambient air density 

  ϕ ,  ϕs  = observer and source azimuthal coordinates 

I. Introduction 
n recent years, due to the rising cost of aviation fuel, there has been renewed interest in contra-rotating open rotor 
(CROR) propulsion technology in both the U.S. and Europe. Changes in the design paradigm and the advent of 

three-dimensional aerodynamic design tools have enabled CROR designs that can meet aggressive fuel burn targets 
as well as community noise limits. In contrast to the vintage 1980s designs, modern CROR designs (see Figure 1) 
have unequal blade counts, larger rotor-rotor spacings and diameters, and lower rotational speeds. These features 
enable modern designs to retain their inherent fuel efficiency advantage over turbofans and, at the same time, meet 
current community noise regulations with margin to spare. Of course, in addition to the community noise limits, a 
successful open rotor design must also meet cabin noise limits to be viable commercially.     

Designing low-noise CROR 
propulsion systems that can meet 
community noise standards and are 
also compatible with passenger 
comfort requires noise prediction tools 
that are both accurate and robust. Since 
CROR engines produce an abundance 
of tone noise, there has been much 
emphasis on ensuring that their tone 
noise spectra can be reliably predicted. 

To address this challenge, a NASA 
research effort has been focused on 
assessing current open rotor tone noise 
prediction tools and on identifying the 
potential areas of improvement. To 
that end, a commercial aerodynamic 
simulation tool is being used in 

conjunction with NASA open rotor noise codes to predict the noise characteristics of a benchmark CROR blade set 
over a wide range of operating conditions encompassing both the takeoff/landing and climb/cruise conditions. The 
resulting predictions are systematically assessed against extensive aerodynamic and acoustic databases that have 
been acquired for this benchmark blade set. The focus of this paper is on providing an assessment of the prediction 
capability for the nearfield noise of the benchmark open rotor blade set at the cruise condition. The nearfield noise at 
cruise has implications for cabin noise. 

The CROR blade set used in this study is a relatively modern GE design called F31/A31 whose front and aft 
rotor blade counts are 12 and 10, respectively. Extensive low-speed and high-speed aerodynamic and acoustic data 
have been acquired in the NASA wind tunnels for a model scale version of this blade set. The model scale blade set 
features composite blades with a front rotor diameter of 0.66 m (25.8 inches) and an aft rotor diameter of 0.63 m 
(24.9 inches). The rotor-rotor spacing for all the cases discussed in this paper was set at 0.2 m (7.8 inches). The 
high-speed tests were conducted in the NASA 8-foot x 6-foot (i.e., 2.4 m x 1.8 m) wind tunnel to investigate the 
aero/acoustic performance at the cruise condition.1 Aerodynamic and acoustic data used for comparisons in this 
paper were acquired for F31/A31 in un-installed configuration (i.e., no fuselage simulator or pylon) and at zero 
angle of attack. This data is a subset of a much larger database of configurations that were tested in the wind tunnel. 

II.  Aeroacoustic Modeling 
The existing approaches for open rotor tone noise prediction run the gamut of fidelity from the empirical ones on 

the one end to the fully numerical methods on the other. However, the bulk of existing capability lies in the middle 
ground where the difficulties associated with the large scale-disparity between the nonlinear aerodynamic field and 
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Figure 1. On the left GE36-UDF propfan demonstrator engine 
installed on the MD-81 test bed aircraft in 1987 is shown. On the right 
is a model of a modern contra-rotating open rotor engine design from 
Snecma. Whereas the front and aft rotor blade counts were same on 
the UDF demonstrator engine (8 x 8), the modern CROR engine 
designs feature unequal blade counts (typically, 12 x 10). 
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GE36-UDF propfan demonstrator engine 
installed on MD-81 test bed aircraft (8x8) 

Modern contra-rotating open rotor 
engine design from CFM (12x10) 

taken from Envia AIAA-2014 
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Introduction – Previous Work 

q NASA initiated several efforts that successfully addressed the noise prediction 
aspects for CROR mainly in free air 

 
q  There are two different approaches for modeling CROR noise 

a) Empirical models (cheap but lacks generality) 
b) Fully resolved CFD (general but expensive) 
 

Ø  Model source region (hydrodynamics) separate from acoustic propagation 

q  Various tools are already available  
 Acoustic: ASSPIN/ASSPIN2, FW-Hpds, FSC, LINPROP, QUADPROP, etc.  
Aerodynamics: SBAC, UBAC, FUN3D, OVERFLOW, LAVA, etc. 

 
q Different aspects of CROR noise generation have been studied 

q  Tonal noise is the dominant part in the spectrum 
(Envia IJA-2015, Envia CMFF12-2012, VanZante and Envia ASME-2014, Nasr et al. AIAA 2013-3800, 
Sharma & Chen AIAA 2012-2265, Bush et al. AIAA 2013-2202) 

q  Broadband noise can be important (flow conditions & observer angles) 
(Node-Langlois et al. AIAA 2014-2610, Sree & Stephens AIAA 2014-2744) 

q  Initial attempts have been made to study installation effects  
(Dunn & Tinetti AIAA-2012-2217, Node-Langlois et al. AIAA 2014-2610) 
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Introduction – Our Motivation 
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with comparable expressions for the terms corresponding to   k = ±1,  ± 2,  ± 3  in the Fourier expansion of 12T as well 
similar expressions for the other eight components of the Lighthill tensor. The spatial integrations in the Eqs. (4a-4c) can be carried out using quadrature schemes in order to retain the 
complexity of the blade shapes and the associated flowfields. It should be noted that the spatial integrations in the 
FW-H equation over the rotor surface and the volume surrounding it (i.e.,  S  and  V ) have been reduced to those 
over a single blade and the volume surrounding it (i.e., 

  
SB1

 and 
  
VB1

). Furthermore, a length-preserving 

transformation has been used to transform the integrals from the stationary frame of reference to a rotating frame of 
reference (i.e.,   y→ y ) fixed to the front rotor in order to make the integrals easier to evaluate. 

The expressions for the aft rotor tone noise field are identical to those for the front rotor, but with the   (B1,  Ω1)  

pair interchanged with   (B2 ,  Ω2 )  pair in the Eqs. (3–6). Note that m and k indices are not interchanged. Additionally, 

in the aft rotor expressions, the term ( )sϕ ϕ−  is replaced with ( )sϕ ϕ− −  owing to the opposite sense of rotation of 
the aft rotor. The overall open rotor tone field is the sum of the contributions from the two rotors. These expressions 
have been incorporated into the NASA Glenn open rotor noise codes LINPROP and QPROP in order to predict the 
tone noise of contra-rotating open rotors. The original versions of these codes (developed circa 1992) were 
applicable only to single rotation rotors.8 It should be noted that the LINPROP code includes the expressions for the 
thickness and loading noise sources and the QPROP code includes those for the quadrupole noise source. 

B. Aerodynamic Simulations 
For the purposes of this paper, the aerodynamic flowfields necessary for source strength specification in the 

LINPROP and QPROP codes were generated using the commercial CFD software package FINETM/Turbo 
developed by NUMECA International. FINETM/Turbo is a structured, multi-block, unsteady Navier-Stokes solver 
which can be run in the full unsteady mode as well as in the nonlinear harmonic, NLH, mode (see He11). In the NLH 
mode, the unsteady solution is obtained for a pre-selected, and finite, number of the blade passing frequency 
harmonic components of the time-dependent solution. All other unsteady content is ignored. The net result is a 
substantial reduction in the computational resource 
and time requirements compared with a full unsteady 
approach. For a well-resolved grid, an NLH 
simulation takes 5-6 times longer to converge than 
the steady state solution on the same grid. In contrast, 
a full unsteady simulation takes at least 100 times 
longer than the steady state solution to converge and 
requires a substantially larger grid. For that reason, in 
this paper, the NLH solution approach was chosen 
for the purpose of computing the aerodynamic 
response needed for input to the acoustic model. In 
addition, the mean flowfield and the first three 
harmonics of the blade-passing frequency content of 
the unsteady flow have been taken into account for 
each rotor. With this choice, all relevant acoustic 
tones content up to the 66th shaft order can be 
modeled. 

In the NLH simulations generated for this work, 
the computational domain includes one passage for 
each rotor and its associated ancillary domains such 
as the spinner, hub, farfield, etc. as shown in Figure 
3. The total mesh size for these simulations was 
approximately 27.1 million grid points with the 

  

T̂120
= ρ̂0 û0v̂0 + û1v̂−1 + û−1v̂1 + û2v̂−2 + û−2v̂2 + û3v̂−3 + û−3v̂3( ) + ρ̂1 û0v̂−1 + û−1v̂0 + û1v̂−2 + û−2v̂1 + û2v̂−3 + û−3v̂2( ) +

          ρ̂−1 û0v̂1 + û1v̂0 + û2v̂−1 + û−1v̂2 + û3v̂−2 + û−2v̂3             ( ) + ρ̂2 û−1v̂−1 + û0v̂−2 + û−2v̂0 + û1v̂−3 + û−3v̂1           ( ) +
          ρ̂−2 û1v̂1 + û0v̂2 + û2v̂0 + û−1v̂3 + û3v̂−1                         ( ) + ρ̂3 û0v̂−3 + û−3v̂0 + û−1v̂−2 + û−2v̂−1                    ( )

 (6c) 

 
Figure 3.  The computational domain and grid blocks 
used for nonlinear harmonic FINETM/Turbo simulations 
used in this study. The blocks associated with each rotor 
are distinguished by a different color though the 
“farfield” blocks for both rotors are shown in gray. 
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far-field 

R1 

R2 

q A key challenge is to devise an efficient  
     method that can capture installation effects 
 
q Current approach: 

§  Utilizing Cartesian AMR compressible 
Navier-Stokes solver within LAVA 

§  Ffowcs-Williams and Hawkings (FWH) 
method for acoustic noise propagation 

 

§  Comparison with experiments and 
Housman & Kiris (2016) utilizing LAVA’s 
curvilinear-overset solver Non-linear harmonics FINETM/

Turbo simulations and acoustic 
model for propagation  

State-of-the-art in terms of 
efficiency & 
accuracy 

Envia IJA-2015, Envia CMFF12-2012, 
VanZante & Envia ASME-2014  

q Objectives of this work: 

1.  Develop moving boundary capabilities inside LAVA Cartesian 
2.  Validate LAVA Cartesian+FWH approach against experimental data 
3.  Analyze noise propagation for nominal takeoff and cruise conditions 
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Cartesian AMR 
o  Essentially no manual grid generation 
o  Highly efficient Structured Adaptive 

Mesh Refinement (AMR) 
o  Low computational cost 
o  Reliable higher order methods are 

available 
o  Non-body fitted -> Resolution of 

boundary layers problematic/
inefficient 

Unstructured Arbitrary 
Polyhedral 
o  Grid generation is partially 

automated  
o  Body fitted grids  
o  Grid quality can be 

challenging 
o  High computational cost 
o  Higher order methods are 

yet to fully mature 

Structured Curvilinear 
o  High quality, body fitted, 

and overset grids  
o  Low computational cost 
o  Reliable higher order 

methods are available 
o  Grid generation is largely 

manual and time 
consuming 

*Kiris et al.(2016), Sozer et al. (2014), Brehm et al. (2015)  
 

LAVA is being developed at NASA Ames Research Center 

Launch Ascent & Vehicle Aerodynamics (LAVA) 



q  IBMs enable automatic volume mesh generation from 
water tight surface triangulation(s) 

 

q  For problems involving moving and deforming 
boundaries IBM provides clear advantages (for 
example no mesh deformation needed) 

 

q Main disadvantage is that at high Reynolds numbers, 
IBMs become inefficient or require some type of wall 
model 

q Most immersed boundary methods are only lower order 
accurate 

q  LAVA Cartesian has two different IBM methods 
available:  

1.  Ghost cell based scheme            
(2010-present) 

2.  Interior only, higher order accurate schemes   
(2015-present) 

Immersed Boundary Method (IBM) Introduction 
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Extensions of IBM for Open Rotor 
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Extensions of IBM required 
for open rotor simulations: 

 
①  Optimizations for high-

performance: 
-  Interior only scheme 

for thin geometry 
-  Geometry queries  
-  Re-computation of 

irregular stencils 
-  Many others 
  

①  Address accuracy 
challenges that are 
associated with IBM 
discretizations for 
moving geometry 

 



IBM Performance Challenge: Thin Geometry 

Interior only vs ghost cell based IBM: 
•  Ghost cell based schemes require filling 

cells in solid which are used by interior 
stencils 

•  Interior based schemes have stencils 
based only on points in fluid 

 
For thin and/or under-resolved geometry, 
interior only based schemes are far 
superior! 

Interior only scheme ok for all! 

Ghost 
scheme 
fails! 

Ghost 
scheme 
fails! 

Ghost 
scheme 
fails! 

Ghost 
scheme 
fails! 

Ghost 
scheme 
ok! 

Example showing Cartesian mesh refinement for a thin body: 

10 

Interior only scheme 

Ghost cell based scheme 



IBM Performance Challenge: Geometry Queries 

 

§  High-performance queries 
required for moving geometry: 
§  Point inside/outside 
§  Ray-surface intersection 
§  Nearest point 
§  Box-surface intersection 

§  Our approach is based on 
surface triangulations: 
§  Exact queries, instead of 

(approximate) level-sets 
which are challenging for 
thin and/or moving 
geometry 

§  Using highly optimized 
bounding volume 
hierarchy (BVH) based 
queries [thanks to Intel; and 
Tim Sandstrom] 

11 

Example ray-surface intersection queries: 



IBM Accuracy Challenge: Point Cloud Selection 
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§  Interior only IBM does not use ghosts 

§  Graph walking for stencil clouds: full 
clouds are built up from individual 
clouds at irregular points (reduces 
number of intersection tests) 

  
§  The clouds are used to maintain “leak 

proof” discretizations for thin 
geometry: 
§  RHS operators 
§  Surface interpolation for output 
§  Etc 
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clouds are built up from individual 
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proof” discretizations for thin 
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§  RHS operators 
§  Surface interpolation for output 
§  Etc 
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§  Interior only IBM does not use ghosts 

§  Graph walking for stencil clouds: full 
clouds are built up from individual 
clouds at irregular points (reduces 
number of intersection tests) 

  
§  The clouds are used to maintain “leak 

proof” discretizations for thin 
geometry: 
§  RHS operators 
§  Surface interpolation for output 
§  Etc 



IBM Accuracy Challenge: Point Cloud Selection 
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§  Interior only IBM does not use ghosts 

§  Graph walking for stencil clouds: full 
clouds are built up from individual 
clouds at irregular points (reduces 
number of intersection tests) 

  
§  The clouds are used to maintain “leak 

proof” discretizations for thin 
geometry: 
§  RHS operators 
§  Surface interpolation for output 
§  Etc 



t=tn 
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§  Invalid time history at Freshly 
Cleared Cells (FCC) 

§  Utilize neighboring information to 
update data in FCC (exclude 
other FCCs in point cloud), ie 
backfilling with least-squares + BC. 

§  More advanced approaches are 
being considered 

IBM Accuracy Challenge: Freshly Cleared Cells 



IBM Accuracy Challenge: Freshly Cleared Cells 
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§  Invalid time history at Freshly 
Cleared Cells (FCC) 

§  Utilize neighboring information to 
update data in FCC (exclude 
other FCCs in point cloud), ie 
backfilling with least-squares + BC. 

§  More advanced approaches are 
being considered t=tn+1 



IBM Accuracy Challenge: Trapped Points 
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§  Occur in gaps that are smaller 

than irregular stencil size 

§  Current treatment is to reduce 
order of accuracy in the 
relevant direction 



IBM Accuracy Challenge: Trapped Points 
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§  Occur in gaps that are smaller 

than irregular stencil size 

§  Current treatment is to reduce 
order of accuracy in the 
relevant direction 



IBM Accuracy Challenge: Trapped Points 
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§  Occur in gaps that are smaller 

than irregular stencil size 

§  Current treatment is to reduce 
order of accuracy in the 
relevant direction 



IBM Accuracy Challenge: Trapped Points 
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§  Occur in gaps that are smaller 

than irregular stencil size 

§  Current treatment is to reduce 
order of accuracy in the 
relevant direction 
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IBM Accuracy Challenge: Wall BCS at High Re # 

q  Utilize wall model to mimic 
effect of viscous wall 

q No-slip separates too early 
and slip wall stays 
attached all the way 

q  Viscous wall treatment is 
an ongoing research 
topic 
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 One method that was investigated was the use of the Vold-Kalman order tracking filter, with results published in 
a recent report [9]. In parallel, a new open rotor signal processing technique was developed by Sree [10] using 
acoustic measurements of a hobby aircraft contra-rotating propeller having 4 forward and 3 aft blades. The method 
was reasonably successful in separating tone and broadband noise components. The objective of the present work is 
to verify and validate the applicability of this technique to data from the open rotor system tested at NASA GRC. 
Relevant information about the model, its acoustics measurements, and a brief description of the new signal 
processing technique are given in the sections to follow. Then, the applicability of this technique and its limitations 
are discussed using representative noise spectra of F31/A31. Finally, conclusions from this study are presented.  
 

II. F31/A31 Open Rotor Model 
The F31/A31 model has two contra-rotating rotors. The axial distance between their pitch axes is 19.9 cm (7.8 

in). The forward rotor is 65.2 cm (25.7 in) in diameter and has 12 blades whereas the aft rotor is 63.0 cm (24.8 in) in 
diameter and has 10 blades. The hub diameter of the forward rotor is 26.6 cm (10.5 in) and that of the aft rotor is 
24.6 cm (9.7 in). The blades are made of carbon fiber composite with a metal spar. The pitch of the blades can be 
manually adjusted between tunnel runs to obtain the desired simulated flight condition, i.e., takeoff, approach, or 
cruise. The F31/A31 model rotors were mounted on a test stand called the Open Rotor Propulsion Rig (ORPR) in a 
simulated pusher arrangement. The 9- by 15-Foot Low Speed Wind Tunnel (LSWT) (see Figure 1) at GRC was used 
for the take-off and approach conditions whereas the tests at simulated cruise conditions were conducted in the 8- by 
6-Foot Supersonic Wind Tunnel (SWT) (see Figure 2). The ORPR is driven by a pair of uncoupled air turbines fed 
by high-pressure air at about 20 atm (300 psi) to turn the rotor blades. Additional information on F31/A31 model 
and test configurations can be obtained from references [3] and [4]. 

 

 

Figure 1. Photograph of the ORPR with F31/A31 
blades in the 9x15 LSWT. Traversing microphone 
shown in foreground. NASA image C-2010-3454. 

 

Figure 2. Photograph of the ORPR with F31/A31 
blades in the 8x6 SWT. Kulite sensor plate shown 
above model. NASA image C-2011-620. 

III. Acoustic Measurement of F31/A31 Model 
All acoustic measurements presented in this reports were performed by running both rotors at the same nominal 

speed. A feedback controller was used to open and close the air supply valves to vary the speed of each rotor. Far-
field sideline acoustic measurements at simulated take-off and approach conditions were made using a traversing 
microphone probe on a track parallel to and 152.4 cm (60 in) away from the model rotational axis. The microphone 
and its track can be seen in Figure 1. Data were taken at 18 positions, or stops, as the traverse moved from the rear 
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NASA C-2010-3454 

NASA C-2011-620 

9 x 15 Low-Speed Wind Tunnel 8 x 6 Supersonic Wind Tunnel 

M=0.2 M=0.78 

Cases Low Speed High Speed 

Rotation Speed [RPM] 6303/6303 6848/6848 

Blade Setting (fwd/aft) [o] 40.1/40.8 64.4/61.8 

Mach 0.20 0.78 

Pressure Sensors 

Note:  
•    12 fwd blades 
•    10 aft blades 24 



Computational Setup 

q  Higher-order shock capturing 
scheme: modified ZWENO6 

     (Brehm, Barad, Housman, and Kiris,  CAF-2015)  
q  4th-order explicit RK time-integration 

with Δt defined through CFL≈1 

q  Implicit large eddy simulation based 
on previous experience with jet 
impingement problem 

8 Levels: 
Δxmin=8e-3  
Ntot=65M 

Each box contains 163 grid points 

Grid Refinement Study for M=0.2: 

Block Structured Cartesian Mesh 

9 Levels: 
Δxmin=4e-3  
Ntot=110M 

10 Levels: 
Δxmin=2e-3  
Ntot=160M 

11 Levels: 
Δxmin=1e-3  
Ntot=350M 

FWH 

Vorticity 

25 
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Unsteady Flow Field – Passive Particle Viz 

High Speed Case 

Low Speed Case 

High Speed 

Low Speed 
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Comparison With Experiments (Low Speed) 

Velocity Magnitude Contours  

Experiment CFD 

q Good agreement of velocity magnitude contours with experiment 

q  Evolution of tip vortices seems to be well captured 

Iso-surface of velocity magnitude with |v|/v∞=0.84 (red) and 1.91 (blue) 

Experiment CFD 
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Thrust Comparison 

q Note that only pressure drag was considered (ratio 4:100 for M=0.78) 

q Agreement with experiment is in the range of other computations 
(LAVA-Curvilinear, OVERFLOW, and FINETM/Turbo) 

Low Speed 

FIX 
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Far-Field Spectra 

q  Shaft order (SO) = frequency/shaft rotation rate 

q  BPF = blade passing frequency  

•  BPF1 corresponds to forward 12 blades -> SO=12,  

•  BPF2 corresponds to aft 10 blades -> SO=10 

q  Experiment has inflowing broadband content that is not modeled -> focus on BPF tones 

Low Speed (at Probe 9) High Speed (at Probe 9) 
Experiment 
CFD 
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Far-Field Spectra 

Only consider tones with 
SO(m,n)=12m+10n  

 

Low Speed 

High Speed 
Shaft order (SO) = 
frequency/shaft rotation 
rate 
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Plate Effect in High Speed Case 

q  Plate effect was accounted for in no-plate results by assuming perfect 
reflection (6dB=10log10(22)) 

q  Simulation with plate at first row of acoustic sensors 

q Numerical simulation results with plate show odd tones  

q  Plate affects broadband noise level  

q  Plate does not affect the most dominant tones 

Probe #9 

SO=36 
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Spatial Dependence Of Tones (Low Speed) 

Fundamental Tones Grid Resolution Study 

Experiment 
CFD 

q  Fundamental tones decay rapidly away from the blades 

q OASPL is increasing with increasing geometric angle (i.e. downstream) 

q  Small difference in OASPL for fine and medium mesh 
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Spatial Dependence Of Tones (Low Speed) 

Fundamental Tones Higher-Order Interactions 

q  Fundamental tones decay rapidly away from the blades 

q OASPL is increasing with increasing geometric angle (i.e. downstream) 

q  Small difference in OASPL for fine and medium mesh 

q  Higher-order interaction tones obtain significant amplitudes similar to 
fundamental tones 

Experiment 
CFD 
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Spatial Dependence Of Tones (high Speed) 

Horizontal Position Vertical Position 

q  Fundamental tones dominate OASPL 

q Added tonal SPL with BPF1+BPF2 only for comparison  

q General trends are well captured for low and high speed cases 

q  Broadband noise important at small x (<-0.4) and large x (>0.4) 

Experiment 
CFD 
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Spatial Dependence Of Tones (high Speed) 

Horizontal Position 

q  Fundamental tones dominate OASPL 

q Added tonal SPL with BPF1+BPF2 only for comparison  

q General trends are well captured for low and high speed cases 

q  Broadband noise important at small x (<-0.4) and large x (>0.4) 

Experiment 

Experimental data from 
Sree and Stephens 
(AIAA-2014-2744)  

Broadband + Tonal Noise 

total broadband 

tonal 

Exp. 
CFD 
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Unsteady Flow Field – Numerical Schlieren 

High Speed Case 

Low Speed Case 

High Speed 

Low Speed 
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Near Field Acoustic Analysis (Low Speed) 

Dominant BPF Normalized Max. Pressure Amplitude 

q Analysis captures acoustic waves but also hydrodynamic instability waves 

q  BPF1 and BPF2 are dominant in a very small region around the rotors and 
along the tip vortices 

q  Various higher-order interactions play an important role 
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Near Field Acoustic Analysis (High Speed) 

Dominant BPF Normalized Max. Pressure Amplitude 

q  BPF1 and BPF2 are the dominant frequencies  

q  BPF1+BPF2 is dominant along the tip vortices and induces unsteady shock 
motion that generates acoustic waves in the back  
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Near Field Acoustic Analysis (BPF2) 

Low Speed High Speed 

phase 

amplitude 

phase 

q  BPF2 amplitude is dominant in small region around rotor for M=0.2 while 
strong acoustic waves radiate away from the front rotor for M=0.78 

q  BPF2 remains dominant along the tip vortices for M=0.2 

q  Similar observations for BPF1 
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Near Field Acoustic Analysis (BPF1+BPF2) 

Low Speed High Speed 

A 

B 
C 

D 

E 

q  Interaction of rear rotor with tip vortex from front rotor generates 
BPF1+BPF2 tone (C, D & F) 

q  Region B appears to originate from midsection of rear rotor 

q  Region E originates from the wake and plays dominant role for large 
geometric angles 

F 

amplitude 

phase 
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Pylon Installed Case: Setup 

Conditions: 

  

o  Sound field measured at 1.524 [m] or 60 inches (same as previous 

no pylon low speed case) 

o  Wall model used to generate a pylon wake. Previously, we used 

slip wall BC (for no-pylon cases).  
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Case Low Speed 

Rotation Speed [RPM] 6303/6303 

Blade Setting (fwd/aft) [o] 40.1/40.8 

Mach 0.20 
Pylon 



Pylon Installed Case: Mesh 
 

Total: 157 Million Cells 
Entire domain 

Zoom in on geometry 

16mm 
32mm 
64mm 

128mm 

256mm 

512mm 

1024mm 

Entire domain size: 
 Length = 131.072 m 
 Height = 65.536 m 
 Width = 131.072 m 
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Pylon Installed Case: Mesh 

2mm 

4mm 

8mm 

Total: 157 Million Cells 

Slip-Wall BC on floor 

Wall Model BC 
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Pylon Installed Case: Mesh 

Finest level boxes shown in yellow 

Total: 157 Million Cells 
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Pylon Installed Case: Vorticity @ 2000 [1/s] 

No Pylon, 
Slip Wall BC 
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With Pylon, 
Wall Model BC 

Pylon Installed Case: Vorticity @ 2000 [1/s] 
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Volume Rendering of Vorticity Magnitude: Pylon Case 
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Notes:  1) Higher turbulence levels vs no-pylon case partially due to wall model 
      2) Pylon wake chopping enhances blade wake breakup 



Pylon Installed Case: FFT 

Shaft Order (Frequency) at Peak Amplitude: 

BPF1 BPF2 

No Pylon With Pylon 
BPF1 
+BPF2 

BPF1 
+3BPF2 

BPF1 
+2BPF2 

BPF1 
BPF2 

BPF1 
+BPF2 

BPF1 
+2BPF2 

2BPF2 

2BPF1 

BPF1 
+BPF2 
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Pylon Installed Case: FFT 

BPF1 BPF2 

No Pylon With Pylon 
BPF1 
+BPF2 

BPF1 
+3BPF2 

BPF1 
+2BPF2 

BPF1 
BPF2 

BPF1 
+BPF2 

BPF1 
+2BPF2 

Normalized Peak Amplitude: 

2BPF2 

2BPF1 

BPF1 
+BPF2 
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Pressure normalized with 
dynamic pressure 



Pylon Installed Case: FFT 

Amplitude at BPF1 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Amplitude at BPF2 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Amplitude at BPF1 + BPF2 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Amplitude at BPF1 +2BPF2 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Phase at BPF1 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Phase at BPF2 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Phase at BPF1+BPF2 

No Pylon With Pylon 
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Pylon Installed Case: FFT 

Phase at BPF1+2BPF2 

No Pylon With Pylon 
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Microphone Comparison: Pylon  vs no Pylon 

“The primary 
acoustic 
influence of the 
pylon is to 
increase the 
individual rotor 
harmonics 
amplitude.” 
Source: NASA 
TM-2015-218853 
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9 

Pylon vs no pylon results: 
•  Pylon runs had higher SPL at most shaft orders (Exp and CFD) 
•  Wall model improves results 
•  Blades chopping through pylon wake increase harmonic interactions, 

and reduces SPL for BPF1 and BPF2 
•  Inflowing broadband content in wind tunnel, but not in CFD. Will 

impact energy cascade to higher frequencies. 

FWH1 

FWH Surface: 

FWH1 

FWH1 
Microphone array 



Passive Particles: Pylon Trailing Edge Seeds 

Notes:  1) Particles are pulled towards, and chopped by blades 
      2) Particles are swept around hub 62 

Seed colors:  
•  Green = Pylon Edge 



Passive Particles: Blade Trailing Edge Seeds 

Seed colors:  
•  Red = FWD Blade Edges 
•  Blue= AFT Blade Edges 
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Notes:  1) Higher turbulence levels vs no-pylon case partially due to wall model 
      2) Pylon wake chopping enhances blade wake breakup 



Passive Particles: Pylon and Blade Trailing Edge Seeds 

Seed colors:  
•  Green = Pylon Edge 
•  Red = FWD Blade Edges 
•  Blue= AFT Blade Edges 
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Notes:  1) Higher turbulence levels vs no-pylon case partially due to wall model 
      2) Pylon wake chopping enhances blade wake breakup 
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Summary 

q  LAVA’s sharp immersed boundary (IBM) method was used to simulate flow 
around a contra-rotating open rotor for nominally takeoff and cruise 
conditions, both free and pylon installed 

 

q  Key issues for simulating moving boundaries with IBM were addressed: 

§  Treatment of freshly cleared cells 
§  Treatment of thin geometry:  

§  Interior only scheme 
§  Stencil cloud selection 
§  Interpolation to thin surfaces 

§  Efficiency improvements required (moving every time-step!): 
§  Geometry queries  
§  Re-computation of irregular clouds and stencils 

q Acoustic data obtained from combination of CFD near-field + FWH method 
compare well with experiments 

q Distinct differences in low and high speed acoustic fields 

§  OASPL for M=0.78 peaks around 90o while OASPL keeps increasing with 
increasing geometric angle for M=0.2 

§  High speed case is dominated by BPF1 and BPF2 
§  Low speed case showed complicated higher-order interactions that are 

relevant for the OASPL 
q  Pylon installed and no-Pylon cases were compared 
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Unsteady Flow Field – Passive Particle Viz 

High Speed Case 

Low Speed Case 
M=0.2 

M=0.78 
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Unsteady Flow Field – Numerical Schlieren 

High Speed Case 

Low Speed Case 



Microphone Comparison: Propagation Methods 

FWH Surfaces: 
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FWH1 

FWH2 

End cap 
averaging 

2x 

1.5x 

1.0x 

Summary: 
•  High-order CFD does surprisingly well for propagation to this 

distance, but FWH is required for far-field. 
•  Larger FWH surfaces not significantly improving comparisons 
•  End cap averaging not significantly improving comparisons 

9 
Microphone array 


