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SUMMARY

A new implementation of a Computational Aeroacasstiormulation, based on Lighthill's
Analogy, has been validated on two physical teEle implementation involves sequential
solutions, first of a static CFD, followed by anséent CFD, followed by the acoustical
propagation. All of the solutions are performedngsiinite element methods, and the acoustic
sources are integrated directly onto the acouséshnfrom within the CFD, not interpolated
afterwards. The process is validated on both amergpoling fan installed in a mock hood and
cooling package, and on a single-blade, self-ptegeivalk-behind lawn mower.

INTRODUCTION

A computational aero-acoustics (CAA) approach base variational formulation of Lighthill's
analogy is validated for an axial fan applicationd @ mower application. The CAA methodology is
designed to be used on real world industrial appbos where efficient evaluation of design
proposals is critical. The control volumes usethmsimulations are directly derived from the CAD
models used in the product development processamsient computational fluid dynamics (CFD)
simulation with moving geometry is performed to gute acoustic noise sources. The noise
sources are used in an acoustic wave propagatiaumaion to compute the acoustic field, which
predicts the sound pressure level in the near éettithe far field.

FIELD OF APPLICATION

Industrial off-road and commercial turf-care equgmnh tend to have significant aeroacoustic
sources that strongly contribute to overall radlaseund power. In construction, forestry, and
agricultural applications, engine cooling fans dalisound powers that often dominate the total
machine. In turf-care equipment, the mowing bladesiinate the sound power. The engineering
objective is to ensure that the noise levels irs¢hsystems are sufficiently low to allow the
machines to pass international noise regulationmsddte, there has been no simulation that can
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reliably predict the sound power generated by saeirces in situ. The purpose of this work is to
evaluate a method in which a combined computatiioal dynamics (CFD) and computational

aeroacoustics (CAA) technique is used to predietrtbise level from an industrial engine cooling
fan in an idealized engine compartment, and onctlténg blade of a single-deck, walk-behind
lawnmower.

METHODOLOGY

The CAA technique uses an extended version of dmatonal formulation of Lighthill's analogy.
This formulation is ideally suited to the finiteegtent method (FEM). It accounts for aerodynamic
sources through two source terms. The first tercoaats for volume sources; the second term
accounts for sources defined on control surfacesrevthe normal flow velocity does not vanish.
We will present the multi-step FEM-based CFD prsceghich progresses from an initial static
solution to a highly detailed time-domain solutioluding moving meshes around the blade
circles. Care must be taken to ensure that aerogignaources are well accounted in the CAA
simulation. Therefore, an important contributiontleé present work is an innovative approach for
transferring information from the CFD mesh to tleeresident FEM-based CAA mesh, which is
typically of different extent and resolution. Ingmew approach, the CFD code directly computes
the nodal quantities appearing in the variationahiulation of Lighthill's analogy.

Process overview
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Figure 1. Schematic of the computation aeroacosstiplementation applied for this work. The
simulation model is defined by the CAD models usthssociated physical attributes and
boundary conditions. The computed sound pressueg (8PL) is used in the validation.
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The simulation process has two branches, one brEmcbmpute the transient flow solution, and

one branch to compute the acoustic response imaeothd the source region. An outline of the

process is illustrated in Figure 1. Note that tHeDCbranch uses the mesh developed for the
acoustic propagation in addition to the CFD meste acoustic source terms computed in the CFD
simulation are integrated on the acoustic mests #pproach minimizes the numerical error

associated with developing the acoustic sources fhe flow computation.

The CAA methodology was developed in conjunctiothwicusim Software, Inc. (AcuSolve FEM
CFD solver), Free-Field Technologies, Inc. (Acttad/FEM acoustics propagation solver) and
Pioneer Solutions, Inc. (FluidConnection CAD int#gyn and meshing software). John Deere
supported the project with physical models andrigsturing the development phase.

THE COMPUTATIONAL AERO-ACOUSTICS FORMULATION

The aeroacoustic approach to predicting the sowuihting from rotating machinery uses an
extension of the variational formulation of LigHtisi analogy [Lighthill], initially proposed in
[Oberail] and [Oberai2]. The proposed approache$ suited to treat flow noise problems with
volumetric sources only. The ability to treat perhbk with sources on control surfaces was added in
[Caro]. This addition makes it possible to solvelpems with moving geometry, such as a mower
or fan rotor, where the control surfaces enclogemioving parts. The CAA formulation is given
below, where the following nomenclature is used:

05 Kronecker delta ) index

® test fuction J index

r boundary of domain n normal

A second viscosity coefficient | p pressure

7 first viscosity coeflicient t time

Q domain T;;  Lighthill’s stress tensor
0 density u  velocity vector

00 density for air at rest u;  velocity component
0 =0— 00 acoustic density x;  spatial coordinate
g Total stress tensor

T viscous stress tensor

As indicated above, the overall CAA problem is lohse two models: the Navier-Stokes equations
to model the fluid dynamics and a wave equatiorethasn the Lighthill's analogy. The Navier-
Stokes equation can be written:

2

on Pinlet )

U = Ujpler O p= —-o(u-n)

7.-n=20 andp=00n Coutlet

U = Uyqy on Ly,

where I' = 0Q, 7;; = u(g;‘? + %) + 0;;AV - u, pp and ug are initial
g 7

conditions, and f is a body force. If T'iniet = Foutlet = 0, the pressure p is set to
zero in a node away from source regions.
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The wave equation can be derived by first takimgetiand spatial derivatives of the continuity
equation and momentum equation respectively, adthgdhe terms together to obtain:
0? 0? 9T

J— — — 27 — —
ot? (Q QO) %o 8.%‘1171 (Q QO) 8&'2'3335,'

The Lighthill's tensor present in the right handksis defined by:
Ty = ouiu; + ((p — po) — ag (0 — 00)) 6ij — Tij

In the second step, the right hand side tensoremoupled from the acoustic density wave
fluctuations, which leads to a proper wave equation

azQa a2 aQQa _ aQTij
6‘1&2 Oﬁxixi 81173(91‘]

It is now clear that it is possible to solve thevida-Stokes equations and use the solution in a
source term for a linear wave equation computirggaboustic density, by making the assumption
that the acoustic fluctuations do not perturb thedfdynamics solution. This is a reasonable
assumption for the field of application presentedeh The consequences are important, because it is
very difficult to numerically compute the acoustiesponse directly from the Navier-Stokes
equations; the scale of the acoustic wave fluanatis much smaller than the scale of the fluid
dynamics.

The computational methods are constructed fronaicextariational formulations. The CFD model
is based on a DES (Detached Eddy Simulation - abgmation of Large Eddy Simulation (LES)
and Spalart-Allmaras turbulence models) formulat@inNavier-Stokes, and the computational
method is a Galerkin least squares finite elemesthod, which is standard practice today for many
applications. The details can be found in sevelatgs, see e.g. [Caro] or [Sandboge] for more
details and references therein. The computatiorehod for solving the wave equation is also a
finite element method, and more details can bedanrthe same references. However, it is useful
to know that there are two types of source ternesemt in the finite element formulation. This can
be seen from the derivation of the weak variatidaahulation, which has the following form:

azQa 2890, 690 _ 81113 a(P azij
/Q ( oz £ Mg, 8:1:@-) dft = _/Q Dy O, +/F o, "I Ve

The source terms are present on the right hand Bldefirst term is integrated over a volume and
involves the Lighthill's stress tensor defined afdvhe second term is integrated over surfaces and
involves the tensor:

Yij = ouiu; + (p — po)di; — Tij
The surface source term is zero for stationarysaatid walls vibrating in-plane, but non-zero for
control surfaces associated with moving geometrguwfaces that vibrate normal to their planes.
Note that a control surface does not need to beysigal wall: it can be for instance a non-physical
surface enclosing a source region. In that caskefines a boundary condition that captures the
generated sound inside that particular volume.

VALIDATION

We present two validations of the CAA methodologgcdssed above. Simulations are compared
with acoustical measurements, within anechoic clemhperformed at the Acoustics Laboratory at

lowa State University for the axial fan and at floén Deere SouthEast Engineering Center for the
mower. The acoustic spectra predicted by the CAAcgss match well those measured

experimentally.
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Axial fan

The axial fan model was that of a seven-blade engwooling fan used on a loader-backhoe,
including the hood and obstructions similar to thésund in the actual machine. Simulations were
compared with physical experiments where the Mirsiraulation model mimicked the test mockup
as closely as possible. In the CAD representatidgheomockup, the only significant departure from
the real geometry was for the heat exchanger, whiamodeled as a simple block. This block was
treated as a porous medium in the simulations, evitee resistance was computed from heat
exchanger core test data. An illustration of tle¢ thamber (CAD model) is shown in Figure 2.

Figure 2. Line drawing of the anechoic test setuptlie mock hood and cooling package housing
the 7-blade axial flow engine cooling fan. The spta which the acoustic finite elements were
mated to infinite elements is indicated by a circle

The entire chamber volume is used for the FEM Cliuktions; a fine mesh is used close to the
actual fan, and a coarse mesh is used further fin@mest rig. The fine mesh resolves large eddies
using the LES turbulence model, while small eddies modeled. To resolve the boundary layer
close to walls, layers of flat elements are staak®dg an advancing front meshing technique where
the element size grows with the distance from tladl. vBy dynamically computing the frictional
velocity at the walls in the simulations, a “walliniction” is applied where and when needed to
model a standard flat-plate velocity profile cldeethe walls. In all simulations, the wall spacing
resolution was well within the requirements for ®yalart-Allmaras turbulence model, which was
applied close to the walls in the simulations (L&8s used away from the walls). The sphere
outlined in the illustration shows the region whdnaite elements are used in the acoustic
simulation, while the region outside the sphemaéshed with infinite elements. The use of infinite
elements at a distance from the source regions svodcause the chamber walls do not reflect
acoustic waves. The floor in a hemi-anechoic chambetaken into account by adding the
(complex) acoustic pressure at a particular poiiih Whe acoustic pressure at its mirrored point,
where the floor acts as a mirror plane.

Initially, a steady state solution is computed gsanbasic turbulence model. The output provides
initial conditions for the transient simulation. &Bystem is solved for several thousand time steps
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with a time step of 5-I% to reach a pseudo-steady flow condition, andettfeer the acoustic
sources are sampled for ten thousand or more tieps.sTwo simulations were performed on the
axial fan, one at 1000 rpm and one at 2000 rpmmajshot of the velocity magnitude for the 2000
rpm case is shown in Figure 3, and static predsurthe same case is shown in Figure 4.

Figure 3. Velocity magnitude on a vertical plangensecting the center of the fan axis,
showing fully developed flow at a fan speed of02RBM.

Figure 4. Static pressure on a vertical plane istmting the center of the fan axis,
showing fully developed flow at a fan speed of ZRBM.
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Based on the source terms computed in the CFD atron| the acoustic simulation propagates the
response in the frequency domain. The sound pressvels for the finite element solution at 200
Hz are shown in Figure 5 and at 600 Hz in Figure 6.

Figure 5. Sound Pressure Levels in decibels atl200n a vertical plane
intersecting the center of the fan axis, at a fpeesl of 2000 RPM.

Figure 6 Sound Pressure Levels in decibels at 600Ma vertical plane
intersecting the center of the fan axis, at a fpeesl of 2000 RPM.
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The physical experiment measured the acoustic ymesd eight microphones, each at a distance of
1.5 meters from the fan. The same locations werd Usr the virtual microphones in the
simulation. Similar sampling time was used in thg/gical experiments and the simulations to
make comparisons easier. A comparison of the aeenegponse for the eight locations is shown in
Figure 7 for a fan speed of 1000 RPM and in Figufer a fan speed of 2000 RPM.

100
| | | | I | I I
00 L 1000 rpm, with screen, simulation, 10 windows DFT
1000 rpm, with mesh 1, physical test :
80 — 1000 rpm, with mesh 2, physical test -
-0 L 1000 rpm, with screen, physical test :
60 —-
50 |-
40 i
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0 | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000

dB

Figure 7 A comparison of the sound levels averamast eight microphone locations surrounding
the model at 1000 RPM fan speed. The solid curtreei€AA simulation;
the dotted curves are multiple measurements imtieehoic chamber.
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Figure 8. A comparison of the sound levels averamest eight microphone locations surrounding
the model at 2000 RPM fan speed. The solid curirei€AA simulation;
the dotted curves are multiple measurements imatteehoic chamber.
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Mower

The procedure for the mower experiments and sinamsitwvas similar to the fan tests. The impeller
was driven by an electrical motor which producedimal noise levels. The test was performed in
a hemi-anechoic chamber with a hard floor. Therfiwas assumed to reflect all acoustic waves
without loss in the simulations.

A snapshot of isosurfaces of the divergence ot.tgkthill's tensor is shown in Figure 9, indicating
that noise is generated around and behind the flade

Figure 9. Isosurfaces of constant divergence ohthigl’s tensor (proportional to acoustic source
strength), false-colored in velocity magnitude, tfoe blade underneath the mower deck.
The blade is rotating counter clock-wise at 3000VRP

The sound pressure level for the acoustic fieldiagiothe mower at 100 Hz is shown in Figure 10,
and at 1000 Hz in Figure 11.

Two different meshes were used for the CFD simaati a coarse mesh with 8 million tetrahedra
and a fine mesh with twice as many elements. Thghing strategy is the same as for the fan model
above and follows the principles suitable for tHeSturbulence model. The mesh was finer around
the rotor in both cases, and a very coarse meshusas away from the source region. The time
step was 5-18 for both meshes. The results, in Figures 12 a@dwere averaged from 12
microphone locations, all at a distance 1.5 m ftbecenter of the rotor evenly distributed around
the mower, and similar sampling time was used fareses.

Note that the narrowband Blade Passage Frequerily)(@®ne (100 Hz) and three of its prominent
harmonics are accurately captured by the simulatidnis was a key goal of the new CAA
methodology. Likewise, the turbulent spectrum isdeled well from about 50 Hz to about 1400
Hz. This band represents about 95% of the ovevalhd power generated by the mower blade.
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Figure 10. Radiated sound pressure level in dB uade outside of the mower deck at 100 Hz,
shown on a vertical plane through the center ofrtimaver.

Figure 11. Radiated sound pressure level in dB uade outside of the mower deck at 1000 Hz,
shown on a vertical plane through the center ofrtimaver.
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Figure 12. A comparison of the sound levels avettamer eight microphone locations surrounding
the model. The red curve is the CAA simulation;lue curve is the measurement in the anechoic
chamber. The CFD mesh consisted of 8 million tetdah.
The results begin to deviate at about 1100 Hz.

Figure 13. A comparison of the sound levels avettamer eight microphone locations surrounding
the model. The red curve is the CAA simulation;lue curve is the measurement in the anechoic
chamber. The CFD mesh consisted of 16 million ketdaa and
the results agree better out to about 1400 Hz.
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CONCLUSION

The comparison of the presented CAA simulation wéthogy with physical experiments shows
excellent agreement for frequencies up to rougdl§OlHz (using 16 million tetrahedra), which is
the most important range for these applications possible to move to higher frequencies as well
using this approach; this requires the use of fmeshes to resolve frequencies higher than those
demonstrated in this work. The model also correctiptured the Blade Passage Frequency tone
and most of its important harmonics. The simulaigmedict actual sound levels for rotating
aeroacoustic sources, as well as provide valuaa€field information that can be easily visualized.
The field plots show that source strength is lanigee to the tip of the rotor blades and contriltate
noise at blade passing frequencies and higher éreges. Dynamic animations show in detail flow
mechanisms responsible for noise creation. E.g.nbwer blade tip creates vortices as it passes
the clipping exhaust, leading to high Lighthillensor amplitudes and noise source creation.
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