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We have been developing a parallel partitioned simulation system to solve large scale real world’s coupled problems. This
paper describes some key technologies of the system, and demonstrates its practical performance and effectiveness

through solving various kinds of real world’s problems.
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Introduction

Fluid-structureinteraction (FSI) isan interdependent
phenomenon between fluid and structure that affects
their dynamic behaviors. Sincethereareavariety of
FSI problemsin engineering, science, medicine and
daily life, it is very important to understand and to
solve FSI problems. Even though focusing only on
structural problems, there are a variety of coupled
phenomenasuch as:

(& FSI,

(b) Thermal—FSl,

(c) Electromagnetic—Structure Interaction,
(d) Electromagnetic—FSlI,

(e) Acoustic—Structure Interaction,

(f) Soil-Structure Interaction,

(9) Control-Structure Interaction,

(h) Electromagnetic—Acoustic—Control-
Structure Interaction, and others.

Many researchers have attempted to develop
numerical methods for solving FSI problems with
improved accuracy, problem sca e, stahility, robustness,
and efficiency (for example, Mittal Sand Tezduyar T
E, 1992; Farhat C and L essoine M, 2000; Ohayon R,

* Author for Correspondence: E-mail: yoshi @sys.t.u-tokyo.ac.jp

2001; Basilevset al., 2013). Those previous studies
have made significant progress, but there are still
strong demandsfor further researches on shortening
computation time,increasing the degrees of freedom
(DOFs) of models and dealing with a variety of
phenomenain ageneralized manner in order to solve
real world’s coupled problems of complex machines
and structures. Thus we have been developing an
efficient and robust S mulation sysemto solveavariety
of large-scal e coupled problemsin parallel computing
environments (Kataokaet al., 2014; Yoshimuraet al .,
2015a; Yamada et al., Accepted).

In general, coupled phenomena can be solved
by either monalithic or partitioned approaches. Inthe
monolithic approaches (for example, Zhang and
Hisada, 2001; Mandel, 2002; Heil, 2004; Ishiharaand
Yoshimura, 2005; Tezduyar et al., 2006; Dettmer and
Peric, 2006; Minami et al., 2011), the governing
equationsdescribing fluid and structure partswith their
interface conditions are formed into a single system
of equations, allowing the equations to be solved
simultaneously. On the other hand, those governing
equations are solved separately in the partitioned
approaches (for example, Fellippaand Park 1980; Le
Tallec and Mouro, 2001; Park et al., 2001; Michler et
al., 2004; Matthies et al., 2006; Forster et al., 2007,
Jiang et al., 2007).
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In our research, we focus on the partitioned
approaches, because we can use appropriate
techniquesfor solving fluid and structural equations,
respectively. Furthermore, iterative partitioned
approaches (for example, Kdittler and Wall, 2008,
2009; Yamada and Yoshimura, 2008; Degrooteet al.,
2009; Minami and Yoshimura, 2010) have recently
attracted a great deal of attention because they can
improve accuracy and robustnessin comparison with
simple partitioned ones. Intheapproaches, fluid and
structural equations are solved separately and
iteratively at each time step until the interface
conditions of equilibriumand continuity are satisfied.

This paper describes some key technol ogies of
oursystem, and demonstrates its practical
performance and effectiveness through solving
various kinds of real world’s coupled problems.

Governing Equations

Figure lillustratesatypical FSI problems. Theproblem
consists of two domains, a fluid domain WF and a
structure domain WS. The two domains sharean FS

interface I' g

rlll:rf.’

rmif-.’ TrJrrHr:f
—>
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boundary: ™
conditioni 0° !

Fig. 1: Basic FSI problem

Fluid Domain

Thefluid domainisgoverned by thefollowing Navier-
Stokes equation in an arbitrary Lagrangian-Eulerian
(ALE) frame of reference :

pF(g—t‘Hu—ﬁ)-Vuj—VﬂF:fF (1)

and the continuity equation :
V-u=0, )

where pF isthe density of thefluid, u isthe velocity

vector of thefluid, § isthe mesh velocity vector, oF
isthe stress tensor of thefluid, and ¥ is the external
force vector applied tothefluid. Eq. (1) isderived by
substituting the following stresstensor o™ of thefluid
into the Cauchy momentum equation :

oF =—pl +2uD, ©)

wherepisthepressure of thefluid, | istheunit tensor,
pistheviscosity of thefluid, and D isthe deformation
rate tensor.

Structure Domain

The structure domain is governed by the Cauchy
momentum equation of the Saint Venant-Kirchhof
model considering geometric nonlinearity :

2
sod S_¢S
p atiz—V'G =f (4)

where pS is the density of the structure, d is the
displacement vector of the structure, oS isthe stress
tensor of the structure, and fS is the external force
vector applied to the structure. oS isgiven by

GS=E~SS, (5)

where E is the elasticity tensor of the structure and
S isthe strain tensor of the structure.

I nterface between Fluid and Structure Domains

AttheFSl interface | [ the following conditions of
continuity and stressequilibrium must befulfilled,

fudt=donT (6)

GF.nF+GS-nS=O OnFFSI (7)

where n* and nS are the unit normal vectors of the
fluid and the structure, respectively, at the interface.

Iterative Partitioned Coupling Methods

Theiterative partitioned coupling method dividesan
original FSI problem into the following three
components : fluid analysis F, structure analysis S,
and mesh control M. In the problem, the governing
equationsof thefluid, structure, and mesh control must
satisfy the conditions of continuity and equilibrium at
the FSI interface.
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Redefinition of FSI Problem

Each component istreated as anonlinear problemin
thefollowing:

X £t = M (d¥) 6
(U, pet) = F(XE) 9)
d[lf+1 — S(u#ﬂ, pllfﬂ)v (10)

where X isthe mesh coordinate and p is the pressure
of the fluid. The superscript k and subscript '
represent the k-th iteration and the variables at the
interface, respectively. At each time step, Egs. (8)-
(10) are solved sequentialy and iteratively until the
final solution, which satisfiesthe following nonlinear
equation, isobtained :

d. = S(F(M(d,))) (11)

The residual r of the above nonlinear equation is
defined as:

r(d:)=d. - S(F(M(d,))). (12)

Thus, an iterative partitioned method can be
considered asthe process of seeking the di splacement
d.. of the structure at the FSI interface that minimizes
the aboveresidual.

Parallel Coupling Technologies

Our coupled simulation approach consists of the
following threebasic philosophies:

(1) Partitioned approach to use various kinds of
existing solversoptimized for parallel computers
such as a parallel structure solver,
ADVENTURE (Yoshimuraet al., 2002; Ogino
etal., 2005; Yoshimuraet al., 2015a; Yoshimura
et al., 2015b) and a parallel flow solver,
FrontF ow/blue (FFB) (Katoet al., 2003, 2005),

(2) Fixed point iteration to improve accuracy and
robustness al though added mass effects are still
bigissuesfor partitioned approaches, and

(3) Paralel coupling tool named ADVENTURE
Coupler (Kataoka et al., 2014; Yamada et al .,
Accepted) and its family to integrate two or
more independent parallel solvers with only
minimum modification to them.

Solid solver ADVENTURE Coupler Flow solver

Ns processes Ns+ NF processes NF processes
O <> @ W o<-» []
TR
o B S . . . B S D
. A D
O <> @ W <> [
o S I . . g D

<% UNIX socket E * MPI communication

Fig. 2. Communication model of coupled analysis using
ADVENTURE_Coupler

Among variousiterative coupled algorithmsin
literature, we have sel ected some al gorithms meeting
thefollowing threecriteria:

(@) Robust convergence,

(b) Ability totreat each parallel solver asblack box,
and

(c) Easyandefficient parall€elization.

Findly, Gauss Seiddl, matrix free Newton-Krylov
and Quasi-Newton methods such as Broyden method
(Charles and Broyden, 1965) have been selected
(Minami and Yoshimura, 2010), and implemented into
the Coupler (Kataoka et al., 2014; Yamada et al.,
Accepted).

Figure 2 showstheparalel communication model
using the Coupler. Flow and structure analysis solvers
are assumed to be parallelized using MPI libraries.
The coupler handles interface variables using
subprocesses corresponding to the processes of the
flow and structure solvers. The Coupler runs with
N+ Ng parallel subprocesses, where the numbers of
processes run by the flow and structure solvers are
N and N, respectively. The UNIX socket isusedto
communicate between each analysis solver and the
Coupler. Thedatatransmission and theinterpolation
of interface variables from one mesh to another are
executed within the processes of the Coupler. The
Coupler realizes automatic construction of mapping
relation between complex-shaped interface surfaces
considering different mesh subdivision and different
subdomain decomposition asschematically illustrated
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inFig. 3. Theinterfacevariablesareinterpolated using
the shape functions of the elements.

Subdomains’ _Node g pgomains’
- Boundary

b e _—Boundary
N Relation between — Element
Element s interface surfaces

Coupling Interface (Structure)

Coupling Interface (Fluid)

Fig. 3: Schematic view of automatic construction of mapping
relation between complex-shaped interface surfaces

To perform coupled analysis, only a few
communication libraries, which are called
ADVENTURE_Coupler libraries, are required for
integrationinto parallel solvers. In each solver, some
|0 portionsarejust replaced with the communication
libraries. Thanksto them, awhole coupled s mulation
process can be fully parallelized.

Theoverall analysisflowisshowninFig. 4. In
theiterative partitioned analysis, fixed-point iteration
is executed. At each time step of the analysis, the
displacement of the structure is calculated by the
structure solver, and that at the FSI interface is
transmitted through the Coupler to the flow solver.
Theflow solver controlsthefluid mesh and cal culates
the velocity and pressure of the fluid. The velocity
and pressure at the FSI interface are then transmitted
back to the structure solver through the Coupler. The
structure solver then again cal cul ates the displacement
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Fig. 4: Analysis flow

of the structure. After the fixed-point iteration
converges, the analysis processes to the next time
step, and the Coupler providestheinitia value of the
displacement of the structure. However, if theiteration
does not converge, the analysis starts again within
thecurrent time step by changing theinitial valueusing
the line-search technique.

Applications

The developed simulation system has been applied to
solve various coupled problems, i.e. (1) Seismic
response of nuclear fuel assemblies set in fluid
(Kataokaet al., 2014), (2) Flow past square cylinder
withthinplate (Yamadaet al., accepted), (3) Flapping
flight of elastic wing (Yamada et al., accepted), (4)
Flow-induced vibration and noise of automobile
(Yamade et al., 2016; lida et al., 2016). Those are
explained next.

Seismic Response of Nuclear Fuel Assemblies Set
in Fluid

Thepurpose of thisanalysisisto investigate dynamic
response behaviors of fuel assemblies in a Boiling
Water Reactor (BWR) under seismic loading
(Kataoka et al., 2014; Yoshimura et al., 2015c).

NUPEC’s Demonstration Test

Theexperimental setup for dynamic responses of 368
fuel assemblies of Boiling Water Reactor (BWR) core
areshown schematically in Fig. 5. Thisdemonstration
test was conducted in 1986 as one of the seismic
proving tests of a BWR by the Nuclear Power
Engineering Corporation (NUPEC) (NUPEC, 1988).
The tested setup was a full-scale mock-up of the
reactor core internals of the improved and
standardized 1,100-MWe plantinahighly seismic zone.
The setup consisted of thefuel assemblies, top guide,
coreplate, control rod guide tubes, control rod, control
rod drive unit and core shroud. Thesewere placedin
an outer vessel filled with water. The vessdl, placed
on ashaking table, wasvibrated horizontally. Thetime
higtory of input waveisshowninFig. 6. Itisan artificial
seismic wave with afrequency range of 3-12Hz. The
frequency range includes the dominant frequency at
the core plate on which the fuel assemblies are
located. The demonstration test was conducted at
room temperature and under atmospheric pressure.
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Fig. 5: Schematic of demonstration test
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Fig. 6: Time history of input seismic wave

Numerical Model and Computer Used

A three dimensiona finite element model shown in
Fig. 7isasfollows. Both fluid and structure domains
are discretized by tetrahedral elements. The total
number of DOFsisapproximately 10 million, i.e. the
number of fluid nodes is 4,302,313 and that of the

Free surface condition

= s

Fig. 7: Schematic of partitioned coupling model

Fuel assemblies

|| Shroud

Fluid

i_... x

structure nodes is 2,048,960. The first resonant
frequency of most fuel assembliesinthefluidisaround
4.8Hz, and stiffness-proportional damping of
Rayleigh’s damping is employed, while setting the
parameter so that the damping ratio becomes 7% at
4.8Hz. The time increment is set as At = 0.005 s
because the sampling interval of the input seismic
acceleration dataisaround 0.005 s. For thisanaysis,
a PC cluster consisting of 8 personal computers is
used. Each computer consists of one processor with
4 cores having 3.40 Hz and 16 GB memory. They are
connected by Gigabit Ethernet. The average number
of fixed-point iterationsis 22.

Validation : Dynamic Responses

We di scuss the compari son between numerical results
and measured ones. Locations and IDs of the
investigated fuel assembliesareillustrated in Fig. 8.
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Fig. 8: Locations and IDs of evaluated fuel assemblies
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Thetimehistories of deflectionsat the axial center of
the fuel assembliesare shownin Fig. 9. Atfirst, itis
again clearly shown fromthefigurethat the dynamic
response of the simulation results agrees well with
the measured values at the demonstration test. As
the result, the validity of the simulation method for
such arealistic problem was confirmed.
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Fig. 9: Time histories of deflection in representative fuel
assemblies

Overall Behaviors of Fuel Assemblies

In the demonstration test, only alimited number of
fuel assemblies were measured. In this study, thanks
to superior characteristics of the numerical
simulations, we have examined precise response
behaviorsof all 368 fuel assemblies. Figure 10 shows
the histogram of calculated maximum deflection in
thex-direction under seismicloading. It can beclearly
observed that most fuel assemblies show amost
identical seismic response. The standard deviation of
the maximum seismic deflections was 4mm, which
means that 68% of fuel assemblies in the core were
within = 4 mm of the average value. Thus, we have
concluded that the vibration behavior of fuel
assemblies was almost homogeneous.
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Fig. 10: Histogram of maximum seismic deflection

Figure 11 shows some results. The upper
indicatesthat thevariationin the maximum deflections
of fuel assembliesis small and that a conventional
single bar model often used for seismic design of
BWR coreiseffectiveto someextent. Thedeflections
of afew fuel assemblieslocated on the outer periphery
were larger than those of the others. The
nonuniformity of the relative locations of fuel
assemblies on the outer periphery and the shroud is
considered to be the reason for such behaviors.

Flow Past Square Cylinder with Thin Plate

To verify the developed FSI analysis system, we
analyze abenchmark FSI problem: the vortex-induced
oscillation of aflexible plate in the wake of a square
column (Yamada et al., accepted). The geometric
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Fig. 11: Pressure distributions (Upper) and displacements
of fuel rods (Lower) at the times t=2.7sec ad t=2.77sec

model of the problemis shown in Fig. 12. A square
columnissetin place, and aflexible plateisfixed at
the downstream end of the column. Astheinlet flow
moves around the column and generates vortices,the
structural oscillation of the plate occurs. Thisproblem
isusually simulated as a two-dimensiona problem.
Here this problem was solved using the devel oped
three-dimensional FSI analysis system. The slip
boundary conditionisappliedto all faces of themodel
except the inlet and outlet boundaries.The mesh
partition of the fluid domainisshownin Fig. 13(A).
The numbers of linear tetrahedral elementsand nodes

inletbGW/
& Inflow 012 B
1| u=0.53m/s
= 0.0006
.’ ti 0.14
L:r = _ outlet boundary condition —
- W -
| K 0.01
= 0_0"1‘"/0.01’ Unit; m

Fig. 12: Geometric model

(A) (B)

Fig. 13: Meshes of fluid domain (A) and structure domain

(B)

in the fluid domain arel56,312 and 31,187,

respectively. The mesh partition of the structure
domain is shown in Fig. 13(B). We only partitioned
the plateinto structure meshes,consi dering the column

as awall in the fluid domain. In the structure
domain,the numbersof quadratic tetrahedral elements
and nodes are 14,234 and 24,367, respectively. The
properties of the analysis model are asfollows. The
dynamic viscosity and density of the fluid are 0.35

Pa-s and 1.18 kg/m3, respectively. The Young’s
modulus and density of the structure are 2.5 x 10° Pa
and 100 kg/md, respectively. A PC cluster used for

the analysis consisted of four PCs, each of which

had 3.4 GHz quad-coreIntel i7 2600 processor and16
GB of DDR3 memory.

In this analysis, we first conducted only fluid
analysis to prepare the initial velocity and pressure
fields. When avortex began to form, we started the
FSI analysis. The time step was set to 5.0 x 107 s.
For the convergencecriterion, e, , = 103 wasusedin
the fixed-point iteration, and an average of four
iterations were required for each time step.

A snapshot of the pressure field showing the

Fig. 14: Snapshot of pressure field showing the deformation
of the model
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Fig. 15: Time history of the vertical displacement at the tip of the plate

deformation of themodel isshowninFig. 14. Atime
history of the vertical displacement at the tip of the
plateisshowninFig. 15(A). The plate started moving
with increasing amplitude asthe vortices approached
it, but it entered a steady state when the amplitude
reached 0.01 m. The frequency of the flapping of the
plate in the steady state was approximately 3.2 Hz,
which was close to the frequency of the structure
itself (3.03 Hz), whereas the frequency of the vortex
shedding was approximately 10 Hz when the Strouhal
number was assumed to be 0.2. The amplitude
obtained using the present method was almost the
same as those obtained in the past studies (Yamada
and Yoshimura, 2008; Dettmer and Peric, 2008), both
of which weretwo-dimensional FS| simulationsand
obtained amplitudes slightly above 0.01 m. Thus, we
concluded that thedeveloped FSI analysis systemis
ableto solvethe dynamic responseto aflow excitation
force with sufficient accuracy.

Flapping Flight of Elastic Wing

To demonstrate the practical application of the
devel oped FSI analysis system, weanayzed thethree-
dimensional flapping motion of an elastic rectangular

plate with the purpose of furthering the research and
development of micro air vehicles (MAVS). The
flapping of a wing, which is realized by birds and
insects, is an unsteady aerodynamics problem.
However, the aerodynamic performance of aflapping
wing has not been yet perfectly evaluated by
experimental studies. Full-scale three-dimensional
simulationsof flapping wingsarestill challenging to
execute, although some studies have performed such
simulations by the monolithic methods (Nakata and
Liu, 2012; Takizawa et al., 2014, 2015). We have
also been working to solve this type of problem by

flapping

Fig. 16. Geometric model of the flapping wing
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using the partitioned coupling approach (Yamadaand
Yoshimura, 2008; Yamadaet al., accepted). Theaim
of our series of simulation studies is not to
computationally reproduce the flapping flight of actua
birds or insects but to develop a design support tool
for theoptimization of the shape, structure, and motion
of the flapping wings of MAVSs. In this study, the
developed FSI analysis system was applied to solve
the flapping motion of an elastic rectangular plate.A
geometric model of the structureisshowninFig. 16.
As the first step of our study, we focused on the
flapping motion of onewing, omitting the body. The
wing consists of two parts, i.e. an elastic part and a
rigid part. The deformableflapping wingislocated at
the center of the fluid domain. To analyze the
aerodynamic performance of hovering flight, we fix
the end point node of the leading edge near the wing
root. Theflapping of thewing isinitiated by applying
a prescribed sinusoidal displacement to the leading
edge. The prescribed motion of the leading edge of
thewingisdetermined from two design variables: the
maximum angle of flapping and theflapping frequency.
The elastic part of the wing deforms, and the wing
then passively enters the feathering mode. The slip
boundary conditionisappliedto al facesof thewing.
Thereisnoinlet flow, and an outlet boundary condition
is applied to the entire outer boundary of the fluid
domain. The mesh partition of the fluid domain is
shown in Fig. 17. The numbers of linear tetrahedral
elements and nodes are 404,159 and 273,392,
respectively. The radius of the fluid domainis set to
be 20 times larger than the length of the wing. We
also design the fluid mesh such that the mesh size
decreases from the outer boundary to the inner
boundary and the stiffnessincreases asthe mesh size
decreases, effectively reducing the distortion of
smaller elements near thewing. Because of thismesh
control technique, most of the distortion of the mesh
caused by the flapping motion of the wing occursin

Fig. 17: Mesh partition of the fluid domain

larger elements far from the wing, where as smaller
elementsnear thewing are not significantly distorted.
This requires a larger fluid analysis domain but
stabilizesthe FSI anaysiswithout remeshing thefluid
domain. Themesh partition of the structure domainis
shown in Fig. 18. Here the numbers of quadratic
tetrahedral elements and nodes are 154,080 and
243,243, respectively.

The properties of the analysis model are as
follows. Thedynamic viscosity and density of thefluid
are 0.0544 and 1.0, respectively. The Young’s modulus
of the elastic part of the wing is a design variable,
ranging from O to 107, and that of therigid partis
104, Thedensity of the structureis5.34 x 1071°. The
parameters used in the simulation are given as
dimensionless parameters because the flow solver
FFB treats parameters as dimensionless quantities.
However, we can give units to the parameters and
values of theanalysisresultsfor aparticular purpose
after the analysis. A PC cluster is used for this
analysis. It consists of four PCs, each of which hasa
3.4 GHz quad-core Intel i7 2600 processor and 16
GB of DDR3 memory. The initial velocity and
pressure in the fluid domain were both set to 0. We
perform four iterations of the FSI analysis with
different design variables, i.e. the Young’s modulus
of the elastic part of the wing (1.7 x 10¢ and 2.5 x
10-%) and the maximum angle of flapping (30° and
459). In all cases, the flapping frequency and time
step were set to 0.8 and 1.25 x 10-3sec, respectively.
The convergencecriterione,, = 103 wasusedinthe
fixed point iteration. An average of three iterations
were required for each time step. The fluid force on
the wing surface at each time step and the time
averaged fluid force on each axis are calculated as :

F.=(FF.F) (13)

Fig. 18: Mesh partition of the structure domain
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IR
Fl =2 n=T] (14

whereF, isthefluidforce vector on thewing surface
attimet, F' isthefluid force at timet on each axis
(i=xy,2), F., isthetime-averaged fluid forceon each
axis, t” isthestandard time step for evaluation, Atis

thetime step, and T isthe flapping period. Thetime-
averaged fluid force vector isdefined as :

Fag = (Fag: Fa i) (15)

We applied a lift force along the vertical
direction, which maximizes the force and is defined
as:

_ arctan| Fos
o =arctan Fai(/g (16)
F.. = F.sino + F, coso (17)
Fye = F.COSOL + F SINOL (18)

where « is an angle with respect to the y-axisin the
Xy planethat definesthe vertical direction, F ;. isthe
lift force, and Fa isthe drag force.Various values,
including the lift and drag forces, were calculated to
evaluatetheflight performance. Thevisuaized results,
shown in Fig. 19, helped us to understand the
mechanismthat enhancesthelift and reducesthedrag.

Figure 19 showsthat |eading edge vorticesthat
developed and contributed to increase the lift when
the trandlational velocity of the wing was high. The

™

!

Fig. 19: Snapshot of pressure and streamlines. Contour color
shows pressure (Blue-negative). The maximum
angle of flapping is 30°, and the coefficient of the
Young’s modulus of E is 0.0075

linesand blue contoursindicate streamlines and | ow-
pressure (threshold: —30) areas, respectively.

Figure 20 shows the definition of the passive
feathering angle between two lines of the elastic part
of thewing and aline normal to theleading edge. The
passive feathering angle indicates the degree of
deformation of the wing. Because the elastic part of
the wing has a low Young’s modulus (1.7 x 1079), it
deformed more than that with high Young’s modulus
(2.5x 10°5), asshown in Fig. 21. The lift increased
when the maximum flapping angle changed from 30°
% to 45° %, as shown in Fig. 22, because a phase
difference devel oped between theflapping and passive
feathering angles depending on the maximum flapping
angleinFig. 21. However, significant deformation does
not always enhancethelift force. Using the devel oped
FSI analysis system, we will be able to accumulate
knowledge on the quantitative relations between
variousdesign parameters and the flight performance
of aflapping wing.

Flow-Induced Vibration and Noise of
Automobile

Reduction of interior noise is an important issue for
driver’s comfort of a car. Interior noise can be reduced

elastic part
rigid part

leading edge
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Fig. 20: Definition of the passive feathering angle
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by absorption and/or insulation of the transmitted
sound. However, these methods are most likely to
resultinincreasing inaproduction cost. Itisgenerally
required to reducetheinterior noise under thelimited
design conditions, and for doing so, it isimportant to
predict interior noise and to understand dominant
sources and propagation paths of the interior noise.
Interior noise of a car can be classified into engine
noise, road noise, and aeroacoustical noise.

To predict aeroacoustical interior noiseof acar
by numerical simulations, we needto predict pressure
fluctuations on the external surfaces of a car, which
isthe main source of the noise, at the first step. We
then need to compute propagation of sound by
vibrationinthe car body, and finally acoustical fieldin
the cabin. Statistical Energy Analysis (SEA) hasbeen
widely applied to evaluate propagation of sound
through the car body and the acoustical field (for
example, Kosakaet al., 2013; Chen et al., 2011). In
SEA, the computational domain is decomposed into
several subdomainsand thevibration and interior noise
are computed by assuming the equilibrium power
bal ance among the input, dissipated and transmitted
power for each subdomain. The computational model
for SEA includes equivalent mass, inner dissipation
coefficient, and coupling dissipation coefficient. These
coefficients are determined by analytical, numerical
and/or experimental method.

In our study (Yamade et al., 2016; lida et al.,
2016), we performed one-way coupled simulation
instead of SEA. We computed directly vibration in
the car body and sound fields in the cabin to
investigate and understand the propagation paths of
vibration and sound.

Atfirst, car body surface pressure was predicted
asinput force of vibrational analysis. Theflow solver
used is an incompressible flow solver, FFB (Kato et
al., 2003, 2005). The pressure fluctuations computed
here do not include acoustic pressure fluctuations.
Schell and Cotoni reported in Ref. (Schell and Cotoni,
2015) that external acoustic pressure fluctuations
become main contributor of theinterior noiseinahigh
frequency range around 1 kHz. Therefore the present
method might underpredict interior noise at the high
frequency range.

Next the structural vibration analysis and the
acoustical analysiswereperformed, together withthe

comparison with wind tunnel experimental results.
The structure solver is a commercial version of
ADVENTURE, i.e. ADVENTURECIuster (Akiba
et al., 2006).

Thefinal stepisthe prediction of the acoustical
field inthe cabin. The vibration accelerations on the
internal surfaces of the test car computed by the
structural analysiswerefed to the acoustical analysis.

FFB-ACOUSTICS (FFB-A)(Guo et al., 2015),
which is an in-house FEM-based acoustical solver,
was used to perform the acoustical analysis in the
frequency domain. The solver was primarily designed
to solve Lighthill’s equation (Lighthill, 1952) that
represents sound propagation. The acoustical solver
can deal with not only quadrupole sources of sound
distributedin acomputationa domain but alsovibration
accelerations distributed on a boundary of a
computational domain. Notein this study, quadrupole
sources of sound in the cabin were not considered.
Instead, vibration accelerations computed by the
structural analysis were fed as boundary conditions
for predicting asound field in the cabin.

In the present one-way coupling analysis, the
REVOCAP_Coupler (Yoshimuraet al ., 2008), which
is a family of ADVENTURE_Coupler, was
employed. Time dependent pressure fluctuations on
the exterior surfaces of the vehicle are calculated by
theflow solver, which simul ates turbul ent flow of air
around thevehicle. These surface pressurefluctuation
data on the mesh surfaces of the CFD analysis are
mapped onto the mesh surfaces of the structural
analysis. Appropriate mesh sizes for the flow solver
are different from those for the structural solver. In
our research, a kei-car in which interior and under-
floor weresimplified was empl oyed to thewind tunnel
tests as well as for the computational analyses. The
wind tunnel tests were performed with the main
stream velocity of 100km/h (Yamade et al., 2016;
lidaet al., 2016).

Numerical Results

By theflow solver, pressurefluctuationsontheexterior
surfaces of the test car were calculated for two mesh
models. That is, mesh model A, composed of 80
million gridsand mesh model B, composed of 5billion
grids. The results of mesh model A is named as “fluid
model A”, while that of the mesh model B as “fluid
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model B”. The total number of DOFs of the structural
analysis mesh is about 14.7 millions. The mesh is
mainly composed of triangular shell elements with
some other types of elements such as solid elements
and beam el ements. The computational conditions of
the vibration structure analysisare given in Table 1.
Themagnitude of response accel eration asafunction
of frequency is compared with the measured valuein
Fig. 22(A)-(C) at thesampling pointsin thewindshield,
the backdoor glass, and the backdoor panel aongthe
center line. The green lines indicate the measured
values, and the red ones show the results obtained by
using fluid model B, and theindigo blue onesthose by
fluid model A. The predicted values have been
averaged by 5 times with 75 % overlap using atotal
step of 4,096. The frequency resolution in the
experiment is about 4 Hz, and that of the analysesis
about 4.5 Hz. As can be seen from the figure, both
results agree reasonably well with each other on the
broad peak around at 30 Hz on the backdoor glass
and the backdoor panel. In Fig. 22(D)-(G), the
magnitude of response accel eration is compared with
the measured value as a function of frequency. The
sampling points are set in the glass of the front and
rear side doors and in those of side door panels.

In the acoustical analysis model, the minimum
mesh size is 1mm, the maximum mesh sizeis4 mm,
and the PPW (points per wave) is 20 at 4 kHz. This
mesh model can resolve an acoustic wave up to 4
kHz. The number of thefinite elementsis38 millions.
The vibration velaocities that were computed by the
structural analysis were decomposed into 512
frequency bands (Af = 9 Hz) because the acoustical
analysiswas performed in the frequency domain. As
already mentioned, all theinterior components, such
as seats, carpet, and plastic trimswere removed, and
therefore hard-wall boundary conditions were
prescribed there. No spatial damping effects on the
sound waves are considered in the present acoustical
analysis. The calculated sound pressure level was
averaged 7 times for each frequency. The
computational conditionsof theacoustical analysisare
shownin Table 2.

Figure 23 shows contour maps of interior
acoustic pressure and exterior vel ocity magnitudein
the plane of symmetry of thetest car. At low frequency
bands up to 315 Hz, longitudinal and vertical
predominate modes were observed in the cabin. At

Table 1: Computational conditions and resources needed
for present structual vibration analysis

Computational  Number of elements 2.5x10°

orid
Number of DOFs 14.7x10°
Min.grid resolution[mm] 5.0

CPU used Model Hitachi CX1000
Number of Cores 96

Timeintegration Time Increment [sec] 108.0
Total time steps computed [-] 4,100
Time Increment computed total 0.4428
time steps [sec]

Computation  Computation time per step [sec] 46.7

time

Total computation time [hours] 53

Table 22 Computational conditions and resources needed
for present acoustical analysis

Computational  Number of grids 38x10°
orid
Grid resolution [mm] 4.0
CPU used Model Fujitsu FX10
Number of Cores 1536
FFT Lines 512
Upper frequency [HZ] 5000
Lower frequency [Hz] 100
Computation  Total computation time [hours] 21
time

frequency bands over 630 Hz up to 1 kHz, for which
the wave length of the sound is relatively short, no
predominate mode was observed in the cabin. Local
peaks with high and low values were distributed
randomly at high frequency bands over 1 kHz. It is
difficult toidentify theregion fromwherethenociseis
intruded from outside only by these maps of sound
pressuredistributions.

Conclusions

L eading supercomputers offer the computing power
of petascale, and exascale systems are expected to
appear in the end of this decade. Supercomputers
with morethan tens of thousands of computing nodes,
each of which has many cores, cause serious
problems in practical finite element software. Not
only the time consuming hot spots of the algorithms
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Fig. 23. Contours of sound pressure level in the cabin and
exterior velocity magnitude at plane of symmetry
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