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Fig. 1.4: Construction of the dissertation (2).
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. Free space -~ \
filled with uniform medium :

Wave region .

Fig. 2.1: Schematic diagram of local flow region and wave region.
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Fig. 2.2: Field of interest.
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1 Obtain the behavior of the sound source.
2 Calculate propagation from the sound source.

Fig. 2.3: Flow of analysis.
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Grid-scale eddy:

\\ ,} O Subgrid-scale eddy:

Fig. 2.4: Introduction of LES: direct simulation of a grid-scale eddy and modeling of a subgrid-scale
eddy.
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Fig. 2.5: Spectrum of spatial filter G(f) calculated from the grid width A = 0.017L where L = 21
mm and uniform velocity U = 12 m/s based on Taylor’s hypothesis.
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Fig. 2.6: Staggered grid system.
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Fig. 2.7: Velocity distribution model in the turbulent boundary layer.
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Fig. 3.1: Collocated grid.

Table 3.1: Computational parameters.

Number of grids: 100 x 100
Minimum grid width: 0.01D
AT: 1.0 x 1073

Courant number: 0.1
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Fig. 3.2: Computational grid and coordinate system.

Table 3.2: Strouhal numbers at fundamental

frequencies.
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fi 0.41 0.43
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Table 3.3: Computation parameters. Time step and cell width are shown in nondimensional scale.

2-dimensional grid: 80x95, 3-dimensional grid: 80x95x10 (circularxradial xspanwise),
minimum cell width: 0.0074, Reynolds number: 1 x 103, AT: 1.0 x 1073
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Fig. 3.6: 2- and 3-dimensional computational grids.
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Fig. 3.8: Instantaneous velocity field and pressure coefficient distribution around the
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Table 3.4: Computational parameters.

Number of grids: 131x101x20 (x1 X x2 X x3), Minimum grid
width: 1.7 x 1072L, AT: 1.0 x 10720 Re = 1.6 x 10*
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Fig. 3.15: Configuration of sound calculation.

Fig. 3.16: Instantaneous spanwise velocity component (|usg| > 0.3) and pressure distribution at
T = 100.
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Fig. 4.4: The shape of h(a,l).
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Obtain surface fluid force P; on the Obtain surface fluid force P; on the body in the

body by CFD computation. computational span by CFD computation.
Y P \ R
| |
Basically the identical method The present methodL

Calculate radiated | Estimation of sound

sound from the com- | pressure ratio from

2.y putational span using | total span and com-
Curle equation in fre- | putational span.

quency domain. (See Fig. 4.6)
|2 \ Ry
Calculate radiated sound from the Calculate the sound from the whole region.
total span using Curle equation. <« 5= Ps qla,b,l)
a) Conventional approach b) The present approach

Fig. 4.5: Position of the present estimation procedure in the whole methods of aeroacoustic sound
prediction.
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Compute the spanwise averaged coherence v,(&) of fluid force per spanwise unit
length B,(y;) obtained by a CFD computation.

1 [o/2-¢ < B{y3)Bi(y}) >

vi(€) = pyrd wi(ys, y3 + &) dys, pi(ys,ys) = \/<|Bl-(y3)!2 >\/<|Bz-(y§,)!2 S

| B(S)

Determine coherent length /; by least-square fitting y; to a Gaussian function.

62
)
|\

Compute h(a, 1;) and h(b, 1,).

ﬂ‘2
h@%h)::m§<ga?1)4v9wahEnf(j%L)

Y a1, hb, 1)
Compute g(a, b, 1).

h(b, ;)
h(a,l;)

q(CL, ba lz) =

v q(a’ b’ ll)

p, | Compute p using g and the sound pressure from the computational span p
» | directly calculated by Curle equation.

b =Ds q(a’a ba lz)

Fig. 4.6: Procedure of sound pressure estimation.
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—Compuation of coherence

Averaging Curve-fit Computation of g

h(b, I,

&2
Y(E) = exp(—giz) ha )

a| Biys+E)
\\ Estimated /; p
>t
3
d _f X
B 2c x*
i(y3) Computation of Curle equation

Fig. 4.7: Schematic and simplified discrete representation of the procedure of sound pressure esti-
mation shown in Figs. 4.5 and 4.6.
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(=21.4L) B (See Fig. 4.9)
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Absorptive wall (Dimension in mm)

Fig. 4.8: Experimental setup around the outlet and the test body.
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Fig. 4.9: Details of the test body and the block diagram of measurement instruments.
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Fig. 4.10: Schematic of experimental setup for flow velocity measurement.
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Fig. 4.11: Flow velocity distribution at the outlet when the target flow velocity U = 10 m/s.
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Fig. 4.12: Coherence between a B&K 1/2”-microphone and embedded microphones.
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Fig. 4.13: Mean-square surface pressure detected by each embedded microphone expressed in sound

pressure levels L,,.
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Fig. 4.14: Sound pressure measured at the receiving point in cases with and without flow and
testbody at U = 5 m/s and 6 = 0°.
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Fig. 4.15: Sound pressure measured at the receiving point in cases with and without flow and
testbody at U = 7 m/s and 6 = 0°.
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Fig. 4.16: Sound pressure measured by the Channel 1 of the embedded microphones in cases with
or without flow and testbody. at U =5 m/s and 6 = 0°.
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Table 4.1: Experimental conditions.

Cases | 5-0 | 5-30 | 7-0 | 7-30 | 10-0 | 10-30
6 [°] 0|3 | 0| 30 0 30
U [m/s] 5.0 7.0 10.0
U/L [1/s] 357 500 714
Re [x103] 4.62 6.47 9.24
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Fig. 4.17: Spectral density distribution of surface pressures along spanwise (z3) direction.

Table 4.2: Peak Strouhal numbers of the spanwise averaged surface pressure spectral density func-

tions.
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Table 4.3: Peak Strouhal numbers of I3, S; peak-

Cases | 5-0 530 7-0 730 10-0 10-30
Stpeak | 0.137 0.126 0.122 0.110 0.120 0.115

4.4 0000
441 0O00000DOO0OOOOOOOOOO
Fig. 4170000000000 0DOO0ODODOO0OO0OODLDODODODOODLDODUODODO
gobodbobdoobbooobysbboobboobboobboooobboooboboobo
goboboooboobooboooboobboboboooboobobbobooboobooo
boooboboooboobooooo
OO00DOO000C00DOO00DO00DO00DO0DOO00DO Table4200000000DO
00o0000o0o0o0oooooo (020 o0.12-013000000000000000O0OOO0OO
0000000000000 000D000000=30°000000000 KarmanO OO OO
goboobooooboobobooboobobobobobobobooboobobbooboon
ubobooboobobooobooboboobooooobon

4.4.2 0O00OO0OO0OO0OOOOOO

Fig. 4180000000000 ¢/LO0O0O0O0U0O0O0O0OU0O0OO0UO 2000000 Re(y2)00O
O0000O0O0O0O00ORe(y) 000000000 Eq. (427)0000Fig. 490000000000
0000000000000 0000000 (&) 0booooon Cases 10-0,10-300 00000
uboobobooboo3gbooboooobobooobooboboboobooboboooboooon
/LODDO0ODO0ORe(y)0000000O0OTable420000000000000O0OOOOODO
0000000000000 000000000 S$=0.11-0.1370¢&/LO0000O0O0O0O Re(y) O
0000000000000 0000O0ORe() 000000000000 OO0OO0ODOOOOOO
uboboobooboobobooboboooboobooon

OO0 Fig. 419000Case 7-00000 Fig. 4900000 30000000000 ¢0O0OODO
00000 Re(ye)D000Fig. 4.18c0 Case 7-000000000O0OEq. (426) 0000000
god

00 Fig. 4180 0000000DO0OD0ODODODODODODODODODODUODODOD
goooobooboobboobooboboooboobbobb444b000DbDO0O



44. 00O0ODO 85

Case 7-0 Case 7-30

-0.2

Case 10-0 Case 10-30

2
Fﬁ_4567

Fig. 4.18: Measured Re(~2) versus {/L and S;.
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Fig. 4.19: Measured Re(v2) with offset y3 = L in Case 7-0.
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Fig. 4.20: Measured coherent lengths lo normalized by L.
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Fig. 4.21: ——: Measured Re(v2) plotted against {/L at representative Strouhal numbers,
their curve-fitted Gaussian functions (dashed lines). Estimated values of l9/L are indicated in the
figure.
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Fig. 4.22: Calculated values of h(a,l3).
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Fig. 4.23: Absolute coherence between pressure measured by the base channels and the receiving
point.
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Fig. 4.24: Estimated and measured sound pressure at the receiver.
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Fig. 4.25: Measured Re(y2) and its curve-fitted Gaussian function at S; = 0.8 (indicated by ¥ in
Fig. 4.24a) in Case 7-0.
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Fig. 4.26: Mechanism of estimated value of 5 being extremely small.
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Fig. 4.27: Effect of limiter.
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Fig. 4.28: Sound pressure estimated by the present technique and Kato’s technique (a = 7.5L).
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Fig. 4.29: Modeling of pressure fluctuation in Kato’s technique.
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Fig. 4.30: Comparison of estimated sound pressure in Case 7-0 by the present and Kato’s techniques
against different a.
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Fig. 4.31: Comparison of estimated sound pressure in Case 10-0 by the present and Kato’s tech-
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Fig. 4.32: Comparison of estimated coherent lengths in Case 7-0 by the present and Kato’s tech-
niques against different a.
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Fig. 4.33: Comparison of estimated coherent lengths in Case 10-0 by the present and Kato’s
techniques against different a.

ooooboobobbooboboobDubobobbDtKarman OO0 oooobooog
O0O0OFigs. 4.32b04.33b 000 00O0OO0O0O0O0O00O0O0O0O0ODO0ODO0OD«0D0O00OODO Karman
oboboboobobooboboobuobooboboboboboobDUobObUobUobobOUbUDOd Figs.
4.32a00 4.33a 000 (Fig. 4.32a0 a=75L00000 Fig. 4.20b0 Case 7-00 00000000
O000000000000000000000)0000e=15L000 KarméanOOOOOOOO
gooboobooboobbtbedbboobbOo0obbOobDbOoOoDbO

oobooobobobobooboboobooboboboobD0bD0LobOUDUDbUObDOFig 4.32b00O
000000000000000 Le<e0OODO0O0OOOOODOUOOODODOUOOODOOUODO Eq. (4.3)
gooooo

SPL(f) = SPL,(f) + 10logyq <§>

boboobobooobooboboooboboboobooobobooboobobooooo



4.5.

gogg o5
1 LD 75 |
~ Measured ——
\'\_\~ a: 15L o
0.75¢ \'\-\_\ a = 7.BL e |
= 05 e
095! |-c (@a=15L) |
Lc(@a=75L)
0 L .

0 2 4 6 8 10 12 14
gL

Fig. 4.34: Estimated |y| by Kato’s technique when a = 1.5L and a = 7.5L.

Table 4.4: Computational parameters.

Number of meshes 141 x 161 x 40 (Cases s7-0, s7-30),
(x1 X 29 X x3) 141 x 161 x 214 (Case 1s7-0)
Spanwise mesh spacing, Az | 0.1L

Time domain dimension 180L/U (0.36 s)

Time step 1 x1073L/U

Minimum grid width 0.018L

Smagorinsky constant, Cl 0.13
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Fig. 4.35: Geometry of computational domain.

Table 4.5: Computational conditions.
Table 4.6: Peak Strouhal numbers of the span-

Cases s7-0 | s7-30 Is7-0 ] ; ; cral donsit
0] 0 30 0 wise .average of surface pressure spectral density
functions.
a 4L 21.4L (300 mm)
U [m/s] 7.0 Cases | s7-0 s7-30 1s7-30
U/L [1/s] 500 Peak S, | 0.139 0.128 0.139
Re [x10%] 6.47
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Table 4.7: Comparison of drag coefficient, lift coefficient and pressure coefficient in Case 7-0 and
references [73, 102].

CDrms Cers ép
Case s7-0 2.12 1.12 —1.65
References 1.85-195 10-12 —-13--14
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Fig. 4.37: Computed Re(y2).
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Fig. 4.38: Estimated coherent lengths [;. Case 7-0 plotted in both figures are the identical data.
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Fig. 4.39: Estimated coherent lengths l5. Case 7-0 plotted in both figures are the identical data.
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Fig. 4.41: ——: Computed Re(v2) plotted against £/L at representative Strouhal numbers.

Their curve-fitted Gaussian functions. Estimated values of lo/L are indicated in the figure. v(&2)
where £/L < 2 is used for curve-fitting.
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Fig. 4.42: Comparison of directly calculated sound pressure by Curle equation from full-span
computation and estimated sound pressure by the present method from partial-span computation.
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Table 4.8: Computational loads required for computations with and without estimation method.

Process CFD computation Estimation procedure Number
Processor Hitachi SR8000/128 AMD Opteron 250 of meshes
Case 1s7-0 441 hours, 2308 MBytes — 4.9 x 108
Case s7-0 (with estimation) 87.5 hours, 452 MBytes 6.0 seconds, 15 MBytes | 0.91 x 106
Ratio (Is7-0 / s7-0) 5.04, 5.11 — 5.35
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Fig. 5.1: Schematic of a row of cylindrical bodies.
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Fig. 5.2: Summed pairs of (m,n) and (m, k). (a), (b) and (c) each correspond to Egs. (5.3), (5.6)
and (5.7). Lighter blue points denotes summed fi,,, in Eq. (5.3), darker blue denotes summed
2Re(fim,n) and 2 Re(fiy, m+r) in Egs. (5.6) and (5.7). Yellow points denotes coherence is identically
unity.
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Fig. 5.3: Generation of Kérman vortices by cylindrical bodies (from the reference [117]).
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Fig. 5.4: Geometry of computational domain.

Table 5.1: Computational conditions.

Parameter Value

Reynolds number, Re 6.47 x 103
Spacings between cylinders, W 2L, 3L, 4L, 6L
Number of grids, 1 X 9 X 3 131 x 510-704 x 20
Time span 380L/U

Time step 1 x1073L/U
Minimum grid width 0.016L-0.018L
Smagorinsky constant 0.13
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Fig. 5.5: Geometry of computational domain for reference case (full computation).

Table 5.2: Computational conditions for reference case.

Parameter Value

Spacings between cylinders, W 4L
Time span 211L/U
Number of grids, 1 X xg X 3 131 x 1698 x 20
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Fig. 5.6: Comparisons of surface fluid force (total of surface pressure) calculated by linear and

quadratic extrapolation methods.
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Fig. 5.7: Power spectral density distributions of x; directional surface pressures on each body.
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Fig. 5.8: Power spectral density distributions of xo directional surface pressures on each body.

Karmén frequencies (the frequencies where power spectral densities took their maximum values)
are Sy = 0.237, 0.190, 0.166 and 0.142 for W = 2L, 3L, 4L and 6L.
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Fig. 5.9: Coherences of x; directional surface fluid force Re(%y 1) between square cylindrical bodies.
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Fig. 5.10: Coherences of x5 directional surface fluid force Re(44,2) between square cylindrical bodies.
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Fig. 5.11: Coherences of x; directional fluid force between bodies of distances a) k = 1 and b)
k=2
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Fig. 5.12: Coherences of x5 directional fluid force between bodies of distances a) k& = 1 and b)
k = 2. Uparrows (1) indicate the Kérman frequencies (the frequencies where the spectral densities
of surface pressures indicated in Fig. 5.8 took their maximum values) for each case.
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5.5.
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Fig. 5.13: Imaginary parts of coherences of z; directional surface fluid force Im(y ;).
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Fig. 5.14: Imaginary parts of coherences of x5 directional surface fluid force Im(y 2).
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Karman vortices
induced each other ‘

Fig. 5.15: The mechanism of negative coherence.
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T Upstream

T =30 | Downstream 7T = 33

T =32 T =35

Fig. 5.16: Instantaneous isosurfaces of pressure coefficient C),, = 0.51 around square cylindrical

bodies m =1 to 6 in case of W = 2L at nondimensional time 7" = 30 to 35.
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T =30 | Downstream 7T = 33

T =32 T =35

Fig. 5.17: Instantaneous isosurfaces of pressure coefficient C', = 1.7 around square cylindrical bodies

m =2 to 5 in case of W = 3L at nondimensional time 7' = 30 to 35.
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T Upstream

T =30 | Downstream 7T = 33

T =32 T =35

Fig. 5.18: Instantaneous isosurfaces of pressure coefficient C', = 6.1 around square cylindrical bodies

m = 3 and 4 in case of W = 4L at nondimensional time 7" = 30 to 35.



126 Us0 OO0oboobboOoboobboobobOooboobobo

T Upstream

T =32 T =35

Fig. 5.19: Instantaneous isosurfaces of pressure coefficient C', = 4.0 around square cylindrical bodies

m = 3 and 4 in case of W = 6L at nondimensional time 7" = 30 to 35.
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A =~ 0 when M is even,;
10 ¢ h =1 when M is odd ,"\\

Fig. 5.20: The shape of h(M, ;).
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Compute averaged coherence ¥;; of fluid force F,,; obtained by a CFD compu-

tation.
) 1 Mk ) < F* Fni>
Vei = Z Emm+kli | Bmnli = ——
M~k = < Bl > /< [Fudl? >
v ?k,i
Determine coherent distance ; by least-square fitting 4,.; to the following func-
tion. i L
’AYk,z' = (*1) €xXp (7)
Vi
Compute iAz(M, i, ) and ﬁ(N, lA,-).
M—1
h(M,1;) =2 Z (M — k)(—1)*exp (ﬁ) cos(2m fkAt) + M
k=1 %
| LAY IGAN)
Compute §(M, N, I;).
h(N,;
qA(MaNalz): A( ,A)
h‘(Ma lz)
Y i, N,
Compute p using g and the sound pressure from the computational span p,

directly calculated by Curle equation.
p(x) = ¢(M, N, ;) ps(x)

Fig. 5.21: Procedure of the sound pressure estimation.
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Fig. 5.22: Estimated coherent distances il and Zg. Downarrows (|) in the Iy figure indicate the
Karman frequencies for each case.
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Fig. 5.23: Calculated Re(9j,1) for x; directional fluid force and their curve-fitted functions at
Sy = 0.166.
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Fig. 5.24: Calculated Re(44,2) for o directional fluid force and their curve-fitted functions at the
peak Strouhal numbers of the coherent distance ls.

00 Fig. 5.2200000,000000000000 ())0000z 00000000 (Fig. 580
D)DDDDDDDDDDDDDD(KérménDDD)DDDDl}DDDDDDDDDDDDDDDD
0000000L <1000000000000000000000000000000000 1,0
gooobooowioobooboobuoobooboobooow =20000 3L 0000 Karman
gbooboboboboobow=4L0006L0000 Karman OO OO OO O0OO0OOO0OODO

% 0 Re(4%,)00000000000000Fig. 5690 W =2L00000000000000
oooD S, =01660000000000000000000OOOOODOODOODOKODOO
z1 000000 Re(f4,,) 000000000000000D000 9.0 Re(f,1) 00000000
00000 4,,00000 Fig. 5.230000Eq. (5.18)000 4, 00000000000000O
Re(%4,,)0000 £k00000000D0O0O0DOO0ODOO0O0DOOOOOOW =2L000000
Re(%4,,,)00000000000000000000O00 E>10 Re(fx1)~0000 W =3LO6L
00000000 k=10 Re(y,) 00000000 W =4L0000000000000000
gboooad

U000 Fig. 5240002, 00000000000 000O0OCODOODOOOOOODOOOOODO
0000000 Re(pe)00000D0O0DODOO0ODODOO %4.000000000000000



132 Us0 OO0oboobboOoboobboobobOooboobobo

o Re(y,) —— | | ‘R( ) ——
Curve-fitted (= Ogéé) ------ Hemnan Curve-fitted (l = %é) ...... —
0.5 1t
<§ /‘/\
qu 0 B | e \/
-0.5
1 a) W 2L (S = O 403) b) W 3L (S;= 0 403)
1 T T AN T T T T AN T
] ~ Re(;(k,z) — Re( ) T
Curve-fitted (/, = 0.0516) - eenn Curve-fitted (12 0.383) - eenn
0.5 11
<>§" ]
~
-0.5
c) W 4L (S;=0.403) d) W 6L (S; =0.403)
-1 : : : :
0 1 2 3 4 50 1 2 3 4 5
k k

Fig. 5.25: Calculated Re(9j2) for xp directional fluid force and their curve-fitted functions at
Sy = 0.403.
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Fig. 5.26: Comparison of directly calculated sound pressure from 18 square cylinders, estimated
sound pressure from 6 cylinders with incoherent source assumption and estimated sound pressure

with the present technique.
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Fig. 5.27: Sound pressure at the receiving point calculated by the present estimation method and by
assuming total incoherency. “Estimation by the present technique” and “Assumption of incoherent
sources” denote estimated sound pressure using Eq. (5.24) and calculated sound pressure using Eq.

(5.25) respectively.
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Table 5.3: Computational loads required for computation with estimation technique applied and
for full computation without the technique (reference case) in case of W = 4L and up to T = 231
including preparatory computations up to 7" = 20.

Process CFD computation Estimation procedure | Number
Processor Hitachi SR8000/MPP  AMD Opteron 250 | of meshes
With estimation technique 9.3 days, 772 MBytes 90 s, 2.5 MBytes 1.6 x 106
Full computation (reference case) 60.9 days, 2.1 GBytes — 4.4 x 108
Ratio (Full / Estimation) 6.5, 2.8 — 2.8
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Fig. 6.1: The spanwise and row-wise estimation methods presented in the former chapters cannot
be applied consecutively.
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Fig. 6.2: The spanwise and row-wise simultaneous estimation method presented in this chapter.

Fig. 6.3: Schematic of a row of cylindrical bodies. Blue gray regions denote the portion which is
actually computed by CFD.

0000000 MOOOOOOOOOOOO0O0OO0O000000000000000000 100
000 (»;000)000000000000

000000000000000000«0MO0000000000000000000000
000000000 f00 L(y,f)00000000

M a/2 M of2
I, x < {Z o127 f At / Bm(yg,f)dyg} {Z o127 Aty B (v, f)dyé} >
m=l —a/2 n=1 —a/2
M a/2 M a/2
-3/ {Z [, Bl DBt ) > e—ﬂﬂfwn—mmdya} s (6.1)
n=1 _a/2 m=1 —a/2

000 At,, 0mO000000000000000O0B,((ys,f)DmOO0OOOODOOOOOOO
ys 000000000000 0OO00DOO0O0DOOO000O00 fOOO0ODxO0O0DO0OOO0DOOO

Bun(ys, f) = /C )y, 1) dOn(s)
m Y3



6.2. OO 141

a Nz
M | 7
R
(_Q’M) (@2-y3,m) \ ,/ \
27 e
e |
) |
T e
(7’ .
2 A1
: I
2 N S N
2 i Lo
\ \ \ |
. \ o | \ \
o) A L) 1 1

%

a

D GGy G2

(5m &G

> (y3sm)

(6.3).
symmetrical points and (b) represents two points which are assumed to have equal coherence as

Fig. 6.4: Integrated and summed region in Eq. (a) in the figure represents diagonally

shown in Fig. 6.5. Thus green and dark blue region are assumed to have equal integrals of coherence

each other.

-’
-

~

Gam) al2-yym)
K im Hanyim
Fig. 6.5: Two points which are assumed to have equal coherence ,D,EZZ?)) and ﬂgzg:gzg)

000 Cn(ys) 000 mOO0000000 y3s000000000000y0 Cp(ys) 0000 n(y)
00 y000OO0000000000000000000000 2,000000p(y,f)00 yO000
0000000000000000000000000000000000 f0000000000
000000000000000 f0000000000000000000000000000
Eq (6.1)0mO0000000000 y3 (000 (y3,m)000)000 (¥4,n)000000000



142 ged OUOObOOOODOObObOOObDOObDOOOnD

(5.1)
N o I R
2 | Lo
| I |
. | | | |
(&M | | | |
T T T
BREEEE
A G . — S N
2
| | | |
| | | |
i AN R T
@D | | | |
| | | |
(1) } } } }
2
' . ' —D
SD GD(S2 GV e (5m G ’
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Table 6.1: Values of hE 7 )) at the extremities of coherent length [; and coherent distance iz being
lesser or greater than sﬁ%;n a and the number of bodies M.
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Compute averaged coherence Y&,k of fluid force per spanwise unit length
B,,.(y3) obtained by CFD computation.
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Fig. 6.10: Procedure of the sound pressure estimation.
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Fig. 6.11: Geometry of computational domain.

Table 6.2: Computational conditions.

Parameter Value

Reynolds number, Re 6.47 x 103
Spacings between cylinders, W 2L, 3L, 4L, 6L
Number of grids, 1 X g X x3 131 x 510-704 x 20

Time span 380L/U

Time step 1x1073L/U
Minimum grid width 0.016L-0.018L
Smagorinsky constant 0.13
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Fig. 6.12: Computational domain for reference case (full computation).

Table 6.3: Computational conditions for reference case.

Parameter Value

Reynolds number, Re 6.47 x 103
Spacings between cylinders, W 4L

Number of grids, 1 X kg X x3 131 x 1152 x 40
Time span 168.7L/U

Time step 1x1073L/U
Minimum grid width 0.0177L
Smagorinsky constant 0.13
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Fig. 6.13: Estimated coherent lengths 1 and ls. Downarrows (]) indicate the Kadrmén frequencies
for each case.
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Fig. 6.14: Estimated coherent distances [; and l. Downarrows (1) indicate the Karmén frequencies
for each case.

6.4.2 0O000O0OOOOOOO0O
00000000 Re{%(& k)}

Fig. 6.1500000000000000000O S;=01660000,00000000000O
0000000000000 00000000000000000 Re{n(,k)}oooooOOOO
000000000000 00 Eq. (611)000000000000 kOODOOOOOOOOOO
0000oo0o00o0b20000¢/L000000ooouoow =2L0000000000000
ooooobooooooooooooooooobboooooboow =3L000b0000oo0oooog
oon

Fig. 61600000000000L,0000000000000000002,00000000
0000000000000 00DO0000000O00DUO0UDoUOO Re{n(&,k)}00ODOODO



154 ged OUOObOOOODOObObOOObDOObDOOOnD

Re{y(E.0)}

¢) W =4L (I;/L = 2.24, I; = 0.985) d) W = 6L (I;/L = 1.500 I = 0.395)

[ 1 Computed 1 Curve-fitted

Fig. 6.15: Computed real parts of x; directional coherence Re{%2(&,k)} and their curve-fitted
surfaces at Sy = 0.166.

000000000000 000000 Eq. (6.11)00000000KO0O0¢/LOODDOOOOOO
ubobobooboobbooboobobboobooooboooboooobooobobonbooonoo
uboobobooboooboooobooboobobooobooobooobooboboooboooo
uboboobooboobboobbooobooboo

00000000 Im{%(¢, k)}

Figs. 6.1706.180 000000 2102, 00000000000000000 Im{%(¢k)}0 &/L
000 kO0O0O0O00O00Re{%}00002 0000000 S, =0.166020000000 000
00000000000 (Fig 6.180000)00000000000#x,02,0000000000
000000 k=5000000000000000000000000000000000000
000000 o0000000



6.4. OO 155

Re{v4C.k)}

i RN

k 4 750
a) W = 2L (S; = 0.320, I/L = 2.08, [ = 3.19) b) W = 3L (S, = 0.225, [/L = 2.120 | = 3.63)

r

.

)

-

¢) W =4L (5, = 0.166, [/L = 33.8, [ = 4.70)  d) W = 6L (S; = 0.142, [/L = 1550 [ = 1.12)

[ 1 Computed [ 1 Curve-fitted

Fig. 6.16: Computed real parts of xo directional coherence Re{%1(¢,k)} and their curve-fitted
surfaces at the peak Strouhal numbers of i1 (indicated in the captions).

6.4.3 Eq. (6.6)0000000

Fig. 6.1900 Eq. (6.6)J00000000000ODOOOW =2L-6L000000000 Eq.
(6.6)J0000O0OODODO QQ/QDDDDDDDDDDDDSt:(].OZIleDDD 0011900000
o000z 00000 ooobooooooooa

Y3
Re ﬂ(y§7m)
—a/2 J—a/2 { (3:m)

9 a/2 a/2 (ysim)
G2 = a? —a/2 /y’a e {M(yé’n)

a/2

2 - _
Ci = o e~ f(Atn Atm)} dyzdys0

i

o= 2mf (Atn—Atm) } dysdy

i
000 p;00¢:000000000000000000000000000O0a)-d)0 2000
oo0oooooooOobOo0ooooOooooOo00oDoODwioUODbOOO KeremanOODOOOOoOOO
O000o0000oo00o000oo0000o0o00G,.0¢, 00000000000000000O



156 ged OUOObOOOODOObObOOObDOObDOOOnD

Im{y,(&.6)} a) W=2L Im{y;(§.6)} b) W=3L
1-
05
0
05+

o

Im{y,€.k)) o) W=4L Im{y, &4} d) W=6L
.
05F
0
-05 1

o

Fig. 6.17: Computed imaginary parts of 1 directional coherence Im{¥; (§, k)} and their curve-fitted
surfaces at S; = 0.166.
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Fig. 6.18: Computed imaginary parts of xo directional coherence Im{¥; (£, k)} and their curve-fitted
surfaces at Sy = 0237, 0.190, 0.166 and 0.142 for W = 2L, 3L, 4L and 6L.
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Fig. 6.20: Comparison of directly calculated sound pressure from full computation, estimated sound
pressure with the present technique and estimated sound pressures from 6 cylinders with incoherent

source assumption.
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Table 6.4: Computational loads required for computations with estimation technique applied and
for full computation without the technique (reference case) in case of W = 4L and up to T' = 188.7
including preparatory computations up to 7' = 20.

Process CFD computation Estimation procedure | Number
Processor Hitachi SR11000/J1 AMD Opteron 250 | of meshes
With estimation technique 3.4 days, 772 MBytes 361 s, 40.0 MBytes 1.6 x 106
Full computation (reference case) 21.6 days, 2.3 GBytes — 6.0 x 106
Ratio (Full / Estimation) 6.4, 3.1 — 3.8
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Fig. A.1: (left) SPLs measured at the receiving point at U = 7 m/s. (right) SPLs measured by the
Channel 1 of the enbedded microphones at U = 7 m/s.
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Fig. A.2: (left) SPLs measured at the receiving point at U = 10 m/s. (right) SPLs measured by
the Channel 3 of the enbedded microphones at U = 10 m/s.
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Fig. A.3: (left) SPLs measured at the receiving point at U = 14 m/s. (right) SPLs measured by
the Channel 3 of the enbedded microphones at U = 14 m/s.



171

Case 5-15

Case5-0 L, [dB]

oooooon

B_
S

= 3
4 3

A2

Case 7-15

AN
) R

Case7-0 L, [dB]

N
N
NN

AN

L, [dB]

Lo
o O O N~ ©
—

Case 10-15
Case 14-15

Case 10-0 L, [dB]
Case 14-0 L, [dB]

Fig. A.4: Measured surface pressure power spectral density function versus £/L and S; in cases of
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Table A.1: Experimental conditions of flow velocity U and angle of attack # and peak Strouhal
numbers of the spanwise average of surface pressure spectral density functions, St peak, under the
cases given by the conbinations of U and . Frequency scales U/L and Reynolds numbers Re for

each condition of U are also shown.

0 [°]
Ulm/s] U/L[1/s] Re[x10%] | 0 15 30 45
5.0 357 4.62 0.134 0.151 0.126 0.118
7.0 500 6.47 0.120 0.126 0.108 0.100
10.0 714 9.24 0.119 0.115 0.113 0.105
14.0 1000 12.9 0.119 0.114 0.108 0.105
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Fig. A.6: Surface pressure measured by the base channels (shown in Fig. 4.9) of the embedded
microphones in cases of § = 0.
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Fig. A.7: Acoustic pressure measured at the receiving point in cases of § = 0.
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Fig. A.8: Measured Re(y) versus £/L and Sy in cases of # = 0 and 15°.
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Table A.2: Peak Strouhal numbers of the coherent lengths.

6 1]
0 15 30 45

5.0 | 0.137 0.151 0.126 0.120
7.0 | 0.122 0.142 0.110 0.102
10.0 | 0.120 0.113 0.115 0.108
14.0 | 0.119 0.132 0.108 0.104

U [m/s]
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Fig. A.11: Measured Re(y) plotted against £/L at representative Strouhal numbers (solid lines)
and their curve-fitted Gaussian functions (dashed lines) in cases of § = 0° and 15°. Estimated
values of [/L are indicated in the figure.
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Fig. A.14: Estimated, measured and background noise SPL at the receiving point when U = 7 m/s
and 6 = 45°.
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