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KO 7Z7OEY Fik, 1-80Hz TOVHHEMEOFESA %, 1/8 7 X — T2 I L TEY £7,
F1X 1-80Hz TO GHETOFES &, 1347 X —T iM% Kl L TIEY £9°,

Mo, EHEMETOR KEIX 60.92dB (2Hz). GHMHToORKEIX, 55.42d B (16Hz).

No-W 159.27 |58.97 [60.82 |60.92 |57.58 [56.47 |57.98 |53.35 (52.15 (54.43 | 53.22 | 50.67 | 47.72 [ 45.22 | 45.05 | 48.57 | 47.63 | 41.64 | 41.55 [ 45.86 |max [ 60.92
Hz 1] 125 1.6 2 25 3.15 4 5/ 6.3 8 101 125 16 20 25 315 40 50 63 80

G-W [16.27 |21.47 |28.22 [32.62 |33.48 |36.47 [41.98 |41.35 |44.15 [50.43 | 53.22 | 54.67 [55.42 |54.22 | 48.75 |44.57 |35.63 |21.64 [13.55 | 9.86 |max [55.42
Hz 1] 1.25] 1.6 2 25| 3.15 4 5[ 6.3 8 10 125 16 20 25 315 40 50 63 80

KOV Z7T60.92dBOFTICREZ I BbET, DOV T 7 TiXb55.42dBOFTICREZ I HET,

B Cld, FHEECTORRMMEIZ 88.834d B (1Hz) . G &M Tl1x 77.75d B (10Hz),

No-W |88.34 [69.43 [66.39 [82.26 |71.87 |81.04 |180.49 | 78.65 |80.46 |79.77 | 77.75|70.44 |61.24 |61.25 [69.84 |68.51 [64.56 |55.92 [60.98 |50.36 [max [88.34
Hz 1] 1.25| 16 2| 25 3.15 4 5 6.3 8 10| 125 16 20 25 315 40 50 63 80

G-W  [45.34 (31.93|33.79 |53.96 |47.77 |61.04 [64.49 |66.65 |72.46 |75.77 | 77.75 | 74.44 [ 68.94 | 70.25 | 73.54 | 64.51 | 52.56 | 35.92 | 32.98 | 14.36 |max | 77.75
Hz 1| 1.25| 1.6 2| 25 315 4 5/ 6.3 8 10| 125 16 20 25 315 40 50 63 80

DT T 7T88.34dBDOFTICAEZFIBET, ADV T 7 TIX77.75dB OFTICHREHf B E T,

JFE O T Tk, FHEETIX 74.11d B (80Hz)., G ¥ Tl 77.66d B (12.5Hz)

No-W | 32.68| 34.65( 34.56| 44.81| 48.62| 51.44| 53.24| 54.06( 59.37| 56.97| 60.42| 73.66| 60.6| 58.07| 63.2| 66.76| 69.26| 70.66| 72.43| 74.11|max | 74.11
Hz 1] 125 1.6 2 25 3.15 4 5/ 6.3 8 101 125 16 20 25 315 40 50 63 80

G-W [ -10.3] -2.85| 1.964( 16.51| 24.52| 31.44( 37.24| 42.06| 51.37| 52.97| 60.42| 77.66 68.3| 67.07| 66.9| 62.76| 57.26| 50.66( 44.43| 38.11|max | 77.66
Hz 1] 1.25] 1.6 2 25 3.15 4 5[ 6.3 8 10 125 16 20 25 315 40 50 63 80

DOV Z77TT411dBOFICREZ{ I bET, AOT 77 TIE77.66dB OFTICH A HET,

U R OE K ClE, EHE M Tl 48.58d B (10Hz). G KM Tlx 49.54d B (20Hz)

No-W | 10.27( 14.98| 18.93| 23.52( 28.25| 31.26| 32.24( 37.39| 41.56| 45.56| 48.58| 44.3( 40.24| 40.54| 44.82| 44.34| 34.82| 34.89| 38.84| 31.64|max | 48.58
Hz 1| 1.25| 1.6 2| 25 3.15 4 5/ 6.3 8 101 125 16 20 25 315 40 50 63 80

G-W | -32.7| -22.5| -13.7| -4.78| 4.148| 11.26| 16.24| 25.39( 33.56| 41.56| 48.58| 48.3| 47.94| 49.54( 48.52( 40.34( 22.82| 14.89| 10.84| -4.36|max | 49.54
Hz 1] 1.25| 1.6 2| 25 3.15 4 5/ 6.3 8 101 125 16 20 25( 315 40 50 63 80

DT T 7 T4858dBDOTICAEZI I HbET, £DOV T 7 TiX 49.54dB OIS Zf I H E T,

< ADE, (OITEBORKME) BHlBRELTHET, ZOXMIX 1Hz~80Hz TT 5, BIKEE S
#iPH, OHz~20Hz L X872 5D TY,

WAHRE T O 1/3 F 7 Z — 7T Tld. fEIL o REE O EITH.O B Y 1Hz OFRFIZ KR K EE 88.34
dBIZ2 0 £328, JFE D L OFIEL, 80Hz T 74.11d B2V £,

88.34 /1 74.11 XLV H KX FIIMEIC 2 T2, TRV L EELROITEWEEK TI, 1Hz & 80Hz T
F. REARUEELE 7L LTH, AMRZJEMEE S E 25 T REWRD T,

BOIDJERE BN T T 2ETORBRENOENIROED L HITk D,

12



BN 0.5 1 2 10 20 50 100 200
[EIHA/2 1 0.5 0.25 0.05 0.025 0.01 0.005 0.0025
NEE 102400.9991| 102400.9742| 102400.861| 102400.467| 102400.369| 102400.303| 102400.132| 102400.033
L[IEZEBORIEN 1 SN2 LD & X%,

100Hz 72 & . (KN DJEFIE 0.132 /XA BV 2 2% THIEBFEICA D,
10Hz 72 & . (KNDOE I 0.467 /S A L % - 1% CRUTIBFEIC A B,
1Hz 7 & . (KINOENIL 0.974 /S A B )LEI 2 7-1% CHUEIBFEICA S,
0.5Hz 77 & . (KN DJE 1L 0.999 /XA B LI 2 - THIEBREICA D,

PN

s

TR ECOFEARFEFE N IERNDO T, AMEIZH T DHEMEEO DT REVWESFTH 2 LI £7,
NS ELZ G S AT BIEERFET,
ENENND L E o T, 1Hz K2 REfk L TiEWiF2nwo T9,

B Gl SEHEME TR REIX 88.34d B (1Hz)., G ¥ME<TIiX 77.75d B (10Hz),

No-W [88.34 169.43 |166.39 |82.26 [71.87 |81.04 |80.49 |78.65 |80.46 (79.77 | 77.75 [ 70.44 |61.24 |61.25 [69.84 |68.51 |64.56 [55.92 |60.98 |50.36 [max |88.34

Hz

1] 1.25] 1.6 2| 25| 3.15 4 5/ 6.3 8 10| 125 16 20 25 315 40 50 63 80

G-

W 145.34 31.93 |33.79 |53.96 |47.77 [61.04 (64.49 |66.65 |72.46 75.77 | 77.75 | 74.44 1 68.94 | 70.25 | 73.54 | 64.51 | 52.56 | 35.92 | 32.98 | 14.36 [max | 77.75

Hz

1| 1.25] 1.6 2| 25| 3.15 4 5/ 6.3 8 10| 125 16 20 25 315 40 50 63 80

JFE © T, Clx, FHEMECTlX 74.11d B (80Hz). G ¥4 Ti1x 77.66d B (12.5Hz)

No-W [ 32.68| 34.65| 34.56| 44.81| 48.62| 51.44| 53.24| 54.06( 59.37| 56.97| 60.42 73.66| 60.6| 58.07| 63.2| 66.76| 69.26 70.66| 72.43| 74.11fmax| 74.11

Hz

1] 1.25] 1.6 2| 25| 3.15 4 5/ 6.3 8 10| 125 16 20 25 315 40 50 63 80

G-

W | -10.3| -2.85| 1.964| 16.51| 24.52( 31.44( 37.24| 42.06| 51.37( 52.97( 60.42| 77.66| 68.3| 67.07| 66.9| 62.76 57.26| 50.66| 44.43| 38.11|max | 77.66
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T, WEE L LCREND OEHE & REOBERMBIFORE L~ L E OBBRERI TR, TORE | HES
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bFobls (T/A4T70A) KEHLTOZOEDENEZ “SB~OFE” & L THHEMENRBEDHRN &
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LR 1000Hz D 11 A5 —J) e HMEERoT s FkbangEd.
A
lﬂb&ulﬂw440w440m]:80(d83 & 11-7

g

ZORE T, FAKREFEOTEOT I ALX—OFICK L TORFE L EFHELTWET,
FED2ENFTORS (XX —) BT LD, ZOHETOZIALF—DREZE P2 &
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CEANTIH21dBICARSEERET,
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10. 2 MENTERESZE (REHE)

10. 2. 1 BEIZLIEREATE

JRVHE ORI RIC L TR TS FE A, REEOHELHIET 2ITIE8 DOBENLETT,
BRI DHEWN
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B TO GEMETE L LT 67.950932d B T4 205, 100d B X 0 IRV T,

IS07196 O HF.LJEKRE TD, FHFETOFE L1,

AR (Hz) 0.25| 0.315 0.4 0.5 0.63 0.8 1| 1.25 1.6 2 2.5
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L RERE (Hz) 3.15 4 5 6.3 8 10| 125 16 20 25| 315
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O RENRE (Hz) 40 50 63 80 100 125 160 200 250 315
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5Hz TI!% 69.88=70d B, 1.25Hz T/X 71.97dB T4, &Y XEEOHE, 5Hz T70dB il > TW\&E
D
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10. 3 BEEMNLGRERS (FBEEZLEE)
10. 3.1 BEBESORBFTEEEDLHEA

AR & I O AT & 38 AR o AEAE 2

Analysis of Infrasound and Generation Mechanism
SR

Yasumasa UYAMA

Personal member of Japan Wind Energy Association.

Abstract
This document provides the results of analysis of the sound from wind turbine, and the mechanism of
infrasound generation.

The part of the infrasound near the wind turbine is described as wind noise and the frequency is not
examined in detail. However, when this feature is investigated, it becomes clear that the directivity of
the wind turbine sound, the shaking of the top of the tower, and the vibration around 40 m above the
ground of the tower are related, and it is found that the wind turbine generates directional infrasound.
For wind noise, "Low-frequency wind noise is caused by wind hitting the microphone. This noise has a
louder component as the frequency decreases. In the frequency range of about 5 Hz or less (in some cases
about 10 Hz or less), it is difficult to eliminate wind noise.” It is said,

Even if the wind is strong, the component of 10 Hz or less in a place where there is no wind turbine has
an extremely low sound pressure and no regular wind noise. Even if the wind is not so strong, near the
wind turbine, the sound pressure of the component below 10 Hz is high, and wind noise with regularity
appears.

This is either to think that there are two types of wind noise! "wind noise in places where there are no
wind turbine" and "wind noise in places where there are wind turbines", or to think that infrasound with

high sound pressure is generated from wind turbine.

F—U— N BEEARE., RS, S5 7 b, BliEE— A2 b BOIRE)

Key Words : Infrasound, wind noise, lift vector, moment of rotation, vibration of tower
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Fig.3 : JAH O < T L 7= % (0~25Hz)
Fig.4 : REMHEEAN D E(0~25Hz)
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Fig.1 JFE iron mill ; Max 0.12[Pa](12Hz) Fig.2 Wind turbine noise ; Max 0.14[Pa](0.8Hz)
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Fig.3 Wind turbine noise (0~25Hz) Fig.4 Nagao shrine (0~25Hz); 0.011[Pal(1.1Hz)

(341 0~25Hz #ii T, MEDOI THEHNIZHM ZE SR FORLHIT TR LT (RRKEE
0.14[Pa] (0.8Hz)) & . ILFTOERMEOMEIC~ A 7 2B X AN Y722 RETFHHM LT (RKEE
0.011[Pal (1.1Hz)) ¢t okt Th b, £33 TREDOITL O “BAHET OROSHAMELZFELIET, K405
JEL B 0D VN AT CUEE E DME < AR BEUT R AIME DN EEWNEN S 5, 2 b0 “AME” ORXRBINLETH D,

RIR2FHAPEHE L DRV =[5 TH D,

Energy distribution [0~20Hz |20 ~5kHz Energy distribution |0~ 1Hz|1~20Hz[0~20Hz
Wind turbine 93% 7% Wind turbine 61.3% 38.7% 100.0%
Iron mill 12% 88% Iron mill 0.04%| 99.96%| 100.0%
Table 1 Energy distribution (0~5000Hz) Table 2 Energy distribution (0~20Hz)
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5. JEEHLE ORI H T HE
#£31F, H3IIHRTA2EEDE =L ZOROREEEXICSEEZLDOTH D,

Frequency Sound

at peak[Hz] Rate(1)  |Rate(2) pressure[Pa]
0.2667 1.0000 0.0560
0.5333 2.0000 0.0309
0.8167 3.0625 | 1.0000 0.1405
1.5833 5.9375 | 1.9388 0.0436
2.4167 9.0625 | 2.9592 0.0242
3.2167 | 12.0625 | 3.9388 0.0317
4.0000 | 15.0000 | 4.8980 0.0177
4.8667 | 18.2500 | 5.9592 0.0173
54667 [ 20.5000 | 6.6939 0.0101
6.2667 [ 23.5000 | 7.6735 0.0098

Table 3 Frequencies of the peak values

RREEL 72D & & DM 0.8Hz, 1%, HORERK %2 Repm), B E ZH) &35 & <D f =RZ/60[Hz]
CEET S, MoOAEELE O TENH DM 2 3SR E RS 8T 2HAN S 5,

6. FEMEBOMNEE)
f =RZ/60[Hz] X v . B EHEEIC L > TEILT 5, X8 D Wavelet 277 75, 0.73Hz 7» 5 0.87Hz
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Fig.9 Force fluctuation and side vibration
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Fig.10 Lifting vector and modification
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Fig.11 Wind turbine in balance
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L5,
e E 2 1.23[kg/m 3], B EEC d =1.2, &35 LA Vim/s]lo & &, PR EIN/m]I

P= (V*2,/2) x1.23x1.2 [N/mi]  (4)

ERY | EFROmEN 10[nd]o & X, b 10m T 7[m/s]IOENRR L & x T, JREIZERDY M7 TH DAV
WZh B 11,

. 0.15\ 2
((7 . ((100 +50 *1%1n(a)t n 9))) ) )

2

P =

¥1.23% 1.2 10 [N] (5)

145



ED, ZONFEBED 2 FI\ZHHIT D,

CONZE- TR ENDIEHEEZMEZH L350, HEGfha2 R L 7 L — FoaldgmmoLf 4 2% B
LT XDEEEE—ALFNTHY .,

P % (100 + 50 = sin(wt + 8)) = k * (100 + 50 * sin(wt + 6))*1.3 [Nm] (6)

L% (k=181.24), Z Z TlX

(100 + 50 * sin(wt + 6))"1.3 (7)

DOEDTIZER L TE XD,

T — DT HIL2x/3 7D TEIEEE— A M M X,
o=2m - 0.8/3 &LEWE XTI,

f() = (100 + 50 * sin(wt))!3 + (100 + 50 = sin(wt + 21/3))*3 + (100 + 50 * sin(wt + 41/3))*3 (8)
EFE,
M =kxf(t) = 181.24 * f(t) [Nm] (9)

%, 7 mu—1U VR

(1+x)a _ 1+%x+a(0;'—1)x2+a(a—13)!(a—2)x3+m (10)

o CEHAET 5, (Sin TOREEZRT A, cos THRKE22D,)
B CTOIEEE (0.8Hz DRHAL)
(100 + 50 * sin(wt))™3 = (100%3)(1 + (1/2) * sin(wt))*3 (11)
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Fig.12 Wind turbine imbalance

KE7REAy OmEFEA ., 10%1.003=10.03 ni 72 & THIE. T OB, ROIOE SR Z T 5 HiE,

147



i . 2
((7 . ((100 +50 *1%1n(a)t + 9)))0 15) )

pP=
2

*1.23 % 1.2 % 10 * 1.003 [N] (20)

£0 .

P % (100 + 50 = sin(wt + 8)) = k * ((100 + 50 * sin(wt + 8))13 + 0.003 = (100 + 50 * sin(wt + 6))*3) (21)

%, 0=0DbDNRRENE LT,

g(®) = f(t) +0.003 * (100 + 50 * sin(wt))3 (22)

EEZD, ((8) Xzflioiz,)

0.003 * (100 + 50 * sin(wt))*® = 0.003 * 398.11{1 + 0.65 sin(wt) + 0.05sin?(wt) — 0.006sin>(wt) + -}  (23)

LRV WROEAZMGEMATERIAL TEEST I,

M =k = g(t) = 221955.93 + 139.77sin (wt) — 5.28 cos(2wt) + 308.08sin (3wt) + -+  (24)

5, Zhad, BIEEEE ToO, 0.27Hz, 0.53Hz iy M HEBLT 2RI TH 2,

(3) 0.8Hz. 1.6Hz. 2.4Hz. ... I B iEHL
ROMBIZHERT 5,

mE ; (sinx)™E. EE & sin (mx). cos(mx) (m=1~n) O — RN THKETZX%, (Cos b[AIER)

n=10O%HEIE, (sinx)! =sin (1x) TIELW,
n=k OFFIZARNT D ERET D &

(sinx)**1 = f.(x) * sinx (25)

E*sink  1EGMF A L

sin(mx) = sinx = —(cos(mx + x) — cos (mx — x))/2 (26)

cos (mx) * sinx = (sin(x + mx) + sin (x — mx))/2 (27)

L0, (25) L. EE L sin (mx). cos (mx) (m=1~k+1) O —KRNXTEHTE D,

148



Lo T, (sin)" = f,()IXRDETEIT 5,

fnx) =c, + Z a,sin (mx) + Z b, cos (mx)
m=1 m=1

(28)

(sinx)™ + (sin (x + Z—H))" + (sin (x + 4_n))n
3 3

(29)

EZDHICiE, 1 ko

2m 4r
sin (mx) + sin (m(x + ?)> + sin (m (x + ?>)
(30)
WZOWNWTHFHANIT N Ll D,
m=3k, m=3k+1, m=3k+2 (k=0,1,2,...)
DB F T TERD,
m=3k D E L,
sin (3kx) + sin (3kx + ()Z—k) + sin (3kx + %) = 3 = sin (3kx) (31)
m=3k+1 DA X,
6rk + 21 12k + 4n
sin((3k + 1) x) +sin| 3k + 1)x + E— + sin ((Bk + Dx+ T) =0
(32)

&% (m=3k+2 DHE LK), Lo T,
fo () + fu(x + 21/3) + fo(x + 41/3) (33)

21X, sin (3mx), cos(3mx) O L O RO E BRI TNES, T, 0.8Hz LV KX EH%. 1.6Hz,
2.4Hz, 3.2Hz, 4.0Hz CY— /Ml L 52HHATH 5,

(8) (9) Hicix, (10) OEHAXZESLTH,

EHIAE L | sin (Bmwt), cos(3mwt) DIE L G L 72\,

B 7= FoHNC L5 0EN EBERICRESAMTTDEDO NG H-> TR TICm»> T LR %,

149



Bk o THRENRRS DT, 7 L KOBAREILINS )& RIS SE S, 3HOT L— ks
FERICHETRENZE L TWTE, 3*R/60[Hz] D IE T, 2*%3*R/60[Hz]. 3*3*R/60[Hz]. 4*3*R/60[Hz].
LOENDBEAET B,

SBIC, THOT L— FRS LEFRE VEES, BUCHT 5 RS0 2 &b LT R 3B A1,
B D Z & T . RIG0[Hzl DMz . 2*R/60[Hzl. 3*R/60 [Hzl. 0N b3 EN 5,
TOARBICERTRIE. Bowy 0EREN LAY . BoAE COESNEE S, TR, AlENA KX
IRTY T 5 7 16 ~ D 2 5 o 1 RS B 5 43 % AT 5

A 2 AR F D 7 L — K ORI R 5 ORB TR AT 5 & RME” L E o TR AL,
“HE D RIS SR EET S OTH 5,

B4 1 CEMES 2T, KSR D ORISR SRR T, F OB L KO BRI 2 0
BT H 5,

OB 2 > DKL, EEICH T ERBO L5 B4 A—D&E 1 3ISRT. TR, BN OREE
B a0 T, RESOREES L LTo, BINDBERRAET 5 IHH 5 ETHRR TH S,

0:0202:40  HT

Fig.13 Image of Wind turbine noise
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IS ARUE Fa>) SHERE ST REE ¥l SEE NN - RE hnaRE TR BOEEEd  ReY  RTY
0 102401 80384785 05000000000  0.00003925 102400 8.0384 1 7.85E-05 0 0.05233333 6.5417E-05 4.08854E-08 0 000125
1 102401 80384785 04999999591  3.925E-05 102400.0084 8.03840066 0.99162667 7.7843E-05 6.5417E-05 0.05189513 0.00013029 1.22314E-07 0.00125  0.0025
| 2 102401 8.0384785 04999998368  3.925E-05 102400.0334 8.03840262 0.96657677 7.5876E-05 0.00013029 0.05058418 0.00019352 2.02376E-07  0.0025 0.00375
3 102401 80384785 04999996344  3.925E-05 102400.0749 8.03840588 0.92513015 7.2623E-05 0.00019352 0.04841514 0.00025403 2.79719E-07 0.00375  0.005
| 4 102401 8.0384785 04999993547 3.92499E-05 102400.1322 8.03841037 0.86784356 6.8126E-05 0.00025403 0.04541715 0.00031081 3.53026E-07  0.005 0.00625
5 102401 80384785 04999990017 3.92499E-05 102400.2045 8.03841605 0.79554369 6.245E-05 0.00031081 0.04163345 0.00036285 4.21034E-07 0.00625  0.0075
6 102401 80384785 04999985806 3.92499E-05 102400.2907 8.03842282 0.70931654 5.5681E-05 0.00036285 0.03712085 0.00040925 2.90007E-08 ~ 0.0075 0.00875
7 102401 80384785 04999985516 3.92499E-05 102400.2966 8.03842328 0.70337617 5.5215E-05 0.00040925 0.03681002 0.00045526 2.87578E-08 0.00875 0.01
| 8 102401 8.0384785 04999985229 3.92499E-05 102400.3025 8.03842375 0.69748653 5.4753E-05 0.00045526 0.0365018 0.00050089 2.8517E-08]  0.01 0.01125
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[ER#E |0 ~20Hz |20~200Hz |200~24 k Hz |0~24 k Hz |EfI

EEEE | 1.76E-07| 8.08E-08 1.80E-05[ 1.80E-05|W/m2
fett 8.23E-06| 3.91E-07 2.12E-07| 8.83E-06|W/m?2
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