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1.1 KD =

TutRTT U FRIZBWT, BEATI R E T~ v EHK) 0.5 DL EDO &I
WELEIRBI S RA L, B2 - BEREOBAOOME L 25 FEEERH 5 O, FRITE
DREF R FH O FR D B BB REE D KAL) DERET 2R H 0, B@E A STV
% BLE ORE— ROEE) (Beam Mode) (ZA1xC, EEE M OURSE) (Shell Mode) 73
M ER2GERS 5. BEATH 7 & CETtEIZ VI AT HEEIRENC DV T,
MADEAUIED T o F LRIENEEIAENFE AT DN ERE) (Flow Induced
Vibration) ¥ 33 L O Fp7e & CHAT 2 KEEFIC & 0 Bl BEM MRS 9~ 2 5 2 i
# (Acoustically Induced Vibration) 2SN TWE @ 2D o b, T8 NipE 14 H,
(ZPENFEAET 2 IRBIRI L IRENC DU T, RO FHIIRE SR O MRS & f it L 7= 45
PGS TERY O RO T IRECIEARE V& i 2 AN TR 22 S 1B L CRE
FEPHSL S TWD OO —J5 5o 2 MRE O T EATIC O W TIESERRP = LR (I
BWT, EBRTHE LI E LB D Power Spectrum Density (PSD) % =T v ¥ Ak
BEATIC LY, TORBEENRBE LA TE22L000) F7-, EEFIZBW T
CFD THENZ#ED PSD Z5HAE L, &M & B THESEL Z &I2kY, o
FLAVICERN LI RESE DGR TE D Z ERMEINTWEO. LnLans, BES
WESCHRAET DMNOELIVCER L= T v & LR &, Bl 8 7 m OIRENSEIZD
W TRRE S AV BN R Y 72 & 220 B AL IREN I DU TR o Bl A 4R =45 7%
Carucci B L Muller IZX W EEINTEY, 2 b OEEMEFFI) HEE ORESS
B E DR T A — 2 & W e B AR EIRB) Ol T IENREZ I THE Y, BIfED
T RRHTHLINLOBRFTFENEHIN TS, LLaRs, ZihoEEj)
FLHREN OO T 7 113 FL Tl FEM 72 E OFERBEATIC & 0 a3 1oL 2 F61 6 & 2 73
0AnNAANANAS) - Z > & ARENER G 72 L D BRI S E SRR S e FE AN R 7
B2V EDIz, FHHERHERE)OFAM A U CHERI e RE &2 FEiE LT, BlE R
72 IR A OV TTRETT AR ERH D LB XD,

1.2 ER4fzEo BB

AT TIXT T v N FH R OBELE B FHZ B W CRIE & 72 DB b R B i > Tt
SRR ETT 2720, 7 04 AREEGR ) OB EIRS) & IRENS ) OB A8 <. F
7o, BERERENIIZ 25 P2 T D @i OELIICHE S KEEFICER L TR, iR
T o LRELAVCER LTV D &0 9 STl B phE IR E) & 2 ph i iR Eh X m
LTWAEEZ LA, BEBERENICS LT b iRBIEERENI 3 TR M
A SN IRENS S ORI ik A L C, SRR IRENC LV AT A IRENS )IC oW
TR 5.




1.3 RO E

XL OIT, BIFFEDORIGIZ DN TERE RS ZT D720, RENTER L 7Bl E S
W OIRENZ I T, AFFREOXIR & 72 2 iRB R RE 3 L OEERhERE Y, kD
IRNEEATTIZ & D D)% BN B EIRB) D 3 B E > Tik~ % (35 1.4 #i Jishphi s
DIy E AIE DX % S IR)

H2EmL LT, BRICBWTEH SN TV D iHEFE & ZORBEMSICOWTHAT 5.

H3®WE LT, AIRELE CRAET HIENR IR OIRBIL 1% 7 & AREN R & H
WTHERRIIZE X, EBREER L OlIRAIT O 2 & TEOZEMEIZ O W THRFTT 5.

AT L LC, 53 CME Lo RBIREIREN R R 7 S iIREG ) OFHili ik 4, R
D EAER X ORISR 2 OV CTER L7 EZRER L RTS8k, 20
W OWTRET 5.

BEELE LT, H3EBLOE 4 ZEICBW TRl S =B R B 2 LK 3 2 IR E)
S SRR 51 A S A DR BN b A S, FEENEIEEhC L Ch MU E SR S48
AT C & 2 Hil £ OBLVE IR FE] & Db, EBRIZ L 2 FHNE L OS5 R EEE TR
ITWIRETT 5.

FeEmEL LT, AFETH LI ma i L

1.4 JRENEEIEE) D5 FE & AAFFE D%t 5

BB IRED & I TFARISEER L TREIDS AT IR OMHTH 0, FLh OFRIFIC &
DT HEK 1L OXHTRD O Z I TIRERN, FEEFW, RO
MG L, TNENHER SN TV LK MBBEIREIZ 2 LI bOTH L. EH IR TOIR
X, BRREROMEH TR SIREIZMHAEIENL, KET5bONERTHD. I
TEFTTIE, IRENECELIT 2R & DN DOELN I HED 2 IRE) S ¥ 5. “HITEE &0
F72 % 2 DO TARRIE L CTHiAL 2 72912, B & O RFEAYZE B )3 IEY) ~ O Eh =R
&L THERT 21320y, MHELZ M) S8R, ENEBNHRE L 25 b0 THD. 20
KO IZIRENEEAREN N & Lo B BRI B (T D72 2 7%, AWFFE TITm i O ELAVITE ]
LEIRBZH 0 72D, XM 11 NOFERBIEIREIN MG L b LE2XbND. £,
EREERENC OV T 1.1 WTIEIARENTICER 2R EALEM T BTV 5723,
ZAVINRENFE S & o TRAET 2 ENDEEHDIMBYFNERZ2 & THERIZIE L THEE L,
REVDS IS DIRBIBGR 2R 7200, AWFFETHY 4 5 REEH (T & 0 iRl Bl 2R
B LBHRICW - 28IR L1380 2. AWFE CTI]D 8 0 BERERENIIZ 270 H 02k
D E TR DEAVUCER LI KEFICERT 22 L2525 &, AR TG LT 2iE)
ke HREh & R U<, SLIRBHERENGEVLEM T &b & BF 2 b b.




Fluid and flow Flow field Vibration mechanism  Example

- Vortex induced *Resonantvibration
Single- vibration (VIV) *Forced vibration
phase flow
External Acoustic +Acoustic resonance
flow Resonance «Cavitation
Steady
flow Fluidelastic *Wing flutter and galloping
vibration Fluidelastic vibration of tube arrays
: «Compressorsurge
.Pump Surging
Internal flow
Vibration of *Piping, bellows, collapsible tubes
piping
- - *Vibration due to internal fluid
Forced vibration oscillations
Pulsating
flow Acoustically
induced *Combustion-induced vibration
vibration
Unsteady Turbulent Random «Buffeting
Flow flow vibration «Vibration of reactorinternals
Suddenchangein | | Pressure +Valve vibration
flow pulsation *Waterhammer
Bubble-induced Sloshi
vibration *Sloshing
Two-phase Thermal-hydraulic with * Vibration caused by
flow vibration with phase change condensation
eInstability caused by boiling
Vibration of piping by two-
phase flow

Fig. 1.1 Category of Flow Induced Vibration*®



F2E FUROFNGIE L Z ORER

ARE TILBUIR O F 2 RhE IR EN 63 2 57l 5 1E OEEE & 2 ORIBE A DWW TRE S
5. ZZC, AWELE CHRAT D ELUCER L7 BRI IRENC DUV CTIXRTE Tk~ 7
EBVBRZOLON L HMONTE LT, —MRIRFHITENEE LR\, il
RS OFEM T IEIZ OV T 3 BB L OFH 4 BICBWTHRT 20 E L, KET
IXE RS ECRAET D RERS ICRIA U723 25 IE S o BUIR OFFM 5 1k & 2 o E
SUZHOWTCHAT 5.

2.1 FEREIRE) O R E HRA 2 B R T

FLE TR LB, ESOT T MG CIIRRFEII R ZE R GRS N KO8 b
FOHRLL L T AEPNH D, 0=, BEEMEE R HEEORE— R (Beam
Mode) DIRENINZ CTHEE O JE J717 (Shell Mode) DOIRENARHEIC/R D Z 2R3 H 5. K
2.1 \ZIEEE JE 1 OBV E — RO—fl &2 ~7. BERERECIXX 2.1 o X5 72E)
[ OIREITE— FOEEBORKN L 225729, K 2.1 1SR oIER IR 2.2 (2R
B AR — b o — OBHGE T2 &, MEE ARG B W TS BT LoD #E T
SR 7R BRI & 72 D 207, BEMEIRTZBL LT 572012k, REE
[ — NIZER L7 BAEIS I 2T SE 5700, N EE s ) 5 /5 O R E %2 8
M 27, X 231277 &9 72445 (Full Wrap Reinforcement) %17V Bl J& J5 7)€
— REMfT 2 0ER D D.

Typical failure point due to AlIV

/

Fig.2.1 Example of the piping shell mode
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Support Shoe

Fig.2.2 Example configuration of support shoe

Full Wrap Reinforcement

/

0 ]

Fig.2.3 Example of full wrap reinforcement for AlV




2.2 EPERHECIRENC X D Bl DR S

# 2.1 12 Carucci 3 X OV Muller @ (2 X 0 5 S v 7= S8 hE IR NI L v Bl 2SR L
T2HE G L Z OiEIRSE 2R Y. £, 2.2 121X C < Carucci 3 KU Muller (2 X 0 #
XN BUE DN FENEIREENC X VR LR o T & OEESL AR T, X 2.4
(2R & 912 Carucci 38 KON Muller 13 210 & OEERFE R 26, AR EX (2.1) 12
L W H &5 Sound Power Level (PWL) @iz X 03B+ 2 = & ¢, HERHERENC X
DR SR A FTREME A TE D L LTV A, 2O 2.4 R AT HEN RIS
R INT-FEEIRE OFE 1L L B 2 5D DS, ARekli 75 TEE WE G < Z
A—HE L TEBINTWRW, BERRIRENC X 0 RAET 287 IR ORE) G /11
FERAEICL W EEBELZT 5 EEZLND 120, Rl T3E I F 2R R IRE)C X
HEEAEOAREEEZ M CEX 20V EBE X O, BUETIEER STy, LnL7
73 5, Carucci 38 KUY Muller 12 £V #E S 72K 2.1 B RO 22 IR S5 HERER
B2 L 0 BLAE MR L7 0 L OHR L7220 > 72611, 777 > b INCTORE 653
HEDOMBREEOBEANP ORI WI L E2EZDLLEFICEETHD. TDD,
24 \RTEHME G EIFBAFH SN TO RSO0, BT iEEZ BT 5 ETERRE
N5 EERRRENC X 2 EVE RS HIE Carucci 38 X O Muller 238 L72K 2.1 B IO
F22ITRENDIHEFILSMNTIZ L A LR, ZNHDOREHRBFEFNBRETHLEREN
TWn5%.

Py w

3.6 1.2
PWL=10|og{MF2x[MJ X(MLJ }+126 (21)



Table 2.1 Piping failure example due to AIV reported by Carucci and Muller @

PWL
Upstream| Upstream | Downstream | Mass Flow | Downstream | Thicknes 12
Data ) M.W . ) (re. 10 ) )
. Service Temp. Pressure Pressure Rate Line Size | s of Pipe Failure Experience
Point watts)
K] [MPaA] [MPaA] [kg/hr] [inch] [mm] [dB]
Propylene
A |Compressor 39.80 319.3 2.055 0.1586 107805 24 6.350 168.5|Failure during startup
Recycle
Failure in 700 mm (28
gy [Natural Gas 2310 379.8 4275 06274 174954 10| 5563 170,9|"ch) header modified
Pressure piping, complete system
redesigned.
Natural Gas
B2 23.10 255.4 0.5171 0.2068 174954 28 7.925 171.4
Letdown to Flare
High vibrations, no
Natural G fail . Based th
c | aurates 2290  308.2 4.757 04137| 172670 16|  6.350 171.g| o ores: Based on omer
Letdown to Flare experience system
modified.
Nitrogen Failure during startu
D |Compressor 2800  310.9 0.6964 03723 433960 24 6350 168.3| e curing startup
modified system
Recycle
. High vibrations, no
Nitrogen failures. Based on other
E |Compressor 28.00 310.9 1.682 0.7033 307426 18 6.350 168.8 ' " )
system modified using low
Recycle .
noise valve
Failure at severely
undercut weld on 300 mm
Natural Gas (12in.) line made to fasten
F |Compressor Gas | 27.70 330.4 5.109 1.386 127904 12 5.563 164.9 : _
Recycle conduit support clip.
y Paints of high stress
concentration eliminated.
Failure in 450 mm (18 in.)
Desuperheater
G Steam 18.00 802.6 9.997 1.034 133751 18 6.350 175.5|attemporator, complete
redesign of system.
Cracks through pipe and
Desuperheater ad at transverse guide
H P 18.00 658.2 4.309 1.034 166732 20 6.350 163.9 P ) 9
Steam and | pipe around

pressure tap.




Table 2.2 Example of AlV with no piping failure reported by Carucci and Muller @

PWL
Upstream| Upstream | Downstream | Mass Flow | Downstream | Thicknes 12

Data ) M.W ) . ) (re. 10

. Service Temp. Pressure Pressure Rate Line Size | s of Pipe

Point watts)

K] [MPaA] [MPaA] kg/hr] finch] [mm] [dB]

P

g |Process Gas 2860 3082 1.317 0.1034 98212 16| 6350 1659
Compressor Recycle

p |Process Gas 2860 3115 3.875 1.000 50339 12 5563 156.6
Compressor Recycle

3 |Propylene Compressor |y qnl 5465 2.055 0.3241 45680 16 6.350 156.0
Recycle

4 |Process Gas 24.80  300.4 0.2482 01034 | 126077 20 6.350 161.3
Compressor Recycle
P

5 |Process Gas 2380 3109 1.586 0.2206 91817 16| 6350 165.2
Compressor Recycle

g |Trocess Gas 2140 3009 3.944 1.551 74915 10, 5563 158.3
Compressor Recycle

7 |Propylene Compressor | ) 51 5409 1,669 01379 | 137954 14 5588 166.6
Recycle

g |Propylene Compressor | 4, 1 5409 1,669 01379 126990 20 9525 165.9
Recycle

9 |Waste Steam Dump 18.00 4037 0.2758 0.1034 68520 16| 6350 160.5
Process Gas

10 28.60| 3026 1.069 0.1034 75829 16|  6.350 163.2
Compressor Recycle

19 |Process Gas 1400 3082 5.481 2.751 33164 12 5563 150.5
Compressor Recycle

1p [Natural Gas 2060 3082 0.3792 02482 | 143802 36| 7925 155.4
Compressor Recycle

13 [Natural Gas 2060 3082 0.6481 03999 142078 36| 7925 157.2
Compressor Recycle

14 [Natural Gas 20.60| 308.2 1.145 06757 141151 30| 6934 158.1
Compressor Recycle

15 [Natural Gas 2060 3082 2179 1165 130645 26|  6.960 159.4
Compressor Recycle

1p [Natural Gas 2060 3082 4075 2199 130188 24| 6350 159.2
Compressor Recycle

47 [Natural Gas 2040 3082 8.012 4089| 128361 20 6.350 160.1
Compressor Recycle

1g |Natural Gas 2040/  308.2 17.30 7.908| 128361 16|  6.350 161.5
Compressor Recycle

1o [Natural Gas 2070|3082 0.3861 0.2344| 134756 36 7.925 157.3
Compressor Recycle
Natural G

P N 2070|3082 0.6205 03930 133386 36 7.925 155.9
Compressor Recycle
Natural G

21 |Nauralioas 2070 3082 1.062 06274 130645 30| 6934 157.4
Compressor Recycle
N

gp |Natural Gas 2070| 3082 1.972 1062 119682 26| 6.960 158.4
Compressor Recycle
Natural G

g3 |hawraiias 2070 3082 3.682 1979 119225 24| 6350 158.4
Compressor Recycle
Natural G

24 |NowralEs 2070 3082 6.447 3696| 118996 20| 6350 157.3
Compressor Recycle
Natural G

25 |Lowuralioas 2070 3082 13.95 6.453| 118768 16|  6.350 160.7
Compressor Recycle
P

26 |Fropane Compressor 4400 3082 1207 0.09653| 182720 18| 9525 1689
Recycle

27 [Steam Desuperheater 18.00 658.2 4.309 1.034 166732 30 11.151 161.2




180 T 1T 1
A Failure
@ No failure
175 A G
@ 27
Y B2
A N pc A
; 170 26.
e \ E A D
g @ s Recommended
— 165 AF > \“\ design limit
% 10 H\ K
< o8 T
c P 17 16
5 100 9 @ 15—
I3 @ 6 @ 22 : }%\\_ 19
. 24 23 . 18
@2 @3 20
155 . 12
150 @1

250 300 350 400 450 500 550 600 650 700 750 800 850 900 9501000
Diameter [mm]

*Point F failure attributed to severe weld undercutting at a small connection. No abnormal experience after
quality welds achieved.

Fig.2.4 Safe Design Limit based on experience of acoustically induced vibrations ®



2.3 DIt Z AW E 2R E RS O R S 14

RIEICR L72i@ Y, EERERE) 2 M UNCFM T 5 72 0121%, IR OFEEE LT
? PWL XL, BEMOMEE T A—& & L TRAE ﬁ%tf?ﬁ<%mﬁﬁ%%ﬁ¢
LZENREFELV. 2D, BURIZEW TS HEH ST 2 B RNE IRE) O FH
I DIt (D:EVESME, tEEAIE) CREINIEEERLEWNEOBIUNX (21) T
RENDH PWL ZHWCRHMliE D Z &%, REICIEBURICBWTHER S Z &
D2\ DIt & R\ T2 SRR AL IR EY O FHM 7 150D 5 HAREM 72 2 D ORIl IEIZ DWW TRl
H3 2.

2.3.1 Carucci 3 5O Muller D=4 % & &2 UT- 3% 21 ghfg

%5 2.1 filZ R L7z Carucci 38 X O Muller (2 X 0 4 S 7= B2 b e IR S K 2 R R
Bz b SRR SN @A X 2.5 (R @0 X 2.5 (RS EHH#R I D/t A
RELSBRDEFESIND PWL WNEL 2D, THRODLERICK L THENEL 8D &
PP PWL 23/ N &E < e ) R RDERIRENC X VR T S lietEn m< e b 2 L 2R LTV
L. Fiz, K251 X0 oREnHEEEHIRRIE DIt 23 70 LU OfEIRIZF5 T DIt OEEINIC
PRV AUCEFA PWL 2ME F LC, DIt 28 70 L EDOERRIZ 72 5 & FLBRAIFEo M7
HPWL DT EL92725T0D. 2O X )G EZRET 22 iz L vX 25
T KD ITBLE DS E AR EIRENC X 0 R o F 0 &, B MR L 72 WG A B AT
KRBT D EMTEDLZENGND. K25 IR Tk RFHARITX 2.4 (2R3 3% G R
ERRY, BEERE T TARLLEEREICOWT L ZBR IR, X 2.4
(R Rk TR K 0 SN E B EIRE 2 I CE TV D EEZ HLD.

10



180

175

170

165

160

Sound Power Level (PWL) [dB]

155

150

| | |
A Failure
@ No failure
A G | | |
® 27 .
A B2
Design curve based on
the failure examples
A D :
reported by Carucciand
AR\ Muller
: —
@ 1o H
18
838 98¢ o~
. 9 L7 :Eg (\
6 2 9
" @ 3 . 20
2
@ 11
20 30 40 50 60 70 80 90 100 110 120 130 140 150
D/t

*Point F failure attributed to severe weld undercutting at a small connection. No abnormal experience after

quality welds achieved.

Fig.2.5 Design curve for AlV based on the failure examples reported by Carucci and Muller @
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2.3.2  Energy Institute (EI) guide line {2 & 5 a%aFFiE @

W5 2.3.1 €l L= g% BRI N2 T, El guideline |12 L W IR SN TV HikeFFiEO
DR IR B EIRE ORF FEDO—>2 L LTHWHTWS. Z 2, Elguideline
LlET e AT T o N TRAT HEREREBIS 4 h%ﬂ%&bt@ﬁ&#%ﬁf%@
TGN IREN 21T T2 < S E DI B TR T D HMIRENRC, 111E 8 E Mk )E 1
AT DENINREIC L0 EEPIRET 28570 ELICD T 2B ERBBLZEIZHOVNT
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guideline N CZ ORI T ENFEH ST 5. El guideline OFETOK5# L LT, B 5
Bl IREhEL S % L C IRl — DR FfifEEE Likelihood of Failure (LOF) % T4 e %t
MiEERELTWD Z EIZHY, LOF 2805 L0 k&< s LIREN 2K 2 720 D
FEH L TGN EE LS, LOF N 1.0 22 5 EEEMTR Y L < IXFRFHAME L
L CW5%. El guideline TiX PWL OFHEIZI W TIXATHET 2.3.1 127930 (2.1) 12X 5RF
liFE & R CRFRRAE AV TW DAY, DIt 23524 PWL OFFfi 51443 LOF 38 X OY
BEZ 4T 4 780 B 558G A WD Z L1272 d. X261 25 TRL
7= Carucci 35 £ O Muller 283t U 7 B2 bR BN 1T L 2 Bl & R 011> DI S 7ok
FHifiR &, El guideline 23#2£4 7 DX atHift O bl 2773, X 2.6 725 El guideline (235
VT % Carucei 38 KU Muller 288 L7-RIE A 2 & L IZRE SNk tiifR & R L <,
Dt BRE L 2V EERICKT HEERNEN S 72D L 7R PWL 23S 720, 528
EIRENC L DR O AREENE S D L OIFHMEL TWAd Z bbb, £7-, Rikd
& Y El guideline TIXILOF B X OEE 7 1 v 7 4 71T X0 B HaEHiifR 2 v 5
2%, LOF 7305 L0 & K&\ & & OFFA PWL 1E, Carucci 35 X O Muller ORFHE 6 % ¢,
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DFFE PWL 1 Carucci 3 LT Muller DIRFEFHI 2 & & 12 LIcikatlif L 0 b R&E <7
5.
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-== El guideline for LOF > 0.5 without weldolet type fitting

=== El guideline for LOF > 1.0 without weldolet type fitting

——El guideline for LOF > 0.5 with weldolet type fitting

—El guideline for LOF > 1.0 with weldolet type fitting

Design curve for AlV based on the failure examples reported by Carucci and Muller
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Fig.2.6 Comparison between design curve of El guideline®™ and design curve based on the

failure example reported by Carucci and Muller®
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AVFETTHDLID, BERNZ OB A, _igﬂ“ﬁbtﬂ?@b%fﬂﬂt
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FHE o TWRWHEEMED B % .

2.6 |27 El guideline |2 X V2R SN AR EHIIHRIZ OV T  EERRY R RIS E
guideline NIZBW T/ RSN TE BT . ¥ 2.5 12777 Carucci 35 & O Muller (2 X 0 s =
AT EANRARENC X 2 EE MR FH A & &2 L72ak G iifR & (7 U <, 2 oo FH&apH I
DWTHRE SN FHNIMER TE 220, %0)7‘:&’), X 2.6 |Z7~k3 El guideline (2 X %%
FHERFRICBI L Tb L D WUk GH &2 FEhi 2 72 DT EGmO RSN EE L e B %
bhb.

F£72, PWL OFHEFIEIZ SN TS Carucci 38 L O Muller (2 X 0 s s in==0 (2.1)
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(3)  HAE—MRAUIZ AW B AL TV D R 5 11E Carucci 38 X OYMuller 12 X 0 #4E S 7z
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3.1 HE

F1IETHHA L LBV, BIEHOEIUCER L= m@hE e T o 4 2 R8 & L
TS AR & S BUTRET SN FHIE S 2 N OLFELE % R I S - FH61iT
. F, EVREOELAVUCER LA RELE IS BT DI IREI 054, RiERE
DOBLENSEENERIEL TS Z &b H Y, BH O TS RE— FOIRE) (Beam
Mode) 7217 T7p < B4 8 718 O4ES) (Shell Mode) 23[HEIC 2% Z & B2V, D=,
A EE (28T D BNl IR & 5 G USRI 9 A 7o oL, lmE AV BT
% B — ROEETIE7e < W9, B 8 5 ISk 2 il SR o FF i & o de 4~ 5 3
WD, TR TIXETAED 45 ETRERN 4 A F, DIEEREN 15 A~
F OFEE % XHBA, FUE NS @it OFe iR 2 it L CECE 8 7 N2 38 246 9 2 i Bh it #2
B OBMICOWTREF L. £72, T 0¥ A EBFHRZ G & TS SV CE HmIic s
AT 2 TRENEI LR O FF I DWW T O RETE ATV, ARFEAM 71k & SRR R % b5
%2 &ET, R TFEOBEYMEIZ OV TR ETTo 7.
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N HH100mm FHEDOE AT (TPA4) 2338 L7z, F 7=, X 3.1 (29 3268 % Tl, Restriction
Orifice (RO)(Z L D IBEH 6 L OBAE SR D 2 &S, IRIE DR IK & 72 5 it D ELiL
MRETLEIMNDH D720, ELOLPIMRFOEERK L 72> THWDI0RND ZEE2HI
& LT, BEAWRERO Rl (TPAL) &EVEGIE O Tl (TPA2~TPA5) ([ZZiLZ
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ANTENENEH L. EBROFIEICHOWTIEE 3L ISR TERSEAL S L1z, O~
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Table 3.1 Experimental condition

Main Pipe Inside Diameter [mm] 110.1
Main Pipe Wall Thickness [mm] 2.1
Branch Pipe Inside Diameter [mm] 45.2
Branch Pipe Wall Thickness [mm] 1.7
Fluid Material Air
Measured Pressure  (TP1) [MPaA] 01-29

Table 3.2 Specification of restriction orifice

Symbol Dimension[mm]
Pipe Inside Diameter 151.0

tro 8.0

h 0.8

d 8.66

P.C.D.R1 39.1

P.C.D.R2 87.4
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Fig.3.2 Experimental setup around tee connection.

101.6
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Fig.3.3 Overview of experimental setup (1)
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Fig.3.4 Overview of experimental setup (2)
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Tap for
Pressure
Fluctuation
Sensor (TPA4)

Fig.3.5 Measuring point of strain for circumferential direction.
The strain gauges were attached to the half side of the pipe.

4xd ' Flow

Pipe Inside
Diameter

Fig.3.6 Configuration of Restriction Orifice. This orifice is installed in order to determine the
mass flow rate with TP1.
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3.3 BIAEIZH T D B R E) O Fr ik

331 ENEEHBILOWMEIRIOT X LM

X 3.7 B LUK IBIZ=T F ¥ L SNOETIH LAMPaA O & & [Tl S iz B 1458
CIRE) (BOTH) OFRSRIER 2T nEhurd . X 3.7 BL O 3.8 12 RT KRS
s, BUENOENZEER L ORARELT v 4 SRR L T, AEBR
THRAELTWAIRENI T V¥ MRE ThH D NI T 5. 3.9 BXLUK 3.10 ()£ S/
BEh EIRBIO R A & T EHURT. 26 OEEIAR T IER SISV EIRE A L
TWDZEeBbmd. 7 MREIOERSAMTERNMIC D 2EETH L@
X 3.9 705X 3.10 12 L 0, AREBRCHEMN SN ENEBR L OEENLT v ¥ AleitEs
BLTWAHZENGND. Fo, %hidT 51X 3.15 \IRTIENEEHDO ALY ML TIHIA
HHED 2T MARBHISNTEBY, ZOZ 0L ENEIHNERICER LT 4
LR DTHDHZ Enbhnd. £ IITIFFHI SN E I Z B L OIRE 0O, R
sZ3MELIMEE LT 3s il KOBRE R KMEL i L2 b D% Rd (22T, s i3E
YR 22, 725 RMSEAZRY). 3 3.3 0 DBR KE & 3s EIT T VEZ R L
THEY, 77 LRHBOEE, RMSED 352 HWDHZ LT, O KIMEEZERTH
TELHZ bbb,
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Fig.3.7 Time history of measured pressure fluctuation at 1 diameter downstream of main
pipe from the impingement point when the pressure inside air chamber is 1.4 MPaA.
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Fig.3.8 Time history of measured strain at 1 diameter downstream of main pipe from the
impingement point when the pressure inside air chamber is 1.4 MPaA.
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Fig.3.9 Probability distribution of measured pressure fluctuation at 1 diameter downstream of main
pipe from the impingement point when the pressure inside air chamber is 1.4 MPaA.
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Fig.3.10 Probability distribution of measured strain at 1 diameter downstream of main pipe
from the impingement point when the pressure inside air chamber is 1.4 MPaA.

Table 3.3 Comparison between 3s (s: Standard Deviation) and instantaneous maximum value

3s Value Instantaneous
Maximum Value
Pressure Fluctuation
88.7 kP 87.0 kP
(TPA4) @ @
Strain 94.6 u Strain 94.6 u Strain
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3.3.2 BEIRENO R

#3412 B WWRTHEY v 7 OEAREESHEOHEX @ 2T, REBRIC
R LZEE O, FFRoOBAERSNZHE LEREZRT. 22k, 1IZoW»WTLY »
THNOBMNES Y70 EH 2RE— AL R LT I=t3 /12 [Tk vEE LTV, %
7z, M3ALICEHI SN 2k E 3RDJAFIIE— REEREhRT. K31l 02 RkeE
SO F T — ROBEREEE, X 3.1 THREEINIHEY v 7 OBEEEEE & T
a2 LTRY, KRERTEHSNIEEE, AEY 270X 5 7% 2 RITHRZEE 2R
T EMRMERSN. 2, K 312 IZFH S AT MO O AR X O T o 0
FD PSD ZLLE L= b DA RT. [ 312 2 BJEAF RO OTHA, #hF OO H LY
BIFEDHPICKRE L, RER T SN IIRENIE H B TH D Z LRI, L
2o T, AREBSRICE D B SN2 KB R IREN, 2 Kook @h 2R, 51

KENVTH D Z LRI,

¢ _2n-(n*-1) El
" z-D? (n*+Dp,t

Table 3.4 Natural frequency of shell mode for tested pipe

(3.1)

Calculated Natural M d Natural
Pipe Pipe Wall Young's Pipe Material Mode aleuiated vatura casured atura
Diameter | Thickness Modulus Densit Number Frequency of Shel Frequency of Shel
Y Mode of Main Pipe Mode of Main Pipe
D t E Lo n f f
[mm] [mm] [GPa] [kg/m’] [] [Hz] [Hz]
114.3 21 209 7980 2 406 400
114.3 21 209 7980 3 1147 1170
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Fig.3.11 Measured mode shape for circumferential direction. Frequency analyze was executed in order to
obtain the amplitude for the specific frequency and phase information for each strain measurement
point. These red lines show the analyzed measured strain, that is, strain amplitude for the specific
frequency which takes the phase information into account. These red lines are described in
symmetry since the strain measurements were executed only half side of the pipe.
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Fig.3.12  Comparison of dynamic strain PSD between circumferential direction and axial direction when
the pressure of inside air chamber is 2.0 MPaA. The red dotted line shows the strain of PSD for
the circumferential direction. The blue line shows the strain of PSD for the axial direction.
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3.3.3 BELTEHOF a —F% 2 T DOIRREIZHONT

AREFRRTIEET F v o SADOENBE L, BEREPKE W& ZITITROKY EO
B2 5T, BERMICBNTHTF a—F U IR AELLAREERH L EEZXLND.
LD, LR FIETHRAZ1T- 2.

(1) F ¥ U NWNES] (TPL) EEEATE LR OES (TP2) DESENS, RO K
DETOF a—F FTOREOFEL WL, HEREZRDD.
2 (1) CTROTEEEL, BEATHBICHNIEEL OBRENSG, BEET
o UM OEE OKERE) TOT a—F U T OFEEZHETS.
FRUMF OB R AR 35 IRT. ks, BEGTGH UNMRUIORE O KimES) O E
T lZOWTIHET U X IVENRIET DR BEE L, BE py, T v IOV T (3.2)
IR TEERE MF B X OEE ARG EEpp 0 batR L-, 2 2 TR 35I1T%
T LI ROKYEBTIDOES] (TP2) 1XFE 35 I RTETOFEMEIZEBNT, =7 F %
YSHOES) (TPL) 12 L TR B LT THY, ROKYIBIZB N TTFa—F 7L
TVWLHDEEZEZLND. LIEBoT, H£=T F ¥ U NENCEIT 2 E & & MF 1X
RO &V #izk T o, X (3.2) 726X (3.6) ZHW Tk,

MF,, = A, xCcxa, x p, (3.2)
L [RT,
c MW (3.3)
_ P xMw (3.4)
°  RxT,
Te =Tom X 2 (3.5)
Kk+1
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—77, BLEATEERIZBNTTF a —F U I AE L TR & X2 5 e KO- &
L, A R7) BELUHX 38 IckviEtETES. 22T, KX (38) HDOTiz>NT
%, B AERRAFEIND E L THREZ AW, £, JENZOWTEEE S
WES FIOES) TP BN2T F % U AHNENE S TIRFRKETH 722 b, K
[RECKVBELZTM L. £/, BRITO/NMEE OBENETHEET DI EEZ, AR
A DIEIZZITE TR0 & LTz,

IV”:O = Al X ac x patm (37)
Paim X MW

= 3.8

Patm RxT, (3.8)

ZoEE, RXGBDITFT ROV DT vt A5M%4 b &IZFHR LICE &R MF 23,
X B7) WRTEESTREICBWTTF a—F U ZFREAEL TN E X TS KK
DEREWE MRy & ERIZ5HE, BEARBICBNTT a —F 7254, KX (3.2)
IR T RO ERDO T - ALMENDRE DEEMBEZ AT D720, SIRATOEIIH
FH L, BRI CIENOREGiAp BNEL D, 20O & & EHORERERAp (2O T,
AR O & B EE SFHE FHROES TP MFERKETH D Z &b, BEATE O
JES pp & KEIE L DZENSRD =, 335 LV TPL 2% 0.45MPaA LL F Tt MF<MF, &
RYEERRBICBWTCTF a —F U IR BEL2NEZEZ NS, —F, TPL »
1.0MPaA~1.4MPaA O#iH TiZ MF>MFo £ 729, RO #& 0 #8721F T2 < Bl Al T
HLFa—F L IR ELTNDEEZDLND.
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3.34 ENEFHOFME

313 B LUK 3.14 1, AFEERZRICIUT Restriction Orifice 38 L OEEATRE D &
B IR O K ER N 5 D a5 70, Gl Eifl (TPAL: X 3.1 5M1) B
K OGVEE FHMl (TPA4 : X 3.1 &MR) OJENE#EHO PSD #i L7-bDERd. =
2T, K313 IR T =T F ¥ VU NNDESIA LAMPaA O & & 1E, #£35 TRLELD
IZEE AR CT a —F v V0 BELTVWD EEZX LI, K 314 [RTZT F v N
WDETS 0.4MPaA D & X1, BLE BRI TTF a —F U IR EL TV RNEEZX L
5. K313 B LU 314 706, BLEGITES Nt OE LB D PSD LB E A it il i
D PSD £V HITDMIREL, KEBRARATHEE SRS TOF a —F > 7O
HHT, BERTE COWMNOEIND, IR & 725 ENEBHOXEERTH D Z LN
s, £i2, K 313 IR TF v U AANOENNE LS HERBITENZ VL & OJE )
®DPSD 1%, 314123 F v A SNOENHMES ERIREN DR E EOEEEHD
PSD L VIZAMDIRENWT LR SN, Lo T, T A NHNDEIHRKRE L,
BERENZ WS, BENOINAREL 2D 2L THER SN, X 3.15 12X
AURES TR TRl SN2 ESEBD PSD %, =7 F ¥ U NNDENE /T A—H |
LC7ry hLicbO&2RT. K315 Th, AR L7ZLHICZT F v 2 SNOES N
&<, MNOELINATRN & I EGTH T CHRAET DENEHPREILI R END
M5 2B, T TIHHREARTHM CHRAET LT a—F 2 V7 OFEIZ X 580V A IS
L1280, =T F ¥ SNOESN 0.45MPaA 725 1.0MPaA OfEFIZHRTE L TV,
4 3.15 |ZR T BLE B CHRAET D E /AR & B ORBRAEE L7z b D &K 3.16
IRT. 22T, X316 TIHEHEEHD PSD I Tixall (3.10) & vy, FEiiskic
SWNTIFRA 39 FAWTER L. 728, KX (3.10) TIHENLEE O PSD |LiEEh=
FRIVF 050V 8 L OV E A XDy & v L0 P R E R L v LT
T2, DL EATREDEE pp B X OVEIE v IZOWTIEFE 35 (TR EA HVW-. X 3.17
TIXENZEEO PSD 230 (3.11) ZHWCTEELZLOZRT. 22T, X (311
BWTC, BEEARETT a —F% U B RAETIHAE, EE= XL 050V LEER
P COE N ARE G Ap OFNN, [ESHEEZEEIT D E Lz, X 3.16 TIHEE AIH
2B BIENEEO PSD 23, BLEGWE CTF a —F o 03 ET 5L, BEATET
Fa—F L IPEELTORNE XTHRTRELIRDL I ERERINTE. —F,
317 TIEHAEAWH CTOF a —F o VOFEIEHO ST, X hr— L3 017 JHIO
B— 7 HZRE KRNI BT 5. 20k, BEA TR F it CRAE L TV D E/EBT,
Fa—F 7 LTWHHFITEBWTUTER) = /LI Z T, AR &2 AR
Lo TWnWhb EEZLND. £z, ¥ 317 TliE, BEEARBICBIT2Fa—F 70
BIIZED 201K TEDL AT VT ARG LN. BEAGREH TTa—X 7 LT
WS XTI, A hr— gk 017 B =2 N EHlE N, —EDA ha—s b
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BTCE—IBNRELTND I ERMRINZ. —F, Ta—F2 7L Tn5HEEITIED
DE—7 BDHEELTND I ERERINZ. % 3.6 (2K 3.17 128 L8R T PSD 725
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— — —Tee Connection Downstream (TPA4)
Tee Connection Upstream (TPA1)
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Fig.3.13  Comparison of PSD of pressure fluctuation between tee connection
downstream and tee connection upstream under choking condition when the
pressure inside air chamber is 1.4 MPaA.
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Fig.3.14  Comparison of PSD of pressure fluctuation between tee connection downstream
and tee connection upstream under no choking condition when the pressure inside
air chamber is 0.4 MPaA.
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Fig.3.15 PSD of pressure fluctuation (TPA4) at each pressure inside air chamber. The red,
pink and yellow lines show the PSD of pressure fluctuation with choking condition
at tee connection. The blue, green, light blue and purple lines shows the PSD of
pressure fluctuation with no choking condition at tee connection.
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Non-Dimensional PSD of Pressure

—TP1 = 1.4MPaA (Choking)
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—TP1=0.3MPaA (v=197m/s)

Fig.3.16 Non-dimensional PSD of pressure fluctuation (TPA4) at each pressure inside air
chamber normalized by Equation (3.10) which does not take into account the pressure
discontinuity through tee in case of choking condition. The red, pink and yellow lines
show the non-dimensional PSD of pressure fluctuation with choking condition at tee
connection. The blue, green, light blue and purple lines shows the non-dimensional
PSD of pressure fluctuation with no choking condition at tee connection.
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Fig.3.17 Non-dimensional PSD of pressure fluctuation (TPA4) normalized by Equation (3.11)
which takes into account the pressure discontinuity through tee in case of choking
condition. The red, pink and yellow lines show the non-dimensional PSD of pressure
fluctuation with choking condition at tee connection. The blue, green, light blue and
purple lines shows the non-dimensional PSD of pressure fluctuation with no choking
condition at tee connection.
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pr = [ P"(styast

Table 3.6 RMS value of non-dimensional pressure fluctuation

Averaged
RMS Value of RMS
Pressure
. Non- Value of
Flow Inside . .
. . Dimensional Non-
Condition at Air . .
Pressure Dimensional
Tee Chamber .
. Fluctuation Pressure
Connection .
Fluctuation
TP1 P s P s
[MPaA] [] []
1.40 6.59
Choking 1.20 6.79 6.71
Condition . - )
1.00 6.76
0.450 7.68
No Choking 0.400 7.44 729
Condition 0.350 7.21 )
0.300 6.85
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1
\/(k ~me?f +(cof
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° < W
Xoms” = j S, (0)dw = j H (o) S, (@)do=_2 (3.16)
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133 (3.19) O L9 REBIEIR L 7 D
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Fig.3.18 Comparison between measured vibration stress and vibration velocity number. The

red square shows the measured vibration stress.
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/Flow
\ Dty

Tested Branch Pipe

Strain
Measured

Section \

1
1 ’,
I
; > ¢
@ @ @ Combining
Dy, t, Angle
101.6 |101.6 |50.8 | Tested Main Pipe

Fig.4.3 Experimental setup around tee connection in case the branch pipe size is larger
than 1 inch. .

Strain Dy, t1

Measured

Section \

I 101.6 |101.6 50.8 I Tested Main Pipe

Fig.4.4 Experimental setup around tee connection in case the branch pipe size is less
than 1 inch.

Tested Branch Pipe
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Fig.4.5 Experimental piping system (4 inch x 1.5 inch with 45 degree combining angle tee)

Fig.4.6 Experimental piping system (4 inch x 3 inch with 45 degree combining angle tee)
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Fig.4.8 Experimental piping system (4 inch x 0.75 inch with 45 degree combining angle tee)

49



Fig.4.10 Experimental piping system (4 inch x 1.5 inch with 90 degree combining angle tee)
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Fig.4.11 Experimental piping system (4 inch x 1.5 inch with 90 degree combining angle tee:
pipe wall thickness is increased from 2.1 mm to 3.0 mm)

Fig.4.12 Experimental piping system (4 inch x 1.5 inch with 45 degree combining angle tee:
pipe wall thickness is increased from 2.1 mm to 4.5 mm)
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Fig.4.13 Experimental piping system (4 inch x 3 inch with 90 degree combining angle tee)

Fig.4.14 Experimental piping system (4 inch x 0.75 inch with 90 degree combining angle tee)
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Pipe support for
preservation LR

Fig.4.15 Experimental piping system (4 inch x 1.5 inch with 45 degree combining angle tee)
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Fig.4.16 Experimental piping system (4 inch x 0.75 inch with 90 degree combining angle tee)



Tap for
Pressure
Fluctuation
Sensor (TPA4)

®

13

)

Fig.4.17 Measuring points of strain for circumferential direction in case of 45 deg

combining angle piping system. The 21 strain gauges were attached to the half
side of the pipe.

Fig.4.18 Measuring points of strain for circumferential direction in case of 90 deg

combining angle piping system. The 7 strain gauges were attached to the half
side of the pipe.
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Table 2  Specification of Restriction Orifice

Symbol Dimension [mm]
Pipe Inside Diameter 151

tro 8.00

h 0.800

d 8.66

P.C.D. Dot 39.1

P.C.D. Dio> 87.4

Pipe Inside
Diameter

Fig.4.19 Configuration of Restriction Orifice (RO). This orifice is installed in order to
determine the mass flow rate with TP1.
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Fig.4.20 PSD of pressure fluctuation (TPA4) at each pressure inside air chamber in case of
4inch x 1.5 inch piping system with 90 deg tee connection. The red, pink and yellow
lines show the PSD of pressure fluctuation with choking condition at tee connection.
The blue, green, light blue and purple lines shows the PSD of pressure fluctuation
with no choking condition at tee connection.
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Fig.4.21 Non-dimensional PSD of pressure fluctuation (TPA4) calculated by Equation (4.1)
and Equation (4.2) in case of 4 inch x 1.5 inch piping system with 90 deg tee
connection. The red, pink and yellow lines show the non-dimensional PSD of
pressure fluctuation with choking condition at tee connection. The blue, green, light
blue and purple lines shows the non-dimensional PSD of pressure fluctuation with
no choking condition at tee connection.
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Fig.4.22 Ratio betweer0.5 x ng2 +Ap and the RMS value of pressure fluctuation in the 4
inch x 1.5 inch piping system with 90 deg tee connection.
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Fig.4.23 Ratio between 0.5x p, v* + Ap and the RMS value of pressure fluctuation in the 4
inch x 1.5 inch piping system with 45 deg tee connection.
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----- Tee Connection Downstream (TPA4)
Tee Connection Upstream (TPA1)
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Fig.4.24 Comparison of PSD of pressure fluctuation between tee connection downstream
(TPA4) and tee connection upstream (TPAL) in case of 4inch x 1.5inch piping
system with 90 deg tee connection (Pressure inside air chamber (TP1) is
1.00MPaA). The red dotted line shows the PSD of pressure fluctuation at tee
connection downstream. The blue bold line shows the PSD of pressure fluctuation

at tee connection upstream.
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----- Tee Connection Downstream (TPA4)
Tee Connection Upstream (TPA1)
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Fig.4.25 Comparison of PSD of pressure fluctuation between tee connection downstream
(TPA4) and tee connection upstream (TPA1) in case of 4inch x 3inch piping
system with 45 deg tee connection (Pressure inside air chamber (TP1) is
1.00MPaA). The red dotted line shows the PSD of pressure fluctuation at tee
connection downstream. The blue bold line shows the PSD of pressure fluctuation

at tee connection upstream.
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Fig.4.26 Non-dimensional PSD of pressure fluctuation for 4 inch x 3 inch pipe (TPA3) at

each pressure inside air chamber calculated with the fluid condition at tee

connection.
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Fig.4.27 Non-dimensional PSD of pressure fluctuation for 4inch x 3inch pipe (TPA4) at
each pressure inside air chamber calculated with the fluid condition at the
restriction orifice.
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Fig.4.28 Non-dimensional PSD of pressure fluctuation for 4inch x 1.5inch pipe (TPA3) at

each pressure inside air chamber calculated with the fluid condition at the

restriction orifice.
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4.3.3.3 BMAENNE AW T-IEES S O 5 % 5 5

%1432/ A £ FEQOFE D ELE R & X5, Bl A /3 I it 12 38 1 2 B &k L OF
IE NP A ARERHE L UCEHRE L2 IRBYS /1Ml FR VNI LT, fEshlLA b 4 90
ED L ZITHP SN T-ABE RORENS 12~ d . Fiz, X4A3203H/h ZFEIZL VK
Wizo = 16.18VnOITRIEMR G O TR LTS, K432 b AT AEED & X (1T,
A BEASEE DFCE I~ H91.46% (=16.18/11.35) IRENS A K& 225 Z L300
olz. LIzio T, IRES RN E W CRENS 12 5HET 2 & &, BIE OARE R
4A U F DAL, GV EAE ORBIIG  Z LMEICHIET 2 2 LIk v, GUfAEw0
JEDREIGE N ERFTMT 2 2N TEDLEEZLND. 2L, AERICOVLTIE
43328 TR D L3V, FV 7 4 ANREWHLFITHRE SN TWD & &, RERNE
HEE, BEIW, FOYR— MRS R D & ZITTIRBS I ORE SBENT D
RN S D Z LI OWTEETIVNERH D EE XD,
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44 FAEDE L

SYIRLE DG R S KOV I BLAE & REE ORFE LS, BE AT PR TRAET D
7 U H NI AT IAIRENC 5 2 DB R o720, AitAER L O mEL 2 2 b s
ToRE RICK U CHEBRZER L C, BENOENES LIRESH 25 L. £72, 2
NODOFEBHRNG, BB PR THRAET 57 & L7 AT RE OFHffEEE Vn
DWHAPEIZ O T HIFE L. L EORFORER, U TFIORTHmR A2/,

(1) EENOENLETNT, AWMAE O EICEBNTYH, ATMAE 4 HELFRELEL
0.5% pV2 +Ap (AR LLBIT 5.

(2)  IMRIR & 2R DJENEEBO FHERIZHOWT, DIEECEREN /NS & X TEE A
HTRAET DMNUOEIITER T D, SEEEENRENWE X TAHY 74 X T
RAETHHMNVDEIVUCKERT D, 2 ODJENEBDIAERA B = X LNIFIET D &
EZHD.

() DIEEERNPEZRDLGETY, SEERHIZI T 2 MBS R KO0 ER %
REFTEE UCEHE L REIS JIRHEFEEE Vn 2 W C, AIiBLE Pk CRET
2 JEJ7 10 O IREE ) R C & 5.

(4)  BVRAEEN 90 EDOEAIE, AT 45 E OREIG & LARICHIET 5 2 & T,
Vn & W2 IRENG ) 2 il T & 5.

G) 772U, ERIRTEREAY 7 0 AREE» LEENT-BLE R E M RITHS
NIebDTHDHDT, F U7 4 ABREVE BT WELE RIZ OV TIEIARRF T
oA E B2 DI 72 DAl REMEDR & 5 .
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FHSE T X LRENERE HV o R REIRE) O FE 5 5

51 &

T U NI E ) EECRUE DNE T ANIREN T S BRI OW T 3 BB L UHE 4 =T
AU X DI #EE) (Flow Induced Vibration : FIV) (212 T, FEEEIEE)
(Acoustically Induced Vibration : AIV) (ZEK T 2 HE08 M5 T 5O, AIV OIIHRIR
ELTIERERENZZMN D RTPOL RN OIAET HEREEN RNt D &L LT
MO TEY, FREEE X 100Hz 2> 5 10000HZP D A — &' — L 720 LRl s & 1% ek &
5. TOI, FRFETCESEICE S Z LR H D REHEME T AIV IZ X DB O
IEREHDPEREND LR o TN D, F2ETRLEEBVHRE—KNIZHN LT
W5 AV REFTFIEDZL 1T B RT — L ~L (Sound Power Level : PWL) & il A&
Lk DIt (D:FEEAME, t: BERE) ZHNTEHMEL TV D, LM LZRRSZ 0 PWL &
Dit Z AWM FEIZAS Vs TWD 00, BERIICE OZYEE MR Lo F
BlE72. 22T, AR THE L LTV D BEEREIIZ2FHA RSB 5
TIEDOELAVCER L7 KEEEICL VIRET D720, 707 LA L0 EE D E
FENRE#T D EWVWIHBATIIAIVEBIOFIVIIFE —THLHLEEZLND. ZDT29,
ARRATCIEE 3 BRI OE 4 BT X AMETE R Z b L IZIRE L7z FIV ORI ALY
vnZz AIVIZEHA L, 704 NMEEEGZ Vs AIV OFHME S IEICOW TR L. &
=, ZDT X MEBEGRE VT AIV O EIC W TR S 7 B ST &k
0 ZDOEMER BN —BT 2 2 L 2D D L &bz, ERICK Y Zom@utEicon
Tt L7z,
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5.2 7 > MIRENH GG 22 Vo a5 1A

5.2.1 WEDBARFH]I L OARHI TFHED ik

BI3EB IO 4 = THE L7 FIV ORI RN Vn O e p R 23845 £ (5.1)
DX D IR EBIBEFRIC RS,

(5.1)

ANRDE Y, 7 X LRIRINC L0 BLE D IREIT 5 L WO BLETIZ AIV & FIV I
FUHERTHY, TOEVIIMEROACSH LS. 22T, AV OIENTHAE L2
FRETHRATLIEE THY, FIVOIRTETEHEOTAUSER LcilivThd. L
7o o T, FIV OFHIEENE Vn 1300HR ) O % iR OEB) &> B S ISR R L7 %
ENCEZDZ LT, AVIZHHEATE B2 015, BENDENES), ThbbE
JEIZ (5.2) 1TRT &L 9 ICHFE T —W D 1/2 FlZHHI L, BUEBRICKHNT S EE X
Hbib.

0.5

D

(5.2)

P oc

AV (TR L2 70130 (5.2) 1IR3 EE p EREREMEE OB EEZDL
NH50OTH 53) ODXHCEBTEEHLEEZONS.

F = paDL oc LW *° (5.3)
BUEEEMICOWVWTIE (54) LRk TEHLER 5.
m = p tzDL (5.4)

B o JE 710120 — R OBAREKIC OV TIER (55) Ick vk a5 @,
¢ _2n-(n*-1) El
" 2D (" +Dp,t (5.5)
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X (6.5) FOUNZHSWTIEY 7T HANDHEAR S M7 Brf2ike—A > & LTA
(5.6) ITRT LD ICHERIEDIRIZHAIT 5.

| oct® (5.6)

A (6.5) BLOK (5.6) NHEVE OE G2kt — ROEAKREEE, X (5.7)
RT X ICAREIZEBI L, BEEIMEDO2F I IEHIT .

t (5.7)

X (6.1), X (63), K (B4 BLUA (5.7) HAIVIC X DB /13 (5.8)
DEIICFEBTES.

2
F OCWO-S.(RJ 1 (5.8)
m- f, t) D

O oC

X (6.8) I RIICAIVORTIERREHI AW B D FE ST —WE LUDMTN A, Bl
BEEDAIVORBS I ET DN DD Z 2R L TnD. A (5.8) OWMIZIZXE
Babl20xmk®T 5L (5.9 OXREBINEIND.

20log,, 0 =10log,, W + 20Iogm( D}L C (5.9)

BT —W & FENRT — L~ULPWLOBSf21310log oW CTRLIE T 572, K (5.9)
MHR (510) B ZENTED.

PWL =-20 Iogw( D j +20log,, 0 -C (5.10)

Z TR o 2 IRENE N OF EEoimie & $5 &, N (5.10) WOPWLIZEE D
— L UL OFFRMEPWLIimc E 720, X (5.10) 7»HX (5.11) 28 ZENTE 5.

D
PWL i = ZOIOgIO( j"' 20109,y 0 —C (5.11)
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2 (5.11) 1ZPWLimiDIPOBREA THH Z L 2B L TW5. ZORZRICHOWTIX
B.Bruce 1" & [FAAEICPWLimi/ DR CHEPITX A Z LA R LTV 5.

X (5.11) DO EEKIE2010g100mmit - C % Caruccids K OMuller @ 238 U 7= AR 617 5
20l0g1001imit— C =185 L (RET 5 &, K5.1LIRT X 572 (5.11) 7B 5157 APWL
B E B EOMBEG L oA S LN, K51000 7 v X LAMEENEGG 2 AV TED
NI FFAPWLHEI AR IZR EOBHEFH & FE L TN bbb, LehsT, K

(5.11) IZAIVFHliFIED —2 L LTHEATE D ABMER S D Z &R g0 oT-.

180

175

170

165

160

Sound Power Level (PWL) [dB]

155

150

\

A Failure
@ No failure
—— Limit CUrve

N\

q11

10
D/t2[1/mm]

*Point F failure attributed to severe weld undercutting at a small connection. No abnormal experience after

quality welds achieved.®

Fig.5.1 Comparison between Past Examples Data in Carucci and Mueller® and Limit
Curve Obtained from Equation (5.11)

83



5.2.2 BUTOFMEITIEIZ BT DR MEOEIE ik

X 5.2 Tl Eisinger®|Z L W R SN 7= AV OFHEiFIEZR”T. 22 TX 5.2 (2T
Sl TFETIE DS L D A PWL 28D TV 5. Z 2 T 5.2 (IR RHn 7 B DR E £
X HEHEIEAEEZ XD & &, R/NORERE LTIL10 A U FOHEFANRHNHILTH
L0, ZOFEFNIHFRME S RE BN TWD 72O 5.2 (ORI FHEFRED 10 1 > F
VLB DA RRE S IG5 Z S IXT& 2. LA - T, K52 TIEZFAMEN S Hig
B <, 72, BE L TWZRWEFID 5> bi/NORERIL 14 4 o F2OT, K521
AR FET 14 A FLErG#EAREE B oD, —F, X (5.11) TiX Dit
ICMZ TEEBENPRELS RD EHFEPWL ARELRD I EETRBL TS, £ T,
AR CIEK 5.2 IR TRHETE%E 14 4 U F LU FOBRERIZ LA T 570, R (5.11)
b EICEERE TV THIR PWL 2B IET 5 HEERET 5. (RIZIK 5.2 1277 7kl
FIENL6A U FL ETHEAATRETH D & AE L7256, 8 4 F OFFE PWL 1T (5.12)
BLOKEIIWZRTEIICI6 A TFOFAPWLG 6B LD Z L THLIENTE
5.

APWL

limit

::MNMF—PWAW:~QOMng§§J:6dB (5.12)

16"
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A Failure

@ No failure
180
18 Fatigue Limit A G
175 7
\\ < 27 o | 12
o
S S~ Al A A//
= o
g AD
E RN PWL=176.6-0.125(D/t)
—
€ o 0O | 8388 | T
= \ 9 H Qs |-
3 @6 22 @ 149, | |
) ® 24 73 & 13 -
3 1 2lgno | -
155 — )
121’
~—_ PWL=173.6-0.125(D/t)
150 o R
20 30 40 50 60 70 80 90 100 110 120 130 140 150
D/t

*Point F failure attributed to severe weld undercutting at a small connection. No abnormal experience after

quality welds achieved.®

Fig.5.2  AIV Risk Evaluation Chart Proposed by Eisinger with Past Failure Data®”
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e Assumed Allowable Design Limit for 16" A Fai|ure

== == == = Assumed Allowable Design Limit for 8" @ No failure
180
Fatigl{e Limit A G
175 ’
L / 27
) RN A B2
S, N ~aAB1 A
= 170 5
> ‘o A A D
& Alowable—>N E
g DesignlLimit PWL=176.6-0.125(D/t)
9 165 N
: RRS
(] N
o
< 160
5 ®
()
(7]
155
150 ® 11
20 30 40 50 60 70 80 90 100 110 120 130 140 150

D/t

*Point F failure attributed to severe weld undercutting at a small connection. No abnormal experience after

quality welds achieved®,

Fig.5.3 Example of Correction of Allowable Limit with Eisinger’s AIV Screening Method
for 8” Pipe
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5.3 (EROEEAEFIEIC L HEERN G2 5 WBORA

5.3.1 FHlm AL

52 TR =T X LRI E AV AV OFHMETETIE DA MR CHATY, il
BRPRKRESRDEFRPWL BRELS D EERB LTV, £ T, KETIIME
KeDFEHRETIEZ RO THRBROMER MDD DD DR L, 7% AMRENE A
7= AIV OFHlFIEOBEUIMEIC DV TR L7e. SREIIG ) XA 2 1 O R B | bl
L, BLEREOFEE L ~VITEE R ORBIEE AT 5. Lz > T, BEREO
TIE LU RS 22 ORENS BT 2 720, BLE R0 DG S b HE L~L
(Sound Pressure Level : SPL) ZHWTAIVIC X W RBAETHIEFIS NI CE 52 &
DHREENTNDED, 22T, AETITPWL BLO DIt N —E TRAERDZ S
B EORERmO SPL %, 1EROTEFRFEZNOTEHEL, BERN AV IZ
B2 2 BOMRZER L. LTS, ARSToRNhER~7.

(1) £5LITRTEIICPWLBLODE B—EDFMTHRD 5 >OREREIET
%.

(2) ECEPELD SPL 2 PWL 35 L OE Wi w2 AV CRHART 5

(3) Bl&Z i D SPL %, Bl N> SPL 7> b Bl REMZ & 2 FiBE R 2 U CHtHE T
%

(4) BOAEFmEDFFE SPL % 136dB (C) @ L L, Bli&#E O SPL & H#d 5

Bl BEmIZ X A EImE AT (5.13) #HWCEHE T enTE S @9,

£t
TL =10l0g,,{1+| =" cosg (5.13)
PyC

T THUL AR fo X — k972 L T EEE O HLL RIS 1000Hz 2 E LTz, ETov
TREIT A LEERAL VWD EEZLND D, BEEH~OAFAEIZSONTEH 0
ENDLVEETTIUHTAIARTLEEZLNS. 20k EX (5.13) 13X (5.14) D
X oicEkeEsn @,

TL, =TL, —10log,,(0.23TL,) 514)

BOAE N O E pin lZBECE T EIFSE & PWL 225K (5.15) 2#HWTCEHEAETE 5.
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PWL /10 -12
b = \/'Dga" <1077 <10 (5.15)
in A

FLEWNHIOEE L~V Ly in 3 (5.16) ZHWTEHETE .

pin
L, = 20Iogm(leos] (5.16)

BB R SPL 13 (5.16) (T XV HE SN HEE NI SPL & (5.14) 12X v i
HansEmaEssr AT, X (5.17) ITXVEETE S,

L =L

p_out p_in

~TL, (5.17)

5.3.2 ARG SR

#5112 (5.13) 2HA (5.17) IR THEFHFEICL VA LIRS ERE D SPL %
RT. ARECIHEEROREERETT 5720, PWL B XDt X2 £ 166dB, 60
T—EICLTWD. RELITTT L OICHERENPREL 0D &, BB LR D SPL 23
LTWAZENSND. £, AFHBEICBOTIREREN 12 4 F DEAE DI SPL D
FFAME 136dB (C)Z i L T\ D Z ENynd. ZIUIEERMN/ NS 725 & B Wik
/NS 2R U PWLIZKH L CHEENRELS D2 L, £72, D60 T—EDT-
DEVERN/NE 72D EAHRPIICEVE AE N < 72 0 BB RN D7 7D Z LMK
Lo TS, LIER- T, BATORMITFETIZ PWL & DIt 23R LA 13 AV IZ X
DIETTREIED U 2 T ITED B IRND, KIRFTOFERN S b2 E Tk~ & B0, PWL
E DI RFEUHBE, BERN/NEL D E AV ICEDEBMED Y 27 NEmEd EEX
Hb.
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Table 5.1

Calculation Results of Acoustic Conventional Calculation

Pipe )
. (inch) 12 18 24 30 36
Size
D/t (-) 60 60 60 60 60
Pipe Wall
Thickness (mm) 5.08 7.62 10.16 12.70 15.24
Assumed
PWL (dB) (1 166 166 166 166 166
(equal to limit level)
Pipe Transmission 4B 5 39 42 45 46 48
Loss for Acoustics (dB) (2)
Sound Pressure
) . (Pa) (3) 15435 10290 7717 6174 5145
of Pipe Inside
SPL of
. O_ (dB) (4) 178 174 172 170 168
Pipe Inside
SPL of
Out Side (dB) | (4)-(2) 139 132 127 123 120
Surface
SPL Limit at Out
Side (dB) (5) 136 136 136 136 136
Surface
Larger Less Less Less Less
Evaluation than SPL | than SPL| than SPL | than SPL| than SPL
Limit Limit Limit Limit Limit
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5.4 FEBRIZ X LEL

541 HBRIjE

F52FEB L0 5.3 ETIEPWL BLU DA BFE UHA, BLERN/ NS 2D & AV
IZR DI HIED Y AT BREL IR D T & Al R CIEERICBWTH RROH
BB TE DD DT EN i LTz, EBROMERE2R T 5. £5.2I(2HEHRr—
AE, K54 ITERMEEE, £72, K55 ICITERZOMBART. KAERTIZZT
F X o NMHIENTL AIFEMEEGNR— AR FRICHEBEENLTWAHEIL (630) O
Restriction Orifice Z 1@ Vi X % & ZIZHAT AT 2 AIVOIIER & L TEBREIT- 72,
B DR — MZOWTIEK 5.4 127 3 DTS, BENC 2 D _EBE B2 /0 X 5 |
Flfs e R — NORICIE T Ay — N A THBE L. RBEE T4 F L6410
TDIEEE & 233 122 Th 5. K L OYEEIL Restriction Orifice (2 X Y 12
FE D B LD 728 Restriction Orifice T PWL (X4 A  FEREB L6 A » FEEIZ
BWTIZIEFR UME & 72 5. AREBRCIIRE 2 J8 G IR E L O 30— CGROHIE
WFZERpTH © &7V UFLA-1-350-11) I XV EHlZ T > 7. 5.6 IZIZOT AT — T DJF
T OB ENE 2R, X 5.6 1R & 912, BEREROREGEIC 9 EEFTO Oy
—VUERELT, EBORKMEZIEZ OIS X HIT LT, 228, BENOIENIEt
»H (KYOWA 8 . €51V PG-U) ZHAWTC, JENEINIEHEE 2+ (PCBH : £
TV M106B) ZHNWTENENEAILZ. EROFIEIZHSOWTEO~@DIRTFIET
JENZE S L RS (BYOTA) OFMEIT 72,

O =T7F ¥ NNOZEZEMET S
©® R—AFEPK L CEREREHET S
@ Restriction Orifice |2 L 0 B H 2 A SH 5
@ BEEICXVRELLEALT KD BOTH) 2xhthot 3 Tl
)
Table 5.2  Experiment Cases
Pipe Size 0.D. YVaII Schedule D/t
Thickness
4 inch 114.3mm 4.9mm Sch 20 23.3
6 inch 165.2mm 7.1mm Sch 40 23.3
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Restriction

Orifice ($30) (o)
@ i

To (TPad) (TR (TPaD) l Ball
Atmosphere 4" or 6” % % | Valve
= m k-

)
611 _| I_I I—I I—I | 6”
521 1800 900 ' 900 900 Air
D Pipe Support Cch
_Flow amber
(Max. 30barg)

@ Strain Gauge
Pressure Sensor (Strain Gauge Type)
Pressure Fluctuation Sensor (Piezoelectric Type)

Fig.5.4 Experimental Setup. The pressure fluctuation is measured by pressure fluctuation
sensors which are described as “TPA” in the above Figure. The static pressure is
measured by pressure sensors which are described as “TP” in the above Figure.

Pressure
Fluctuation Sensor

Strain Gauge

Fig.5.5 Overview of experimental setup
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ZIN

Fig.5.6  Measuring Point of Strain for Circumferential Direction



5.4.2 FEERFERE

X5.75 L OMXIS.8IZ M S - E /1 E) & OFT AORERSIE I 2 EhuRd. £
7z, B15.93 L OB5.1012 3G S NI E W EB & O T A ORBAEBE 2 ENEIURT.
578 L US8 HEHH S L [E VAR &L OFT HRIIET U X L2 A L TnWhH 2 &
Womb. Fi, K5.958 JUK5.107% b FHHl S 7o FEAMBE D3R IZIER AT ISV 2
EBDMND. TUXLRREEER LTS & X TEOFRAEREN ER DM T & o
52 [X5.98 L OX5.107 B b AFERR TRl S - AIVIC K U7 JE 28 Eh & iR E)
TR 72 T U LI AR A LTS Z LR bnd.

#¢5.31Z (X Restriction Orifice Lt /£ ) A328bargd & & OFHAKE R 2 ~3. = Z T,
Restriction Orifice FHEOPWLIZ DWW TIEF (5.18) ZHWVWTHHL Tna @ £531R
9- & 9 IZRestriction Orifice FHitOPWLIZAA > FEIE R L U661 o FRIE DOEE BV T
WZIEFRCTHD. RO EBYDRZONWT b4 T EE & 614 o FEAE OiE T
RLTHD. —J, fHUESNTZOTAHAORE T4 o FTEE 2V T8.86 w strainlZ xf
L6A T HE TlI45l ustraink /NS o TWD. L7z » T, HEE2EEB L UE53
BT A~7ZPWLEB LUDAAR U & &, BEENNS <7D LAIVIZ K D ITHEED Y
AT @L< H T EN, REBRIZELVEND L.

36 1.2
PWL 10Iog{MF2 x(u] X(Lj }+126 (5.18)
P, Mw
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Pressure Fluctuation [kPa]

Strain [uST]

80

60

40

20

0

"

0

0.2 0.4

Time [Sec]

Fig.5.7  Time History of Measured Pressure Fluctuation
(at TPAL: Upstream Pressure of RO (TP1) is 28barg)

30

20

10 i L‘ . i | il

-10

-20

0.2 0.4
Time [Sec]

Fig.5.8  Time History of Measured Strain

(at TPAL: Upstream Pressure of RO (TP1) is 28barg)
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Probability of Occurrence

Probability of Occurrence

15%
Al
10% A R
yann \
5% ?: ] O B \\
F <
)4 } 11 AN
RN
0% LT T T DDE\_
N O WO WO W WO WU Ww Wv v w
! - N O < IO © ~ 0O O
t ' S TS B T S R S
o ©
- O O O O O O o o o
' - N O T IO © ~ 0O O
Pressure Fluctuation [kPa]
Fig.5.9  Probability of Occurrence of Measured Pressure Fluctuation
(at TPAL: Upstream Pressure of RO (TP1) is 28barg)
15%
TN
10% AT e
A
5% T HREH
\\
__\
0% AT ’V T [[=a
<t N N © © F 0O N ©
\T ! ) ) ~— v v~ (N «N
l
) < o < l l l l l
© ! O N © O <
~— v~ N «
i\
Strain [uST]

Fig.5.10 Probability of Occurrence of Measured Strain
(at TPAL: Upstream Pressure of RO (TP1) is 28barg)
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Table 5.3

Experiments Results

Pipe
" 4 6
Size )
D/t (-) 23.3 23.3
Thickness (mm) 49 7.1
Up
Stream Press. (barg) 28.00 28.00
Down
b 0.80 0.15
Stream Press. (barg)
Mass Flow (kg/sec) 4.16 4.16
Calculated
PWL (dB) 149 150
Sound Pressure of
Pipe Inside Obtained (Parms) 6335 4561
by Calculated PWL
Measured Sound
Pressure of (Parms) 18109 5152
Pipe Inside (TPA3)
Measured
T . 4.51
Strain (v ST rms) 8.86 5
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5.5 mEEhERE) (FIV) 2 EERERE) (AIV) (25 % 5%

F3E IS L UBAE Tt L7t B RSN (FIV) J6 X OARE THGET L 72 AIVIZRIR
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