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Abstract

This thesis describes a study on tapping inspection method widely used as safety
assurance technology of canned food, which intend to discover the principle of
operation and propose the method for improving the performance of tapping inspection
machine and the tapping inspection aptitude of a can body. Tapping inspection is a
method to detect a change of can internal pressure, which is caused by leakage or
spoilage, by detecting the change of the vibration frequency of can bottom. This
inspection method has been used since the beginning of canned food industry. Today,
tapping detectors are used in most high-speed filling lines of non carbonated drink can
in Japan because it is recognized as an important inspection method for assurance of
canned products. However, the tapping inspection is known by a narrow circle of
experts because the tapping detector is built in one part of a filling line. As the technical
development of this method has been carried out mainly in practical application,
theoretical background of the tapping inspection has not sufficiently been explained.
Improved manufacturing technology achieved a light weight can body, and accordingly,
its vibration phenomenon became complicated, which causes the deterioration in the
precision of a tapping inspection. It is difficult to solve this issue by conventional
practical method, and analysis for a principle of a tapping inspection and mechanism of
tapping vibration is required. Tapping inspection aptitude for a proposed design has long
been evaluated by expensive experimental measurement, requiring trial manufactures.
Therefore, it is required to develop an effective design technique to extract an optimum
design. _

In this thesis, a study to solve the issues mentioned above and solutions to support
future development of tapping inspection are reported. This thesis consists of following
6 chapters.

Chapter 1 gives a general statement about the history, a position in the industry,
and an operative procedure of the tapping inspection as an introduction, and presents the
issues that should be solved.

Chapter 2 examines a principle of a Data Extended FFT (DE-FFT) developed as
frequency analysis method of a tapping inspection, and evaluates its performance. The
DE-FFT is a method to carry out FFT frequency analysis for an extended data by adding
zero value after observed waveform data. It can identify peak frequency by 10Hz
precision for a short time observation waveform of 10ms period. This study made clear
that a DE-FFT is a technique to alternately allocate multiple FFTs in series, in which an
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origin of frequency sequence was shifted. Furthermore, results of evaluation by
simulation waveform led to the fact that a DE-FFT has a superior identification
accuracy and vibrational mode separability equivalent of FFT whose data is not
extended. Moreover, the Complex Window Function which has an effect to shift the
origin of FFT spectrum is proposed, and the accelerating algorithm which applies this
function is presented.

Chapter 3 derived a theoretical analysis that a change of natural frequency for
fundamental vibration of circular plate under uniform transverse load corresponds to a
relationship between can internal pressure and tapping frequency, with the large
deflection theory. By expanding this theory, a resonance phenomenon which arises on
pressurized cylindrical vessel containing air and water were predicted.

Chapter 4 proposed computational analysis technique to simulate tapping
vibration of a can body. Tapping vibration can be regarded as a free vibration excited by
impact load for pressurized thin shell vessel containing air and water. In case of using
commercially available computational analysis software like Nastran, which was used
in this study, an acoustic-structural coupled analysis of fluid element and shell element
cannot examine a large deflection effect. In this study, an analysis technique to express
vibration of a pressurized vessel containing fluid element with a linear
acoustic-structural coupled analysis was proposed. This technique adjusted a natural
frequency change of shell, which occurred from large deflection effect, with a
combination of the adoption of distorted shell shape and the correction of Young's
modulus. A method to control the resonance phenomena observed in tapping vibration,
which can be expfessed with this technique, was investigated.

Chapter 5 proposed an effective design method for a can body by a Statistical
Design Support System. General tapping inspection method is carried out after retort
sterilization process. Therefore, in a design of a can body, it is necessary to predict
tapping frequency after retort sterilization process. In this study, the optimization
method using the Statistical Design Support System combined with eigenvalue analyses
considering large deflection was developed to extract optimum can bottom shape for the
tapping inspection aptitude after retort sterilization process, which can be an alternative
method of conventional experiment evaluation method with a trial manufacture. By
applying this method, the influence of design factor to the tapping inspection aptitude
after retort sterilization was investigated, and optimum can bottom shapes for improving
performance of 2-piece can body were extracted.




Chapter 6 summarized results of research provided in each former chapter.

In a study reported by this thesis, the followings are conducted.
analysis and evaluation of frequency analysis method for tapping inspection,
theoretical analysis of vibration characteristics which corresponds to tapping
inspection curve,
formulation of a computational analysis method for tapping vibration of pressurized
lightweight can body, and
formulation of the optimum design method of can body shape by a Statistical
Design Support System.

Accordingly, important technological findings which could contribute to
engineering development of the tapping inspection were provided. In addition, results of
this study, including valuable information regarding frequency analysis of a short time
waveform, a large deflection theory of a circular plate, an acoustic-structural coupled
analysis of pressurized vessel, and an optimization design method, can be extensively
applied scientifically and industrially.
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Others Black Tea ’
1,525 833

Fig.1-1 Japanese food and beverage can market
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3-piece can : 2-piece can
Fig. 1-2 Outlook of 2-piece can and 3-piece can
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Fig. 1-3 Can body weight of 2-piece can for tapping inspection.
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Fig. 1-4 Tapping inspection stick

REZITZ D, FTREOBRFE S ToIZ,
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a) In-line Detector b) Case Detector

Fig. 1-5 Tapping detector
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time freq.
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Electromagnetic — F|at Bottom X~
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Can Internal Pressure

Detection of
Leakage or Spoilage

Fig. 1-6 Schematic diagram of tapping inspection system.
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Fig. 1-7 Manufacturing process of canned beverage.
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FEHE EE O NEW D435 % Table 1-1 1777,
BERNEDE S, HEEIIEES (Vacuum Can) EBB/E (Pressurized Can) &2
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Table 1-1 Classification of canned beverage.

Vacuum Can Pressurized Can
Beer
. . Spirit and soda
Alcoholic drink Japanese Sake )
”Chu-High”
Japanese Sake (LN;)
Carbonated drink — Cola, Cider
S Fruit drink Fruit drink (LN>)
Acid drink . ]
Sport drink Sport drink (LN,)
Non-carbonated S Tea drink Tea drink (LN;)
. Low acid drink
drink Black coffee Black coffee (LN>)
Low acid drink || Milk coffee )
_ . , Milk coffee (LN;)
with milk Milk tea




HEROEMNICE FTEAL, RILICIVRETAIENCIVBE T2, KEEZER
1% (Liquid Nitrogen Injection; LN2 Injection) (2 LA E R FIEBER LN HD, TRk,
HEEHCEHT, RE OO LHEE TIF TRELL T B0, Z<DFEE 65C~
OSCORIRTHRIE -FEEIND, TDd, BIRTIIREH L~V R AR—2ADK &
DBAEL CRIEELRDDOBEBH THo7z, LMLAENG, FBES CTIEENAANCM
FRWIINZEEREDNERSINDODIZXL T, HERESBEDOR A, BiiEED—
HAENENEFETLOT, HFB HOBELZ KB TAIENTE, KIFLhENRE
ERERTED, 2D, MHNLOERIZEZ T, ETIREBICEHBERA, ZL
TERTEBEEVPEBINTE, BE, BARICBITABESRLERIL 60%EREL
72 TUND,

—5 , BAEMFGB R DIE, BBHIERBECR - REEECE - JEIRERACEL D 3 FE¥EIC
YRS, EREEACEHIE G, BRMERCR) - (RERMERREL - IV ADIKER AR D 3 F&
LSS, RN TOMAEY (he B - E) OBFEIC I AL ERRMEIL,
Table 1-1 O FIZWUZEFEL /2D, [BEFEHE} - RERECEL - BRMERCEHT, T2 — V45
RREE O SOLINLMAEYM N AT THREICR ERERIEITED, T2, &
ERMEREHT, B REIRIVaL | RITVERERMEILEY, ZHhUZRtL T, V7 A
DIKERMEERENT, IEM > TRBESVE B IOV EFICE L RE THLHT-DE
MERENEL, +ohBEEERNETHD,

IOIIRBEMFNBEDD, BAEEHES T I ARSI ORIE
WHTr o TUI R MR RETATZDICV MV NEE L EE 2 AR ELEITHIZE:
HEL WS, EBEZITICE., FIEREDIELSEN+a/hanZe (RES
PNIEIZ% L C £ 10kPa) A3 EETEAS, LN, FesE RS f O FIHAE P B 1L £ 30kPa f2
ETHSRBELITIZENTERNZD, INT AVKERMERRE OB E H LI LR
SNTETz, WTE, BELIT, LN, £3IXMNRICEE T LIV ENERESRES
LR D+ 10kPa (ZF) BT RIEOBAZ FRES THIANRIERE M2 REL . I
o NOIEERIERRELD LN, RS EHR LI Y,

2B, L7 ANVIEBREREHI B T2 OO B AEEE H SO NEHRAICE
DHLOTHD, HEITMBL TN 2NW—HDOENA—I—, BIUVESN DR HA—T
—23, ZORENTET LT, LI AVKEREACEID LN, BEEL ERE THE-
WL TWAERLHD,

1.3 ¥TRRiEDEIE R

RIS RED 2 =2 L) SLICHEROEREELIEDLIZONT, HEFE
DIRENTEREDMEHEIC 20, HERDIAE 3 B — A E T ROV N E > TET,




Fig. 1-8a) (Z[2E 3 &— A, Fig. 1-8b) I(ZFBE 2 B —RE D | BBERFTHEEIE dh
BET, BE 3 E—XEIXENER TR REENEIRD)IZONTITREIRK
MBI AEmE R, BE 2 B —AHEIEERNES EBBIZ SN TR B £
HwinTaEmE=T,

Fig. 1-8b) TRONABLINC, BBE 2 B'— A E CITFTHRENIE IRk S 8 BN 5,
ZOFTRRERIE BBR O N EF ML, FIRBEE OENEEZHE T HBRICEEL T,
BREREAR TS EAMERT 2T,

EBIT, ZOBE 2 B —AEOITRIEEIE % Fig. 1-9 \ORT, FIREIE fhi#RHE
G THAEB TIL, FTRIEENN T Fig 1-9)I R T IR BIREIBREKE THADIZ
LT, FTHRERE fiAR N R AR fE I T, FTHRIRENR 1T Fig. 1-90)RT L5
RIRBRBREEL TND, ZOFHIBREL, HEIER(LTHIEEEFIZRDIL,
HR. NEYFTEEBICLABEENRALND, —F ., <47 DOMERE - F TR~y IR -
[EIREAERR S W\ o T FT RS O MERE IS, LRI E T AT R ERITITREL 2V, Fiz,
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NOB000 o e N 3000
x = o)
> P X .
2 2500} £ 2500 b i
3 $
g 8
T 2000 - & 20001 -
& 1500 & 1500
0] o
i -
1000 ! 1 . : 1000 I i i i
-100 -80 -60 -40 -20 0 0 20 40 60 80 100
Can Internal Pressure / kPa Can Internal Pressure / kPa
a) 3-piece -vacuum can b) 2-piece pressurized can
Fig. 1-8 Tapping inspection curve.
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° : ; ©
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< AAAI\AA[\ < hnAAEAAAAﬁAAAAA;ﬂA
0.0 0.0
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5 | s v L
E : { g
$ |
1.0 : : : : 4.0 : i :
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Time/ms Time/ms
a) Can Internal Pressure OkPa b) Can Internal Pressure 70kPa

Fig. 1-9 Waveform of tapping vibration for 200g 2-piece can containing 183g water.




ZOHRRZIIMBEELEED Ty FEHE IS5 MM SN A A -,

ZOITRIE RO RNERMELZD IO THIRREICONTL, S FTELOBREHR
MAHENTWED, I EEESRECABTYRIEREEE X CTHRESELOBIRET
ARAPERDFIETIE, WEIZRARBMBIRZ RS T,

BEALE, FIRIEITEFOREMRITETEL CE<OMBLEAIBEALERON,
ERHOLRELICBRELELLTESGRD LTINS, LU0, FTREFOBERIL.
oI TENERMICEZZBE VO TEBERMICEDON TERENHY, ZOoBE
FEIZITRBEADE 5 03%<HD, ZTNOEMEATI T EMREIT, FIREDORE
DEBEL TULETHHTHLEDL T WEETERDITEN TRV RETHS, &
EEICIX, ROTE B DM T~ EMRERREL L TEITF oA,

a)  fIRIEO B AT IE OB E R ERAR A S Bh (ERF ST
FIRIEIC AV OND A R BT A I, R R IR B IR O B R ST iE & LT
BN OLEZONDD, FOEMHEEL + 5 S Qb Eix
EVEE, ZTOBMEFRELZFERAL TEERECEARAZIEE T I LE
THD,

b) ITRIEE OB FIEB L UG EEAT FIE OB

TIFERNCRBE, HEROITHRIEENX, KEEKRELEEANEEZZITHEAMR
RDIRENTHD, ZOXORIRENBEDAERIZ HOWTIIBERAIMEIT I L5 %<
DM REERTHIENERTHY, FEEZELVRELZRT COAEH BT
FHEEFERATHIELEIEE X OND, L LN h, (EROITRIBBIOAF 7RI
HoXLERR - EERNRT o —F RO TRY, ZTNOOMENT FEITIEAS
NTWR, ITEE DA A TIHEBIT BN E ML 2> CB T2 | EBRAVRRT
DHTIZITHRIFE AN =X L2 MBATEOIZREETHY . ER AT FIEL ST E AR
WHIFIELREEL T, HMERS OB E OFTHRIRENCEI 3 AR EAAR I E H
THIERBETHB,

¢)  EERENTERWEERORBELRETFEOHEE

IR SR ARIZIE, FTRF ML MUV E S WV o 7o ik 4 TR BR L UER /N T2
ST RERIRR AR OOLND, IERDOEEFRFHETITERRFELE
BRICRIMEL CERBRICIVERMERELZFML CVD23, TOFEITE KRR TS
BRHEZETLED, BEBREBMETAIIENERETHDL, —F, BIEDOERE
EHETIIERBREORBEMIEALE oo TERY, ZBLERFTOEZEEN
BESTNB, ITFEMIEENEA R BT AV e mBLFIEZ, ZOID70R
AT TR OMEREEZTE-TREREMHTADIZIRTHLEZZ DI, &
(AP RE 2 T I FEAG 4 5 5 B AR RIE LA S DY o H B FE (LR FT FIED
HEEN, RN EREFTOIZDIZEETHD,




R, FTRIEDO TEMRBRBEZZAEBLLD, 2O O T EREA fER
Al EMUT-EITH 2 R E T 5L D THA,

1.4 KEHSTDOHERL
AT, KELEH T 6 ETHERINA,

1 E EETIE. ITREOENE | BUROAM BT EAFREREIC OV TEEIL .
ﬁ@%'@‘“\“%%}%/ﬁ%?mﬁf'a—éo

% 2 B FTRIEOBIEEERITIE TR fTRIED B BT iEL U TR ST
—ZYE5R FFT (20W T, AR R L ERICBE R SR IREIEIC L
HEHHEAT > T\ BRI B B AR A & L COBMERFIER R T, SHIZ, FFT O
FTREARBINEREBESELIDR T OEREE L. ZhEBAVWizEmEbT v
TYRNEERET D,

B3 E ENEZIHAEEOERESTIL, ITRBEEE Y — B EL 25K
DEEREE IR X IROREFREmLTEAL TITRBERESENEDRFZED
HRfErEHT5, SOICZOEBESAL T KEEREEEANEEZZITHAE
BEIAONAERFARIZIOWVTEET S,

4= TREBOEMITEETIE. BEOITRIEEZ R T A EMTFIE
ERETD, HEOESEFHEMT CRBRTB-0I01L. NEMDRICESR LER
ROy = VEREDHOTE—EEFR. BLOENEICLIENEEY = VE
FEORT R KREA RV Z R METHEMN, ZOXIREEL R D5
BT 7 R = T IX SR HEET R OBEN L E LB, AT,
KEFHTELDY =V OEFESEE(LE, ERRES = VBRORA LY 7R
DHELTL-> TEDEIAR, MAEERLE L o VRRNIEERZ L EDORBIREE
BT DT — REYE R RRAT CRIELT AR FIELIRE TS, &bIT, TRIEEID
ARG D AN = A DEEATL . FOMEIFERTT 5,

BSE AR KB ATACLAEREIRO&EE L TIL, SHEBITE AV
R B EHREFFIETZIRETD, TS HEEDOREHIB VT, VMVR IR
FOEINEIVEFR UIAR RO TR EFEE T T 5 UED DD, ARFFE T, kD
RIEM AL AW ERBRITMFEICHEL T Lo VOEREB B LU EF BT &
R BIRRE X IB L AT LB AL RE(LFELZREL ZOFEZEALT. 2
—AHROL ML NTRERER F LS D RE IR Z I 2,
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BAREEHESR, “ERnabEEs 1GRR) 7, B AREEHS(1970)

AREWR, RinBIRMARBRFE, V2274 —F 4, p333 (1993)

PED-M1 A TA 4TS/ S 7 Loh, SEERE (2001)
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Technology", Proceedings of Fillex 2000 Conference (2000)
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528 FIRIEDER ST IE
2.1 1IXLHIZ

2.1.1 FTHRIEDRBREAATIE RO LN DB

REBREL, REEFBOBVIRLEZBATAZLICEIROOENDILOTHY, B
RN E 2D L ER B MRRE IR T 32, 8F OB AT TIE. BV AR
SEREEE B DT | BRI L+ IZELLo T TS, Lo, IRENZIL, BEFD
FTE 4 Z) 2 AT 2FFEFIRENC, FIBIREI O IS IRt iF M 0BV WV ERF IR
HNELEFEET D, TNLODOREEFIZH L CE DI BB T ZITIH. &)
RAREIL., EEFRE A MVFEAT(Short Wave Spectrum Analysis)& LT, Z<DHF
FEMNRIITND,

FHROITHRIEEN I RN 10~20ms OFER THY ., EHI2, BEFIET A
AT T AR KEEREEE 1,600cpm %
BHI-O, IRENE T O 28 R I
10ms PATFIZHIREND, BATOFTHRIEE T
it 2ERIRERIT 6.4ms Th D,

— 5. BEFORETLRIZBWTENE
AT EMEICR L T+10kPa FREICEHX
N, FERERETIIIZOEAGHGE AN
HEBREL CHERTAZEN RO BIND, 4L
BT, 7VRERXENER Fig. 2-1 12
RTEIRE A 7T LRE N LB RE
OB BRI E S PR S AL, HENE 1kPa BLAL,
HDHVE 1emHg (=1.33kPa) AL CTHIEESH
T3, ZTNHOREERBEEEDOEEMHED
728 FTRRIEICEH A% 0 & N E RN E 77 ik 6
INEESREHD, EPEICH T BT E RO
R, I B2505M% 13107 Hz/Pa
T, ZOZENDL, FTHRIEIZIE 10Hz OJF R
SERRENE RSB,

10ms ORI T 10Hz O JE K 57 #F
RELVVFTRIEIC R A BRI, BRI
ARG W VERAT OB S D RTIERITEEL W
LOTHY  BE O BIEBAETIZHNLND

Fig. 2-1 Can pressure detector.
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FFT CIXZOBEREZMCTILIITERD, RIS LT I TREDBEFRERTIZS
DRIEEFERT BTz, FFT DM B FHEEER LI, ZOFETITHREICRASH
TERRBRERA AR REFITIELED LN TS, Ll ZOFEDR %
i3, EBRICAE S DU TR E BRI T2 LIs > THERERR Ml 4 2 20
RENRFIETITONTRY, ARSI EORESCBEREIT o mBsn
TRLT ., EARBEFE AT OBNIZFIETHELVIBREL 45T
RSN T,

AFFETI, ZOFTRIETRHNLIN TS FFT DR R FiEE 7 —F L3 FFT L4
1T ZDFEZATL  BIER MR HEL /o, £/, 7 —F 9058 FFT O7LIUX
LMMIOWTHEITL BIfFEEZ W B T2 HELER L, SHIZ, ERFMETRAIk
WIRITIEE L TRV COLMRTE T IR B 2 F TR I SE A LT 5 & OB (R %
THEL 72 TNODRETHERIZ OV TR N2,

2.1.2 ATV

RENT, PR DORMIZ LGS DETNNEFET DRIIRED, ZOETAIC
Kb, kBTN

2
d—z—i +(2nf)’x=0
dt (2-1)

BEI, OB THLEFZ =AY exp(i2nft) OEREELLT, TNTORE
FRRREND, ATV E 7=V oL BB ICER L TRY, 7V BB ESE
2y

x[t] = [ X[f]exp(i2nft)df 2
(BT OIRE X[ LR 265,

AT, K(2-2) DERIZEBVWT IRINIERIZEF LZEALNTWD, LL, E
BRI CEBRBIIMTHERE THD, F-ELOHERENIIEEF THH, A
TRV 2 G 2 AL T 5, AT NVEERTIZZ D R O RFRIOE G0 HLUE 75 %
B LHIZUTIThRIT e bre\n, BLERD AT MUVAEHT TIE, ZOBHIRFH
DHEREEARTINVERDOBERMELEOT v T HBOH DO, IR % REFHTH
T/,

TF O B D AT M LIE, BEE O I L7 E KT /L ¥ — (band pass
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filter) CRAEEM S EDBETAZLIZLoTROOLN TV D, VT SakE07F
o/ KB EFRITEB O FRREIZ—RIC 13 A28 —7 Thd, ZhL. Bl iTs g
IO FEEEHS 1000Hz D& fREE 333Hz I2H 720 BRIEDL~U) b BAENR
0oy fEREITAERU,

1970 FARLUE, TVFN T 2 —F—FTOFEZEIZLY, IRENETEE A/D BHUC
JVERMRRERST —ZELTH 7Y 7 U THERS EIC IV E RS S kD5, T
INHRBERBRITEPRBEINTE, TN RKB IR BRETIE LT s R ek
NRTHEZRIA NN R B D RRREN B N0, BIETIXIZEAERT VA LRICE
oo TVD, FIRREIZR VT, BETHREBFREOWHICIZT —HOERETF
FoZ RSN 2 BAE TR N TR F DAL KBRS 2T 25
LTV,

EREOBAND, 7 VNV BN 71T, BT —) o iR BRI A
SEHIELE CHBICESHIEED 25O RINCKBISNS, §TEILFFT. #%51%
LPC NFDORFLL THITHILD,

2.1.3. BERES RO ESR

—RRENT., B RREEIX, Bre o7z 2 DRI R TEA R/ DE REEL L
TEBRSND, FEMRELL T, #21F Lord Reileigh DEFERENIHAVGNS Y,
LN i3t FTEIRE), F£RE2 O T EIRE). MM OEERIZHEIRE L EITIT, 2K
DEFE—RFBEIREINAFENZALND, ZNHIZX T DIRENE KBRS T,
Hx OEFE—NOBEEHEEIETHIIEN RO, IREINE A EMHEICFES
DEENZE BB T HRREE S AL ROND, £z, FR BT EIZL->TIIR
2T BB R RIRR CTARI MV ERRTAHIEN TE, ZTNE B SRS
RZDRFLHD, ZOEW TREIRE S FERIL Fig. 2-2 (TR X2

B 1

Spectrum
Spectrum
t

vt rres

Frequency Frequency Frequency

a) Identification Accuracy  b) Separability ¢) Indicating Resolution
Fig. 2-2 Schematic diagrams for the definition of resolution.




B & OIRBNE—NDOEEREZRE TS, AKFESE (Identification accuracy)
2 OO BRI —RZ#BT 5, IREIFE— N oBEM HRE (Separability)
BT ERRATRRR B IR Th D, R AERE (Indicating resolution)

D 3 DT TEXDMEDRDD,
fIRIEOGE | RS NAIRENIE EARE O EEET —NICHIRSND, FTRRIE
ICBWCREEE S ERELIFITN TV 2D, ZOREEE— N ORENE 4 EMRIC
FE T DREN THY, T EREO SR TIXA R R EREICHT S,
FRGIFRLRE T —NoBER R, BLORBIAREKRERZLTLL KL
T2V SYBER HREC AR R E RS TR A RSV BB N HITRIVESTZD ., 2
NOIERTFDEEIZEDL T 2 RIET ~ETHD,

20 F—AZEEE FFT 12 X5 8 s fiaar ¥

2.2.1 FFT OE-ERE S

FFT (Fast Fourier Transform) (. 1965 #E{Z Cooley & Turkey EH3FEEAL T, BT
— U #k#EREE (Discrete Fourier series expansion) % i CEEFTE 757 /12YX
LT, 4 B TR —RE7RE T EL L UEKAVL TS %,

Y7 R CERBICBRIESN =T —#F{x[n] : n=0,1,..N-1}%&, BI¥ R
Fl{ ¢ [n] : n=0,1,....N-1 ; k=0,1,.. } AV TR/ LBl 95, BIH 2% /L4

N-1 2

» (X[h] - > XI[klé, [n]J

n=0

(2-3)

D /INET2 B IR X KB R ET ALY, BRI ¢ (]} O—KFEETT —
55| x[n)Z i BT 5, BRI ETNIRAE, & BIAEII—@ICRED L
A, BEERZEER S LTV, |

BI% R ¢ ([n]} & IEFRE AR S

N-1

1 —
20 0dy 0] = 3y o

R T IO ED L OB T — ) R BRI Th D, MEXKITT —=frEks
MR, QR-3)EBFRE TR L T 0 &BLZEITED
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1= il‘z X n]¢k
n=0 ..(2-5)

THEZLND,

RGBT % KB FRI(2-1) DR ChDHE R = A BIECR {exp(i2nfint) : k = 0,1,... ;
n=0,1,.,N-1}THERL-EE,

el 1- i2n(f, —f )N
LZexp(iankm')exp(—i2nfjm) =L exp(l.n(  —HND =8,
N & N 1-expn(f, -f)r) "

.(2-6)
L0 B BT D E RS
k k
= 2 =
fo=lot Ne 0T (2-7)
7 — U AR X[K]iE
1 & k
X[k]= —Zx[n]exp{- iZn(fO + —]m}, <k=01...N-1> ..(2-8)
N & T
L5, 22T T=Nr&i*7~“-/>‘?®aa%%?ﬁl |FERZ R T, BEZABRROBRHMENS, kX
0..N-1IZ[REEND, BHEIT, FEEER H=0&LT,
1 kn
X[k]= =3 "x[n] exp(~ i27c-—j, <k=01.,N-1>
N Za . N (2-9)
LrRIND,

REAQ-TV D IRDIEN DD B,

2) T—UT AT ORTSFEEIIEBHERM T LILHIT 5, FTRIZEIT 54T
BIRENRTEOSE . £BHEIREFIEWD . R0 ﬁ?ﬁﬁb VYETL, ZNUCfES
TIRBE—F S5 EER HAEL IR T 5, IREZFRH T D700, HORE OB RN
RSB DI, W) RIS FEHTIE I L Th3kiE %@% LOLIRMNE, 7

— ) TR REICRIT AR AN, EHITELWEIRIL8 D,

b) —F. BEERIIOREA f & I EOINTED THEREFITIEEBELRN, Z
OMEEEFIRT UL, AEERERITVLKOLTHLH ETES,

BEITOTRIEDE A | BIRIFERIX 6.4ms THY. FFT ORI EREIL 156.25Hz &

19




2B, ZHUE, BERSNDENE BT ERE 10Hz S13h BN CRY . TRIE TV Btk
Be% FFT CTRLILITTERYY,

222, F—XYLE FFT OB R

RiET Tk I, ITRRIEIC FFT 2@ A LT235 4 K ANC R B oo fggen
RETA, J)FDE] E :ﬂbf BELN 5/&%‘?»%%0)&73 0 fEEfHILCTT
— 25 ETEL . RNTO2SBAREMZ E<L T FFT 21T FIEN, FTRIEOB R &
&f%tﬂé;ﬂt ZOFENENEEZBEE LR TEAZLIIERICERSNT
BY, FTHREBEIIZO B BT FIESRASH QD RFFEIZRBNT, Z0F
/fza”:-rwéfwa% FFT(Data Extended FFT; DE-FFT), ZDFETEHELNDHAT ML E
5 — ZLAE FFT AT ML EL AT 7=,

N EOBEIT —FDHBAIZ 0 SEMMLTT —458% NM B SERET
—&F{x’[mN+n] : m =0,1,....M-1; n=0,1,.. . N-1}IZ%4 57—V =R X[k ik, =
QNIRRT —ZFEBATHZLICED, RIEATERENS,

M-1N-1
X[k']=ﬁ1ﬁ§§><’ mN+n]exp{ i ﬂ%fleiEl}
k’=0,1,..., MN-1> .(2-10)

ZIT X[KNEEEE e = K/(MNOIZKHTBIRIBR 5K T, 7 —FYL8E FFT ©
FoRDFRERITEE O FFT 2T M (FI2H0 <725

K=kM+0(k=01,.,N-1; € =0,1,. M-1) . B&  EREHEHOBEHMEICEEL
THQR-10)2EH T 5L, R2-1DBELND,

X[kM + ¢]= %%{%Jexp[—iZR%j}exp(—iZn%j

n=0
<k =0,1,...N-1; £=0,1,. . M-1> ~(2-11)

H(2-10)EKQ2- 1) xR BT DL, 7 —FPLR FFT AT MU, EDEIZE>THT
SR MBEON SRET —2FI2ERL. &2 OF —ZFNIXT LTI LTz FFT %
Tl TRABEEEAZ 1/(MT) 3O 7h&E72 M DRIV ERD , ZHHDA
NI JEIE R R AR EL TR AAZENTED, ZOEBHIEL, X
BT DRION ST —Z5NIE % FFT OAEREFUFITRD 7,
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223, 1| B—RENI T2 ERME

F—2rk FFT 1280, R BEREILIN L9575, IREE— 0B i HRE R IR
KREIERED M LT D E00I T UL RIES VR, 22 C, 7 —ZIL3E FFT O&h
VERFME A S 6720  FTRIRBIV ORI 7 — #5453 B ECARL . Zhuc
5T — YL FFT AT ML AR T,

g T — 5L T UZESL 2 2O BIRENEEIK O SRR 4 £ LT-.,

x[n]= A, exp(—ynt)cos(2nfnt+6,)

(2-12)
+A, exp(—y,nt)cos(2nf,nt+6,) <n=01,.,N-1>

IZT YU TR 1= 5x107 s, JIET — 48 N = 128, BETEH v =1, =
/(Nt)& L7, BRIFFMRIX T=Nt=6.4ms &£725, A, Ay, 1, 5. 01,0, 1. 45 1
BIOE 2 IREIT—FORIE, BIRE. (HERT, 1 HDVEE 2 T—FNOIRE
N0 DEEXDOIRENIRFES 1 =—FIEE) (1 mode vibration), E—K72 2 D&hARESH
DEEDIRENIRAES 2 T—RIEHE) (2 mode vibration)EMESZEET B,
RQ-12IZBNT, A=1, A=0, 8,;=0° &L, f; % 1600Hz »>5 2400Hz £C SHz ¢
SEALER T, | T—FIRBIOBEEREE T — 451 % £ KL, ZOBERED 128 55
—ZITKT5 128 A FFT A7 ML — 7 B, 6510 256,512,1024,2048 51
B JLAELT-F — ZYLEAE FFT AU O — 27 B AR D7, 1900Hz 76
2300Hz D#EEFHORER%E Fig2-3 IR $, ZIC, BB IR T O B K, fitEhi:
B BRI Z Lo TELNI-ARI M O — 7B AR E T, PO ERIT. BRI
ENT-E— 7 BIE B ERIE O Bk —53 2, ERREREERT, 7
7 BN 20kHz ThHHIEMN D, 128 R FFT DR AEREIL 156.25Hz THY, 7 —
ZYL3R FFT ORFDFEREIL. 256 RS 78.13Hz, 512 KOBE 39.16Hz, 1024
R D%A 19.53Hz, 2048 R OHE 9.77Hz L7e5,

Fig. 2-31%, 7 —#¥LEFFT 2, 1 ©—NIEEBO B EE R RO ERELELWVEET
FELTCOAIEERT, ZHUE, 7T —FIREZHIE T 528128 ->T 1 £—NRE)
W2 DR EREE BEEIZRE CTEAIEERLTND,
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2300

[Conventional |
| 128point FFT | |
2200 for e

2900 feoer i SRR AT

2000

FFT Peak Frequency / Hz

1900 i i i
1900 2000 2100 2200 2300

Test Wave Frequency / Hz

a) Conventional 128point FFT
Indicating Resolution: 156.25Hz

2300

5121128 DE-FFT |

2200 oo ................ ................ Lo
2100 frveriernenen .............. y

2000

FFT Peak Frequency / Hz

900 i i i
1900 2000 2100 2200 2300
Test Wave Frequency / Hz

1

¢) 512/128 DE-FFT
Indicating Resolution: 39.06Hz

2300 - -
L20481128 DE-FFTl
2200 b gy ...........

2100 r. ............... {

2000 b -

FFT Peak Frequency / Hz

1900 i i i
1900 2000 2100 2200 2300

Test Wave Frequency/ Hz

e) 2048/128 DE-FFT
Indicating Resolution: 9.77Hz
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Fig. 2-3 Peak frequency for 1 mode test wave. by DE-FFT and conventional FFT.
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Fig.2-4 Data Extended FFT spectrum for 2 mor test wave.

23




2400 - - - 2400
2300 b . R deeen 2300F - o ,,,,,,
¥ : i M L : : ‘
= : : = 000¢ : : _
T, 22001 - 69, S, 22009 °0 ©f,=2160Hz O
2 e : g —y— ; . e
g 200 f - - Co ; fz =2080Hz . g 2100 & Lk B L . .
> . -0 - - = 00000000000000
@ boo oo 00000000000000 o ; : :
L 2000 : > ‘ . - L 2000 - B ; S, S—
= : f,=2000Hz 3 o ©f, =2000Hz Op
o ‘0 . : @ 0009 : :
B 4900 b - 00 1900 |- - C ;
1800 H i i H L 1800 L . H i i
0 60 120 180 240 300 360 0 80 120 180 240 300 360
Phase Difference / deg Phase Difference / deg
a) Frequency difference 80Hz b) Frequency difference 160Hz
2400 : - : - : 2400
ZJOOL- ...... s L 2300 2O 60,0.0; Lo pSA® maavareemy -
E o0n | f, ;240Hz ,’\QOOQOOO N : : v f, = 2320H2
= 2200} ~9g O: oP i T 2200}
& : o Fry
I~4 H
g 2100 0000000 g 2100 I S
o 7 o : : : : y
2 ; { ; ] 50 : [ f,=2000Hz
i 2000 Q. : io"’%o . r 2000 Q0°000 -
§ [} i f,=2000Hz ! 1 ¥00g000 % 5 : :
& 1900 : : : l £ 1900 f ot
1800 H ; ; H i 1800 i ; ; ; ;
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Phase Difference / deg Phase Difference / deg
¢) Frequency difference 240Hz d) Frequency difference 320Hz

Fig. 2-5 Effect of frequency difference and phase difference on peak frequency of
2 mode test wave by Data Extended FFT.
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2 SOREIT—FOIEEMAZEL Fig. 2-6b) DEFE . IREIE—NOBEIRBZENK
300Hz LA FOSEE T, e — 7 OfF BRI ZEICL>TEID, 2 SORET—F
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Fig. 2-6 Effect of frequency difference on peak frequency of
2-mode test wave by Data Extended FFT.
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N & FFT LRI THY, IRENE— N BER HEEIE N A FFT LRIL 2/T ThdHEBEZD
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T = 6.4ms THHD T, 2/T = 312.5Hz THY, Fig. 2-6 MHFHIMLTZ 2 E—FIREIDE
W ELH TEARA, # 300Hz T2 NEHFETD, TNLOERIL, 7 —4#9k
38 FFT OIREIE— RN B HeRIL, 7 —ZILROREICEP ST, $L9RATD FFT &
FAL 2T THHILERLTNDEEZLND, —F . Fig. 2-3 BL U Fig. 2-6 TRENLD
I NM AT —F L3R FFT IERR A REREL FIL 1/(MT)D B R EREZ#£5,

WE O FFT IZB 5 0B HEEIX, R SFEREICETHHIKE—&L TWD, L
L. F—Z#L3E FFT TiX, HEREICIY, BROMEDHNEZT RV TWAID
L5 T, IREE— RO BER HEEIC L T, AZEOHKNBTNLDITEBRR,

23 F—XYLIE FFT OF#EL 7 L TYR LY

23.1. T—XYLAE FFT OBMEEE L FORBE S

BIE TR ~7= k910, T —FILIE FET 1. $TREO B EAEITIE L ER . @V E
WERERRAE >, L, & —&¥468E FFT IX“EVY, BILEEREMAEVEVO KR
RRHBD, ZIUE, D 2 SOBEHITLD,

a) BUAIT —Z I/t L TELD 0 B2 ML TB7=0, T —F T ARNRRKREL->TL
F9, ZOER TREEZZFETOILTND,

b) &R7RE AT L TD, FTIRER T, 42 1000Hz 725 3500Hz O TL
ML T, TR AT ATl 20kHz OH 7" 27 & ik B CELH
EATHT-8 7 —ZYL3E FFT Ti& 0~10000Hz £ T BEEEAENTL T D, ZDE
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T BIEERMTEO B RS RDHNS,

N=RT TN, KRy 7B EEFEO CPU AT, H5V L, FFTE
BERFEANAILICEY, MEEELE A L TH2 83 TED, L, AAFREE OB
CPU T, REVEDHE KN, BIEOREMLEORIENH D, Fi-, FFTIEER T
O EBEON—RICHEDEERIT, RPN EHBEO®IGICRENHD, 20 L5l
Mo AN—R =T TS T2Em A LIZIER R H0 , VT Ny 2 7 YR R RN sk
DoD,

KETIE, F— 2L FFT OFmB{E T AT YR LDV TORETHE REHET 5,

232 FFT OT /LAY R LELFRHEE

FFT OEEMIREE T, LA ) DEZRREOR CRHMESND, £,
(EH) X (EF)REIIEREED 14, EHR) X (ERP) RBIIERREO12L
LTHY N D, RETOEREREFMIZZOFMIEIZLIIT,

BT — U R EUR B A R (2-9)

1 kn
X — —-2n—1|, <k=0]l,..,N-1
NE; exp[ lﬁN] >
%, [BlEsF

W =exp(-i2n) = cos(?.n)— i sin(27t) =1 (2-13)

WV LITOISICREET S,

nk

X[k]= ZX[n W N (2-14)

K- 1YZESNTT Y= 2~_T ML X[K] ZKDBITIE NEDO K (k=0,1,.. ,N 1)
IZHLC N BOERRBEEIT, RAELDLEN DD, Fo, BEITBNT
HEBBLEET N EO (EH) X (EH) RELIT :mzﬁua\b@z)a
B — ) TR AR B CIENH N B O E R RE 1T,

FFT Tid, 7 —# A%ICHLT N=2" OBRB BRI bh, ERREERI
P+ IEL B, T —HEE n LEEEE S K EROIIC 2 ERRE TR,

0= {Np.;,0p.2,....Np,..n oo} = 27 0 +27Znp o+ A2 42 0 +2°ng ..(2-152)
k= {Kp.1.Kp2.... Ky k1 ko b = 27 kpo +27 2kp ot 2%kt 42k +2%, .(2-15b)
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“hizdn, KE-1HE RO IHzRSNS,
X[{Kp_ s KooK} ]

1 ! ! 2" 2 142700 )27 Ty 4 20k 42Ky (2-16)
~
= E E E X[{np s ppee, W

np,=0 n,=0 n,=0

H2-16)F D W DFEEELXEBTHE,

" np. 2 2 np ot 42 m+2°m0) (27 ke 27 P kp o+ 42k +2%k0)/N
= (2% 20 kp. 427 Pnp. ket 27 npko 2" npki+27  npoiko YN
2P npoakp1+22  npokp ot +2F np ko +2"  np ok 27 np kg YN

+(2P nikp. +2P-]I’11kp-2 +2P.2n1kp-3 +... +23n1k2 +22n1k1 +21n1k0 )/N
+(2P_lnokp_1+2p_2nokp.2 +2P_3n0kp-3 + ..'+22n()k2 +21n0k1 +20n0k0 )/N
(2-17)
— p P-2 P-3 2 1 0
= (1/2)n0kp.1+(1/2 )2 “nokpot2 nokp3+ ... ¥2°nok,+2 nok;+2"neky )
tnkpy  H1/2)nkea (12520 kest . #2201k 2" 01k 2% ko )

+(2P3npakp-1+27 4npakpat.. +2%np2k0) +(1/2) np.ok; +(1/2%) np.oko
+(2"2np.1kp-142" 3 np-1kpa+... +2'np-1ko+2%np-1k1) +(1/2)np.1ko

n BEON k1T 0 F7203% 1 20T, QR-17)D FTEEIXER LD, TNEFRETD

W DAL 1 IZELWOFENLEIETHIENTED, 2k K(2-16)ITLL T
DIINTEETRIND,

X[{Kp_psons kg ko } 1=

Z(Z(( Zx[{np_l,..,nr,..,no}

r

..(2-18)
kon, ZP‘Hkp-rfﬁli“'r_zkp-x-zﬂ‘ ko, 2Pk, 42772 kp.ot.tky
W2 ‘.]w 2 (W ?
E51Z, x[n]DOE v N EL(Bit Reversion)#7|
y[m] = y[{mp.1,..,my,..,mo} ]=x[{n0,..,.N0p-r-1,...00p-1 } ] ...(2-19)

REATHE, K-8, ROIHCERSND, 22T, W=12FIH 75,
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X[{kp s Kook}

= Z (Z (( Zy[{mp_p'wmr"'!mo}]

1
my_ =0 m, =0 m;, =

k 27 427K, 4k 2"k 42"k, otk
w—%"‘*'] ]W B T — (2:20)

= i (Z {{ Zy[{mp_l,..,mr,..,mo}]

mp_ =0\ m, =0 my, =0
p-l '

) -
27k +tky 2Pk, vk

(=hom L j=psmew 2 m"'..J(—l)“w“v—'w Z

My

H(2-20)1F. RAIOH vamBIEIZ, mgmy,...,my,...,mp.y D35FBESILTVD, BB 2,
X[k]7S my ([ZOWTIRMIANCIEE TR Lehbb L TN\D, ZOFTEIBRIZ T
SAEE LN, "ET7TAEEIBREE{LINIZEERL THDE,

Yo [{mppoeompsk ke ko }]
= Yr-l[{mp—la"'amrymr_l=0;kr_2,krﬁ3,...,k0}]

ZP-rZ'”zkr-z+«-~+ku ...(2-213)
+ ("l)kmyl-—l[{mp-l"">mr’mr—l :I;kr—2’kr—3""’k0}]w N

<r=12,---,P-1>

X[{Kpyoko}]
= Ypu[{m, =0kp 5. K0} ] ..(2-21b)
2P 2k, 4.1k,
+ (=D yp [{mp, =LKy sk} IW N

PEFT, X ITEFET —F Tholz yIm|ONBEE LRI ARI I T —Z|ZEE
Bz TOEEIRTRIEZDZENTED, ZOEREBEBEHMIEL TRETDHL, Fig.
2-7 DEHITI2B,

FFT OEEMEELZIMTDE, NI TTABEDEART 7 Tk, riRIZKHIST
5 m=1 OEIZEEF4RUAEZEREN 272 EfThiv, ZHodP-) B RS LS
DT, NETFAEERELLTL, 27 P-DEIOEZEREN ThOND, F-, BEH
SLERL LT (EH) X (EH) REN L EIThNE, Zhbx BLAEDE T FFTOER
FEEEIL 22(P-12)EILRD, FITB oI, Bgk T — U =R B A DO EE
ETTHE, BEKLELSHET 2PAH2MHEIOESZSRENLELRD, 2Nt
bl AL, FFT 3BT —) SRR OE R RE [ K% 2" 04 —4 —CHIE T
ERZENDMND, BRI, EDITRIETHO LN TWD T 7Y 7 55 N=128
(P=\THEZERE ML FMT DL, BT — ) = ERFR TlE 16416 [E], FFT Tl
416 [El 700 FET S RIBICE B AL EE 2+ BB (L T A LN b5,
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Wave Bit Butterfly Caiculation Process
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Fig. 2-7 Calculation process of FFT. Data number N=8 (Step number P=3)
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F—ZPEAE FFT 2B C, 2P MRS — &% 27 SUTisR L= 7 e

X[{np+Q_1,np.(-Q-z,..,np;np_l,..,nl,no}] = X[{0,0,..,O; np-l,..,nl,no}] (2—22)
IhZE Y NEETHE
Y[{Mp1Q-1,Mp+Q-2,-.,MQ;MQ-1,-,M1,Mo } = Y[ {Mp+Q-1,Mp+Q-2,--,MQ30,...,0,0}] .(2-23)
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30




X[{kP+Q—13":kp;kp_l,..,ko}]
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Fig. 2-8 Calculation process of Data Extended FFT. P=1, Q=2. Broken lines indicate

unnecessary multiplications due to zero value.
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BT —) TR SR T, BREBRT — Y ORIERZIIIMAREANEIY,
AR MNVICRAZER A UD, TOBRELRBIEL7-0 ERERET — 25T T
HEL KBS EARILENT oD, ZOB A 2 BE(Window Function)& A,
— RN BRI L LT,

Haning Window: H[n] = 0.5-0.5cos(2 = n/N); <n =0,1,...,N-1> ...(2-25a)
‘Hamming Window: H[n] = 0.54-0.46co0s(2 = n/N; <n = 0,1,...,N-1> ..(2-25b)
ZERRNLND,
—% . 7=V {5 e R THQR-8)EEM L TRV ELISD,
1= kn
|= =Y {x[n]exp(-i2nf, m)}exp(— 27 -j, <k=01,.,N-1> ...(2-26)
N3 N
N(2-26)DH yaNITBEEHEF k ICERBR THDN L, FFT 21T R 52

EMNTED, 2T, KFOEBET — % x[n[iZh ) D ETE exp(-i2nfont) & BB EL
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Fig. 2-9 Schematic diagram of Complex Window Function
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a) &l FFT(Segmental FFT)

f0(€)=—€—, </=01..M-1> .(2227)
MT

Bl BRBEEEEZEEIZDEILE M BOARIMVRIINEFELND, ZOANT
MR TREND,

n=0

1 & : £ \n
Xlk|=—) qx[nlexp, —i2n| k+— |— | <k=0,1,...,N-1; (=0,1,....M-1> ..(2-28
] NZ{ [n] xp[ i n( MjN]} (2-28)

R(2-28)DETIL, T —FIEIE FFT A7 MVERTRE-1DERERIIELY,
XKZEWEE fi = (k + UMYT (T 2BEEERTERT, ZOFiEzE
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Fig. 2-10 Schematic diagram of Segmental FFT. P=1, Q=2.
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FFT(Segmental FFT)&4 {75,
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b) 74— M A (Focusing Method)
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Fig.2-11 Schematic diagram of Focusing Method.
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! J : ) i
k=0, fO :?(ko +T2—6—-], <j= _.2Q’__2Q ]”7_1’1 ,,,,, 2Q 1’2Q S

LEAZEIZID BT BRI ERODIENTEDL, ZOHEEZT+— T A
i (Focusing Method)& 4 fH1F5, 74 —H AL, B — 7B FEO B EIIRTIS T 58
5, EERBEEE AWV CEES Y — R EEOR AL BEIL BEIZORADAN
PINERDDFIRERZDIENTES, Fig. 2-11 (74— AETHEDLNAARZK
NOWAR AR, P TIE, FFT TROE =70 FEEZEETHAILIZIN, BEO
VB TELIENRIN TN,

74— AED BIR L AR A TRESNARET— N BER HEA 8B X T
WA, 1 F—RIREIMMREEEEN TWAOTHIUL, B — 7B EILIZOFETELL
FETE, FTREOBEEMEITELELTES ThHS,

T4 — B ARIEIEIANT MV EREE T AR E R ARV IAA TWETZH, 7
JHRCEED AR EESRSIMAEE T57 —FHLE FFT LT, KigEEL
BEE DR LA, ERREEKIIHEMO 27 A FFT T 27(P-12) E, & —7
FEEORYTC 2P E, £ TiE 28 (P-1202%Y EkieD, P=7,Q=4 DFE BEEE
BEEIET 2464 B TH D,

c) B —7#EFR1E (Peak Search Method)

v—7 B A RO A LTSI AE BN O BEZRE T D761, ShITRhR
DINWFEREET D,

2" & FFT THELNIE—2ZEAREREN kd/T OFE., ZHiCx S Ly — 7 €
[(ko-1/2)/T,(ko+1/2)/T] DTG, T2 BLREEE (ko-1/2)/TE (ko-1/2)/T LT D
ARGV T A — D AELRRICEE SR R BB S R R T — ) — R R B
TR ko/T AT MVEMZ T3 ETHEL, JRERDEAEEE (ket(1/2)):1}/T &3
o 22T j11E-1,001 OVTFIRMNTHD, RIZCZOKXKEDO¥4m, bbb
(koH(1/2)j1-122MT & {koH1/2)ji+1/22UT Lzt T HAXTMVEFHEL T,
ket T (2T HANRTMVEMAT 3 B CTHBL, & RERHEEHE
{koH(1/2))1+(1/20j 1T 8L, ZOBIEEBVIR T LI2XD, B — 7 BRI,

Ko+ Yo (1/2M),
T

, <j. =-101> ...(2-29)

THREND, 2L, 25Uk oFT — 2Lk FFT RSO ERBFEEREELF 2, ZOF
WA — VHESRIE(Peak Search Method):4 {1175, Fig. 2-12 (TE—7HRRIETHED
NDAT ML OBEERRE TR T,
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Spectrum

(k,-1)VT k,/T (k+1)T
Frequency

Fig. 2-12 Schematic diagram of Peak Search Method.

E—I7ERIETEHELNDDRE — BRI D H THY AT R DN TILFHR DS
RETDH, LM E, FTRIETIE 1| T—FRETHIEVIRED F T — 7B
BOHERDDDTHDID, ZOFETFTRIED BERMEITIEELTERTHB,

- RRIEOEELEREELZITME T AL ERRERBIIRNO 2° & FFT T
27 (P-1/2), HEILLERDOE T 2Qx2° H, £ T 27 (P-1/2+4Q) 72D, P=7,Q=4
DA, BRRERHUL 1440 EE725,

235 AREUENTEEEZIRE 555

FFT BELOT —# L8R FFT Tid, BRI TV 7V BRET—E/R
WEHLNTLEY, Lo, EBEICEE TAREBBAREEBRIIBEINTODHE
MEL, ZOFEN DRIV EFETIIECLDEEDBEL TV B, BITOITKR
VAT LTI 20kHz DY TV T EITHIOT, T —F 355 FFT Tid 0~10kHz O JE
WEEHE DAL RH HEND, LnL, ERICITRBREOZ S EE I
1000Hz~3500Hz THY, ZOFEFHD AT ML LEER LTV VRYY,

ERBEAFER T L. BT TR REESEFHZIREL CEZRRERRL T
HIEWTED, Z0BREFFALENT 1% (Limited Region Analysis) (2 DV N Tk ~5,

EREBAEE R OB — ) SR ER B O (2-26) 123N T, B K HAR T £65
2 I2MIBRETHIEEE X B, ZHUE kpa=kpo=,,=kpp=0 LL T 2" R DR~ IM L
ERDDHIENIDHTZD, INEAZTTAEEOELRQ2DITERT54.
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YY[{mP—l""’mr;kr—lakr—zv-" kO}]
= yr—-\[{mp—l""vmrsmr.J = O;kr—2’kr——3>"-ak0}]

+ (=D5y G mpyaenm,my g = LK, 5,k g, ko TW N

<=1,2,..,P-R> ..(2-30a)

Yr[{mP—l vy mr;oa'--; kpﬁR_l PYEETY kO}]
= yr—l[{mp_la-.., m,,mr_l = 0,0,, kP-—R—] seees kO}]

P-R-I
2 kp_py+..+Kp

2}’
+ [{mp_psem,m_ =10, Ko oy ko W N

<r=P-R+1,P-R+2,...,P-1> ...(2-30b)

X[ {Kp_is-Kp_g > Kpogyoen ko] = X[£0,.-.0,Kp_g ok} ]

P-R-1
2 Kp_pyt..tky

= Ypul{mp, =0:0,...Kp g s Ko 1+ e [{my, =1,0,....Kp g5 Ko} IW N

..(2-30¢)
ZOEEIBEL KR T HE Fig2-13 DLHITR 5,
ZOFEIT, BRBEEICLARMLEL A TED, BEEIR A {13, EREREK

AUEZ 0 B R ICERECXD, BONAEIREE I , ft1/(2%))&45,

IRERFARATEOERREE R, EREEGQET 2™ B, BEOAYTIA

Wave Bit Butterfly Calculation Process

< Spectrum

Data Reversion 1st 2nd 3rd

x[000] —————> y0[000] y1[000] y2[000] X[000]
wez won won

x[0o1] . yo[oo1] y1[001] - y2[001] X[oo1]

w"! W" w‘lll — -

x[010] yn[mulz yi[010] g PRIHE] C RInER
wor i

x[011] yo[o11] e Y1011 g VRLITE :;32

x[100] yo[100] y1[100]

y2[100]
2 wﬂﬂ

Y
x[101] yo[101] e yi[101] Ly201o1]
x[110] yo[110] y1[110] wHIIE
. wer
) —> vﬂ"ﬂ% yi[111] WA -

Fig.2-13 Calculation process of Limited range FFT. Broken lines indicate reduced

multiplication for spectrum out of range
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BE#IT) 1<r <P-R OFKEET2M(P-R-1E], EHIZP-R+1<r <P DEERIZBNTIL,

P r
HEICEE TS v m] DEEZIEK 12 T OB TRy, Z 2 @ B

=P "R+1

Lieh . BETIE 2P (P-R+1-1/2R) 72 B, P=T,R=2 DA, 336 [HE725,

23.6 HAETIZELDEHEL

BIE  CIk ~T- IR ESLFE AT L, EREBEEERAWcEBELFELESEE TR
BIEMTED, &% DMETITHTHERREREEZ Table 2-1 1T77 . RFITIE
EEEORMEEL T, BBIT — & 85 1280P=7), JEIET — ¥ =%72048(Q=4). JA LR
EFHE V4RI T 2EBRBEEEL T,

F—ZYE3R FFT [CXVEIREKEEREE LIP AL ERFHEERIIEM T30, R
EEHE AV 2 OEEICFER LD TEZRREREE RO TIENT
x5, T-REREEITIL. FUEERLFEOR CIIERREEREZBOTIE0T
£2, LLEDD A FILE> THROBEIZIIENHY . EOFELTRAT50
IZOWTIIER A R FIEE N TREICHIE T _EThH D,
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Table 2-1 Number of times of complex number multiplication combined with various
methods of high-speed frequency analyses based on discrete Fourier series expansion.

Lower rows of each cells indicate a concrete example for P=7, Q=4, R=2, 1=5x 107sec.

) ) Number of times of complex number multiplication
Method Identification
¢ ) o ;
etho accuracy/Hz Whole range analysis Limited range analysis
: 0-10000Hz 1000-3500Hz
L 2"(2P +lj 2"(2*"R +~1~j
DFT 271 4 2
156.25 16416 4160
. 2"-1(P~l] ZP“'(P—RH—I—RJ
FFT 271 2 2
156.25 416 368
Data 1 P+Q—1[ 1 j P+Q-1 ( 1 1 )
e 2 P+Q-1+ 2 P-R+———
Extended 2P Q-1+ 30 20 2R
FFT 9.77 10272 4928
' 1 P+Q~][ 1 J
— N 1 2 P-R+l-—
Segmental 2P AR (P —aal—) 2R
FFT
9.77 7136 5888
. 1 P-1 1 Q+1 P-1 1 Q+!
e 27\ P—=+2 27| P-R+1-—+2
Focusing Py ( 5 R
Method
- 9.77 2464 2416
1 Pl 1
— 27 P——+4 1
Peak 27 ( 2 Qj 2P“(P—R+1—-—R—+4Qj
Search 2
Method
9.77 1440 1392
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2.4 HETFRIGRERIC LD A B HRR AT

2.4.1 BT RS E 101D

B EARTIEIIE, S E TR TET7 - R BB ICESSFEDIENIC, B
¥ RI£% 2% (Linear Prediction Coefficient Method; LPC) (2 &2 510595,

LPC %, FRE T TV VSN ERT —4 O n E B OfEL, BEDO m HOE
OREREE CTRITHE CEIFET VITE S,

x[n]+ ¢, (K)-x[n —K] = e[n] 231
k=1

ZZT enX)IZE CEFRSRE. p IZE DERET AR, em]id THRIRZETHD,
LPC 3. VT — bR B EHE T AZLIENR TOB LV TERY, #
BIEOMENT, EFEEOAK. TEEBSDOEMEESLREDSETH AL
TW5, LPC IZESEEEEITIEICIE, WSO FERHHHN, ARFETII.
Burg £& AV D, AR T haE —E(Maximum Entropy Method)&h MEiE% Burg
WL 1967 £E1Z Burg DMRELZTAITVXLT, 52 6NT2F —F DIk BV THENT
BITHZ L BB T RIREBUE DD FRIRIZH R THREIT O EMD BN LT
55, LPC DFFEFREIIf T8k A ITRT,

FFT {24192 LPC D KOFFEIL. ERMEDHIIIAB 2N ETHS, FFT OFR
IREEDS BRI R ABIM A ZITADIZR LT, LPC TELNE/ T —ZRI K L
. BB OERBEKEL TEX LN, EBDRITOMREELBDIENTES, LML,
T, LPC DS EHBFEIE RS BER HREZ L EICA ETEAZEE B THbIT
T3\, Burg {7280 LPC (ZLA B EAENT FIE Tk, B EFE CEE/U—=
NRINVEEE P(HEDREID, Wiener-Khintchine D %

P(f) = [ C(8)exp(~i2nfE)dz .(2-32a)
CE)= [ P(f)exp(i2ntt)df | .(2-32b)

ZRMBREL QD 22T, (23213, BERIEN ENERICKRETEDIEAREL T
WH, LL7edin, BIRBEIFM T — 2 Tlid, £ 2ERICLAILITTER,
(2-32a)l3, & BIREVIZE PODMNWEEZ R THILERL TR, BELEN £
PREBAVRWERF IR ICH LTS, BIER S HERIIIET 52232015,

LPC ZFTHRIEIZE A L= fFlid7e< . & DOMERRIZITELBR DSR2 41D, ABFSE TiL LPC
DBMERMER T —Z¥5E FFT LEBRICEERIE 2 AW TR L 7=,
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2.42 1 FE—NIRENIXTDEERE

5 —ZYLAR FFT OEMERFEFF M LRI, (2-12)

x[n]= A, exp(—y,nt)cos(2nf,nt+0,)

+ A, exp(—y,nt)cos(2nf,nt+6,) <n=01,..,N-1>
WLV T —F R AR LT LPC OEMERMEZFEML7-, 22T, 1=5x107[s].
N=128. y1=y=1/(N1)=156.25 [1/s]EL7=, F7=, Ai+A=1 OHFIEFRITT-, LPC 1158
SRIERIFICR LU THERRRL2D, ZHEBCTo),, EKIERIED 1%0 K ESCEL
¥ —2EMZ FHEOZEMELHERL,

1 B—FIRENCXT T 2EMERE LTI 35720, A=, A=0 LEEL., B 6%
SOHz Z &, fLFE0, % 0° 435 330° F£T 30° ZA TR THEERFEAERL.
ZHITXT A LPC DY — 7 B $A sk 7=, LPC DR EL 30, AT ML DR IRS iR
BEIT 10HZ IZBRE L T2, &Rz Fig. 2-14 1R 7

M DERIT, BBREROBREESERIZREINZSEOEEREREERL,
ML, BAERHEBR DO cRER T, 22 Told, BEREBENOLOET —FD
REDEERZETHY, t3cDEHHICIIEROHIEIRELFST2T —FD
99. 7% ANb, RETITx3cDEIFHEZ LPC OB FRIERELRE T B, Fig. 2-14a)
TiX. LPC B —7 AR F OB IF EREIL 51.2Hz TRARAERE 10Hz LD RKEUS
FOERELD,

Fig. 2-14b) 12, Bk £1=2000Hz {272\ 5 LPC AT ML O—FlERT, 20D

2300

/O

. : 2
:qu: 2200r_ e ,”"‘ o Q’ g 1.0 L
N - Ad o
E : 7 § o8|
E B P ©
T 2100 | g o @
@ L g & 06
[y e &, E
4

b 2
E e . : 8 04p-
o 2000F 3 )
4 -0 K g
- "8' g 0.2
, S :
1900 L L 1 2 0.0 5 9 i B
1900 2000 2100 2200 2300 1800 1900 2000 2100 2200
Test Wave Frequency / Hz Frequency / Hz
a) Peak frequency distribution. b) Example of LPC spectrum.

Fig. 2-14 Peak frequency for 1 mode vibration by LPC. A solid line denotes ideal
detection line. Broken lines denote +3¢ deviation from the ideal line.

Sampling Rate: 5x107s, Sampling Data Number: 128,

LPC Order: 30, Indicating Resolution 10Hz.
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TRONDINT, TTORENE N 1 E—FEFHKRE THAICLEHST, LPCIE2 o
OHRHLT-E— 7T 258055, —HF OV =7 IERRE R O R EHATFE—
HLTWAR, T IERESTNTEY, 20T — 7 BMEEIT R BB K E MR
ERELD, BT D ENT MEREOMFE, BLW LPC 5HEOEEIDT-DIZ
BALEEICLV B &R IEND, B~ D EHD AN =X LTS DEZARFTHD,

FFT. BEOT —#YL5E FFT Tlid, B mfEiesE LW EIE R EEE B LN
T&D, ZHUIX LT, LPC TIEFRTH R L ®H<EREL THEAK K FEERRITERML
1, ZORERE OB RIRERIL 6.4ms THY , FFT OB KR EBEIL T R R EE
FIL 156.25Hz £72%, FAUZXL T, LPC OB FIEREIL 51.2Hz THY, 3 ZFD M
g BN RSND, Ll T —F L3R FFT 13, ERORE IS CRK R EiE
VB THF ESEHND2Y, LPC X ZAUZIERITAR,

243 2 E—RiRENIXHTAENMERFE

2 E—NIRE DB EOREL 570, BRI OXR-12)IZBWTE 1+
—ROEK LA FBEE 1=2000Hz, 6,=0° ICEEL. % 2 T—FOEEHK © %
1600Hz 7>5 2400Hz &C 20Hz % Z, fL#H0, % 0° 7365 330° £ T30° ZATES
T2 B—NRB ORI £ KL . 2R3 LPC A7 ML OY—7 B
#RWT-, Fig. 2-1512, BLE—FNORIE A, &2 2 E—FOIRIE Ay LD a) 6:4,
b) 5:5. ¢) 4:6 DEFDOFEREZ RS, RFOERIT, BEER OB RN EFEICRES
NEHEAOHEEREREERL., BRIT, BEREBEHOOL3c#E, TROHLEEE
FIEREZE T, Fig. 2-150) TH 1 T—FDIEHDENE 2 T—FIZHATISNOIL,
£1EF—FOMFEO, % 0° IZEELTWAIZHTHD,

224 BICRLIZENNZ, T —4HE3E FFT CRESNAE —7DIEH2EIL 2 DDfFE
BT LB CREARAEmMERE -, ZHIZH LT LPC TREINAE—
B DIZS->%L, Fig. 2-15 TRLNAINNC 2 DD B EE AL - EisE R
TOWAEEE DI TENL, R TRINDIELDEIL, IRIBA & A LD HETDIZ
DNKELRY, BEEFEERITIE T T5, iRIEL A1 A=6:4 ThD Fig. 2-15a) (8
WL, TRTOE—7EEENERETHHE 1 T—FERHEL WD, Ll RIE
b Ap:A=4:6 TH5 Fig. 2-15¢) IZBWTCIE, BETHDE 2 =—F T3k, 487
B 12— REL-F 20N R5N5, ZOREEMIT., FIRIED B ERETIEE
LT3, BB O R R ERVEFELRN,

RENT—FREIDAEEN S DR EBETHDH0, (2-12) DRI T,
1 B—RNa2E k5 £,=2000Hz, i7FH0,=0° (ZEEL. F 2 E—FDJEKE % a) 2080,
b) 2160, c) 2240, d) 2320Hz &L, &FEAREIZXT L TALAED, & 15° SHOE(SET
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Fig. 2-15 Effect of frequency difference of 2 mode vibration on LPC peak frequency.

Solid lines denote ideal detection. Broken lines denote £3¢ deviation from the ideal

lines.

LPC v — 2 B %R 1z, Fig. 2-16 IZFERET T, KPR OERIIBEEEITL O 1
T-FBIOE 2 E—FOEKREER T,

B %E ) 80HZ T D Fig. 2-16a)lZ 8B\ Tk, MAEZEDY 180° 735270° DRIT2
DODIREIFT—R RSB TE P, B — 2B | DITHEIBL TWHIERDD, B
HFE7 160Hz O Fig. 2-16b). 240Hz O Fig. 2-16¢), 320Hz O Fig. 2-16d) T, 2 DD
REE—RE2HEECXS, E— 7B EICIT 1| E—NIRBNOMEITHE REFIRRIC, 5
BRI SOT NN RO, TOREIIEERENRER>THEDLAR
WV, ZNHDFE RS, LPC OIEENE—RN 4 BEMR HHREITA 160Hz £70D, Zivid, FFT
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b) Amplitude Ratio Aj:Ay =5:5

Sampling Rate: 5x107s

Sampling Data Number: 128

91 =(°
0, = 0-330°(step 30°)
LPC Order: 30

Indicating Resolution: 10Hz

BLOTF —#YEE FFT I2HRT 2 FDOMHEEEELR D,
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Fig. 2-16 Effect of frequency and phase difference on LPC peak frequency for
2-mode vibration test wave. t=5x107s, N=128, A;:A,=5:5, LPC order K=30,

Indicating resolution 10Hz.

244 JEBHLARTIEOMERE AR

AETHRATE, 3 OOBEEMNTIE, 77805 FFT, 7 —#9L5E FFT, BI W
LPC |22\, $THRIEA~O BARRYHE A2 18 E LT RE FL i 22 =89 T Table 2-2 127
T, DO TR EAREEIL, BRSHN = 128 U7 U SRR = 5x107s (B
B T = 6.4ms) |23t AE Th D, FFT DFER O fEEEIT 156.25Hz ThHhD, 7 —FHA
8% FFT OREEREE Q=4 LL7z, FARSMEET 9.77THz 1725, LPC 12DV T, &K
#K = 20, FR4EERE 10Hz, AT MVRREFHZ 1000Hz~3500Hz (L=250) £L
Iz, LPC DR REEEIT, (8 A CHEWZFERN
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Table 2-2 Summary of performance for frequency analysis method to the tapping
inspection system.

Method Indicating Identification | Separability Number of times of
resolution / Hz | accuracy/Hz /Hz complex multiplication
FFT 156.25 156.25 312.5 416
DE-FFT 9.77* 9.77* 312.5 10272%*
LPC 10* 51.2 160 17798.25
* Any required level can be achieved.
k¥ Several techniques are available for decreasing the complex multiplications.
—}‘:{(N—I)K2 +(4N+2L+DHK +(N+5)} ..(2-33)

b 17798.25 [El L7205,

Table 2-2 {Z RHNBDEHNT, T —FPLIE FFT & LPC (W T 1b K 10Hz DRI HE
BERB/DILINTED, L L, FTRIETERINS, BIEKFERE 10Hz 225
DILT —FYPLEE FFT 7207 THY, LPC OJF IR ERE 51.2Hz IZZDOERITELRLY,
T, HEAEREORE THHERFEREEEIL. DE-FFT OF 0% LPC L0 7e<,
EHIZ 23 BTSN B E L FIER LD L IVEBE LB EE 2R LXEh 8

700 ' : - H
© DE-FFT g : o
600 N = I ¥ T L A
N |, ; 7 : i R
e i 3 : : ; T
< z s :
3 s : o a
3 ; ; 'e : z o
° o 0
g T - T |
3—2 50 L.oo ............. ............ @ ............. ......
3 0 : ’ '
= : é
oL@ ? i ;

i i i
0:10 1:9 2:8 3:7 4:6 5:5
Amplitude ratio A_:A,

Fig. 2-17 Identification accuracy of LPC and Data Extended FFT for 2-mode

vibration of various amplitude ratios.
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RERETHD, ZNODORERMS, FTREICH VBRI ESL T, 7 —428%
B FFT BNELENTODEERTES,

BB LA TS 2 E—NREMER RO § 57 —#3L5E FFT OBIER L
27~ Fig. 2-6 OFHMFER, BLOLPC OENEREEZ 7= Fig. 2-15 OFEMHEER
LBV, B2 IREIE—FPEBLREHFT O — 7 BREDOIEL2EERD T, R
% Fig. 2-17 \IR T, 2 DOREFE—RICIRIBEDHDLLE | T72OBIRIE AjA, 2
0:10~4:6 DHFAIZIE, T —FHE5E FFT 13 LPC LVEN - B KR EREL R T, L
LIRIEEE A Ay 23 5:5 OEET, 7 —FYE3R FFT O B R EREITBE L LT 5,

1 B—FIREI CHHIRIELL A:Ay = 0:10 Tk, T —#¥L3E FFT 13T CERESLD
B EFIERE 10Hz 272323, 2 2OE—RPNRELIZHE. RIBLE ApA; = 1.9
DHFAETEZS, FIRBMFEIERIZSH (L BREELFHI-S0R5, ZOZ8IX, T
—ZYE3E FFT 23+ 72 B HR E A fEIR T 272012iE, IREVE B 1= —NIRE)
THAZENEE THHILERLTUVS,

— AR 72 B BT IC B T AT NVITERE ThDEAREN, ML E —
IRHBTHIENBEREND, T —F IR FFT 135 RS EEEDN IRE) © — N BERR
BEIVEWZD | BT TR E 525N B0, — IR B ERAT B I3
270, L L, STRIECIEFEE IRV B R ERMNERSNDTH, 7 —F LR
FFT 28 binsd,

F— YRR FFT 3+ 272 BE R ERe 2 R E T A7, fFIREEREFHIB W
TIRENVREN | B—RIRENZ AL T HZ LR EE THD, RETIRS TIL T
B LVOBEEN WL TWS, 2, HEICH TN HREBOEERE T
—ROBMBFE T DL E ERRCRIE FEEZRL TD, KFZEOFBREBLL
Bl THEMEIL, 7 —F4L9E FFT BNEDIZEETDL012, HEOIREE &
B 1 E—RIREIERDIOHIETAIEERAL TNDEZERDBND,

2.5 F&B

FTIRIE D B BT AT, 10ms LU T OEVWBLRIRERI T 10Hz OFREFERE
EEHZENEREND, fTRIECHEINZT —#I55R FFT 13, ZORLWESRE
WEATE - T BN BRI EERATIE THD, L LD, 7T —FYLRFFT O BREC
BRI I T LG oI TIB RS TV T,

R TIE, 7 —Z L3R FFT OFEREN, FEECRIIOR Rz BBSE 7Bk
O FFT RI R EICEETHFETHOI MR, 61T, 1 T—NREIBIW
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Fig. 3-2 Boundary conditions of edge-supported circular plate
for large deflection theory.
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Fig. 3-3 Vibrating process of tapping vibration.
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Table.3-1 Coefficient values of shape function for axisymmetric vibration mode.

Nodal Coefficient Value (Poisson’s Ratio v = 0.3)
Order Clamped Simply Supported
Ao =3.196 boo = 6.048 Ao =2.222 boo= 2.572
0 | 00=1.000 | by=-1720 | 00=1.000 | by=-02133
b= 03744 b= 0.08233
W =636 | bum 8876 | j-5452 | b= 4088
1 ajo=1.000 b =-91.54 a0 =1.000 by =-42.96
a1 =0.3790 bpy= 48.65 o =0.4417 b= 19.62
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Fig. 3-4 Shape functions for vibration of circular plate. Solid lines indicate exact

expressions. Broken lines indicate approximate expressions.
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Table 3-2 Coefficient values for fundamental vibration mode of

circular plate under uniform transverse load.

Boundary Condition Coefficient Value (Poisson's ratio:v=0.3)
. C
Transverse Radial Cu CnL AL
Oth 1st
Clamped Immovable 5.861 3.804 1.242 0.5341
Free to Move 5.861 1.414 0.7133 0.3989
Simply Immovable 1.438 3.054 2.364 0.4031
Supported Free to Move 1.438 0.5669 0.9035 0.1853
5.0 -
i A LD
A B8 SS-IM
g AOf . NS
> . B
0 AD
§ » A 40 ‘2
3.0k A AN A
g AN b SS-FM
LL - A CL-IM
T ) A~ ) o
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= 2\ : OO ; (8
£ pF o0 O T® CCLFM
S A ~O 0 R 0 18,8 ;
[e) _‘5% OO = FE Analysis:
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© Clamped-Free to Move
A simply Supported-Immovable
A simply Supported-Free to Move
0.0 A .
0 30

10 20
Normalized Load Intensity p*

Fig.3-5 Relationship between natural frequency for fundamental vibration mode and
load intensity of edge supported circular plate. Dots denote results of FE analysis.

Solid lines denote theoretical results.

60




33 ENEZT5HEASROEARS

33.1 TRIED ElzD-7= AR O EEIRE)

THREED TRIEROESL, AN FTEIN-HEEZRO TEHREORE &
B2 65, R Cu. Cas Cy HEBEBIOREDOEL S F2WVed, ER{LE
M L EHLE A RS EOBFRERTG3DIE, H—2 A IINEEN M7= %
IRTLTHRILT D, T7bHIRADIINT, WEBE p IZIREDIRIICHY 751K
OEEZMA, ROEMEEE p ICRECEEELMADZEIZEY, HRO ElZD>7
BEOE B RGIIRTIENTED,

pr =P +PiqHe --(3-322)
pr =p[l+———~—~} ..(3-32b)
p h

ZIT, pig FRIRIEDEE  H IR AD RS, g IXEFINEE THD,

UL, ZOEEMINERIZ REDESNERVBRICOHEN THD, Zhid. A
REEBIEERELTIRVR, RIELL CORBZERL QWD ThD, —75 . IF
SERROIEN EIZD-T- RO EH RENELIL, Lamb 2L DFFFRIZEDKRDIIIZ
Bons ',

pr = p[1+0.6689%i%] .(3-33)

2L, AR D DOBE TR — R ERIE T 0 LBl EE AV TRY, RIKDER
ERFHIENEXZDHE N ThHD, WAEORSHFHBERICHIHEERTER
. IR TRD T R 726720, |

RS EEAEL, RE 0.2mm, EE 36mm OFEEXFAREZERETHE
RIZKEANTZBE D, KDESLEF RE SR EDORRE Fig. 3-6 IR T . ZOHE,
JKEE 12mm CTE EMINERICIDEARENEE Lamb G I L OEH REEDI K E
T3, EEOEATIIAIET 90mm BE, FHEMITET /LT 93.6mm Y, Lamb
HRE A TAONRRY LB,

#,(3-31). (3-32a), 3-33)FAVBE, HEEETAFERFNO LE ARSI
THEHHERHSOBEFREICENENE AR ELHRBOICEIENTED, EEH
WED B 3% B S — R T A B, T MRS A B E SR — BT AL

61




2000

N
I
>
Q
<
(]
=
O‘ .................................
QO
L=
u- .
g 5 s Ti
2 —.Lamb's Theory
< : :
z : ,
Mass Addition Method | .
0 i i i i
1] 20 40 60 80 100

Water Level / mm

Fig. 3-6 Natural frequency for fundamental vibration mode of clamped circular
plate with water on the upper surface.
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Fig. 3-7 Effect of internal pressure to natural frequency for upper and lower circular
plate of cylindrical vessel partly filled with water.
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Fig. 3-8 Natural frequency of cylindrical vessel under pressure.
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DFENT—RILRIZFAFEI N TRV,
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SREDAN = A LEY R AR LIz, TWODRERIZOWVTIE~D,
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ERBONEERICTFEE T EREKET, MEAEZEHAWTET ML, AFF
FIZIBT DITIRIRENARAT D50t 2 & L7 R (C200TF-2HF), BL O Z A BEHi{LLT-
AR EEFROF BT ET L OIIREFE T L% Table 4-1 LY Fig. 4-1 1R 7,
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1240 EDO IO ER THEL ., PNERZERIZIT 4400 BORNEARREEZLEE L,
BT AL 20 BIZHBIL T, BN OKOFTEEL(LERB TEDLIICLI, KkLZE
KOFIELLRIT, KOKREBDOEEL ROFEITERRE, K 90%: 2R 10%ELT, F
FAOE R 7707 ThbH, ERHEOEFHEIHEYTIHE L 2L O TimMEE%
BEEZFFELT,

A EOFEAENTIITINARREREY 7Ny =7 Nastran (MSC Software Inc.)
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ERRHT I L OE S 8 T JS BHRAT (BVRAT) 21T o 7o), MEEREMA T E 1%
R AR CIIRA OB R E A BT B I OE R SR 21T o 1, BEAT
T, IR ELL T EEARE S 10 1 s DE 100kPa D/ VAR E HfTEL 5
2. BRI E O B HIRENR AT LT, MELNERAED B HLTZBE L 2D o7,

Table 4-1 Dimension and property for computational analysis
model of the tapping vibration.

Shell part Upper circular | Lower circular | Side cylinder
plate plate
Young’s modulus / Pa 2.07x10"" *
Poisson ratio 0.3
Mass density / kg/m’ 7.85x10°
Thickness / m 2.0x10™ 2.0x10™ 1.0x10™
Fluid part Air part Water part
Mass density / kg/m’ 1.12 999
Bulk modulus / Pa 1.42x10° 2.22x10°

* Young’s modulus was compensated to represent the effect of internal pressure in
several analyses.
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a) 200g 2-piece can (C200TF-2HF) b) FE analysis model
Fig. 4-1 Shape and dimension for computational analysis model of tapping vibration.
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Fig. 4-2 Natural frequency of hat-shaped shell under internal pressure.
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Fig. 4-3 Tapping waveform of hat-shaped shell at the center of top circular plate.
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Computational transient analysis.
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BEIREEDOLIT 1.99 &, Y 7RO 1.50 {2 ThoT-, ZHuL, & 3 ZTRD
FEERBEORKG-14NSOTRIGEEST B,
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RIET CIBEL-FHEMTREL AW HE AR OIRENREEL FEIT LT,

7, BN OKAREEDOEEIZOWTHNS-D, HEERNBOREERIC,
5 A KIS 72 & BT LICZE RSBV K DYIEES 5 2 C B ERF 1T
i, BEEETHLBLN-BE RS T—RDOYE, BREROREN A TE
REE—RIZOWT KOELEFIRE L DOBEfR% Fig. 4-4 (TR,
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Table 4-2 Deformation and Young’s modulus compensation for the computational
analysis of tapping inspection.

Natural Frequency | Displacement at | Natural Compensated
Pressure || under consideration | the center of upper | frequency of | Young's
/kPa || of large deflection | circular plate distorted shell | modulus
. /Hz /m / Hz / Pa
0 1136 0 1136 2.07x10"
10 1328 1.56x10™ 1264 2.40x10"
20 1579 2.62x10™ 1440 2.70x10"!
30 1776 3.39x10™ 1597 2.80x10"
40 1946 3.99x10™ 1725 2.90x10"
50 2101 4.50x10™ 1836 3.00x10"!
60 2227 4.93x10™ 1945 3.00x10"
70 2352 5.32x10™ 2028 3.10x10"!
80 2453 5.66x10™ 2114 3.10x10"
90 2542 5.98x10™ 2190 3.10x10"!
100 2629 6.27x10% 2264 3.10x10"
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Fig. 4-4 Influence of water contents for natural frequency of

cylindrical vessel. Computational eigenvalue analysis.
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Fig. 4-5 DE-FFT Peak Frequency of transient analysis for cylindrical

vessel containing air and water. Computational transient analysis.
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Fig. 4-6 DE-FFT peak frequency for vibration of cylindrical vessel containing water

and air under internal pressure. Computational transient analysis.
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Lower Plate : 48kPa
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Fig. 4-7 Tapping waveform of cylindrical vessel containing air and water. Each
waveform in left column indicate the vibration at the center of upper circular plate,
those in right column indicate the vibration at the center of lower circular plate.

Computational transient analysis.
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Fig. 4-8 Data extended FFT peak frequency of transient analysis waveform of
cylindrical vessel containing air and water in resonant region. Computational

transient analysis.

BEITICB W THIER SN R AT HENFEHEIL, ERORBITHAATHRDEN,
ZHIE, AT ISR BB L TRVWEENE X LN, BEETVIAAIZREIT FIEOHE
LIS B OBETHD, Tz, BHAEEETICBWUIKOEDEL, EHDOE{IC
JOIRBIE—F A SRR E R TD, ZNDEFEMICRNDZ LD, EHIZHANE
bhaEE b,

43 FLIRIMEINFIR OE

43.1 EIRFEROFE

AT CHEEE L T-ARAT RIS I FTRIRBI O IR G O RFIEZIRY | SHI R AR e
LTz, #RFRIT, | IRIRENIH L CL IRBMENERELZ 2 IRIRENIEEL T, 1 IR
B il T IRETHD, 2 WIRENT, LOBBI B ERNOETLHHE L. 2 WIREIED
REINS 1 IRENCLVENES N CRATIHE D DD, FIRIRENIBVTL, 1 kiR
BIORAFIL, BRE VAL > TRIESNCEER THD, ZORED 2 IIREI &
EREL CTIRENZFHRE L, RS/ 2 IREN SR HEL T 1 KIRBNCE &L TR

78




FENBEETHLDEEZLND,

HIRF ST H FENILLRONLRE T, £REALOMENIL, TENIE ~ 226

B CREAROONDEBIRE CTHD, — iR, HIERSOIMENIIT

1 RIREN, HDVNL 2 RIBEIORAZIIETS

HIRBRICHD 2 ORI OB HIRENEZ T 55

HARBIMRICH DIREMED M DEHER K 2B 45
FENEBEZOLND, LDLRNBG, FIREIIFEESOEESZAETIREETHLE
EN0. 1 IREN R AT IETEA, Fio, HNEIZE ST 1 RIBBI CHHHBIEL D
EERSEAKENSENTH0, 2 WIEBOEFIEES KL T THRIEZIEIT5
CHIIREECH D, ZOZLEBETHE, FTRIEBOHLIREZ AT A1, 2 RIRE
RIEIT A0 IREVE IR R BB T AL Aveu,

— R, IREMAD R BB S EDLER RO LD, FIRREIT 2 2O
BEDIREIE DT TV ELS-0 | BICEARE O (L2 Th B
JEERIEIEIZNS, L L EIZh 7 do i, FIRIREI OGS IZENEICL-
TIREEDE(LT 2720 BRERIHE(CITRICHKIRTIENRI M BEIsE
BRELMEFCRN, ZOZEEBEL T, AFR TIHIRBEOBAREEOENF
LERBIDCHERNEEZFEL T, FORMICBITDHRRREEFM T D851 L7,

432 TiMEMRGEROREE

THRIREIE EERICEIAERMNMALL T, IREZBIE T2 HEHE A OF
B EERBILRWIDICEETHL, HBEAIFI SN LN RHEN TS, £Z
TISHELZRRELC, BRAERTT VO T EAREHBORES 0.3mm (210
SEETIVE, FTEARESEEZEEXFELIZET VE/EY, Figd-7 (R f#AT
CRIC G CENENTE EM LTz, A O, BB OVT mE P ARER L O B AEAT
RENG % Fig. 4-9 BL U Fig. 4-10 IR T,

TEREL 0.3mm [ZHMEET- Fig. 4-9 OBE, HIBERELLRDENFRAMNE
50kPa 735 40kPa [ZHBENIT B, FDRAVMIBITHIRVORESIL, Fig. 4-7 127
TTERE 0.2mm DHELIEEAEERDLIRY,

—7J . Fig. 4-10 (R T TERARSEEDS G, AT @RI ICIRENIEEL R
WA, B AR EOIEENCH IHRFE ST FHAE L2\, Fig. 4-7 (TR HIRHERITF
Be—N L FEARSOEEREST-FEOBTRIZLDOTHDIN, TEZEEL
Tz ek | SRR HER T D, I HIRRABIC TEORBAREERTIHZ
EERTRLTUNA,

79




100
Upper Plate

"““HHHH mm““mmnmn

s BT R
_5:.. Time / ms ?
-100L

Fig. 4-9 Tapping waveform of cylindrical vessel containing air and water, with
lower plate thickness 0.3mm. Internal pressure 40kPa. Computational transient

analysis.
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Fig. 4-10 Tapping waveform of cylindrical vessel containing air and water with
clamped lower plate. Internal pressure 50kPa. Computational transient analysis.
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Fig. 4-11 Effect of thickness of side cylinder part on beating phenomenon. Internal
pressure was a) 51kPa, b) 46kPa, ¢) 54kPa. Computational transient analysis.
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Fig. 4-12 Waveform of cylindrical vessel containing air and water with clamped side

cylinder. Internal pressure was 50kPa. Computational transient analysis.
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Fig. 4-13 Waveform of cylindrical vessel containing air and water with clamped

upper plate edge. Internal pressure was 75kPa. Computational transient analysis.
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a) Lower thickness 0.3mm  b) Lower plate clamped c) Side thickness 0.3mm
see Fig. 4-9 see Fig. 4-10 see Fig. 4-11

Pressure / kPa
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d) Side clamped e) Upper edge clamped
see Fig. 4-12 see Fig. 4-13

Fig. 4-15 Pressure distribution of fluid inside cylindrical vessel for axial plane at
0.48ms after excitation. Each sectional view corresponds to waveform indicated as

figure number. Computational transient analysis.
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Table 5-1 Design Factors

Design Factor Dimension / mm

Level 1 | Level2 | Level 3
X1: Bead Depth 0.2 0.6 1.0
X2: Bead Diameter 40.0 40.6 41.2
X3: Circular Part Diameter | 34.0 345 35.0
X4: Bottom Curvature 0.0 0.5 1.0
X5: Bead Ridge Radius 0.8 1.0 1.2
X6: Edge Radius 0.8 1.0 1.2

X1:E—R¥EX Bead Depth
X3: IR EFE L Circular Part Diameter
X5:¥'—FHi3 Bead Ridge Radius

X2 : ' —KREE Bead Diameter
X4 R M ALFIAE Bottom Curvature
X6: FAMER = = Edge Radius
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Y2:H/E Pressure Resistance FTHREZIERARDIEIINES] OkPa (259 ST HRERIE#h
DT RV R KETINES,
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Fig. 5-6 Schematic diagram of characteristic values.

Table 5-2 Assignment of design factors to L27 orthogonal array

and obtained characteristic values.

Design Factor/ mm Character Value

N o X1*[X1* Y 1 YZ Y3
X1 X2 |elel] X3 jel]le|X4 x4l xa X5{X61ell )uz l/kpal/kpPa
1fo.2]40.0 | 1] 1[34.0] 1] 1]0.0 1 11]0.8]0.8} 1}] 773] 200] 200
2 0.2]40.0 | 1] 1]34.5] 2} 2]0.5 2 21 1.011.0] 2)§ 577 150} 317
3lfo.2]40.0 | 1] 1|35.0 ] 3] 3]L.0 3 31 1.211.2] 3|1 263 150f 237
4l 0.2140.6 | 2] 2|34.0 ] 1] 1]0.5 2 21 1.211.2] 3] 568} 150 325
sfo.2]40.6 | 2] 2{34.5 | 2} 2]1.0 3 310.8] 0.8} 1| 285] 150} 243
6|l 0.2140.6 | 2] 2}35.0 | 3] 3]0.0 1 1ft1.0f1.01 2|l 791] 200] 150
702412 | 3] 3[34.0 ] 1] 1]1.0 3 31 1.0 1.0] 2| 298] 150] 245
8jl 0.2141.2 | 31 334.5] 2] 2]0.0 1 tfr.2p 1.2 3] 7821 200) 200
9lf 0.2j41.2 | 3| 3|35.0 ] 3] 3]0.5 2 210.8]0.8] 1| 585] 150 313
10} 0.6]40.0 | 2] 3|34.0 ] 2] 3]0.0 2 3108)1.0] 3|f 417} 250] -10
11l 0.6]140.0 | 2| 3|34.5 ] 3] 1]0.5 3 1ftr.0]1.21 1}f 500] 200 362
12l o.6J40.0 | 2] 335.0 | 1] 2}1.0 1 21 1.210.8] 2| 251] 150] 300
131 0.6|40.6 | 3] 1]34.0 | 2] 3]0.5 3 1]1.2]0.8] 2} 463) 200} 378
14 0.6]40.6 | 3] 1|34.5 | 3] 1]1.0 1 21081 1.0] 3| 261] 150 325
15 0.6]40.6 | 3| 1|35.0 ) 1} 2}0.0 2 3j1.0f1.2] 1] 461} 250 -5
16}l 0.6f41.2 | 1] 2134.0 ] 2] 3]1.0 1 20 1.of r.2] 1l 227) 150] 343
17l o.6]41.2 | 1} 2§34.5 ] 3] 1]0.0 2 31 1.210.8]1 2]] 386 250} -10
18flo.6j41.2 | 1] 2[35.0 } 1] 2]0.5 3 110.8]1.0] 3} 518] 200} 362
19| 1.0]40.0 | 3] 2§34.0 ] 3] 2]0.0 3 210.8)1.2] 2|l 188] 350] -20
20l 1.o]40.0 | 3] 2|34.5} 1] 3]0.5 1 31 1.010.8] 3]| 386 300 441
2111 1.0]40.0 | 3] 2§35.0 ] 2| 1]1.0 2 1fr.2]71.0] 1jf 1771 200] 394
221 t.o]40.6 | 1] 3|34.0 | 3] 210.5 1 3127 1.0] 1{ 337] 300 450
230 1.0f40.6 | 1] 334.5 ] 1] 3]1.0 2 1{o.8] 1.2 2} 175] 200] 400
24 1.0[40.6 ] 1] 3|35.0 ] 21 1]0.0 3 2]11.01 0.8} 3]} 231] 350) -15
25| 1.0j41.2 ] 2] 1]34.0 ] 3] 2]1L.0 2 1] 1.0]0.8] 3| 131 200] 440
26l 1.0l41.2 ) 2] 11345} 1} 310.0 3 21121 1.01 ]} 163] 350} -20
271 1.0j41.2 ] 2] 1]35.0 ] 2] 1]0.5 1 3[0.8]1.2] 2]] 394 300] 438
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FEREFERE L27 EARE
TEFMAHEZEL, 4
7o BT EREATIZ. ENANE 73 OkPa, 150kPa, 200kPa, 250kPa, 300kPa. 350kPa (Z-O\>
T{To7, Table 5-2 ICFBRFTERDERRA~DOFF EFFMEEHEEOEL R,
S E O MR S

CIRD I

TRGTHT

- EL=

k—Fﬂﬂ

WZEBIDHT T 27 DRRITET V2 VERRL .
ZEADNWTHKFE M4

B AR 21T
MEAE T B R A L

FPERED 2 REBEAXDOF THRLNT,

= -21317.23-1235.00 X1 +416.67 X1% + 799.76 X2 - 4.94 X2?
-314.73 X3 +2.39 X3%- 903.04 X4 + 171.92 X4° + 548.33 X5
-302.78 X5 +99.17 X6 - 40.28 X6 +3223.33 X1+X4 - 1953.33 X1 -X42
-1573.96 X1%-X4 + 1002.08 X1%-X4*
= 181.25+20.83 X1 + 156.25 X1% - 25.00 X4 - 125.00 X1-X4

= 10825.48 - 933.33 X1 + 567.71 X1 - 183.80 X2 + 1.16 X2*

-78.84 X3 +0.50 X3%-30.58 X4 - 112.67 X4*> + 142.50 X5 - 70.83 X52
- 402.78 X6 + 200.00 X6 + 2840.00 X1+-X4 - 1723.33 X1 -X4?
-1393.75 X1%-X4 + 850.00 X1%-X4?

ETo, SEHTICEV /O, B R MR EE IO T 2R ER O F 5 %% Table
5-3 L..?T\‘—a—o
Table 5-3 Effective ratio obtained by analysis of variance.
. . Y1 Contribution
Factor |Dimension -

D.O.F. Variancel F Ratio rContribution Y2 Y3
X1 1 1 |4.17E+05| 1.16E+03|** 42.4%|| 51.0%| 52.2%
-2 1 |3.42E+02| 9.53E-01 0.0%|| 3.1%| 0.9%
X2 1 | 1 | 1.27E+02] 3.55E-01 0.0%|| 0.0%| 0.2%
2 1 13.04E+02| 8.46E-01 0.0%|| 0.0%] 0.0%
3 1 1 |4.02E+03| 1.12E+01] | 04%| 0.0%| 0.3%
2 1 |3.41E+01] 9.49E-02 0.0%|| 0.0%| 0.0%
X4 1 1 |2.51E+05] 6.98E+02|** 25.5%|| 37.5%] 0.9%
2 1 | 1.06E+05] 2.96E+02}** 10.8%|| 0.0%| 33.1%
" I | 1 [236E+03[6.56E+00] | 0.0% 0.0%[ 0.1%
2 1 | 8.81E+02] 2.45E+00 0.0%|| 0.0%| 0.2%
<6 T T [2.50B+02] 6.97E-01] | 0.0%| 0.0%| 0.1%
2 1 | 1.57E+01] 4.37E-02 0.0%|| 0.0%]| 0.0%
1x1 || 1 ]1.64E+05])4.55E+02[** 16.6%| 63%| 9.9%
X1 x X4 1x2 1 |2.25E+04| 6.28E+01[** 22%| 2.1%| 0.3%
2x 1 1 [8.37E+03] 2.33E+01[** 0.8%| 0.0%| 0.1%
_2x2 1 | 2.14E+03] 5.96E+00 0.2%|  0.0%| 0.1%
Error 10 _13.59E+02 1.2%]|  0.0% 1.6%
Total i 26 100.0%|[ 100.0%] 100.0%
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ZOFENPBONBIINT, BETER DI BE —RES X1 ERFLIFAR X4 LS TEH4%
PAEIC S L CRECMZREEE RIZL . MOEFIXFEA L EEL B2 /0, 227G,
BIFRFRICE > TEESD X2, X3, X5, X6 DERFHERZ,

P —RNEZ X2 =40.0 mm MIARERE £ : X3 = 34.0 mm

B R :X5=0.9 mm FIARER > F #1581 X6 = 0.9 mm
CEETHIEIZEY, FRETER X1, X4 I3 T AR EO S kg~ v s
TAHZENTEI, fER% Fig. 5-7T 1R T,

Fig. 5-7 T, FEM CTRINDRE Y1 IXHOFE b T HRIZAD > TEHE
T 5, ZAUIE —NESB I ORNAFRA B/ NEWVNIEREN B DI L5 RT,
—F THE Y2 1IZROE FThbE Eizmh-THEML, $7-. REME Y3 XROE
DO [N THEINT B,

1.0
g 08-
£
- 1000
< 06
8 800
S 04 600
m
o 400
> 0.2

200
0.0

0.0 0.2 0.4 0.6 0.8 1.0
X4: Bottom Curvature / mm

Fig. 5-7 Distribution of characteristic values. Contour lines indicate the sensitivity,
bold solid lines indicate the pressure resistance, and thin solid lines indicate the

inverse resistance. Open Circles denote the determined optimum shapes.
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Table 5-4 Characteristic values for optimum shapes.

Shape Opt.A | Opt. B | Opt. C | Conv.
X1 0.38 0.74 0.98 0.00
X2 (fixed) 40.0 40.0
) Optimum
Design . . X3 (fixed) 34.0 40.0
Dimension
Factor / X4 0.17 0.28 0.35 0.30
mm
X5 (fixed) 0.9 -
X6 (fixed) 0.9 -

Y 1/Hz (expected) 602 438 363 -
SDSS Y2/kPa (critical) 200 250 300 -

Characteristic Y3/kPa (critical) 200 250 300 -
Value FE Y1/Hz 766 558 468 925
Re-Analysis Y2/kPa 200 250 300 150
Y3/kPa 250 300 400 200

ZOFHIBRFEEDE M Z AW Chol R REH B L7, mHE, IE Y2 R
ME Y3 EMNBEEL EERAEMET T RE Y1 BRKERDEINIToT, THE Y2
BLOREBME Y3 DREZZEA T, LT O 3 SOFERREmMmH L,

BT A TE Y2 >200kPa KEETHE Y3 > 200kPa
PR B: TE Y2 >250kPa KEEME Y3 > 250kPa
BRI C: TE Y2 >300kPa REEME Y3 > 300kPa

INGDOEBEFRBIOFITIIRE Fig. 5-7 FICANLTRT, BATBRE, BEIX
BOABTHEMELS, NTUAREBENDOIZH LT, RBERITEE., ME, BLOKER
MED T AL EVIKEEIZD D,

BOB IR 53 BRI AR E 2 FEARAT I LR, SDSS FHIBISI Lo FHRIES
EHIZ, Table 5-4 12789, SDSS DOFHIBIEA GO THITIX., FBEIR A 0B CIZD
WCORE Y1 IZRED, THE Y2 EXERME Y3 135, SEFROFETIC
STELNTZFH A E L, EEMICIIINEE ST 5, EERICRDLE, SDSS 1T
BT RIVIEWVEE L EOREHEZ FREIL TVv5, SDSS TiHERDZEN%E
MBS L TRWDIEIZEY, BB ERENITIZLN TEDN, ZIEEDORE
RV CEME 4 A2 IR EETH A, AFRICBNTH, EENVTRKELZ LTS
7oL, B ETER O RR D ENNELE X DND,
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524 HiROEABRTM

RIETCHI Lo Rl (H BT R O MR E AR B S0 DRFET 5720, & 1EH
WEBRIEL TCUM MTHREEOERRTEMEIT o7, RIEGEKIT, BHITHE
J250TF2-S DEGE TENOIERFEAIOEEFREZ R EIMY, Fig. 5-Sb)I R 31E
R R RV TEUEL 72, B RHER D55 X2, X3, X5, X6 DEEIL Table 5-4 (ZfE-
TEEL. F—OFEE AW TRFE L, Fig. 5-8 ICRIER KD ER IS E L2 T T,
ZNHOIR T, AMERIIIBITORERLZIEAEEDLLT, R +SZIT AL
naEE s, :

INHORMEFEBIOHRITEMRIC, FIEKRIRE 20°C. 35T, 65°C. 80°CIZFHEL
727K 245g ERIBEHEE LTz, RERIBZ B ETHILIZLVERNEIZREICHRES
NB, ZHHDEEICKTL T 123°C20 5 DL MUNEE R 21T 7, IRE 123CIzi
T HEFIFRRE IR 220kPa THAM, VMV FIZHEIZD DD NI EEE B2
T2z, Bk T —RMEV MURETTUO, BIEENE /113 250kPa Th-o7z, L L
FLREFOENEIL, NERE., BHBAE. BLUOWIHEREICE > TRES, AR
BAEE [ Tl 350kPa 5 500kPa DEEEIC ST 5, ZhUE, VMVMEE TRRIZB N
THI 100~250kPa D NAZEDPHEIC) D TeZEEERT D,

L IMVNEE LR AT 7o A2 =18 (23°C) IS AL . FTRREE B CHTH R I okl
FEL. ENENER CEE CHENELERIL-, BIERERE% Fig. 5-9 IZ7~7, Fig.
59 [ZBWT, FEFIR A 25 C IZONTITREEMBRORE XL, —7F ., (it
FEIZEEML CU MV RRT OFTRRERIE giiR O T 1T/ ha<ip o7z, Fio, RERMEIZE
DR TH 4B BERBICE/ R RIX RO R0 oTc, ZRHO/EMIE,
SDSS THEH L7z FRIEEMRINC—ET D,

IHBDFE RS, SDSS ZHAWDE VMVNEDTHESITRERE LA R4 2L
NTNRG U REL A L X EHBZENBALINI o7z, HEEDERPFIETIE, KRF
HF LSO RBR T EXH T OIXRETH) RFEITEERORFHTFDTH
B

a) Optimum A b) Optimum B ¢) Optimum C d) Conventional
X1:0.38, X4:0.17 X1:0.74,X4:028 X1:0.98,X4:0.35  X1:0.00, X4:0.20

Fig. 5-8 Appearance of optimum can bottom shape.
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2500 : : 2500 ‘
B 2000 oo B e D 2000 frend A% VoS N S
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g : A é % : 4 : §
= i ; Y : A= f ‘ :
g’ v B & g’ Optimum B
2 O Before Retort 2 O Before Retort
] A After Ratort : G A After Retort i
F 1000 L———=— : H F 1000 L : H

75 -50 25 [ 25 50 -75 .50 25 0 25 50
Can Internal Pressure / kPa Can Internal Pressure / kPa
a) Optimum A b) Optimum B
Pressure Resistance Y2=200kPa Pressure Resistance Y2=250kPa

2500 : 2500 5 :
2 g g £ £ ? 3
‘:” 2000 b § 2000 [
S 3 s &
o B ! o : : H
g ; : ; £ : f ﬁ ; :
be 4500 b W 4500 F i R, R e i)
2 | [opimume] £ | [Conventional] a
a © Before Retort a2 O Before Retort 4
] A After Retort : S A After Retort
F qp00 L= n H F 1000 n N H

75 -50 25 ) 25 50 .75 .50 25 [) 25 50
" Can Internal Pressure / kPa Can Internal Pressure / kPa
c¢) Optimum C d) Conventional
Pressure Resistance Y2=300kPa Pressure Resistance 150kPa (measured)

Fig. 5-9 Tapping inspection aptitude of test can body after retort sterilization process.
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W 2 - AEEROV MV MTIREEZ R T 5720 VMV NRO R E R A
PERRATIZ L > TR | BT OFTRRERE B AR % B EAFHT I 8o TR D FH BARAT
FIEABE LT, IOIT, ZOF R FIELHET IR SRV AT L(SDSS) Ll 4
BT, LIMVMTREE I 2 B R RE L FIEL BRI, FTHRRE. i
B, BEORERMED 3 SDOFEFFEEICH TS 6 SORFFEROF MBI
SDSS M HEH LTz, FOFER, B —FIRSEHIREABLD, SRR EEICS 3
AEXEMER THAZLE REL, MERSLOREGEMEDNBEELOREOJET T
BRENRLERDIDKRBEREZEH LT,

INEDOBEEFARICKT L CHEAEITICEDREEELAT V., SHIZ, RER R EEHLE
LT MV MAEE L FTRRINE L IZ LD ERBREIE 21T > 72, T DR, SDSS TFHIL
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ToPEREIX, RERDEEDEB L EMERNC—FL TOBZ LR b oT,

INDOFRERIL, ERITONTODRIEEED EFME T b T ICELNZLDOTH
D, SDSS (ZL DRmBLERFT FIED TERFPIEIE D> THEFR RO =AY B F
HBELTERTEDIEE TR,

25 R

1. faft=#E, QBIEM, TR, “ERHEFRICIIIFRFEAEOREL, Sias
JE(1998)

2. Ken Takenouchi, Junichi Takada, Hiroo Ikegami, Masaki Shiratori, “Optimization
of Can Bottom Shape for Retort Sterilization and Tapping Inspection by Statistical
Design Support System.”, Transactions of JSCES, Paper No. 20030021(2003)
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FO6E HEE

TRIAIE, R RROREWMEIRIET 2B ERRERIEITE L THIEL T 5,
LU, FTRIEO R B IZEERMITED LN TERIEN Y FTRIEOBERERIZ+
DIIIERASN TR, 2O HEOEREE(LIEDRIC O TRET 181 E
2D ITRIEORERBER T 2BHRREOREREOMBENEEL TS,
Tz, EEOTREVEFFMIZ. R TR ZLOTEEE AL 0 R IEREDE
BRERHI FIEIC LD LAV BB EERE R T2 F RO KD
HILTVD,

AT, FTRIEICEE T2 LR OMBAEARL . TENREREXZ D720
o, EDEMEFRELEAL CTURFIELHE TS, TEHMRIZOVTHRELL,

B 1E ST TRIEOES | SLROMEM T, ERAFRERE IOV THERLL
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B2 B fTREOREEMBITETIX, ITHRIEO BT ELL CRRSNZT
—ZYL5R FFT OFEEMENTRESEZZL ., BERREOFFMERE R LZ, T —4 ¥k
SRFFT VL, BAILTR BT — 2 O®%AIZ0ERFML, RANT OSBRI AIEEL T
FFT Z1TH53FET, 10ms REDOERFHEEAKE RO —2 B iK% 10Hz OB E CH
ETED, AR T, 7 —%98E FFT 23, BEERIIOR 228 ES -850
FFT RIEREICEETAFETHDI LA MR LT, /-, BRI A5 M
ToT, AEHRERIIZOFEICIVM T30 IBREIE—NoBER HREIZT
—ZYLERTD FFT LB D BRI AR LTz, 8512, FFT D FR B H5 R S %2 58
SN REABFTOBRARBHEE. CNERAWEEELT VIV LEEZBEL-, Zh
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%38 ENEZIBEEOEETIL HRELTRBEEOBRE, H—2kh
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SRR OFE — BER IR CRB T O FIETRE LI, ZOFIEE,
EREDOITRIREI TRONDIKIRFARZRITHILNTE, T, RO FETIIR
FIREZR, Bas N O ENIRBFZEZBE T HILNTED, ELIZZDOFEEZANT,
TRIRBNC BT DHIRR B DO AN = X LEERY | LIREMG] T DT REREI LI,

B 5B REHRE BV AT AL EREROREL TIE, METRE R
VAT ML DEERONEH R FIELRE L, FTRIBICKOENEREL, £
COBEVIVIMRE LREZRIBRITITOND, £DTH | FTREEORFHIRBNT
(X VMV IR P OENCINVER L EEOI TREEZ TR TOLERS D, &
B3 Cid, U IVV N TR IS ERTHE LFT AR B SRR EE L & I LS B D iR
FHHT 5700, EROREEFEL AV ERXBRFMFEIEA T, Vo /VORE
W% & B LI E R BT 2 H R ST E L AT MOEA L RBE L FEZREL
“o ZOFEEHEATHILTED, 2 U —RAEEDOVMUVNMTIREREZ R LS EDRE
FREREL . SOITEEROBARE F 03 M MTREMEI & 2 D B2 RIT LI,

ARFFEIZLD
FT R 00 B I SRR AT TR B D AR B
FIRRERIE gh iR O FE 3 Hh AR 0D
FTRIRBI O S EFEAT FIE DL
HEBIRR G B AT ML B EER O R EH T FIEOHEE
Il OFERNELN, ITRIEO TEMNRBICHFE T2 THEMRRPM GO, Fx,
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LS#ORELLT, UTORBHRERRENZET NS,
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B H AR T HICLE LT AR FEERIMEWVTZOITITRIEDERIZ
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i A BT RIGREIE

BRI TRIGREIE(LPONC B DB HAEITIE S LT, ARAFFETHVVZ Burg IEOFR
HAEME T D, Burg 1AL, ARER— bt —HmOBEINT-FIETHIN,
%< DR TIL LPC O—FELL TIRALNTEY, ZZTHEDOMRIRIZ6-> TR
RIRHTD Y,

LPC %, o7V 7R 1 TERBY I SN T —2 x[n]DOnEB D
B%, BEO m HOEOHEBHE A TTRTIE CEIFRET MZEDL,

x[n]+ » cp(k)-x[n—k]=e[n] <n=0,1,..,N-1> .(A-1)

NgE

=
1l

1

:I.'C en(k)IE B CEVFREL. p X8 CEFET VIREL. en]l T FRIRZETHD, F
BIFAZE e[n] D _EEHERDL,

2
E(e[n]?) = E{[x[n] + Zcm (K)x[n k]] }

k=1

(A-2)
=E(x[n >+2Z m<k>C<k)+ZZ ¢ (K)em (OC(K )
k=1 ¢=1
<, B EMBRE:
N-1
C(k) = Z x[n]x[n ~k] (A-3)
n=0

BEANT D, TRIRRENE/NEL2DES, B EERRE cnDRHE T ZEST 20
Z0LT D,

OE(e[n]®) _ (A-4)
acp, (k)

INER(ADIZEATHZLC8D, x5

C(O)+Zcm(k)C(k) E(e[n]?) .(A-5a)

k=1

107




C(k)+ Zcm (K)C(k-0)=0  <k=12,..m> ..(A-3b)
¢=1

NHEELD T, Yule-Walker FFRFEMEINE, IROTITHIHEES,

coy Ccl) CR) - Cm) [ 1t | [P,]
ca) Co Cc Cm-1| c, (1) 0
C(2) CO)  C0) : ¢, (2) |=| 0 ...(A-5¢)
C(m) C(m-1) -« - C(0) Jcp(m)] |0 ]

ZZ T, Po=BlemP)b iz, FHIAZELREEN D, Yule-Walker 772 K IZ 1T
Levinson-Durbin @ #i{k=

e (K)=cp_(K)+cy(mey, (m—k)  <k=12,.m-1> .(A-6)

DIFRDIZ D, EHITH(A-5)ET(A-6)EDD,
Py :Pm—l(l”—cm(m)z) ..(A-7)

INHDBMREAVAE, ca(m)PBRE T, cn(KBLV PnZ2EDHDIENTED,
(A5 DR D BRI E D,

Z e (k)Zém (O)C(k-¢) =P, .(A-8)
k=0 =0

H(A-)ICH CHEDOERZEAL T, TRIFEZE PuIZxd 2 2 2OXEED,

P, = Effenn]*} .(A-92)

P, =Elpe,q[n]’ | .(A-9b)

72720,

Aim TR ZE: fe,[n] = Zcm(k)x[n+k] .(A-10a)
k=0
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IR THIZRE: be, [n] = Z ¢, (K)x[n+m—k] .(A-10b)
k=0

(AT, BIA FRIFRZE fen[n] %A THIFEZE ben[n]D R EHNELNZ L%
ERL TS, LL—RIZ, ZOHMMMEIZARY I8, 22T, H(A-92)EF(A-9b)
EDFMELHILSEDTD | MBEDOFEHER/NITH, LOIREZEATIIE
&0, Burg tEOT VIV XLBNEHI NS, T72bb,

N-m-
P =Min{—;——N—1—— (fem[n]z +bem[n]2)} (A-11)
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n=0

EVOETEZRER T2 LIZEY, en(m)ZRDENTRDHILD,
2 fe Cm- l[n] bem 1[n+1]

Crn(m) =~ (A-12)
e )
em—l[n] +bem~l[n+1]

— 5. RA-DOECERET VE, BET — 230 A0S £ T BT
AT LEEBZ | OB AT DO B IR SR EZDZLIZLY, BT — 25|03
T — 2TV P

P

P(f)= : m : (A-13)

m .
1+Zk=lcm(k)exp(—12nﬂ<r)
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UAEAEED T, Burg IEDOT VAU X LITIRO IHIZELREND,
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N-1
1
P, = EZx[n]z .(A-14a)
n=0
em(0)=1 <m=0,1,....K> ..(A-14b)

CJRANEE <m=12,.,K>

m-—1
-i[n]= Zcm_l (K)x[n+k], .(A-14c)
k=0
m-—1
be,_[n]= > cp_(kK)x[n+m-1-k] ...(A-144d)
k=0
M-m-1
2 Zfem i[n]-be_1[n+1]
Oy (m) = — 20 (A-14e)
(fem—l[n] +bem——1[n+1]2)
n=0
Py =Pp_i(1=cpp (m)?) (A-149)
(k) =cp_1(k)+c,(m)e,_(m=-k), k=1,2,...m-1 ..(A-14g)
AV

P(f):: PKT

; ..(A-14h)
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1+ ZCK (k)exp(-i2nfkr)
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BONIH I~ X912, Burg ?ﬁi _75}% IR TRIBRBE D —F RSN T
WA, EREIZIZfE R = b — %fx A EBICIVEXHINZFET
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