T2R2 rIgA2US-FURIMY

Tokyo Tech R

esearch Repository

Od/dodn
Article / Book Information

Citation(English)

Type(English)

gobbobbbuoooooobobobbbuooooobooobo

go:0ooo,
gobooobo:0ooogad,
Uooo:0o020930,
00000 :19890 30 2607,
gobboo:0oog,
goo:

Degree:Doctor of Engineering,

Conferring organization: Tokyo Institute of Technology,
Report number:[J 0 20930,

Conferred date:1989/3/26,

Degree Type:Course doctor,

Examiner:

Doctoral Thesis

Powered by T2R2 (Tokyo Institute Research Repository)



http://t2r2.star.titech.ac.jp/

Y2 —T7 bS5 0T bPER—-—Vick B

BRERHTLEORE T — FHIH

1 989% 1H4

BT YR T7FLHK
AL FIRK



Modal Vibration Control
of
Ultrasoniec Tool s

Using Wave-T rapped Horns

January 1989

Kazunari Adachi i

A thesis
submitted to Tokyo Institute of Technology

as a part of requirment for the degree of Doctor of Engineering.



Yx—7 b5y T FPErR—riTk B

BEREHTLEOREE — FH 4



To my beloved parents



H &

F =

AR

BHEEKORE T — FEHE

1 B

2 EHE-—-rFrEEER

3 HREFROREE-— FHMH

4 ZRBHEHROKRHE— FHEBL
ZODGreenFi B ODEREDLDRIRIIHENEARA
EURES HoHEHFE

5 (kB Eick3 V77754 7 REBEHHNOYEBENERS R

6 AXFEOBAHRBRRA

BERERHEORE € — FHEMER
1 B

2 EZBRoHMW

3 RREEBICHERUERFIE

4 EEER

5 EBREESERICLI-THILIRK -T2
AFHEORXRHLEOMES

10

12

16

18

19

19

19

19

25

34



RBE—-FHBOEALOERMBELZTOBRRFE

[y

LA

N

AEEHEKOEA

[S+]

ALZEUAE OF B O KKK R

S

FALEEUHRGRBEREZRLVPEIEIRGABER LT X

(%2}

SRBBEDG BT BEERBDE-FORBERENS

[«2]

BEZEMLOY Lav—va v

~

BEERDE-FORELXEH CHTIETOEE

SRERBROR T — FHHWER

1 K

[\™

SRERBREORB T — FHMEICH D HE

W

EBREE

(=N

ERER

AREBEERHROBRTF &

1 B

m

2 REBEBRRBROFHBLESNIEHALOER

o

3 J®BFFIHOFIE



6 &
BT E
7 -1
7 -2
7 -3
HEME
2% X #k
PE
8 1
18 2
18 3
18 4
f1# 5
& 6
18 7

E A -3 75
2w 79
MEFETcoE &D 79

W 80

5% 0FE 890

- H{BRHIT - 82

84

85

HFHFEHoXEFERA BB O—FHIc>\WT 87

HERBEOGreenBI B ¢z 0 BEF MM ER 95

EHEOLLDREHESINLEBERZRIT Y R 7 4 99

—RTEEHEUIREE Y x—T+S53 9y T bFrx—VvOoEXOEHE 105

ALEEHRBOEHIE>WVWT
AXhcihidr- - BEREGHIE 112

BEEALPBEUHERDEOBRERIETE-FVREIAIHLED
BEECXHEENERIL 115

HUEEHRoZH Uit cEHT 2 Eo NN ER(L
(BEXHA DS 0HKB) 122



AT B ELEIRBVWAVARENS 2, BICR
ATHROS2EELHD, IHOLIIKRAR
WMo, TENERKELESIERDLILILL - THE
DHELONDIEFOH L, BhOoFEXLBI L. L
THhfclEREFPSLIUBVWE, BHIBZEHZOD
—HEZEFILIBIATH VLW EEFEL TV %,

IWABRRE [ROTEHE] "EFICHEITE LD



FE BHROHER

BMABEEOAHIAVSOSNWIKRBRORT IR, EoBiITA ik O
BRBT—FBEO»->TWA2RHKRBELHELIGDE L ERI-TITDODN TS
oo BB T I 70 viE BT ORBERELELT I 02H BT, &
HROoOXREMALATAER ST, HELBBEFREAHFLEABZCEERT. §
ERHFZTOILET., CHURBBYIRFETHE-LEEAL S, L LEBS, B
RORBIE-T, BOORBEZROMHEG T I THRBREXBVWHRHLEOM
B FEHENW B LI > T &

RrE, BHEBESEORHO—DIL7TISRF 4 v 708ENSE, COFE
B, AIRBOBERKRIKIXZ 7525+ v 7B GEEOEMBTORBEZFAL
T, EEbL AR HKOFHRAREAH VT B LS, THOEE S 1
YIRBUVWT, BHEDF - VIV TDHINN—DEIRKRKBOTIZXF 4 9 78
SEEEHOI b KBICHAILTEDIRHEALTWY 3, Fig.0-1 KRT OB
OEHHCAHWLh22BH (BE7TrIizvahvasrivE) oI HE
PHEHNRTEIKRTL S, B, TOoORO—-LPEBELERIIVEHOKED
YRR >THY, TOLHBEO—REZBEIERERHIERE LIS RBRIRS
ERBLEEHAEDEALODIL LS T
HE+ 5Tk L TREDER | DRIVING POINT
Bbeg, THOBRHFHE» B NIBEE v
ErxzhicEgELLTSZXF 49708
MIEBHT B LI > TV %,

CHALEBERSTSR T+ 9 7B
TR, ERDoI"—DE S ICITHDIE
EEPKERLZERESWBBENE (.
BEEBCOHA—THRIFRMEEND M
EhERLRT WV, -T, CDLHI
IROBHERRHORZ LR EDT S Fig.0-1 A typical ultrasonic plastic
PTHHNERST. LhrbTOET welding tool with slots.
PHRERBGEMIBZEZERLBZ LI
Rollw, TOHHNOLYDILELLRAREKROIABCOEOTRIEMA 54
T&lho HFDRY v F $8FD—2THb, CHit Poissonlbk D EEZHBKR L.
BAHNOEEGRHEMELT, TRCHBEMRFTEZERLIEICEL>TZOD
BMEBTEHEHRSHEE2B L ET260TH 3, Z0OficbFig. 0-2iFT &

RADIATING FACE



51 (A LERZMoTEELEEX S L
e MITREWBEIRREZZRT S,

i () TMkEBEEZMOMAT 2L 0
Sk IRBPEEETHL TV 5,

L L. BEHE»RIESHOEE L
RCIELHE->TK B&, 25 L1E~A
DI Rcbbbhrbof., FPHRIRGE
MAHE2B3 L3RR BE, Ch
. TREoBHEBORERRIBEELLS
T BTS5ZAF 4 w7 0BEBRED
520IkRbA T, ERDXIRITERRI
WENRLERABREwW 202l
BEHEIECBWTRBRESGBESH S
PEPRODVTRAMSEBRMVEMST %
Rl ThHb, ES5REHE
I —BEFRHE LB 2B 5LDE
FlEBNIBEREICLXBET5RF 497
BESEA2OOLTVWBE I Eh 5, )
LETEORHEEREE TS S
KESRZEMicdy. FPHEBRGE
MNMoaHmEBIENETEFSTHLLR
> TETWS,

COo&EI i, BOABEHEOIKEHIS
WTR, BEs— v EoBRRIRHE R
BPRETBE L W @Mk, HiR
RORBE~ FEY[BERZIEBE
Ve LT, BHMOoHfEROHEEE &
WO IHHEDOD NS WRROFZHFHFET
B, CHLAHBERR T B2 LER
LbTHLV, Kdblsd, RET— F
KT 2ERCBRMICI-ED L1
FEcEAsHMERBEOHF L WHRHF
FER, SETR2LE-THVWERSE
SNT IRt EFOMDEZR
D, EH»ICEisnero @&+ — v icBi ¢

L d

[

>

(b)
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of large ultrasonic tools.
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- Z__,
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3N/4 A/2
: : A4

% E/////////”’——j—_\§\\\\\\\\\\\§TRESS(FORCE)

REACTIVE IMPEDANCE CAN BE REALIZED.

Fig.1-3 Principle of physical realization of
reactive force using a bar in longitudinal
vibration.
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Fig.2-1 The types of wave-trapped horns used
in the experiments of low amplitude
operation.
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Fig.2-2 One of the tools for which
the method was examined.
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NATURAL FREQ.=19.05KHz

Fig.2-3 The finite element representation of
the tool for finding the reasonace mode. The
solid line shows the amplitude distribution
at the radiating face of the mode.

l
d o

DRIVING FREQ.=15.05KHz

Fig.2-4 The finite element representation of
the tool for the calculation of driving
forces. The values of displacement are the
same at the points surrounded by the circles.
The arrows indicate the driving points.
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Fig.2-5 The experimental setup and the method
for measuring the normal amplitude’
distribution at the radiating face of the
tool.
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Fig.2-6 The Langevin-type transducer and the
adaptor for resonance adjustment.
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TOOL5-1-H

MEASURED
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05+ LENGTH OF THE HORNS(R= 15cm)
. 13.9¢cm

----- CALCULATED
FREQUENCY 19.05KHz
LENGTH OF THE HORNS(R= 15cm)
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MIN/MAX=89.5% (MEASURED)
92.06° (CALCULATED)

RELATIVE AMPLITUDE

0 10 20 25
DISTANCE FROM THE CENTRE (cm)

Fig.2-7 The comparison between the predicted result in the
calculation and the final experimental outcome with respect to
the amplitude distribution, natural frequency and the length of
wave-trapped horns of the type(d). R represents the radius of
wave-trapped horns.
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TOOL4-1-B
S=N/24

W=A/4

T=A/12

NUMBER OF
DRIVING POINTS=7

TOOL41-B

MEASURED

FREQUENCY 19.339KHz

LENGTH OF THE HORNS(R= 15cm)
13.2cm (INNER)
1315¢m (MIDDLE)

05t 13.65¢m (OUTER)

"""" CALCULATED
FREQUENCY 19.2KHz
LENGTH OF THE HORNS(R= 1.5¢m)
13.2cm (INNER)
13.15cm (MIDDLE)
13.75¢m (OUTER)

MIN/MAX=91.5 % é MEASURED)
=92.2°/ ( CALCULATED)

RELATIVE AMPLITUDE

0 10 20 25
DISTANCE FROM THE CENTRE (cm)

Fig.2-8 The plane configuration of the vibrating system including a 5-
slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 7.

_26_



approx.17A

PN > P PN
g e A4

¢

| | 1 !

TOOL4-1-B

S=A/24

W=A/4

T= }\|/12

NUMBER OF
DRIVING POINTS=5

TOOL4-1-B

MEASURED

FREQUENCY 19.37KHz

LENGTH OF THE HORNS(R= 1.5¢m)
13.25cm (INNER)
13.65¢m (OUTER)

"""" CALCULATED
FREQUENCY 19.2KHz

LENGTH OF THE HORNS(R= 1.5cm)
13.21cm (INNER)
13.78cm (OUTER)

RELATIVE AMPLITUDE

MIN/MAX=888°/(MEASURED)
91.3°%(CALCULATED)

0 10 20 25
DISTANCE FROM THE CENTRE (cm)

Fig.2-9 The plane configuration of the vibrating system including the
. same 5-slot tool as shown in Fig.2-8 and the comparison between the

predicted result and the final experimental outcome. The number of
driving points is 5.
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Fig.2-10 The plane configuration of the vibrating system

including
the same 5-slot tool shown in Fig.2-8 with only 3 driving po

ints.

-28~



| AMPLITUDE |

NOISE
jLEVEL
F FRONT  FREE FRONT
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Fig.2-11 The amplitude distributions on the
sides of the horns of the types (c) and (d)
used for the modal vibration control of the
tool shown in Fig.2-8.
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TOOL3-1-B
S=A/24
W=N/4
T=A/12
NUMBER OF

DRIVING POINTS=5

TOOL3-1-B

MEASURED

FREQUENCY 19.488KHz

LENGTH OF THE HORNS(R= 10cm)
12.8cm (INNER)
14.1¢m (OQUTER)

"""" CALCULATED
FREQUENCY 19.3KHz

LENGTH OF THE HORNS(R= 1.0cm)
12.55¢m (INNER)

14.33cm (OUTER)

MIN/MAX=89.6° (MEASURED)
903 (CALCULATED)

RELATIVE é\MPLITUDE
wn

' el

0 10 20
DISTANCE FROM THE CENTRE

Fig.2-12 The plane configuration of the vibrating system including a
4-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 5. The horn type is (a).
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NUMBER OF
DRIVING POINTS=5

TOOL34-C

MEASURED

FREQUENCY 19.534KHz

LENGTH OF THE HORNS(R= 1.0cm)
13.0cm (INNER)
14.0cm (QUTER)

------- CALCULATED
FREQUENCY 19.4KHz
LENGTH OF THE HORNS(R= 1.0cm)
13.04cm ( INNER)
14.67cm (OUTER)

MIN/MAX= 91.0% (MEASURED)
91.4°/, (CALCULATED)

RELATIVE éM PLITUDE
5

A r]

10 20
DISTANCE FROM THE CENTRE

Fig.2-13 The plane configuration of the vibrating system including a
4-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 5. The horn type is (a).
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W=7\/ 24
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DRIVING POINTS=3

TOOL3-1-T

MEASURED
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13.73¢m

------- CALCULATED

FREQUENCY  19.3KHz
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05
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Fig.2-14 The plane configuration of the vibrating system including a
4-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 3. The horn type is (d).
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Fig.2-15 The plane configuration of the vibrating system including a
5-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 3. The horn type is (d).
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vibrating system and the evaluation of the
instability coefficient for it.
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Fig.3-4 The plane configuration of a
vibrating system and the evaluation of the
instability coefficient for it.
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- FHELEhsTiElEBEL OIS, TCCEEREHE- FOBELEHR
KOWTHARTAL, BLIITH, ZO0RKONE2EBHOBERERD L
Big-~TEALB LT 5,

T, BRODPHRVWEBTEBRIWA-BUERZROBERIE - FOBRELREH
RoWT, B bo— N RBERETEMAT 2, R<CHOShBZ LI, BIEE
BROBUBKRBOBEHFBERAREMN bV E UL T35

2%u

(A +2ux) grad div u— u rot rot u=p 512

(3 -4)

ThHd, CCTA, uBRUpoREFVAWFIAMBEBEO_>»ODLanéO HUEETHRRUVERE
KT, tRebAABETHSZ, LRXOEILE —HoOgrad div u B &EFE K
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(bulk wave) EMFE N B3 FORFIIMIGL. HE_IHD rot rot u IHMK
(shear wave) EMEN B EOKDICHIET 2, WEORNIRBE WO IHHKR
BaAEERIE. BRECOZ>»0RBABUESTCHEALTBY., FEBELTEX
AR TV, LAL, REBE—-PNoE-aTRELESHD—FORSBME
KHERTHEBIRLRELARZ LENH Z, COEEL>VWTR, 3-THIBL
THRBET - FOREXTHLOMATHUISINSE I LiILT %,
CCTORKRBEUEZROBEERGI T - FTH2H 5, HAHNNBZEBHE/LER
FLTu=U(x) exp (jwt) ¢BFE.,. (3-4) A

{ (A +2y) grad div — u rot rot} U=—p w?dU (383 —-5)
LEEXEHE S, XROEBLAAMBNI P VT Hb, LaneOEH R &

ARBRZOOHETCTHTOLERT OEDBEXRSE PS5, Young® & Poissontb 2 » T
ERXEZLERT % L.

(Dgrad div — rot rot) U=—-—w?E U (3 -6)
2—2v
D = (8 -17)
1—2v
2p (1+v)
E = (3 —18)
Y

. YRU VR EOWAFNBE O Young® K UPoissontt 2 £ 9,
BMLdiclLT, BREBRLHED

Dex+Fey+F ez 7 Xy 7 ZX 1 0
7 XYy Dey+Fez+ F egx 7 yz m [=| 0

7 ZX v yz Degz+ F ex+ F gy n 0
(3-9)

DiplicEE XS C EMHERT, T
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2v
F=——- (3-10)
1—-2v

THD. 1, m, nRENFhhBERGCEEZA@MESOBA~7 trYODXx, v,
z RIS, £, ex, ey, ezl *hZFhx, v, z HFROWTEE. 7 xy,
rvz, vy F*FhEFhx -y, vy—-2z, z - xFPHKEFTHKAEANTOHKET
b, CCTRDODERITEN TN

2 U x a Uy
22X , 3y,

Q
c
N

(3-11)

(¢))
N

RU

93 Ux dUy
2y D X

7 Xy=

29Uy 929Uz
+

oz 9y

7 yz= (3-12)

2 Uz 3 Ux
3 X Qz

7 X =

Th b0 bBBHAUIRNIZ FPALUD i HEKR

AN (3-6) oK (83-10) $TERTHMLEIDIR. 3 4A—FEODE
td,. BERBAEBEEB IR EREE-TH, BHEERERBET— FicRRTA
CHEEERRIFENRVENS I LETH B, L LEHBS, Poissontlbk b 0B
THb575 22— DRUFR, EHE - FOoORFERXERRE(CHS LTV 3,
EVEALNLIE. Poissonkt D BEEXEIOSVEFERHE - FOREXEH
€252, YouEPLEFOOAFEZELREFRGAKEREXEBIE LT LW
5 LI B,

ECAT, "l EBMETREE LR ICHE S5 Poissontb D Z L iX YoungE D
THhBERECRBRVEBDBS 3, 3 EFBE, CCTHROHR LB >TWVWE T
VI ADBE, Young RO BEFRHMBERT— 4. 9 8 X104/ degiEfE
THLBDIX LT, Poissonlbk @ F NI 7. 16 X105 "deglcilB&ER W, &
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WH I ERRIZ100° CHObORELEAMBEI - ELTE, 534 —-9DK
CFRZEhFh1., 16 RV 2., 27T%HEMTIZIcBERNWT LT B,
DEocedrs, R (3-6) ELORMABEEF LA (3 -9) DHARE
REBFEEITIBLIICBLVT, EREKBFOR T - FPRAENICAEELIC
HLTRODPTCHEHERBRUEEEZHE ->-TWELELELLONZEITH S, LOLEKIKE
A, LTRRLELS, BEORBE - FORELXEULBRANICRIET 3
CERHERBTWVW, 2T, AV vy P EBBERH LB LY =—-T +Fy 7}
F— VDA OLRBRABRHROEEXERE Y Ialb—va YRE-THEIPDTAS
&gl o

3 -6 BELIOYyIav—yv3aVv

Fig.3-14» 53-16FCORE. 20 v i alb—vavyOuBEL>7RY v
P EsHEEREHILEoOFEEKLE, EFELRICLIZ 4 0T BoMSEmicH
FARBEMNDHOLEIER LELT 77 TH b, WTFNE2ETEROMR
R ->kTREKT. T FNFig. 3-14HFig. 2-2 ( Fig.3-2 ) i, Fig.3-15
ASFig. 2-8 ( Fig.3-3 ) &, Fig.3-16A4Fig.2-12 ( Fig.3-6 ) Xt d %,
Mo KR VEHOBEKR GE2ELFHALT, BEHARNORHEMOMEEZEL
CHEETH PRERUEHSAERLTVWS, TER 7LV I =y a®EL, v a2V
~vaVYRBUIIEBEEDODERRBR1I1O00° CERELL, 8BAANBAEAFE
DEERXEURE2BR LLERTE2LDT. COEIRKEBRBELELAPEROLE
ERBTREIZIERBVIBR V. MEHEHRE2ECHECHE - bD %K
L. #EBEAKEIR 2. 313x10 5%/ /degxlVvwik, HUEHOBEELEK
BAOHTHRIEARARILBIOBDDEFE>»TWVWE, COVY Ialb—VYaryiBL
Td, Fig -1OBREBBHABREREZZA T, BEHFAKERELE 2 ZEHK.
BERETCOTIROEMHEMERGOE - FORRBFEBMMHTEILRK T3, &5
&, Table3-1p 3-8k REBETHIKERIREERL,) /809 2—-T 3547
PR —voOoRER&EERL L,

Vialb—vaVYOERIPS—HBEAOLIKK, 100° CHOBELRMN
b-Tbd, HIEABEBCZTRECEBT 2N, RHBRBIIRBELASFHIC
B BRI WIESgh 3, ERIRCERINEERL,/80Y = —
TrI30 7 bFx—rvoRES, BEARCBRETAEREEMLESRZ L, ChS0
EE»S, BEEZNORBE—-—FLEAZHBRBOT/NEIVEZZTHWT
590
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approxt7A
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TOOL5-1-H
S=N24
W=5N/24
T= NN2
NUMBER OF
DRIVING POINTS=3
1.0r  TOOLS-1-H

w
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510.95 -
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=
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o 09 STANDARD (19.05KHz)

e 100°C UP (18.59KHz)
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TL
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DISTANCE FROM THE CENTRE

Fig.3-14 The plane configuration of a vibrating system and the

influence of temperature change upon the amplitude distribution at the
radiating face of the tool.
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approx.17n
e — ©— o —=o
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I i 1 1 1 1
TOOL4-1-B
S=N/24
W=h/4
T=N/12
NUMBER OF
DRIVING POINTS=7
1.0r  TOOL4-1-B
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-
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Fig.3-15 The plane configuration of a vibrating system and the

influence of temperature change upon the amplitude distribution at the
radiating face of the tool.
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approx.14h
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S=N/24
W=N4
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Fig.3-16 The plane configuration of a vibrating system and the

influence of temperature change upon the amplitude distribution at the
radiating face of the tool.
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TOOLS5-1-H RADIUS=1, 5cm

ROOM TEMPERATURE | 100" C UP (EQ. VALUE AT ROOM TEMP.)

CENTRE 13. 10 13.13 (138, 10)
OUTER 14, 00 14, 09 (14, 05)
UNIT=cm

Table 1 The influence of temperature change upon the horn lengths in
the case of the vibrating system configuration shown in Fig.3-14.

TOOL4-1-B RADIUS=1, 5cm
ROOM TEMPERATURE | 100°C UP (EQ. VALUE AT ROOM TEMP.)

CENTRE 12, 70 12, 73 (12.70)

INNER 13. 20 13.26 (13, 23)

MIDDLE 13. 15 13.19 (13, 16)

OUTER 13, 75 13.79 (13, 76)

UNIT=cm

Table 2 The influence of temperature change upon the horn lengths in
the case of the vibrating system configuration shown in Fig.3-15.

TOOL3-1-B RADIUS=1, 5cm
ROOM TEMPERATURE | 100°C UP (EQ. VALUE AT ROOM TEMP.)

CENTRE 12. 50 | 12. 54 (12, 51)

INNER 12, 82 12, 87 (12, 84)

OUTER 13. 64 13. 68 (13. 65)

UNIT=cm

Table 3 The influence of temperature change upon the horn lengths in
the case of the vibrating system configuration shown in Fig.3-16.
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83-7 EHERBHET-FORELEKHCHEHIIETOEEK

BFHEoOEHERHE-FOEREEEHRKLDVWT, BN T3P LRE-RA
TEATHE I BEZLORBE-—FRITHER. X (3-6) oLkl
DHERMSEEFRUORA (3 -9) OHAKEARZHFIK A - DRUVFO/E
BEARCI > T ERRCENIBH LT, EXbTcE 2, ERVEZZTOH
HESTRNSBERETEE, MABEBEFORE X, F Dgrad div D &£ 5
R h, HRERRGEOEHRI~7 tvoET

—(p/E) (EDex+¢(Fey+tFez) 1
s=| - (p/E) (EDegy+¢Fegz+¢Fex)m (3—-13)
— (p/E) (EDegz+ ¢ Fex+E¢Fey)n
EREND, CCTERLODEROER TSNS, BERHHERXRI b0 LT 5,
RIJFPNVsOYBHULBREKR, BRABRRXEOBEH - TEALLREZZTEG
NEHEITIHALARREBRONEELSLENHEE S,
bLEEBEHKROBEFAHEE (BFEHE—F) B RVWRLE, BFHE
BETICHVWOLIIBEHE O KE-7T,. BEE2504-0%0nR0FE

BHBUntE2o0oBElHonrnretid. BEBHEBEOEAFE K Uno: #D0@EEH M o no2d
RAlic->TO LI IicREh S (FHF6BH) .

Un=Uno+EELanmo/(wmoe-wn02)+J G(x,y,.wn)*s d8S
m#n

wn?= (wno®— ¥ Lnn) /0 (8—-15)

CCTORFEBOEDERT, BEZIILLZ 3 2~ E0EILEES, B
LPEELZILBROEDHEE2E &3 3&E, 0IE /ETH 2. dSHERET.
BAoGHIEBESX*AE L28HRABRETH 2, % 712,
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Lnn= (D E) JUmo*grad div Uno d V

= (1 /E) JUmo'rotrotUnodV (3-1686)

E Ll G(X,Vy,0onRBREEHBOZOGreenli¥KE2ETF vy VBT, R

(1 -2) D& H> ik, BBEHROBEFHMBRVEFHETCREN S, xRV Yy R
BHASRRUBRBEHAR (COBAERBHEELCLI2BAKERH) OBEERZRT N7
PV THDE, bBAALTOBEERBRIR (1 -3) okd>icfHBlbahTu
2, REWTH. CITRERPIODHEROHRIBEAL TV B,

X(8-14) 5 (3~-16) RUKXN(1~-2) 23THH»3T&ik. H
WiRiEBTI2ERBRRABERBLE, 224 EEHEe—~ 3 -5HiTanicEi
# (bulk wave) & BBk (shear wave) DEVWEEABIE W (oFh &L S5 h—
HFomkagbfbelxTtRKREVWLDLummOEBNS W) BoikBWT, 0 %€ —
FOBEZXEBHREVWEWI I LELTHD, RIOHIOY I ab—va vOERIR.
CCTHOEARALWTWEITRORMEMIRGOE - FH LTS LAAKRESKALL
TWVWBEWVWHI T EEZRBELTW S,

ET,. TBERBUYOLATVWERY v )OBFERBIFRNOESGERS 2B, T
B2 HBRURRBICEVE-FTRHLBS I 2@ &P H 3, zoFERE
LTR2Y » FREBELHBBEOEAZNMEIAL, GRBRBEORSEHEMNICK
E{LTWB LB, EnwdH T ERENSRY v b2, BEXEREISL
EVIEHMRERHOE - FoEE /ST —DDERELT,. EXL5IEH
KB IEiKWB:, AY » PCRARLEHRERENESLSFBEPYD TREEL.,
BEXEUEZEDINR GBI LEZATCRVTE S 5,

ROBTHR, EALESHEBVAERERH TCORMBEETHEERHTIH0
~FHBHOERET W, TOHEREALENBGRLEOBEOLYTCBEST S LK
X->oT. BRERBCHE>SBELERRS 5,
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48 SREFEHHORDE- FHBER
4 -1 MR

TI5RF 4y VBEERECHVAKREBEFREHIIEIBZEAK L moRIB
TRBILIVENDH S, COBRNEBRETHHEINZ2ITEOKRE— FHH
25k, Zo0EAMBBESTHENS, TOo—2R. RO T
2LOEAHICHVWAIKRKERRORXRVOBERICLZ2EBHNIC. R FOBKA
YE— S V2R EIBRANBE, HETREREIWR - RSB ABEHHK
BAEL, BT - FPELI W06 B 2, 872 —2ik. 2 VOOR%E
KELFTB3R LA >TY2—T + Sy 7T brx—rvEBoTBELOEMEBOE
BELT X228, 2ol BhroiiFE—2 2 P BEDLD, F~ i
BRI REIN2THEETH S, TR, 2V v P E0oXKMEBT KR
BLRoERETORH T~ FEHHEBREZTVL. TOo0HERL2ZDROLEEY
BROMLOBMETEBE T I LR LD, FIBRODVTRALTERFRHMB /NS
BHEBBRESBOVWIEERL, BFLODVTRF—-VYyORESTSIKKEL
LTRBIETHRIHEEKRSZ CEEHDIRL Ko

4 -2 FhERHGORE T — FH > RHE

F2ROEBRB AFEOFRENRBRENIRZHELOLLDDEDTH» 1
», BHEEIBYIIBRAEBEBREVEWVWO., 5 unlBETH-%ke LMoL, E
BoOBBEREIKLXEZ TSR T v 78ERETH]., REMEACLTIE T umitb R
SIHEHERBEVEREINE, ->T. KEREW\EEHT 57D, LangevinB iR
BFREEoRHNLBRESIRE+SREREEE -z 7 X F2 vy v VR —V
BEDEBRRHERBEN L CILIECERTILEN S 3, /B Hicdu
T53D, FPROBBOERSGCIBREBP R EE~XT, BoXKsRx V%
HoulZidhERRonlvw, T, UTERTEIUMESAFECLZERY
E—-FEIHcE LRSS S,

(1) HETHREZEERLTWADP-ALX2VOBERBRRLIZBUHNPLEREBNILIES

FOBMAI vE—FvrRIsaRA B EDE&ES B B, TRBEY 2 —7
Py T bR - OB (BWEAH) &L, REE— FHE N 3,
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(2) FAPORBPRKELBBIERE-THANICY =2 —T M5 o 7T bk —
vERBROTHRHE:OBEMAERLEND, F+—-—vyicHFRESME I 5,

(2) 2PWTR, F2ETHDP-LEIRY2—=T 5y T bFx—-—VvoRg
ARKELCFTBHBLELT. BRRERZESITH 2, ZhTid. (1) E2VWTRED
BICEZLOBWVWDOTH A5 b

FEIBETRELEALEHREER. v 2—T++5 9 T bx—-VvOBEIEHNE
BREE -~ FERBTHEOEESEEZRLLLDOTHEN, Chitb s 5 CRIKE
RICBUIRTFRECHYETIBSLELZCEbH*KDE, B, FAEEHRFK
¥R, BHRO—BEHERLTWEYx—7T b5y T F - EVWIRBETF
DERA vE—F v 2DBENR2EDORFET-—FEALLOHEOKREEIZRT
KECTH-C,. TOBRZEZDOREICIMOMBMOLY BBV, K-> THRASERB R
30B5, x VOBUNGETINLBRIFORRI Y E—-—Fy2b, V-7
FS o TR —VvORBSEHERBVT 2 F+ 7RBBHOEL (BB v E
— v Z2DFL) LBABZCEHKk IS, FEEUHEHEBPIIVWERHERE
BRLTPHE, 25 LABBHELTORBE - FE THRIT] RiIck-T
WaiRETdh 5,

ZECT, BIRETCORHOFARLCAYURHIELECERIRETHRL. B
KXo TULELoEREHBET 2 LU K

4 -3 EREE

ERBELHERVVERBROFIER, EANICRE2ELEEDLZI EIHRTB WV,
CCTR, SRBEHFERCLELREREBLBIIHE2HELOHER DA %
BB IEIRT B,

Fig. 4-1ic., CoBOERIKAVWShATNVI =D ABOYz—~T S5 o 7
P Fr— D2 TORKERT RBOF—RE2FEETHVLNAL DL D
PhieR-Thh, EMBOBR BB LE 2B -TWE, 20k —
VORBHITIRGEHC LD, 2ENICAKCR->TVWE, EEXxVYRER. &
FEHBIR1IOmMOPMBBYUOELAY (A - LVHEH) T, BE2EO0HKESOD b
DItk RXTAaEoMBERER ~-TW3, TRELOEKIKHL> TR, 5 kgnld
torrvsTcHORFBIE2EIc L TERBIOOAALZRSAOEESRT T
gmmPl FiclLTWw 3, )

Fig. 4-28, KBOHRREL -2 Y » b ERBBEFRHTIEELEUIR
BROo—HFlTH 2, B2BEOERLEBENLD, KB DLangevinBRHF (H A
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mme 2 O kHzf ) PERKESIEREED
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Ty ABlx s X ERY Y e VR

—VvENMLTIADPROBE KRB
ENTVAHo T/ AEAY ¥ o bk —
v &langevinfEIRBI F L oK ICRE
Z18mEEI3 0OmOoMEKBOES

S (A—-—trrfBE) 2. 7 XKV

P s e NF—VETEBEOEREICR Y =

—7 b5, T hk—YEELEELO
moEEAVERHWE, T 7 XX x v
e VEF—vOEEIZ, LangevinB iR
BrifagbEicbooRRA KK

B, BBIXZHECTCORERHE BER
500 IKHELABBEIIAIIKEDTWS, 12
FohBoTERBEOEMBEBOKXKE I

Pe—7TF59 T b ERREREL

Fig.4-1 The types of wave-trapped (BE®E14mm) TH3,
horns used in the experiments of

high amplitude operation.

DIRECTION
OFSCANNNGlBROBE

—

TEREE

EXPONENTIAL
HORN —___

-
TRANSDUCER

CONNECTED
TO AMP

LangevinfC R B FOo B ic ik, %8 2
BEELELHEAHA v E—-Fvr2o/hNER
PSS Y ORIBHABEEBBSETHVT WS
B, ERERGOLHOPEHBEIIR 3 O
VIE—F& 8Kk CITbHb. ANEH
BRREBIFEBEERRAEREL
ZTChREBREHWEBL TW 3,

EioK&&sd, PRED 72 b=y
S vy ERVT, EMTRELT
Wb,

Fig.4-2 The experimental setup and
the method for measuring the normal
amplitude distribution at the
radiating face of the tool in high
amplitude operation.

WAVE-TRAPPED HORNS
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4 -4 EBRER

Fig. 4-30 S4-TE THRE., RHZFOoOFEBKRLE. SRERHBOKRBE LS
F2MEHFAORBEMNDITG. *— O EISRUHRABERCHE YT 2HEEE
BOEREZUELALDOTH 3, ENdicR, FTREKKOLcZ DIRGFZ D
AEERFEHOEER. 877 70RMOoOBIc B CORKRKIRBEOHEXME (&%
BEfE) 2. ERFRLTH3, AH. RUKHOBKRRE2ELEK. EEHFEO
ERNOKEEE2FLAEESTSI2A. RUBHA (BB FPY=2—7T FS5 9 7t
F— v BEEFEINDIA) THP REBAAY=2—T F5 9 T bk—voX¥
BE2Rdo V7597 LORFHERE2ELFLL. BREBR2EIAFELALSODOOD
FHETH B, A

ET, CHoDERBREREZAKLERRECF—VYORLOBBATHTYW
el &2,

Fig. 4-3D 5 4-50RE RICIFFig. 4-1D(c)D I A 7 DFx -V 2HWTEREZE
fToTW3, 5 7hoF ML BEI3E, AEEHREML. 52 iR
BRLIDOIFLE>TWAEFig -0 BEE2RBRIE, BEFREREB TV 5,

Fig. 4-4®D R Fig. 2-9R AR LA K>k, BRERHEZB TR Y= —-T + 35 v
ThrFR -~ VORI EMAALGAH I A ETEILTCHETCTFRENTVWAES
EADHmEBRB TR, EIBN, KWwar vV, RERRBF LI 2 X2y vy
VE—vEWshEGRERGo-POBBLEOT R E2RICBLTLES &, *®
— VORI ZWVWKSHEBLTL, RAE—-—FEBKHRALET. FETTFH X
Ntk H>UERLETEZLBHERE L - Ko

Zhic U T, Fig. 4-3R4-5& Wk BTR, 92— F35 9T bF—rvo
ES2HEGTALBERBEND 1L, k- YOBIEHEHT 3RBELS
MOKEMSE» > fco Fig. 4-30 P R Fig. 2-TiRR LA LI, BIREREE
BTOLHRIFREREBTWEDLS, CORRBRRBRIIBRTHREEZILSH 3,
L2 LPig4-50ofTid. TEHoBREBFERS - FPodcEAHREH O — F®
BFHEYY. Fig d-30TROBERHBMITOERIPOSEHEL CHRHBOBRERW
BRAEBER»TEY., TOoLRHBOBHK 2., 221D EI3LVIDI
ELOLTRFREREZB TV I, RLXEUFROPSTV I EHB, FIcE DR
BRBRCRI 2R E—FHEZRELLOILT AN, COERA» S &
(3> B%0 BRABEK, COTRDOEA. BMHEHBILBWIEMEZLIEET 3
R, RERHBAERCEE LA Z>0EBEERHE - FTHEHIRERLTW 3 &
CAICEAT,

-4~



INSTABILITY COEFFICIENT=1.02
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9.28um(0-P)=» It

w
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a FREQUENCY 1916KHz
s LENGTH OF THE HORNS (R= 2.5cm)
< 1352cm
L, 05
> | 00 e CALCULATED
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Fig.4-3 The plane configuration of the vibrating system including a
6-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 3. The horn type is (c) shown in Fig.4-1.
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Fig.4-4
5-slot tool
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approx.l7\
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The plane configuration of the vibrating system including a

for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 5. The horn type is (c).
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The plane configuration of the vibrating system including a

huge 8-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 5. The horn type is (c).
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INSTABILITY COEFFICIENT=1.06
approx.17i
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Fal © © S
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S=N/24

W=N/4

T=A/12
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DRIVING POINTS=7

noum(0-P)=> Iy s~

___________

Py

-
SN

TOOL4-1-B

MEASURED

FREQUENCY 19.44KHz

LENGTH OF THE HORNS(R= 1.5cm)
13.3cm (INNER)
13.1cm (MIDDLE)

05{» 13.6cm (OUTER)

"""" CALCULATED
FREQUENCY 19.2KHz

LENGTH OF THE HORNS(R= 1.5¢m)
132cm (INNER)
13.15cm (MIDDLE)
13.75¢m (OUTER)
MINIMAX=83.5'I.(MEASURED)
=92.2% (CALCULATED)

RELATIVE AMPLITUDE

0 10 20 25
DISTANCE FROM THE CENTRE (cm)

Fig.4-6 The plane configuration of the vibrating system includipg a
5-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 7. The horn type is (a).
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TOOL3-1-B
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DRIVING POINTS=3
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(0-PI 1

TOOL3-1-B

MEASURED

FREQUENCY 19.344KHz

LENGTH OF THE HORNS(R= 1.5cm)
19.75cm

""""" CALCULATED
FREQUENCY 19.2KHz
LENGTH OF THE HORNS(R=1.5cm)
19.84cm

RELATIVE é\MPLlTUDE
0

MIN/MAX=91.2%(MEASURED)
91.3%(CALCULATED)

0 10 20
DISTANCE FROM THE CENTRE(cm)

Fig.4-7 The plane configuration of the vibrating system including a
4-slot tool for which the method was examined and the comparison
between the predicted result and the final experimental outcome. The
number of driving points is 3. The horn type is (b).
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Fig.6-1 The relationship between the flatness and the positions of the
outer driving points for the 6-slot tool shown in Fig.2-2.
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STHEHRIOBEBERL 72, ‘

BORBEEZEOMCHYMBRBRE VRIS > icboF. 5L
THROKRZEF LDLET 3 LB HRkALDb, EBERBEDOSVWARES
BT T E - EPEEODABEBAREEBROREI KA EIANBAE L,
FRZISLARTR, EEPERAELE OB R ERRE CRBANTURTE
M. EECRBRILOEELPIRITEALACERRZ, CCtbbhobBlosrEs
B LLET 20,

BT, CHILAEERBRE2EI®hE LB RELED I LR, EERVLLLEH
THDTER, TORRERBRAOCOEEREH T E0HfEcEAL TR, 205K &
EREERBFIEOPEZRECHMITEHL CEtRE 1o B5ERD &
BUKROAE, EEBCORBHREFTI CERAAETH -t 55, %
R, BBLLOBRCH(BOBBRESE ., KIEEANLEHD» > OB
EERBLENLD - ROTHYICRRHOSE L T L,

TOTH, FHFEHEBIEETbRFAEEIBRVWC EbRLTDEC RE
roteo DD, ETFE_PHFPLHNHEEEL* R LD LT 2BETEHER
BRELBOBRSACRAEBHEIC R >t BhAhERBEBL IR0 %
£ LMW,

HENRBRBOMFLE TN AL, BHLE-TREVTS -7, Bic
WFORRER, BL 2 E0FBREVIFHREAMBEFicVWT R &
T FEBEWR BB oI oR W, B2, ABXEBEIREOBH &
RKIBZERRBREIROBERKALIABAREVWL, ALEOAREEREHOE
HREBRROEH MR L 1,

Sk, FHENcBHFEICR D, ERCEHKBREBLITIST B EHE D -
RERBBADOHE B DI EL LU TFTRBLTRHEOH & L 7= 0,
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BEIXHRFORNBEERDHER. BRARMTF., B Z Ak itLvd,
MR ERTLICHREICD > THWR, BHieRlEE oM, e CXERE B
DT BE3EBEDL-IELEHRIDILTBEZV, MEORBEBHEREHIRIC .
AXPREBEEENEIREEHICODVWTOICHEHRER -7/t AMBHEHEEBE IR
REOEBHERM T 2RMARIEREEAVIVS, ZEEILEXHR Ly 2 OFK
BHHEBL LA EOHER L CCERPCERETEHVE, LFHREET
. HEOBRHBEAR. BT 2HF0BEGEHRK. PHEANMK,. L 1 H£0kEX
EER. BH-CK. ¥H4FoRHIR, THIK» 0o AEOBEHBMRE
FE. TV RBEPOoO0OMAELOBEHRER, ChooFibid, BARK
HMOEZHEELAN L DL->TBHFIERC2EH>TTE ko

Cofbicdb Bl ot bichhdon,. BEFEaANhTCOoOMELEEDET S C
LR, CCREFOFBOLETOBEZFERL T LV HRRIVOBESE
B, CHUCRBRECERRMFL LT IRETH 3,

ROBE->TAHAT, YPVOBK[AALURBEBELHETOKRRRILSETEPLID
DER>TLE->TWVWBIEILESHPENE, BHoBTHXT*DLEHRE SN
LB RSRoRF UK cET2BRCELTS. MEOEHENLKER
bHEBVEFIDRNZZERALIIELTVWE, ChHhbHOLOEREFRTOD
LAS L3 &bl VE, 3ATHENRR RS 2R 5. #HK
EOREBE— P ficRBRLEIAEIZSRVWAEBNLME S L ILRL T
WER3EbZAoN3, COHFLVWHERESCHERREE . —ATHBLEER
EEDEMURBCETAAPSEROMEEINZICEEFELTRE R W,

19891 A EHEHOHREFILT
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EEF¥CWARRBEHBXE

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

i, LR, F: AEREZHERLCLIEZ 52575+ v 79205 HITBK
BG4 28F7 ], BHFIS9% 10AH

By, LF: TERERERIBZB TS RA5 1+ 9292 VFHTREicEY
ZHMRE (2) ), W@6e1E 3AH '

¥iék, B, LJF: TEREZFERIZERAE2 2 ZARR VY v V& —
vOxEi), BMeIE 104

By, EP: T92—=7+r5 9y ThrFdx—rviet2BEEEBHTED £ —
FEIE ), BFN62HFE 10H

Bi, EF: T 2= ++5 9y T rFx—vigtsRBFRERERHIIED = —
FE® (2) 1, HME3E 38

Bi, EP: TkBGE—-—FPOBEXEXEH] -9 =x—=7bF35y T bk—v
K28 EHERHLEOE— FHIM (3) ), HM3E 108

i, EP: TREBEHsL2BEERHIROE - FHLz X
EHE -9 2—7 P30 Trdx—- v X2BEREEHIEo e — F& @
(4) |, W@Ff63%E 10H

wm, B, B, £ THRHRFII2ETHREHEO T — FHI#)
Mf634E 104
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Fg 1 BUHBEHOXEFIEARBULIBOoO—EHITOWVWT

OGRS ERELA-BIBELXDOESH (isotropic ) HUBBEI O/ (H/IE
1) EHoXEFERAORR., FUHEZORTBLHBTCEARABEASLH ( natural
boundary condition ) d L BEXEREMHE (fundamental boundary condi-
tion) W Fhbhb—FBED>hTVWHE, RFEHOEHEZELT—FC
FEbdo FELAMETR, BREAFCI-TETIEEHARK BV T,
HAMENBRNBELPOHMEBLTVIEKOBEEMEBEVWTRELDS 2 —> D#F
EABARBLTED, TCTVWHI—BLELRZOBHRILBWVWTTH 3,

COXEFBEARSBFLABEHEORHUS FERNTH 20, BEFHL 5 v
YINETHBIEDPL., BRERARZTHEOMDIZEVWHE R A K OHelnholtzd &
HAFBABLEOBALRIPPRERD HETH 2, CCTR, BEXEHEOF
BT T OoRO—BHEEHL TH <o,

TY, BYCBADLIE2LELd SXA o0 iBREFCI-TEFOHKIES
FOEERARMSRESNIHEHEHOBAR. BRo—Bl B tLtoE&» S
HECTH 2. - TUTOHRR. BWboRBVWEY, BREGESHEIERES
FOBEEARABERERELEV, 5B RBOBEICEET 3,

Ric, IIRUSFERAOKRFNRBAEZRLGE L. UToEREED LT T
318, Exx V¥ B (strain-energy-function) SMIEHL I2EEBWEE
BLTBIS Chiz, BEERI-TEASOChIHUBHEOHNEEY DD
NENERF vy VIR ANF-2RTBLFEACHERLINBEEE MY T,

1 e
W=—2- (oxext+oyeyt+tozez+t oxyyxy+tvyzyyz+vzxyzx) 20

(A1 —-1)

CEEFHBREINB, JZTox, oy, oz FNFhx, v, zAR~NOHBUTOIL
NNe Txy, tyz, txREFhEFhx -y, v-2, z - xFHERKEFTRXHANT
OYMIEHHTH B Fih. ex, €y, ez®” U yxy, vvyz, 72xi33 -5HT
BRICEBEOKDTHD, TOERRI

9 Ux 29Uy a3 Uz
Ey=
2x , 9y, 3z

(A1 -2)
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2 Ux a9 Uy
-+

7 Xy=
3y 9 X
29Uy 3 Uz b
7y yz= + (A1l - 3)
9z Y
292Uz 2 Ux
¥ ZX= +

2 X 2 Z

ThHoto bBAAUIRERRZ PAUD I AEKDSTHBOADOBEE. KH
EEOMERAR, LA TWVWE LK

cx= (A +2 ) ex+Aeyt+ ez
oy=2¢ex+ (A +2u) eyt 2 ez (A1 - 4)

cz=A ex+ Aey+ (A +2u) €2

kU
T XY= g 7 Xy, TYZ= [ 7Y2, T ZX= [ 7 ZX (A1-5)

THEiZohs, 8V RTEISEN, CTARUu Giﬁ?&*ﬁfﬂiﬁgﬂmmé@ﬁ
HEHTH 3,

COFET R NF — %ﬁW%mh6&\Eﬁ&norméﬁﬁﬂﬁwimﬁk
RARRXROEI>UBHEEATEEET LB ERS,

38 (3 & X ) Bay ( (
aax (a 7 xy) aay (aaa ) : (887 yz)== -—pw?Uy (Al1-6)
B el

a( ) d
9 X \9 7 zx 3y

CCTplold, TULFLUYZHUBREBOEELARAKEREEXT. bbAA L
HREeX (A1 -1) 5 (A1 -5) FTe2RATHE, R (3-5) xRl
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EEOERXNTCOoOXESFER
{ (A +2u) grad div — z rot rot} U=—-—p w?U

BELNEZCERE > FTEH WV, FThAX (A1 -1)., (A1-4) RU
(A1 —-5) b, WikiEERHEHBELLT

oW oW 3 W
o X= oy= g z=
dex , 2¢&y , 9 €z
(A1 -17)
aWw o2 W 3w
T Xy= TYyz= T ZX=
o7y , 97vyz , 9 7 2x

BdHd, (BHoxEWBEexFSOHBTHEEicERE, )
ATHBEZILBVWTR, RN (A1 —6) PERBRLKEMNEHELEML~NI P
UDHABFEHTEALONBE I LR, BF CauchyDEEREFE T 3R

o X T Xy 7T ZX 1 T x
TXy ©OY tyz|{m|=|Ty (A1-8)
TZX TYZ O2Z n T 2z

THEALHhB, CCTTIRRMmMIEGH (traction) X7 P 1D i HEIKS TH
D, 1, m, nBETREFhhBERABCEERARNEORE I P raDx, v,
z 5ERBTH2, COEDBBOEHBEORMASSTERNEBENLTIIREKEOR
TBROLENRDBELATHE, RN (A1 -T7) 2HEVWTHK (A1 -8) 28 %H
LT 3.

oW oW oW
1 T x
3 exX 3 7 xy 3 72X
aW 3 W W
m |=| Ty (A1-9)
97 Xy ey 9 7YVy2
3 W oW oW
n T z
CRANA BT VYZ 9 ¢z
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W5,

bERACKEBzALVF OB HEFEbLTVWHEERXKERZROBSE., X (A1 — 8)
TTi=0(i=x, vy, z) &¢BE, hitXNX (A1 -4) RV (A1 —-5)
PRALT. #HEEHEOMER

v Y Y
L= p= ———
(1 +v) (1 —-2v) , 2 (1 +v)

EU. R (3 -7). (83-10) iciglL s 52 —%D, FOEHR

2—2v 2y
D = F =
1-2v 1—2vy

ZERHWEE. X (83 -9) EARLAHARKRRARRHFORK

Dex+F ey+ F g2 v Xy v ZX 1 0
7 XYy Dey+Fez+ F gx v yZ mi|=| 0
v ZX 7Yz Degz+ Fex+F ey n 0

%185, R LEROEDR2p /JEEZLIZLbDOHR (A1 -8) OEBTH 3
CtikgELRINREROR VW, 8 BAAEIRK (3 -8)

2p (14 p)
Y

TERINB /N5 XA —%Th 3,

SfRic. (Ux', Uy', Uz ) 'R (Ux"", Uy'", Uz"") tEws &R
RIMPNVEEZNENEAOSWAEBEARVERBREGEE2ZE2CHMET 2R (A
1 -6) O_HoOMKET S, TI3FT3LXN (A1 -6) BBFEOMASFERT
55, (Ux ~Ux'', Uy - Uy, Uz’ -Uz' ") tbEHhZToRER-
TWRTHAERSR WV, 2T, UTOBROLLDIELARZ PAVUEH LK
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U= (Ux, Uy, Uz) t= (Ux'-Ux ', Uy —-Uy"", Uz '=-Uz ") ?*
CLERBRLEZ 50

COUKRBMLT., RELVERK{UIPEABRL GO TE ATV S &
AT

Ux= 0, Uy= 0, ~Uz=20 (A1 —-10)

HABER&HFoETELZOhLhTWVWE EZATR,. R (A1 ~-9) 0T

W 3IW I W ) 0
9 & X 3 7 Xy 37 ZX
oW oW 2 W
m |= 0 (A1 -11)
3 7 Xy o¢ey 37 vz
oW W I W
n 0
Qv zZX 9 7YVy2Z D £z

ERH-TVRIFHAIERS IV,
A (A1 -6) &b, FEODw U LTUTOEERNEKD 20

9 3 W ] oW ] oW
J U x + + +pw?Ux
9x |9 ex 9y \9 7 xy 9z \9 7 zx

9 [ aWw ) AW ) oW
+ Uy + + +pw?Uy
Y 2y 2z

ax\87x ey 37VyL
3 oW 3 oW 3 oW

+Uz + + +pw?Uz dv=0
93X \9 v zx 3y \2 7 vz DQZ \D &z

(A1 -12)

CCTAdVREBER. BRoMABRAENKESHEL2GE TH 3,
Ihhos®Br3ELT0ws e, ERXicGreend AR (BB 0LR)
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2EAL. oL 2 BESOFELERG LoORTBRERSOFE I E T 5 &
ThHd, L2, COTFORETRADEFEORBELFPEVWDOT, FTFLUTO=
SORNRI PVBEEET B,

oW oW aWw
Fx=
d3ex , 3 7 Xy, o 7 Zx

( 3W 3W 3W )t
Fy= (A1-13)

37Xy, 2¢ey , o7 vz

IW W AW t
Fz=
97 zx , °97vyz, D E 2z

CNSEHAOVWTR (A1 -12) 2FBEXRZITRBLE

5 I (Uidiv Fi+ p w?2Ui2) dV=0 (A1 —14)

B, HBELi=x, y, z2zTH3%c X Tlreend2REZLACHLAEER
TRELT® 3¢

JUidiv Fi dV=J UiFi-n dS—J grad Ui- Fi dV

ThHbd, CCTAdSHEREKR. ARAOCOHEBERIBERGETH2, LRAEHVWT
X (A1-14) i

ZiJUiFi-n dS——ZiJ (grad Ui* Fi—-pw?Ui?) dV=0
(A1 -18)
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EHRABADVHEE B,
ST, FFRN (A1 —-15) 0EBE—-H2X (A1 -13) 2HVWTE
BLT® 3 &

IW W W
E,JUiFi-n dS=J Ux 1 + m + n
i 2 & X D7 XY 37 ZX

oW W oW
+ Uy 1 + m + n

3 7 XY ey I rye

oW oW W
+ Uz 1 + m + n dS
37 X 3T VYZ ? EZ

(A1-1686)
E AN R (A1 -10) BRU (A1 —-11) 5, COFRXHPFH»IK0., &
SR (A1 -15)oEAFE_HiKX (A1-13) 2RALTEBML &%,
ZOoFEHEAN (A1 -2) & (A1 -3) 2HwWTRK (A1 -15) 2FOKR%

CBULTEBEYT 3 L

;I(umUi-N—pwﬂnﬁdv

9 W 3 W W 3 W oW
= g x+ ey+ g z+ v xy+ 7YZ

Q€& X A ey Q&2 3 7 Xy A7Vl
W

+ yzx t — o w2 (Ux2+ Uy2+ Uz?) dvVv (A1-17)
Q7 72X

2959 %2¢E. WoOERBKX (A1 -1) RUKBHOoERERX (A1 -7) &b, R
(1 -17) 0FABD { }) OB R2WELERTES LEbODKRTESE D S,
BRI (A1 -15) &

1
JWdV=J—2-pw2(Ux2+Uy2+U22)dV (A1-18)

tnwHrEEACEREINSE, R (A1 -18) BF0LdbHEBEHED L E
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FryvenrzrAaF—ik, GABE LS 2EFHzrrF—cHDL. CHhiZE
FARABRBEZRET A2AEHABEA BT SB Y, -7, BFEARBAKBERIUHA
Do TEAPRDI>OR, COXNDHADOEMN O LBTI2BFBELIAA VW, Hb,
BURBEOLFEEH TCW=00»2Ui=0¢850h, TLRW=0»»20=0
EBREHhDOVTNHLOBETH %,

DitoceEdros, BEERH (W=0, o=0To0EH) OHHELXRBRWVWIE
—DEREEER LT D OROFELEREESI NS, > T XEMDA
BEXoRo—-BHEVITHS L,
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fg& 2 HWURHEOGreenfiHEzoRFHEBER

B HheERBLABROBVWELGORE OEH HERR

9%u

ate

(A +2y) grad div u— g rot rot u=p e (A2-1)

CCTARUV L BIBBEDO _>DOLanéD #UEFH. o REE. uidELAL <7 b,
f BHENGERB VOB HRI2 PV TH DB, CCTRANALBESHOAS 2%
jL-% b’ E>\ E% Eﬁ t. fzﬁg 7 bW X . fg Eﬂﬂ&.iﬁ(ﬂ é: L T

u=U(x) exp (jwt)

(A2-2)
t=F (x) exp (jwt)
EBE., (A2-1)Ad»>s
{ (A +2y) grad div— u rot rot} U=—-p w?U-F (A2 -3)

#1832, bbA5AU0U, FRUBOCHADEEBTHZ, o kHBAORIC =B IC
T B 1.,

$= (A +2u) grad div— z rot rot (A2 —4)

EWIHZEHHMBEBIPEBEFZ2EATE, TH593& (A2-3) A,

LU=—-pw?2U—-F (A2-5)

EET B,

T, BB ABELELRVWEE, IBbX (A2 -5) TF=0&¢BWERXR
AOoOmROBEEMHE (BEERHET— F) UnoD R TCFRUVUEEBL., £ 0
B, ThooMEL*EEMBUn: Z0EEMon?oRMERHWVWTET O
EEELD, CCTHRBERMAEIK (1 -3) wdbRLIZKS T,
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JUmo(x)-Uno(x)dV=6mn (A2 —-6)

CHBILENTVWE D LT 5, Fuo b () @7 FPLVOoORNRERL. &nn
i KroneckerDF V¥ TH b, Fth, dVRIEBEZECTCHERSHAHIBEEKRD &KL
btk b, '

FRUOUUZZNZh

<

U(x)=21memo(x) (A2 -17)

m:

F(x)=°2°1chmo(x) (A2-—-8)
m:

EEXFLTHRAI, bRk UV cnREHDODRNTH 5,
FFCO_oDOTFEHORVEBEODHEZEA2R/H RS, LtoZ>0xX% (A2 —-5)
ARICRAT B &

[o o] [o o] [o o]
£ bmUmo (x) =— pw?2 bmUmo(x) —F ecnUmo ( x)
m=1 m=1 m=1
EW B, TCTLUM(X) =—pwno?Umo (x) #dh 5.
e [o o]
Elchmo(x)=p21bm(wm02—w2) Unmo ( x) (A2-9)
m: m:

B3, FEOHAE nicBELT., (A2-9) Xo@E&ATUno(x) 0N
Bril-ThR2eUTHBOLTEE., (A2 -6) RoBELD.

cn=pbn (wno?—w?) (A2—-10)

% 5,
£593%3¢. EXTn-méBEHAALRXE (A2-7) X&D
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U(x) =% €r Uno ( x) (A2-11)
n=1 p (wmno?®— w?2)

BEINDE, ETcn® FDdbDiF. iz (A2~-8) RDOEHATUno (x) &
OPHBELE > THRL2EBTCELT A EICED., (A2 —-6) ROoOMEE»S

cn=JF(x)-Uno(x)dV (A2-12)

AT E T 3,

ST, BN BEB T2 xR NBEHT Ay 2R LT ERNORS
LI BILEHEx>y LBERA,. RAFE2nmEBERITHEAL
BELXARWLW, FCTCEFDLESKLIELE (A2-12)AK%E (A2-11) K
CRALTRPHIEHER.

JF (y) - Unmo(y) dV

U (x) Umo (x) (A2-13)

I
S8

1 p (wmo?— w?)

%8B b, ST, BMEBA2OEBEODIEF IR, BokMbrH
UE¥PyThILicKEMIFT.

o U U
U(x)=j2 mo(x) XUmo(¥) o 0y av (Az2-14)
m=1 p (wmno?— w?)

EEFREN B, T TXRBRIZMPVEZEODF Y ALES L itdyadic& it h
PEEERT,

XZRENICIR., a= (ay, ap a3z)t. b= (b, by b3) tEuns
ZoD0oRIZ bR LT

_97_



a a;by a ;b a; by

axXb= a o (b1, b 5, b3)

|

a,b; asb, ajbg
a g azgby; agb,; ajzbg

EWVWIIF Uy M EWREBIBEEIEEDOI LEEW S,

GreenPd¥ G (x, v, w) OVEE%R. HNE Ay AR ER o 0oFMH
REBHOFEMALEE, BEARAXTOZEMNMUIRG (x, v, w) FTEREH
BEVWHIIETH D, -TIITOBGOEIRSHERHHheHLTR

U(x)=JG(x, y, w) Fdv (A2-15)
ERB, hELEBEA LAY EH Ry T teEgELRTAIER R

Wo CICT(A2-14)RE(A2-15)RXE2HBETHIEL.

o U U
G(x.y,0)=3 Jmo(x) xUno(y) (A2-16)
n=1 p (wmno?— @?)

ABESH, (1 -2) ABERZIHL,
LA, Greenfi Mo EFELRUHEE L THRBEETFENIHEE LS 3 5.
BEHICRG (x, v, o) ODifTiflkD%2Gij(x, v, w) &ELkEX

Gij(x, ¥y, w) =Giji(y, x, w)

BERDIUD2IETEHES (RAFOALEBDLOILER)

_98..



18 3 AMROLDIEHMFEEINAHFRERENRT v X 7 4

AXBHTObRNLN, ARETRELTVWEER = - FFHOFERHLER
HEE2Y R - FPLTVWE2ERBERBIN XA FLAR3EELR VW, FITEE .
AMECSHELBBREEZHBAAHELERELZMBIT Y X5 4 2HEL Lo

Ay27FLRBBUKERHEORBHBERHITAC-M¥Yy Y ~X (M- 66
OKZE) 21— F9 27 ¢,ETB3ARV—F 4 VYT YZRFALVOS 3DETHL
bDOT, 2 —F 4 Y F 4+ EARBELTHKEAER v 5463547 35YMS
LI, AAREH ANV -F vEGPSL (WEFh s BBERB) OFE %
RBLELTWDS, Th2TCONER,. TSSETeHENICITODh B3/, LOG
ONKIKITLOGON S (4096) |lokdicANLlLT. HhELCEHRE%:
4 Mbytell 2 CEZEHE LR T AHER SR,

Ky ZRFADE - FEC2—AVRUY—ZR7Ta 3541, 198 94FBE.
HRLERFREIYWAAFEETELEYBMe. K5 - 7"KkU YV —2Z2 Y 2}
ODHRETREFSLTW 3,

FTFRVICAEAYZ2FLo0EHKEREEL TEB L,

HREE : Fortran?7i?7

BEXxoRBE : 48T
YHEEh—RER
THE-XRER

EETFHEILN (U3 KRx) BH
WX —RER
BHBo

B ke D REBRBACBETIUTOHENHR 3,
BHE RS — FER
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Kii=Ki Kij + KizK2; F:: FORCE
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Fig.A4-1 The constructive method for deriving the matrix representation
of a linear elastic system in longitudinal vibration comprising a tool
and an exponential horn.
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Fig.A5-1 The plane.configuration of a
vibrating system and the evaluation of
the instability coefficient for it.
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Fig.A5-2 The plane configuration of a
vibrating system and the evaluation of
the instability coefficient for it.
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6 =E’'/E=1 (A6 —23)

EED D, BOEBTEIHIKEN, CCTREDHRMEETFINEVELTWH B0
5. A (A6-22) AADOLmOEETNE 5 A -2 EDEREROES
ELTEAHKZ, dWwH s, BEHAFERXN (A6-1) KABR-»
T E-E =0 EDZ{PEEHobLLTHEEZELTYPhIE LIV L
b, ROELS COEHwl—wd/ 06 LLBEEMHEEZ 7 +a83ERE
BHThs5, E>THR (A6 —22) i

wn?= (wno®— ELnn) /6 (A6 —24)

EWESHh, R (3-15) 2183,
REBERACIIERRARGOBEHOLEERX (A6 -21) LMK

DEEELD, CCTRHHEHARREZEATCWE S, HABRABREIE
OR (3-9) Lbddid>ic

Dex+F ey+ F g2 T Xy 7 ZX 1 0
7 Xy Dey+Fez+F ex 7 Yy2 m|=| 0

7 ZX v yZ Dez+ Fex+ F ey n 0
..... (A6 —25)
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OBILEXETOLENERRS, STy 1, m, n3BERLEADETOBLE XY
v x, y, zHAEDOKS. F i

2v
F = (A6 —26)
1—-2v

BHFH IS A -2 L THAITRTW %,

. SR E2HEMESITRDNEVERELTED., BEXLiT 5D~
(1 4+ E) D. F—= (1 +4+¢) FELWHIENLEEX S, XN (A6 —-25) H,
AXOBEBRBEREHEORN (A1 -8) %2 (p/E) TH-THO>HLTWE &
CEBITAR, BEZMAREABDR OB FMHBEXNLTHERAB LT

(p/E) (EDex+¢Fey+¢Fez) |
- s = (p/E) (EDey+¢Fez+¢{Fex) m (A6 —-27)
(p/E) (EDez+ ¢ Fex+(Fey)n

EWVWHSEEREIIH S (residual traction) O TOEB LA LI B I LHBH
Db, CITR—KBHITEZEALCVWE DS, BEFUBCPEEFEMEOEEIEA
ODHABAKHKEOEEMLEIZLER, SROBEHLELLThEREAT 2,

EBICR, NEHNXRXEGEFPEDLDSLBVRIEHARARERERELALEZ VDI
o, LRAODBEZRELNEITNSETLIIREBRABERB L2 REKEN
ELTHFETH RERNsORBYERBROBFHEBRICE X 5 8LH. MkT ~ &
ERARARUGEOBRHCLI2BFHEM~OEELVWS L ikNBB, #-T. BE
Rt I 2HABARKHFOBHOBFHHE~~0FES I MEN K

JG(x.y.wn)-s as (A6 —28)

tHBEAohBERETHD, CITG(x,y,0onMRRN (1 -2) ORFHEYE
MOETEA N2 BMEBHHEORZDOGreenldTH 3, HEL. REEKTH 3
ARBEEPw o nEBHBOBAFTARBE - TVWAAICER, FHES
CHLE2ZEHRy THD, dSREREK. BAOBEREY XL L2HRBRE
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Thd, SEHITH, CTR| E | K1, | € | K1 ThadIEhs,
GreenBHEBEROEBHIERXROIFELTEHEL TW 3%,
BExNcEHBEoEEFEBOERRX (A6 -21) UV (A6 —28) &b

Un=Uno+EiLanmo/(wmoa—wnoz)ﬁ-J G(x.y.wn)+s dS§S
m+n

(A6 —29)

t5ioh, XN (3—-14) BEH,N 3B,

AT, R (A6-1) RZ0EEHBEUncRUEFMon?2E2RAL.
20HMAELPSHOEEMBUmnERNBOETHLITRERASLTA LI £
T2LEL0DEREN (A6 -5). XN (A6-8) R (A6 ~-16) &b

Lmn= (D/E)J Umo-grad div Uno d V

=(1/E)JUm0°rotrotUnodV (A6 -30)

EX (3-16) ¥ 5,
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f8 7 HUHEHROFZFTITHBCHTIMEOHFNERNAL
(BEXHAOFE 4 EIIRUCIZED S DIKR)

BEEOEATR, BEREIZFRBLVWTHOIELOWAHEIRRFFOMBIR — %
Biemokl> BREo—FBodlBEELTERLER %,

oL dEBEIZoNBOLREROBEERFOREO—HBELTH
SHAFRRo THIETARICBWT, ol LOZERSHEBE XS
halg, B oZEZHEEKE2EDELISRLLTRET % Mo

PABAHARKCBISZTS52AF 49792 VIHATEOBAE. COMBERRD
I HEABRASZ LR 3,

(5xAohicERoBSEIcBWTIH - REN2GEZ2ERT sRIEAR
ModDITEBoMoB3OFEREEDEISISRLTRET 32,

Th, COHFTCLELEAVSHIBHRNERSVWDLW R X - TS
BEXROFHS, LoMBOBRBKRRBALREZ k3, I

TEEAE e TG 2EBEno@mETICB Y CIRIIBILA 218 %k —
YVOEREEDLSISIKLTHRET 3 2o

BHBEROTH 2, oT. LROBMBEEZEDLRBC L SEPUNICEBS BT
BeEx 2523 ¢, RAVPFEEZNREIBE TVWAILIRE RS OMBELZIRBRAN K
BRI BERLENS TE W,

ET. DI NRFREZBRLTCEFAETSIDOTH A I Mo S Cit—20DHEE
2B EiRLED TEDLBFTHIR VWS, TR, HEGOKEEIERH O
HBEEITWS,

Fig. AT-1"' B2 0 XHFO—HSucMb- T3 Z@RL AL IVARAE 0
THRHLTVIWMIBER, RNV LOBURTH 2, KESod BWTRENM
LRAEABHOASHBEBELZ o TEY., RESmck BLWTREHABERKHENS
KEKLHAP O, XESebe BLWTREABALKHFENBLEMNO, OBRLH
BENLENhEBIohTWEET %, COEE, b LBYLOERSuLBIBE
MRUVRABBHODGE —BIiET 2RO, LROMEXR —BAOLFELH
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Undefined

Displacement=0
Displacement and

traction defined
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: Sod
]
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!
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Su
Undefined

Traction=0 Undefined
Snbec
Displacement
————— Traction

Fig.A7-1 A schematic explanation of a
mathematical problem on vibrating
system design.
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Sodic BB BAERALAIBOOEEZ SN TWEET B, D& ESulboLf
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IRBERTHEAEZVORS CEMERBTAE, B ETHIHRHRIEROERR
BAo0h7BHOZERTRAAETH S C &Lk 3,
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#1 FHXTiRFig. 4-2
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5 FIALACORBNTCTRBROS bR HABRKGELRRAHBHNOOERE
BAEiET DO LETEIERHIERS - TVEN, ARXTREFRIZDIUE %
LoTWVRLV, AKBXOEHARAEAKHLEIBEHES 2 VWINMEBOMSH
ERARECBLTKRHNBEEO RO FEH (DBRFEHEE) TREIWBIERE
HoBRHTH b,
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One of the principal
stresses is zero.

.
o

- Sod

Snbe

Fig.A7-2 A possible solution of the
problem illustrated in Fig.A7-1.
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