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Research advances and development trend of drill string dynamics

DI Qinfeng, YANG Heyuan, WANG Wenchang, LUO Dakun, ZHANG He, CHEN Feng
School of Mechanics and Engineering Science, Shanghai University, Shanghai 200072, China

Abstract Drillstring dynamics is the basis of safe and efficient drilling, and many researchers have made in-depth research on
it with fruitful results. However, the safety of drill string is faced with severe challenges due to its extremely large slenderness
ratio, harsh working environment and significant nonlinear characteristics, especially in extra-deep wells exceeding 10,000
meters. Therefore, it is essential to grasp the research process of drill string dynamics and extract the core key issues. Based on
a brief review of the research progress of the three basic drill string vibration forms, this paper focused on the research progress
of the coupled vibration of these three basic vibration forms, and discussed in detail the harm, formation mechanism, research
methods, measurement techniques and control methods of two complex vibrations: stick-slip and whirl. In particular, the research
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of high frequency torsional oscillation (HFTO), which has attracted much attention in recent ten years, was summarized. Finally,
preliminary conclusions and prospects were provided, aiming to offer useful references for the innovative development of drill
string dynamics mechanisms and control methods. The existing research results showed that the whirl is the most complex vibra-
tion form of downhole drill string, including forward and backward regular whirl and irregular whirl motion, and most of them
are irregular whirl motion. Among all the whirl modes, backward regular whirl is more harmful to the drill string, which will not
only increase the fatigue damage of the drill tool, but also reduce the mechanical penetration rate of the bit. Stick-slip vibration
is another highly harmful and complex form of vibration, which is induced by the interaction between the drill bit and the rock
and can be well described by the velocity weakening effect. Stick-slip vibration is closely related to whirl motion. The maximum
rotational speed in the slip stage of stick-slip vibration may reach 6-8 times of the ground rotational speed, accompanied with
violent whirl motion. The high frequency torsional oscillation, whose vibration frequency is much higher than that of eddy and
stick-slip vibration, is even more harmful, and the related mechanism is far from clear and is urgent to explore.

Keywords drillstring dynamics; complex vibrations; measurement techniques; experimental methods; simulation techniques

doi: 10.3969/].issn.2096-1693.2024.02.017

Al RIRA MG IR A B IRTT & B AN T I
TAE. gEgeit, TR TR LA RIRA
RIT A1 50% LA L. MIAERSH TR, Btk 24
P B, 2R OB TR 24T i 6l PRIk
YA TR PSSR 2 —, AR — B
ST EM ., L RARIPIFRFGE ), Btk
FRIMTRC B, IR TR iRt T
BRI (R, W TR AL TR AR A
ZRINERE i) Mz, ZIRashisil e, i
Bk S TR BOARECAE Bl B (] )l PRE e i |
TP TR Em sl 55, MR aH: K A T 2L 4k
3, HEEWET R MRS . I, Bk s
Ak 171 e v s

BEAE B 122 IR O R IR Bl B R o B AR A LA
PRBE A PR3l . R SRR 1 kB, X
3 Bl Bl 2 Bl A e 2 A LA 5 TR J80 B & 2R Y
fah, KWLk, AMT— By g™ B p ik sh £ X
3 930 Ry e B R LR e EKORY  RRE 1] e Bl (E
Wt 0 B AR K B, AT TR R IR AR B ) —
Aol S BRI P 1) IR 3l 98 3K — v AT % U 3 (HFTO—
High—Frequency Torsional Oscillation). % ¥ iz sl 2 it
IR TR BB AR A =], B2
T AR TR R IRIR 3%

AT REEFERY B 1122470, IR RS AR IR 3l i A
AEALER, R LR R B il A A5k 2 Ak B A AR 2
BT A . RGO, SRR RITRRREI R
A R RA T R S X TR
B HF AR R IREIE A, EARem s S
2, ASCRUSRT B . AR SC RO A A 2R sl Y
HUEHFTE . SCER T HEEOR S TR R R,
WMl St i E g, JF R REY, B

TEAEARN RIS
1 Bk ERT oL Bk e

BERESD 2R PR N AR, (RO IESEXT R
NEFERIIRB . BEIRBIIAT T T T — A A S
Ot , o BB B (B — ) fi sl . XL & 4 3
B2 RS IHTEid e

1.1 sEtE B EiRENAA ST R

KT HAE B 122 o0 fe L BRAE 20 42 60 4
X, Finnie 558 A #3850 F 52 90 FI A VL I ARR M T A8
e O N AR A A, BESS, Bl
WG AN EMN, (HR TR SR A R
IR, AT EAE RS, S BEXT A A HR B
FH AR BRI ) 9 30 23 A TR
L1144 % 3k 5

G AR IOE I RemIRIER 2 S B NI K M s UKo
Rz, RS T g R DT BT 445 g
TR, BtsE i W% 2], Finnie fl Bailey™ ) fiz -
X3 FLE IR rR R AR i IR S kAT T RIS, SR
B A AT T BT T HEAS T SRR JE IS O T Bkt
R R EA AR, S, 7EHKGE 60 4E AR,
— b Ml RS [ (Paslay H1Bogy™®) . Al 4k 5l
P70 33 57 555K f# (Skaugen!” . E ¥, Naganawa
XN AN SIS (2R ) L OGSO il 4k
SRR S5 T PR T TR AMFSE . Paslay Fl1 Bogy!® #§
g AR IR S ) F 2R R ek S =2
(] B Sl S0P el 2= D SR Tl 2 RS B Vil
O e LY S N e N R AN WA BT R T S L o R
BB RAETEAR R, B0 DAR S RS AE



226

fmRREER 2024 4E4 A 9B 2 W

R4 2l 130 RS
1.1.2 AR AR 3

BER A AE A I N s R A L R 5, AT (i
FETF U 5 b T e AN — 3 U A T A % 55 1
W, IEVRG S . AR B A AR A S R A T
Sk SR EAER, SmZ I AR R
AR, —Sedill T HEO SFEsE L=k
AR A 1) 0 8] g 105 S A RIS PR B 02, Dareing
S B S e 57 T AR FE LG IR Sl i T ik, T 2
REM R Y G, Bk T W, b
Jii, — SR B [ AN A HL L Bk 3h [5G A% (Dareing!™ |
Khan!™ | F 2N Ul TS50 Y R g 7 vk (L s
Mk — TR 2250 7E—X 1 & U7 S5 XL 4k o)
PEAT T8, Dareing %5 11\ Ay 13 5 %% BHA(Bottom
Hole Assembly) %) 45 #4) 1] DAAG 00 A0 A% B A 10 FH 5% B 2
W, BRSO R R 2
1.1.3  4EAEHE 3R 3t

SRS R IR AR L, R 1 IR S & B
A (i) i MR A8 A A [ i 2 S 22 % 2E T4l A 9 BHA
B, WM BHAESFIEIR, MATFRERREE, 2 2R
e — S B HE ST TR R B BHA I 1) Ik sl A 7Y
AT B AR BUBHA 9 1] 1% 3 4504 (Huang!™),  #F5%
T T R B0 AR PR BB AR AE (R AT, A TR
FE () . NAMEE IR (Heisig?! |, 28504 22 | i)
BT (R RN 20 A X Bl A [ I 20y 51 4 A 48 i iR B
TERSENR . S5 RRWY, B 4R 3h A 2k iy 32 2 R R Al
FE ) et il AN Sk 55 25 TR A AR AR R, iR A T
SIREARBE AT P A AR, i e R B R B R s
AR & AR i s B R R 8, A B A A
PR RO A A 1) i B S M B R AR ) A
T far 0V DX B AR ) iR s s ) S 2, P R
BATE BB IR B AR, T 23 AT AR e [
AN

1.2 SETERBEIRARER

BRI IR A, AATZEHAR R L% 8 —iR
SR E IR RE 2 T A T FaitEr s 1127
FEIE, DRI 46 20 AT 45 2500 30 22 1 (R R B 2800 % i
PeBhsgm , M EALE AR MG R, R bS]
TARITEMR A, X 5T T Bk 2 4R sh i
TEZZFM, B TR 2RSS
121 wE—H#EHERD

Al 1) AL 32 B EDWAR, AR
FURER B T ) —H IR B Z M RN G, RZER

N GBS T ATl 1) —H R S IR SR, X R AR
B AR A IR BIEAT TIRAMGY, AR TAEQ
5 Elaysed fll Raymond?¥ | Sampaio®!, Chi®**, Voron—
oV PRABPSIZE N ) T A, Elaysed 1 Raymond [t 5
WM ZE AR, TR RAG AU T, HLAR R % il )
PR BA WEm, MR R a4 S Jok A il
3l , LIRS RSN AR WSS . Sampaio
P T i —H R GRS e e AR L M R, A
AR B TE BE S B N B A B IR BB L. Chi
3BT T — R A AR S A B B, Ak
XA B 23 i 3 46 A0 B A 1 A i, Voronov 5 T
] — SRR SR SR L UTHIVE RS2, WA 1 %G
SLEEVIHI AL S8 . & RAEIESE T SRR I
BERE R — AR G RS, R SURE i Rl
Al T — AR A VE R DX Sl Bl R DRI
WahxX 3 Xk
122 A& - H# AR

BRT A T —HH RS G AR S R AN T AR b JC ik
B —Fh R ZNIE A, 238 SR AT W 2L . o) 55 01 T ik
B, XPES AR LRSS PR 2 09 20 AT R T
FE I PRAR (PP, LAY T AE4L$E Christoforou Al
Yigit®, Leinel", 5K/IMuTFIRK B B2 AF R B4R AR
lf9¥ . Christoforou A1 Yigit #: 57 1 Bk A4S o] —HL 5440 &
BN, S A S R R IR SRR ARk . D
FLA5 L R HH 5 A B0 Ak 1) — L A LA AR R A S
A3 ) R AT 2 AR S I R B B AR S A N AN R
MG, Leine @7 T HH it 2 155 1 FIURG W 155 70 2 1
MR B—RE TR X R Bl ) 2 R e R )
WS EAE AT T8, T 07 et 1 iksh
P RS IR A R A SR/ AR S R T
EE L Y o S SR Py K N TR e R A L
BN TR A A AR N IR A AR, WY T B AEAE
BASEM T R 57 RAA . AP TR, 7
Br TSP . BhAE B R R IR R B A X
il — SRR SRS . I L T A PR O R[] i
JCIT I, RHRAKAES IR R ) — R B AR Sh kAT T
M, AR T AR R S RS
1.2.3 % —H 1w A A 4R 2

FERN PG TREFR b, B A% el 1) R ) B8 5 Wik B
BUZE TR DA T R . Wl —RE s S ks & %
BT R A SRR, RSN 4R Bh 5 | A D B,
SRS G S REEE R “IEEs” 1
iz ZJj (Dunayevsky®™), L7 T {E 41 4 Christoforou®! |
Trindade®®, Mahyarit®”, [E £ #f 5%, Christo—



BAE SN 12 IS i KR R

227

forou 3t T Lagrangian J5 1, % & T BE IR R0 . &k
S HRER . AN Sk 5 A A AH VR R SR 0 A e
Jili o YeIKRHJE, HENL TR Rl — A R S iR B R
RUFHAT TR, RS 80a0R 5k 3h 2 R B
Trindade % J& T AR ZEPERN AR MRS G R, #7148 HE Al
] —HE AR A IR Eh A BR oY, {fi F Karhunen—Loeve
O3 8T B B AT IR Sh B AL R B oK A% . Mahyari 5 T 3%
SLORSE, HENT TR AR A S ) — A A G iR S A
i RS ST T 1 8] 3 MaE s E . H
BR S DUE AR Hbs, ST T Bl 1 — Ak [
GRS A BRTRAY, ARG Rl ] —AE AR S R S
BAE R AT R REAT O, DR L T e OB AR AR L) 27
B R S .

124 i —H % —H W AH 6k

W TR SO RE ARl . Bk e TR A A B
H B AR IR R, BT AR I R b 2 52 2
WSl . RS AR RS RS, KESE LT
ikt RS2 3 PRSI ARG 45 R . XA ATl e —4H
H—M ARSI Y, XHRFHENEEE 2 T2
Wr. FEFHEEIERE . PRIEAN I e oA mEAE A (R
O ).

KFHA =S IRNBSE, FEEHE 3 A Tr
M. —Jehlin —H A — R AR S RSB A N,
K, —RNMH. NERZ, KGR 229:30
L0 eii L RRE U

2 SRS

HIRTTE B9 73 B eI, B AER S BAREE T 3 R AR
s, HEZ R R —F S R IRshE T2 2k
. BRA A BERE SN, KT IRS AR S 2 b
MR IR BIE, W B2 e AL CR i
Ko

2.1 FHBIRSIRIERE

KR SR AR S e B RCR IR, T2k
UK B B AR B BER SRS . FERGH B B,
Bk e R SE AL BB BL, Bk sUBHA Y
e A B M T A 3 AL L R IR S A 2
TR A, AR =i e, &I 2%
FHEE M. L, PF2sad BSERi T T RIR AR
9T, KT RENHRSIAIBTTE AT LA LU LA T3 1,
RIVRE PR3l ™ AR IR ORI IR SRR ST | Ol 1
PRENSIRWTTE . BUHRSE ORI IR S RIS EA T T

HATMEER, REARNRREE T — AN S% 5%
£ho

KPR IRN T AER IR, KR A INH
5SS ARV A DG 3 RE 55 00N ST R E 1R
JEF, Bl R S SO s N BLS . Beloko—
byl skii*" 4 H 2 55 A 80N Fh Al S L S R A O &R
R R, I TR BOR BN Hk 7 13RIk,
Brett!*? & 3 PDC i 3k 1) B 55 b 800 25 T 30l dd: = A=
A IR . BEfS, AR5 ST A G AN R]
) PRESOE ke 2 s 3 32 55 A0 rh Al S AL AR S R i 2
Bl o &R, Hirp 60 5 35 2R L (Avarro—Lopez®)) . [z
L 15 BR 8 (Zhaot™) . £ 51 R, pR 25 (Ritto™) . XUt 1F 4]
PRIER (Yigith ) FIHABIE 2010 s (Jansen™™) 4555, {H I
AT A K% 8 T 4 Sk iR 3l i 2088 T &l Sk
) R Z MRS VER] . KovalysheM g H, Rl
PRI A 1 S AN & R 55 AR, RSk 55 A
Z I A EAER

R 4R B0 P I 22 bR AT B AT Tk .
B0 L EAT IS () BUAIRAE i, I iy A
FW A, VF2 om0 (0 A5 B T AT roRG
Pl

Richard 55 U=V i o) 4l 3 5 20 A0 AH AR HT AR AR il
myRs S LRSS, IF% IR TRk S5 A A ]
B R B i R G FE , WFSE 1A U0l Sk AT O KG
WD, G5RUT, AT ER AT R A
A AMIRE), IFE—E &0 F AT R R RS, A
R R SRR S ARG I A R, R TR S
A A A SR A

BfiJo, — 62 5L T Richard B, X kG 4k 3
AT TR AWESE . Zamanian®" X} Richard £ Y # 17 T
Pt WFSE T AN TR BELE AN 3 Bh RS 2R G xRl ARG
PSS, A3 AN W BEL e AL 5 1 30
RELJE L AT A 20 22 fff Kl i IR 3. Germay™ R A R o
DAY T A ROR AR B, 15 BB Al ) A A
ZM IR, AUV Richard 25 OB A ) — L&
PG, AR EE S AR, IR WEE B 7 A Rl W R sl A
BRTEAERE B E AR, BEfS, Germay™
it G A Y il ) iR 2 LU R AR B P, DAL I TR
AR HEAT RS, HES Tl AR SR A A LR A
3, IS REE 55 N R R R s A BB AE S .
Nandakuma® #§ H} Richard #5 74 H Z2 W& 1 %l [m) 2 & F1H
Je s, PR AR AT S AL T R R AR E
B, 5SEPRIEOAST . 7675 IR A0l 1) 22 B2 RN 5%
REJEfsEmm s, At —HFER G R T TR Tk



228

fmRREER 2024 4E4 A 9B 2 W

G0, Ll T AREPEI BRSO A R TR
R GRE R A5,

Kovalyshe! s X 4l [m] —FH % — HEBL R 5T J5 NN,
BRI R B S IR Bh Z WA e G R R, (H#H
B 77 A T ERUAS [] - ity o) 41 20 1 7 A o T AR AR
TTFA L 4R B0 0 7 A= S DR 8l Sk B0 DD I PRI Rl Sk B 4
15 5 A Z R A AR . B 38 5 S5 56 i — 25k
TR, AR AT 3 A O A ) S R R T A T 2%
fitt o

RN RgYELY . 7P | Sadeghi™ 45
T o ST AR TP S S AR AR AT ST T S MR T IR Bl 1 56
SR ZR, TA K B M TR A A [ AEORT B A K B A 1
I, RS IR SRR, R IRSE S nRIZL, R A
FEFE— I BN R, KT G A8 Fe il & & A Al 1 ik
Bl AL3E R R AN R A AT A IR SO BRORG U PR
3.

2.2 shiEREMR R

MR FESE B Rl B E RS Y R Se 25 IR
2B S IR PR N 2, SR A R ZUR ] 4 20 1
FIOE. S 8l 75 a] M A 47 1) B BRI 1] 3% 2l
(MR s, RZIFRA R (a5 Hsh). M
X, ST iR 3 X A A ) 8 FE T K (Kapitaniak™™),
23 TR L AR 9 57 W R (B0 R A 1000 | BRAIR AR Sk A AL
4434 (Chenl®),

PR SR S A RSHEIR TR T
5T, DB R i S TEFE R g,
ICAAT Y i B e — A R B RS . A S T RE ]
23 BT R S RS R, S BBk, B e
RSN AT RETERR R 2 BN, R B B E ]
3.

[V RE B AT SRR A R SRR AR 1Y) PR
— SR A U T IR ARG, BUS TIRGFHY
AR 1365 B S ALF5E A AE R SI TR AL TR, )
UWRFIE . e, EEEEZREC. Wi ). RRVESIHRAN
SENTRE R IR S IR . Heisig® (OB ST 45 R £ W, 77
eI FLak, MEeuuEt e, sk d “ipKia
87 —IREIEE LR, M KT I B
WF, BitEst s AR sl . TG L ORI BRI R A G R,
Btk kA iwsh, HRAERSNIG, TR EAR
SR ENIH R . Melakhessoul®! [ BFFE F BRI IR A TE XoF
BHA (i shLlsZ AR K, IR 24 #ik T BHA
PIRILRFIIE o Vijayan'™ (RIS R BT, Filiin) ) 252 0
W — A ER, DR AT LA B A R )

AR . EBIR T TR SRS R AL Y
TSl SRR, % Bl R R e I B s R R 2 4%
Pl

23 EFRREHTLBEARER

WA AR B e B4 RS i, 1
22 2F AR I T S e R M A I T RSy
ke — 7SS TAA R EIe ST . DR B A
BRI E et 2 OGS, D — i, LREERE%H M
KA TE S e B AL B 1 A A G SR, SRR
FEALAE 228, — AT AHRIE N PR, T
ROPEIF s, A EE TN, A
fiX, (HSCHTEZ; e B AR, HEAT TR
SPRBCISESS, SIS, R TR B e R Y
AN LA SR e, Ko Sl 2l 2758
59 2% AU TR R I IR sh R . AR T IE 1Y
B IRsh AR, X LB TR RV U AL S 0 2 1
AL WS, —2 L TR ai i ks, i —
KT AR R 3l S sh Rk . ISR B ARG T
TRV S0 50 2 R 22 T — AR TOU A AL AR 3l %) 2 4N
ERAEENFE, B AR A F R R R R . Bk
A B YA 8 30 4R 2l A N s 2R A AL, g
Sl F LR 34730 2o 3k SR Sl A AR Sh At . Ao
TR A ) I 20 ) S 6 2 RS B A R SR M A R —
MR RIS T A AL, MR NS 5E
B2 ] Bt v 7E i 7K S DAL, 00 kA A 1) 9 )
Lo sl R R o

2 5 Patil F Teodoriu® iz 3T 19 25 38, BR T A1 1
oS FV A R E N SRR R A, A AR
Wi & T —Se b ST B ke 20 J1 22 S I e B . 1970 4F,
Fritz3@ o % N SEIR oY, IR0 1 IS AR 13
ket piifei ] SN O A N B i R 0 ST U S e W
2FEBEE T A . Mihajlovicl®® 3 2 ## 37 BUeA AR R K =
SR B T AR A AR AR B 0 7 A SR
PR FR IR PR IBT . AU R 5 L 45 SR AR R AL, Ik
ST AR R 5 EE SR A A PR A T T A AT
T ELAFG THE A 114 67 L2 AR P 0 v S0 (R R A B 452 2 (] 1)
MEAEH, HE T RS | R R 3l (BRI ) ) &
A R, DU e i R sh i S EGE L 164,
ALy B AER IR B B 7 A R A e % 22 G T %2
FIVERT . FRR, rm o X B Rt By FE 2
JEE B4 fl v () 1) 0 DA — o 24 52 2% 1% 7 25 i BB 4%
J1, JFREr AR R A AT (W TR E R W T ),
TS ok e SCREAE T K ) S 8500 Bl PN 7 A R i B v R



BAE SN 12 IS i KR R

229

RSN Khulief 1 Al-Sulaimal™ i1 T4 TH 2 P4
FHRES & LM SRR 3l 1228k . 2050 & TR
BAETE A AR AL T B4R e 1, AL ARG TR
Bt — I RERE A AN A — B RO BAE . S8R B
AR AAILIK S, (G 5K Sh s R A ARG I, il
YRS BB it IR 2, DABHLES R 5. 58
5 I v 23 SR FH DA 8 AR AR A AT FROTAR R 280

E TSI RN s A S AR ST 5
FH 2 BB 0024 B A T B AL R B AR SR B oY, 3
PR SEIR A SRR W, B in]itd sy 2 s Bk AT i 98 5 hi
UL IR S RN AE R B, TS T A O ek
BRI A RGERE . BRI EA R SE s R,
FE— 8 il B ICHBAN A & M B i sk S, HLE%
s, A IE RGNS, TRINE R, SHElk e
TR, WSS AR R, BHA 23 M IE [ 158 SRR S 5 A8
SRR AR

A — 2235 I A RO A S g e i i AT 158
5T, Cooley!™ BT S 50 3 W it ) 23 i PDC 4
S 0) S I FU R U S e b kS Up N 2 VI B K MA RSN
XN T2 R A8 k. Leine!
A S5 50 e B A e R AR W s B e R AR TR SN, RO
B BRIRALON SR AT DR ) iR sl A Y G BRE 2R
Kapitaniak®" {#f Ff Aberdeen J 2= iF il 1) 22 Ty g £l L 2
7758, WEEE) T AR SRR sh L fE . 1E )
s )i shAE A ARG, T ELBE S Bl 5% s Al
FERIBGR, XA sl ok BB A R R . T 2
F8 A9 )&, Schlumberger 2y Al #: 57 iY 4 RS &5
— 5 T H TR H-IH T 2 A RES T e, 5
— 7T ATHRAL T MR i S SRS A, AT LAULEE
PR FR G, IEmasl . Sl s AR S 5
TR RIAS

3 BRSNS BRI DT TR st e

P T Bt A 2l g 2R T e 200 L A O AR ek
AR B 5, FH AT IR I B AR 3 1“2 bk
JLICHIBE, PR 22— HEOT TRUERHTT
W MRS A R AT B A, FATE
B 3RO SRR BURE . AIRITE 2 RS )y
Jrike

31 &EHR=Ei*

P Bl ALy R B W, BH e o B 2R AT
W, WHE AT BRE PR E. HNSNFZ

S35 IR GE N B A 4R v B 45 325 % Al A 3 g 2 R
AT T e XEETAENT D2 R2E, —2&H
/0 A5 B, A Clayer™ | Jansen™ | Tucker™
Khulief | Shor””, Moraes™ % A\ B T./F; 5 — 2%
W2 [l B 2 S B, ARt Chen J7, RS
SRR TAE, AMEAAIL A

FEIXSERFGY 1, Jansen™ | Khulief™ 45 ) T AE ¢
AR, Jansen MUMFSE 24T X BHA, % 2 MR
i Z A B EE R R P B e, BF9T T BHA Byl
fiE, Frisas il e, JFes e ad s i,
Tk = A5 SRR TS i 3l 2E B ARH T PR
PIALEOESE, JRIR TR R . 5% BHA 2510 248
Xl S A ] J1 952 5 Khulief B9AF5Y 3 2261 X048
MRS, 6% I8 TR0 . Sih SHEMEG . &
FIMIARRONE | e —RE LT RZetE L B SRR
etz sz, s TAERS . 2.

A8 b T A A A Y X — S A 1) R B B
TARUFAIVER . Moraes™ AORHFFE A B, 344G F F k%
TR R 25 ) T A Bl SR T (R A7, 38 0 o mT g
A SIS A BIG  k A= . Chen 7 (A BIF5E ) 2
WY, HORB SR RS, 2 0 IR 4
SREHFER S G KA 4R 3l , MG R, AR
AR B IR B . ARZNSR B A S R RE Z ] Y
g s A R AR IR B, S KM R, ge
AL RS

R rh BT R O VR BR TN TR AT 3 ) 2R A
0 T A I A B K R R Bl Y 4
Kavanagh™ ki 5% 163 3 4 20 % B 7K 45 A3 3 ) 2 i) i
WIS, FEST T R R PRSI AAY , F REF  f
FISIET 2 [ LD REE RS, 87 THOKEI
KA 1A, 23 ARE AR X RGHHAT T K%,
N KB VE MK TR A K 28 SRR 3G I, Rk
JEEBLE G5 B s A 2 ] )RR ]
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WIPRBN; o5 — I B T Sy e T, B A Y
BhimARsh s fE I AR R (I I R S
A SEET AR By, AR S B Ol R R R Bl
RGMEHBE)E , M PRAERRE AL R, D B R
3, HERE TAERCR.

NOV /A H]F 2016 44 H T BlackBox Eclipse J T
PCAZA I B TR BERE RS B I R R D SR N B
M SRHRSIANEREE, SRR 800 Hz, i I &
Bl , nTHRSBIE ARG T T 2 a8 R R 5
KR sh S5 8, UMM A RCRICT R . B
J&i . A EITF 2020 AR EA T S AR BE IR FEATR
# BlackBox Eclipse &5 AU Fill& T.H.,

42 ERSERDMSE AT R R

SESMA L, AT — U A BT 58 AP
PR ROAR S TR B ARSI AR P
TN R, e A Y B AR IR S A S A

D Z 498 AT DA S Bl et s B2, IR /NI o
HrFITE AT R FIWT = 505l 3k R T PR 30

iR A ISP RS G 7t = I L% S N TRl b5
ARXH T IR S EA S Wi i 1A 2 1Bk, JF T iR
S THAR T AR, FHRF e & AR MR
i, SR R O T RS T A AR
JITTF 2002 AE BT T ARSI RO, TR
BRI 25 RE . FHAE . —RhOmEREE . Hhim . NANET)
RS 9 TS AL, K O T RS N 125
°CHFREE . 60 MPat T JJ M EE T (14 Bl A5 5 5
gi. /N P AEAE O T RS & T A T
Wi RGEFNHUMCRGE PR 3 28, =l fin s A% Jdkete
ISR K —200~200 g, Z3BE%R 0.1 g, T 24
REZEEIAEAL R S 22K o W0 A5 U2 d
ESM(Environmental Severity Measurement) il 32 T~ E. Il
I R R H e TR IX SO BRI I T AR S AL
ESM # fhi 0> % 256 I 5 4 45 v, Fofw 0o #E R 4.7 em,
AR 120 Hzo fJR U220 & 1 I m Al
TR, AT RIR LSS T A T A
e R AR g, B R AR FIR (0.2~5
kHz). fRhilE R K (+ 100 g). it (0~125 °C).
ZEIK (100 h) ZEP i o 1200 0 39 Al SR A0 T 4
B 28008, AR E o AR bl Sk Ak i = Alofin
JEE I 3

BEE TR BT, AU A A I T
IS SR 7.0 i Rl S MR €7 e N S LS R e NI R
T 2% e ) 540 A7 B 22 TR 7 S R Bl 0 B AR
BUATR U1 T T RERS T s S5 E RS, sl
A TEE . A, AR EEEE SR, HEE
5 MWD T Hx 4, i MWD T B 3F T SRRl
e i T I Y NP ] ey AT
BT IR i, P i PR RE A R PR AR
P s = om st B . SCRP Rk AR T, R RS
AR PEAN R SERHC SR, IR T IR
Bl GURTRG W RBCAR S 1 U8 Ik h & A B R AR
ZHbTE, AR TR SEE M T

5 RS (HFTO) WFstilkhig

TR, IR AR R R AEAF AT LA
AT 1000 Hz A4 2R A4 22300 5t T 8 A i) e 30 250
AN BT e 118 SRASE A 38 AR Jo 2 el A 5 3 BB B 47 bk
PURBRAA S T AR sy 24tk . 8 0 g 3
HEEN T, AMTEB THFTOM S .. HFTO & &



232

fmRREER 2024 4E4 A 9B 2 W

BF, BN AN IR B 2 7= A L e o far, LR/ VER
FEW T BHA R, JEdRIRA . 4L g5
WSH AL SR, B ER M,
HFTO &3 It T T H & M i E R, a7
JUPFE R . BHA HgRHE [ 55w i 450 288, Bk
ERLUEE /NI L SasuEaiNTIEN

— B INR, HFTO & AE MR AR RUE 4Gk 55 A
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