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Table 1.1 Transition of the domestic environmental regulation
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Table 1.2 Noise regulation for construction machinery
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Table 1.3 Noise regulation during acceleration operation
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Table 1.4 Noise regulation during normal operation
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Table 1.5 Noise regulation of the exhaust noise
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Figure 1.1 Comparison of noise level of various vehicles



http://www.jama.or.jp/lib/jamagazine/200812/03.html

UbD XS 72fEx OERHDIZHELLT, T4 —BLm 0 D2 oRBEEORE S &
RN, BRBWRP TR v 70N, fiffil & W o 7o RAEGERZR OB R b L IS
BARFICBI A/ ET 7 e L GEH SN T CWS., T4 —B Lz U OERE
g - BRI R e mO D ETHEL - TR, = V0 A — D54 TEREHBE
TIREEERET 21T O T2 OO T - ST EIR OBFICEHA TW D, BIETIEK 1. 21587 T
Loty BAF 7 AfRfry—n (Blx1E, PISDYNE (Ricardo £1) ,

AVL-EXITE (AVL L) 72&) D" ABRGFLTCETBY, =y P EHOEMIGEEZ Y I 2L
—¥ 3 TR R UGB CIREEE L IR 2 a3 2 FH R TE TV EHD, T L
BEREITIZY 7 b U =7 OBERELZBH LT 1T, £T /MDD ) UND ZFf o T2 R A~
L— 2 PMERICH T DMERH D EAND/N— RIUEE. T REILIS O 2 2 sk gh 5
(&Y, BMRE%) #8BE LIca— NIFEHEELYP IR T 7 v 7Ry 7 AL TWbH T,

FEATIF R 3 R < 72 2 & RTHRATHRE R O Rl LA D SIS W E WO ERDR H 5.

Figure 1.2 Dynamic Simulation using commercial software”



(2) EEBW - BERMOBTRER
Bk D L HIC— O ABEFITH V) Lo D R N Ty, S REEOEG SRR

SO T 1B 72 MA TR RO DD 7, EHTHERES Th O AT E
574 =BV UBHNLRS. 2 TIEIN SR OBRE R AR & R R A 1
AT BT, =P U E RO LB OW TR RS,

RO MR E & U CIEY 3 VO R EERFHIR & FIREGEOH Y%K 1. 31TRT.
AT X D WA IR R A WE Y a RV TIIBEA Y 7 v OREGTORS N Vv
PEREE M EBREN T L HETH D E W FHEN S L. Fiz, BEOEREH CIE= YL
HIER Y FIEEFM 2N Lz o7 80— v —OHICHN SILER S b 28, AR

DIEEE L TORAE L 0 F 0B S5 DG HEMERE & B RO FL— R 7 R4 T 5

9),10),11)

FHEUF AL Ivhn—
EH# WI79U—T
'\ —7 1
‘.
HE uJF N
s

_— r?ﬁi?ﬁ::Lr—w
'mumm#frav:g&

A4 I —S 7;__; I Tawb

(a) Main noise source

~

L lﬁlﬁumﬁﬁ

(b) Noise contribution
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Figure 1.6  Generation mechanism of engine noise™
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Figure 1.12 Countermeasure for the Engine Block
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Figure 1.16  Analytical model of gear impact (Singh’s model)
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Figure 1.17 Analytical model of gear impact (Brancati’s model)
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Figure 1.18 Analytical model of gear impact (S.Theodossiades’s model)
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Figure 1.19 Analytical model of gear impact (J.Dion’s model)
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Figure 1.20 Analytical model of gear impact (J.Dion’s model)
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Coupling

XYZ: Stationary coordinate
UVW: Rotating coordinate

0:Engine Block
1:Crankshaft
2:Intermediate Gear

3:Injection Pump

4:Intake and Exhaust Valve Train

Figure 2.1  Analytical model of engine block and rotating shafts
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Figure 2.2  The validation of the analytical model for the crankcase
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Fig.2.4 Analytical model of crankshaft
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Figure 2.9 Pendulum impact test machine

Table 2.1  Measurement instrument for the impact test machine
Item Manufacturer Type
Accelerometer ONO SOKKI NP-2910
Force gauge RION PF-31
Charge Amp. ONO SOKKI CH-1200
Data Logger GRAPHTEC GL1100
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Figure 2.10 Measurement result
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AR EER 2. 210RT. MEEE &SI PR OR A O’ & me (LR RS K
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TGRSR Co I THIRAE L R AE T2 S 72455 O SO HHEE L, HiZ213hE
B Kptorey IS TR D F G % & & 1T Hertz H2f B 4 AV CHEE L=, £7-, s
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7= GGEAMIZ Appendix D (27~ d) . 2. 1 2 EH e AR EOZEEZ, X2.

1 3ICEREmORE, K2, 1 4IHEEEERE & MR S OBMROHER 2R~

Table 2.2  Calculation parameters of impact model

Structure damping 350 [Ns/m]
Stiffness of impact surface See Fig.2.12
Damping of oil film See Fig.2.14

my = 0.111[kg], m, = 0.105[kg]
Mass m;
my = 0.001[kg]

x; = 0.0[um], x, = 0.0[um]

Initial condition
%1=0.90[m/s], x,=0.0[m/s]

Figure 2.11 Impact model of series coupling for the impact test
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Figure 2.12 Relationship stiffness and elastic deformation
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Figure 2.13 Shape of cross section of the test piece
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Figure 2.14 Calculation result of oil damping effect(with & without flat surface)
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(a) Measurement result
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(b) Calculation result

Figure 2.15 Comparison of measurement and calculation result
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(2) HMEERETILOEA

FER & DRI 0 2249 A HERR L 2 IR B SRS GET VAR T X T a AT 5=
UV BARBIAT 7 1 7T STHLIATIZIE, IR & B3Rk OGO A S AT A
MOFENS B O NEFRPMEL R0, RN RE R 2N TFREND. £2T

AWFZETIZX 2. 1 61T X OWCEIFESETT L EEMR ST T VA2 EAN L.

(a) Series connection model ( 3 d.o.f)

Equivalent Stiffness
Ke

N

v <

Ce

X1 Equivalent Damping X2

(b) Equivalent model ( 2 d.o.f)

Figure 2.16 Series and equivalent parallel connection model considering oil damping
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F(ke)=(F(k,)+F(k,))/2 (2.8)
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Figure 2.17 Impact force waveform
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(a) Series connection model ( 3 d.o.f)
| T L T T T | T I
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(b) Equivalent model (2 d.o.f)

Figure 2.18 Impact model considering oil damping
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Figure 2.19 Equivalent parameter of impact model(2 d.o.f)
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(b) Equivalent model (2 d.o.f)

Figure 2.20 Comparison of the impact force (Series connection model v.s. Equivalent model)

52



2.2 EEHERX

>

2. 2.1 oo JAavsy

TV Ty 7 OEB) A § IR R (O-XYZ) TR &
MOXO+COXO+KOx0 = _FBl_FBZ_FB3_FB4-+FSO+FGO+FEO_FC3_FC4 (212)

[l R0 b DO ARES) Z fG G OMIMEATS kg . BEEATH cp 2 W TIRATET

F’qu[qu q=1~4

f’Bq = —kBq(xB() - qu) - ch(xBO - qu) (213)

2. 2. 2 9508

YTy 7R EOFIELTWAREENG R 7 v 7 MOIREIE— Rix7 7 > 7 [F
Rl &I T 5. F£, K2, 2 LIZFFED Y 77 [BlisfOIRIET Y 7 0 Vil =
VU7 Ay 7 PG SN RO BEAIREE O R R AR TS, EECROEA RS
R & & HICET D, 22Ty VU ARROERIREGE 2 — REE CEAET 256
X, 7 7 v 7 BHOREEE u 137 7 v 7 e & HICAEE o, ClHEET 5 EE% O-UVW Tt
g 5. 7707 CAHEMT D8+ 77 A IEHIIF L w0 S IF Yy, FER D DR IIF gy

WNZ 7 T 7 REDOME NS IFe BB LT T 2 7 fiioER) HRE XA RIS R TR D

FTERA LD,
Myiiy + (Cq + ACy)1ty + (Ky + AK)uy = Fyy + F, + Tt (Fg, + Fy) (2.12)
=72,
) o (3 " |
Fy = wy’MU = mﬁ,Fj=w&<ww) M= m; ]ﬂm:l m; ]
0 -, j

53




AC = AC]- , AC; = 2w, f 0 , AK
0
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Figure 3.1 Analytical model of acoustic field
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4.

1 HESHE

1. 1 EEREH

WHBN DRy 7 T v 2 Ba I b ST OAEROIRE ST ONCERS L~V O L2 7R
L, BV TRy I Ty a @b B SETIGAOFHIRR L U, FHRREE L
TUDANFRIERAY A I N4V ) =T 4 =P TH Y, PR EITKI33L Th 5.
TV DRETEREFR A, LITRT.

FIEMESMTRA. 218 T L O ICIEART (74 R 2 274KA8) C, = [alliski 3 700rpm

(EIal#RRF) & 2500rpm (FElEl#aER) & L7-.

Table 4.1 Specification of MHI small sized high speed Diesel engine (S4S)

Type 4cycle - Water—cooled diesel engine(Normally aspirated)
Num. of cylinder — 4
BorexStroke mm 94 x 120
Total stroke cc 3,331 cc
volume
Type of Comb. chamber — Swirl—chamber
Size Length mm 781 mm
Width mm 567 mm
Height mm 717 mm
Dry mass kg 245 kg
Starting system — Cell—motor starting
Fuel type — Disel

Table 4.2 Calculation condition

Low-Idle High-Ildle
Load No loading

Engine revolution speed Ng [rpm] 700 2500
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4. 1. 2 HWHEEEETILOINSA—ZERE
52 F I X O ICARIZE CIIE R OB HE 230 & L, B A OfiZEE T /U iH
e & RO ST T L & Sl AT VA EA LTz, W ed 2R T 545t

HOE T EEFK 4. 2ITRT.

Table 4.3 Specification of the gears

Crank gear Integgs?iate Injgfit\i/(;ngggrmp Valve ;rea;p drive
Module m [mm] 2.5 2.5
Pressure angle o [°] 20 20
Number of teeth Z 23 49
Tooth width b [mm] 25.5 20
Pitch diameter d [mm] 57.5 122.5
Tooth surface curvature
radius at the pitch point 7.06 15.0
R [mm]
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4. LTRT XD ICHEZIOA\ERL Part 1 ~Part 3 £ TO 3 W5, #4. 31TRT
BUEE AR S D B RS T O ST OV T EZE S S = L— 3 VA ER LA (2.
8) ~ (2. 11) ITRTHEICEK VEIEET VOEMRNE, SlBEEZRE L.

4. 212 5=40um FFOHAMAIME, R, X 4. 312 6=90um RrOfEZ <3 72250k
BV (Meshing part) 2 & 313 CFETed XY OMAE & 725720, i \T A —Z|3F—Th 5.
BONTZRT A= OENFEE S &2, T VU AREMT Y 1 7T DO T2 G2 L8 D

W5V RO PR T AR AN SRS 5 /3T A =2 ZPRIC L DIREL VT 2 b— AT T

Table 4.3 Gear combination of meshing parts

Meshing Partl Meshing Part2 Meshing Part3
Drive gear Crank gear Intermediate gear
i Intermediate Injection pump Valve train
Driven gear . .
gear drive gear drive gear
Gear backlash of one side &, [um] 40, 90*! 40, 90*! 40, 90*!
Oil film thickness 8,-8;** [um] 34,77 34,77 34,77

*1 : 2 cases of the calculation were conducted in order to survey the effect of the backlash
quantity.
*2 It was adopted the assumption that 85% of the backlash is filled with lubricant oil.

Driven gear
u

Driven side impact

Meshing Part2

4
= g
L “ ¥ 5_\

Meshing Partl
~——

Drive gear

fiz

Figure 4.1 Meshing parts of gear train

73



S . :
—— Nleshing p3
— Ne shiing ot
E 4 :
N VN N B
£ 3 —Gear backlash of
o
7 S S -
2 I R R
E e
1 s
0 Lot e it
0 10 20
Relative displacement [um]
(a) Stiffness
X103
10 | | | | | | |
—— Meshing partl ! i i i |
— .\-Ieshif:ng pe 1‘(2{:051‘3} | | |
% | Gearbacklash of oneside 5,: 40um | | | | | 1
Z <t ———— — |
eh
a _____________________________________________________________________________________________
= wi
8 ° i/
5
=
2z
=
=

Relative displacement [um]

(b) Damping

Figure 4.2 Equivalent parameter of stiffness and damping (8, =40um)

74



Meghing Part1

~

5]

(]

Equivalent Stiffness [N/m]

—

Relative displacement [um]

(a) Stiffness
X103
10 : 1 :
—+—Mesghing Part1 ;
— Meghing Pan? or3)| |
= | i Gear backlash of one side 0, : 90um | | | 1
E S R e e e s EE e EEEEEEEE EEET }J: —————————————— A
en ¢
5= T IS A SSSISUSMSIO AU ECUSISNSUOMI ARSI ORISR SOOI NS [ % R S Y
e /i
g5 —
A P
5
=
2
T
&3l

Relative displacement [um]

(b) Damping

Figure 4.3 Equivalent parameter of stiffness and damping (8, =90um)
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[FHARED Ne=700rpm DOIFEIZEESPUTKIBI NS K, lH ANy 7 T v a &R U LUl 5.
ZHUIRIRHRRI 72 D & BRI 7 ) OIRBE SV A DI L, T RABRINT KD b v 258
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Figure 4.4 Time history of the rotational fluctuation (crankshaft at the crank gear)
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el (Driven side) O CEZENFEAEL THRY, BXAERELOIERERIOEZE )R RKE V.
Fo, FlbSy 7Ty v afk 6 PRELRDIFEMENIRE L o T D, BXURERE O
EZ L #1L KRG D# KA £ TIEE A LR U Th O KRR TOZTR. b0, Ziud 4.
A@ITRTE I, 7T 7EilET— RE L CORBREBIZIToTWAZ EiIck b EEZ BN
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WTIEZE S O B — 7 HIC TR X 2B 3 DL,
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BETEAI7Z0 T <, W TEIAITC S R E R /IAEL TWD. 12721, B2 DRE N Z— )
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Figure 4.11 Waveform of engine noise
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Figure 5.2 Gear impact force (Crankshaft v.s. Intermediate gear)
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Figure 5.6 Angular acceleration of crank gear
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Figure 5.7 Gear impact force (Crank gear v.s. Idler gear)
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Figure 5.14 Rotational acceleration of crank gear with and w/o damper (Ng=2700rpm)
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Figure 5.15 Gear impact force of crank gear with and w/o damper
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Figure 5.16 Engine noise level versus engine revolution speed
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Appendix A HEEMESEBOEHE/NTA—2DFHER

A. 1 Hertz BfERICLSME L IERER
AMFFETIT B HES O WEIZ IS T 2 2 A, 1R X 5 22 HfE i E Lo
fih & & 2 Hertz £t BERIC L 0 EHZRITNRERZ RO L. BALR Y70 OEME q 235F
LT\ D54 OB EkiE b & MIEERE S 1ITRkO X 5 2RERIC2 ¥, 2L, A7

Vol Z 0.3, WMDY SRIZE LT5.

q nr
=1.522 |=——— A1
b =152 ’Er1+r2 A1)

20w

0 T E\3

41y 47,
+ lOgT-l' lOgT (AZ)

L (A1), (A 2) DORDOIZEMEEROEBREY, BRIZVERZERTD.

Figure A.1 Contact of cylinders
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AMFFETIT W EZEN W HL Oy FRTEZD EREL, By F RIS o =
PREMGEERE LTHWS., By F Rl T o ERE, A, 2187 K ICHE

DEYa—/m, Wz, ENAazMTRATROOEND.

mz
Ty = TSinoc (A.3)
Gearl

where,

m; : module

z; : number of teeth

a; : pressure angle

Gear?2

Figure A.2 Curvature radius at pitch point

117



AKFFETHRE L TWNDT U Y DOLRERO W B T4 LA FIRd. =V 2Ro
RN BT IV AER T D BRICIZAEEE T 3 DO W B A WERDNEET D728, HEXT O8I

£V O RITRERITR 2> T 5.

Table A.1 List of gear specifications

MR 7R
7 Z 2 bl fi] By .
7 ¥ 7 MEER | R ) ) o
TYa—/lm 2.5[mm] 2.5[mm] 2.5[mm] 2.5[mm]
JE7144 a 20[°] 20[°] 20[°] 20[°]
% Z 23 49 49 49
HIE b 25.5[mm] 20[mm] 16.5[mm] 16[mm]
'y F RIS
- 7.06[mm] 15.0[mm] 15.0[mm] 15.0[mm]
BT DR r

KA. LIRTHHEF CEHOR (A 2) ICX-o TRAE SN D EMAWERIZIS T 2 ik
B L HER N OBBRER A, 312, ERITRER LM OBRER A, 41RT. flf
e R O 24T R EENL 3 DDA W CIRIFIERI TEE 720, A WVERD & OZTIF
ENEBRLNR. FTo, ERITRERITHMATE &N 35um FEEIZ /R 5 & ERk Ot H41

E22E 7L OTHWTWAEZETR0T 1.0x 108[N/m] & [FZI272 %
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Figure A.3 Relation of impact force and displacement

x 10
: ' ' ! ! ! ! !
Cranls w5, Tdler ! ! ' : :
L8H — - —-Idler vs. Injpump [ro---m-- TRGRREREEEE R boseososes hosoooses =
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] Conventional model (constant : 1.0 X 108[N/m]) o B

St fthess[MNim]

Displacement i)

Figure A.4 Relation of stiffness and displacement
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A. 2 SEEMEEEOMEREOSEM
DA R =N T DA & 2 5. A Cldti e KD Nz L » TR X
N AR oEEIC BT A FESRE O CHl S W EO MR ERD 5. KA. 512

AT L REEET NVOARMEEOFHFERIILUTO LI IZE2 6 5.

(bnr 6m
—\2u4+—=—=V| ,V>0

W:{ h Zh/r (A.4)
bnr
szu V<0
7272 L,

r O Sk (= )

1 2
ho: PR X
n : RGEE

Figure A.5 Analytical model of lubrication at the gear meshing point
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X (AL 5) 1T 3 LT HWE O uV (I 2 HAHTETWVD. A

MR CIZK A, 61 RTEDICHER W Z2HEETA all > CTEHRL.

= tana

<| e

c

: slip velocity

<

: approach velocity

S

: pressure angle

Figure A.6 Relation of the slip and approach velocity
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Figure A.7 Validation of Sasaki’s equation®”
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T 2T, AMTETIRE T DT T L O 2% Y PERGE S B B9 S L 72 2SR )i >

|7

~

RARG.
B. 1 REBHR (/1 XDOEEKR)

M B. 11TV BIFAEL 40°THEEIE GG/ PO NEEEZ =T, AACIE
P OMEEEXHR V) FSME & 0.1[kg]) , AMNCIZT +— A =V O EZRT. £k
BHIRFAIENE, FEBUAIERBARY ML ZRLTWD. 2B, R F ¥ —T 77
WK SN TW5 10kHz D — 27 L% (LLF LPF) 12 L AESEERTH S.

(B BT OMBEER L ) A XORANDBH LI, EEIOFELHETH D = & 235y
D, EEEDEW AT M EFH D E A5k H T K& bR Y — 7 BMFEL, &
VY NEIRICER TS ) A A THDHEBEZ LD, LPFIC L HIE 5 UE% O % #5
&, B NEIROEEN /NS o722 & CIERRR OB RN GO Z &
Z RS LTz,

—J, THA—ATF—=VOMNEE D E, ERFORETIEE Y v 7 7 v 7 & F
W2 A ZOIRENZTH DB R ITETE R EA TS, LPFIZ L AHE RSO ZH5 &
TEME TR &[RRI IE R EOIR OWTE 235 B LTz & O OE5E ) D KAED KIEIZ T 23 -
TWb. AT MaBDHE, 1TkHZEFIZBEN T D E— 7 BMEFRIZICRELS T
Mo TEY, ZOZEEY 1TkHZ THEOE— 7 NEEDFEICKE REEL 52T D

ZENZIND. ZOE—7 IR FEZERAKROIRICE A D EE I LND.
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Table B.1 Parameter of the digital filter

Filterl Filter2
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Figure B.2 Transformation of waveforms caused by signal processing
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B. 2 RERR CHERZEOXE)

BRI & 258 2 et 20, WA EORRER 7 — 2281 D EZEEMN R —
ThHIDERGET 57202, WERERICBITL2T 78V 7 ALK LTS D% B.
AT TR VT CRAFIRAUC K o TEHE L, WBERER &SP o 7 128 A6 L
7. KB, 41T &K O ICBEA ERFOE R mOZLITHIR TITFT L A LN HRNELE
ThY, TADBOMEBMLTNDLDHTHD.

X(@) _ Gz(w)

Accelerance = Fl@) - Go(@) (B.1)
=L,

(ROENADY Yz*(w)} 5.2

Gy2(0) = VY2 (0) - V2" (w)

WAF VI ADEFTHLIMEE, 2137+ —A5—viihaRkbd. £, £

O* I A FKDT. RO FIFAEIXRE— (40°) & L, 5SSOI EZIT-> TV D,

Dry Surface Oil surface

Figure B.3  Picture of Dry and Oil surface
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Figure B.5 Effect of the oil film damping
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HIE SV DIXRERE ET LT DICHT VT L S iiEx 3B <.
(L) B HI 5 VX B AR T R~ D BE T 5.
Qi OMMEIREEILRAFCH D & L, Hiif A 5 OB TR 5.

C. 1. 2 HMEWIREHRDEZELIR
RO TFNETJE J5 18] & il 77 [/ ZENL T 9™ 2 1340 H (Bl B o 7 PR AR SR A 263 2 WA T4) &
K%

(i) WEAWATERE NI I T 2 25067 D JFERE IS
[ﬂ=ﬁ§$§zﬁm=ﬂm (C.1)
=77 L,

EJ:@@E%%W/&%%W%&(@%@W@%%)

(5] « i, A s R

B : Aalif

130



(il) MEE VDR IR RIZIST 5 71 & 2L BfR

B C. 1LITRT XD REEWIERmEAZSE 2, EHENIZEOIRIVA IS T D JFERE
REFTNCERT D,

WHEOIZEMT 20 (ERmO—©)

=[] =k -yl =5l S22 ©2)

TERENO— @I 1) 5 A
o I B 5 1 9 R 5 Y 1
R (C. 2) ITRAT A LD X I IITREBIHEKZENREL A.
s = w0 O8]

o R PR

— K [cosﬁ —sinf [0 0” cos f sinﬁ] [x’l—x’z]

"lsinf cosp Jl0 1l|=-sinf cosBlly'; -y,
-k, [cc?sﬁ — sin ,8] [ ) ] [xil - xiz]
sinB cosf ||—-sinp cospBly’; -y,
_x [ sin? —sinf cos [x’l — x'z] €.3)
~ M|—sinBcosp cos? y'i—Y .

131



WEOIZENT %) (TEHEO—©)

f2=_f1=[2;]=_1(n[ sin? B —sinf cos [;i—x2] €.4)

—sinf cos cos? — 2

TERHEQ—Q@MNICHBIT LR L REERIC L TRO D Z N TEHN, UL TFOX S BERICE

BETOMERDD.
ERmEO—© &3 EHm@—O
nLnfAap oy —B
f1, G,y P f5,(5,93)
f2,(x2,¥2) Ciﬁ f3,(x3,¥3)
> TEHmQ—-@ND ) & B OBRIFRA L 725
fox e sin? B —sin B cos B][x5 — x5
f2= fzy ] K [— sin B cos B cos?p ” ] €5
_ fax] _ . sin®B —sinf cos B [x3 — x5
E f2= [f3y] = ~Kn [— sinf cos B cos? B ] [y3 —yé‘] €6

(iii) o ELE E R RIS T D ) & BN O BAfR

l]l—lljl/\jijl

for = [fGi,T] _ [AFaedy (e Y 23E) ]
7 Vs B 10> )

WOV E

g =16 = [J%ﬁl“ﬂ@’z%{i (R HEEFE] Y A3 IE) ]
" e BT O

11 BHmMOS BT REE DT OERT S
£2) HWHEIZEERZERTD.

BV R R & 1 B[] AR R D BEGR I S\ T B SR D IEFR T Ko THR

132



Injection pump gear

@
Meshing surface @—@®

Y
v
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Coordinate on meshing

Crank gear

Meshing surface@ — @

(b) Gear meshing surface and helix angle 3
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Figure C.1 Analytical model of gear meshing (helical gear)
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U
Oc1 a = wt : rotational angle
a- 0;1 : Angle of meshing point
Y (stationary coordinate system)
1 % O; = O;1 — a : Angle of meshing point
(rotational coordinate system)

(a) Angle of meshing point

Displacement at center w4

Uy = (Ug, vy, Wy, Oy1, 0p1, 041)"
Displacement at meshing point G

N1 = 110y1 — U1SinB¢ + v1c0sO;

{1 = wq +110,15inO; —110,1c050;
where n,: Tangential disp., {,: Axial
disp.

(b)Displacement at meshing point (rotational coordinate system)

Figure C.2 Displacement of the crank gear at meshing point
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G
fT'_ - FX = fT Si’n(HG - Tl,') == —fTSinHG
\ v Fy = —fr COS(GG —m) = frcosBg
/96 FZ = fA
X

(a) Gear mating force (stationary coordinate system)

O=0;—«a

U FU = —fTSinQG
FV =fTCOSQG
Fy = fa

(b) Gear mating force (rotational coordinate system)

Figure C.3 Meshing force and coordinate of the crank gear
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0;-» : Mating point with crank gear
0';, : Mating point with Inj. Pump gear
0", : Mating point with Valve train gear

Y Fy —fa1,r Sinbg:
2 x, Fy N f. Fy] = | fo1,r cosbg;
042 /:\ S Fz f21,4
>
. Fy X —1, sinBg,
[Y] = [nz cosbg; ]
z G2
X

(a) Gear mating force and displacement (Global coordinate system)

Displacement of center of gear x,

t
Xy = (xz; Y2, 22,042, 9y2: 922)

Displacement at meshing point G,

T’z = ngzz - stinHGZ + yZCOSQGZ
Y (2 =2Z + rzgxzsinHGz - T29y2C059G2

A\
. IJ where n,: Tangential disp. , {,: Axial
Lh disp.
G,
Displacement of other points (n,',1,"")
0,2 D can be determined same way.

(b) Relationship with displacement at center and mating points

Figure C.4 Gear mating force and displacement of the Intermediate gear
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Figure C.5 Gear mating force and displacement of the driving gear for the injection pump
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Figure C.6 Gear mating force and displacement of driving gear for the valve train
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Figure D.1  3-dimentional lubrication model
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Figure D.2 Calculation flow of SOR method
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Figure E.1 Equivalent model of 2 degree of freedom
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Figure E.5 Result of tracking analysis
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