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Abstract

Due to the configuration of piston-crank linkage system, pistons in an internal
combustion engine are acted on by forces not only parallel to but normal to the cylinder axis.
This perpendicular force, which is called thrust force, rises to a piston slap and causes the
erroneous operation of the knock control system installed on an internal combustion engine.
And this same force can occasionally lead to a critical failure such as the piston skirts seizure
induced by the thrust force and the skirt deformation owing to the difference of thermal
expansion between piston and cylinder in engine running condition. According to the recent
demand of a reduction of the engine development, establishment of the prediction method of
the three dimensional piston skirt contact pressure and deformation taking so-called piston
secondary movement into consideration, has been strongly required at the stage of desk work.
Unfortunately, however, there have been few precedent examples of the theoretical calculation
or the method for determining the aforementioned contact pressure and deformation.

The ultimate goal of this study is to improve the engineering competency applied to the
design of the piston skirt through the prediction of the skirt contact pressure and deformation in
operation prior to the evaluation in the the form of an actual engine unit. In this study, it is
described the grasping methods of the three dimensional skirt contact pressure and
deformation in engine running by the experimental and theoretical ways.

In the experimental procedure, the new technique was introduced, which is relating on-
the-skirt physical quantities such as contact pressures, deformations, and strains using the
matrices method under the condition that this quantities are small enough. Thus, first of all, in
the piston static tests, relationship between the contact pressures on the skirt surface and the
skirt inner side strains, the deformations and the skirt inner side strains, and the contact
pressures and the deformations were studied. Then the skirt dynamic contact pressures and the
deformations were calculated based on the above-mentioned relationships together with the
dynamic strains by strain gauges and dynamic deformations by using gap sensors in operation.

In the theoretical practice, the simulation program was newly developed, which
program can evaluate the skirt contact pressure and deformation all around the skirt area in
consideration of piston secondary motion. For the precise calculation of actual skirt contact
pressure, the stiffness matrix which is used for the computation of the contact pressure from
the deformation was analyzed by the finite element method. The calculated piston behaviors at
the thrust and anti-thrust side direction was highly coincide with the experimental results.
Several factors which would influence on the piston motion were estimated by the mechanical
relationships, then these factors were validated by this simulation program. These obtained
results qualitatively accorded with the above mechanical prediction, therefore, the factors

acting on piston slap were clarified.



The dynamic skirt deformation distributions calculated by the theoretical computation
and the dynamic strains obtained experimentally were verified by the direct measurement
using gap sensors. Thus, it was confirmed that these deformation distributions could be
calculated precisely by any of the methods above.

For validation of the dynamic contact pressure distributions, the piston skirt wear
conditions after engine durability test were used. From this method, it was verified that the
theoretically calculated contact pressure distribution better agree with the above the skirt wear
condition than any other experimental methods, so the effectiveness of this simulation program
could be confirmed. But the skirt contact pressure distribution could not be calculated by the
experimental way such as dynamic strains or gap measurement method. The reason was the
precision of stiffness matrix, and it was clarified that the estimation of the dynamic contact
pressure all around the skirt region was insufficient by using the static test device for the
calculation of the related matrices developed in this study.

The factors would act on the skirt streak wear distribution after engine durability test
were analyzed by using multi-regression analysis. Then it was estimated that the contact
pressure at the maximum thrust force could change the lubricating condition from fluid to
boundary, and this contact pressure could affect the skirt streak abrasion much greater than the
product of contact pressure and sliding velocity, which is generally used in wear and scuffing
indices at bearings and piston rings.

It was considered that the method of predicting skirt local deformation by using the multi-
regression analysis and the skirt local stiffness are obtained by finite element analysis. Factors
largely affecting skirt deformation were selected, however, the estimation of skirt deformation
distribution could not be successful. There are some plans to improve the deformation
estimating equation more precisely.

Two ways that would evaluate the intensity of piston slap were performed
experimentally. The first method was the calculation of piston secondary movement energy
from the dynamic gap data, and the second was the installation of acceleration pickup on the
cylinder liner directly. The results were that, the former method could not be available
because of the electrical noise, and the latter could not detect the slap vibration sufficiently.
From now on, for the apprehension of the magnitude of the slap, it would be necessary to settle
the acceleration sensors on the inner-side skirt directly.

Last, the three dimensional piston movements, that is the combination of thrust-
antithrust and front-rear directional motions were verified, but for the understanding of these
phenomena, more further analysis would be necessary in consideration of the stiffness and the

precision of the engine total assembly.
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Table 1.1 Functions and Request Items of Piston(!>

Portion .Functions Request Items
Head * Hot and High Pressure Gas Change | * High Hot Fatigue Strength
* Rapid Heat Change * High Thermal Shock Resistance
* Mixing with Air and Fuel * High Corrosion Resistance
* Low Thermal Expansion
Ring- * Keeping of Ring Function * High Wear Resistance
Land * Thermal Conductivity to Ring * High Thermal Conductivity
* High Hardness at High Temperature
Pin- * Bearing Guide of Pin and Con-Rod| * Low Friction Coefficient
Boss * Thermal Flow Passage from Head | * High Fatigue Strength
* High Performance of Bearing Guide
* High Thermal Conductivity
Skirt * Keeping of Piston Motion * Low Friction Coefficient

* Oil Film Development
* Thermal Flow Passage from Head

* Low Thermal Expansion

* High Thermal Conductivity

fo Cylinder * Low Deformation
- High Seizure Resistance
Head-
A
/ i
N e —

Pin-Boss

—
é Ring - Land

<

> Skirt

Fig.1.1 Piston Portions
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KL< HD. 5, EEOHRBHMEFDOERITHEN, EARA—HELTIRE
REOEWHEFZHAEOIMERE I DG T H2HRENEFD, ZOEDITE, EXL>
BRUOEA R VEODORESETRT 5N OHEINEBE L /> TEE.

Table 1.1, Fig. 1.1 ICEX b &IOS TN ENOFMOEKREHZRT. K
PigE CRIBICL TN B A0 — MBI, HRE - BARNORBAI LD MIEE, BE
AENEEREEE o TS,

2. EARZASGYTDAA AL EEEHER

Fig l2ICEA NI S UBBRUTEZ S ERAT 5 H%2RT. EX b 2ITER
& 0 JJ X F1(Gas Force : Fy,), HBEHTE o TH3 B EME S (Inertia Force : F, )& 21, &
DEAN T UEEL, S FMEEATRTHS, AT AP (Thrust Side,
CUFeTh” & 8EED) , A T A M(Anti-thrust Side, BAF«Ath” EHERD) HRICH 2 ZT
%, ZOHEIATA BRI (Thrust Force : Fp) EIFENS. 2L TH T 27 BEERICHE

Th Side O F, .. Ath Side

Table 1.2 Nomenclatures

e . F... |Gas Force
Frp . Fi . | Inertia Force
| { P F; | Thrust Force
F. .. A\ @ | Crank Angle
® | Con-Rod Tilt Angle
R Crank Radius
L Con-Rod Length
.’/V.
"/
/
;
‘.\ R
‘\‘
.

Fig.1.2 Piston Crank Mechanical System and Forces Acting on Piston
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Fig.2.6 Piston Thermal Expansions used in this Analysis

Table 2.1 Piston Specifications and Skirt Temperature

No. | Piston Diameter | Piston Type Skirt Temp(Upper) | Skirt Temp(Lower)
@ ® 95 mm Slot 140°C 120°C
@ ¢ 86 mm Hole 160°C 140°C
©) ¢ 82.5 mm Hole 160°C 140°C
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Fig.2.14 Effect of Piston Tilt Angle on Max. Contact Pressure
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Skirt Lower Portion Stiffness (MN/m)

35

30

25

20

15

10

A8 1 ' H 9
-102 A o A 4 H s

I
O : Coincide with Engine Test
/;\ A :Not Coincide with Engine Test
< @ O Q B : Not Calculated
B o g
A7 15 E 17

Model Year
Fig2.17 Skirt Lower Potion Stiffness ( Gy) vs. Model Year

Cylinder “R” Type Jig

— Stiffness:
2(F, - F,
8 GN - ( 2 1)
)f 5 526
[
N £
L l
ﬂ 1 b
o - l ZaE C i C 2
Force _m- Deformation
Measurement Calculation

Fig.2.18 Measurement of Lower Portion Skirt Stiffness
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Table 2.2 Comparison between Predictable and Not Predictable Piston

Piston Type : Piston Design
Skirt Contact - Oil Slit Type(Table 1.4) Low Noise Generation
Predictable - Lower Portion Skirt
Piston Stiffness: - Oil Slit Type
Min. 25 MN/m —Reduction of Skirt and
Cylinder Clearance
»Oil Hole Type
— Reduction of
Piston Tilt Angle
Skirt Contact - Oil Hole Type(Table 1.4) Light Weight
Not Predictabl and
Pi(;tonr eaean *Lower Portion Skirt Method of Piston behavior
Stiffness: stabilization:
Max. 20 MN/m Pin Hole Offset etc.

Table 2.3 Difference between Piston with Qil Slit Type and Oil Hole Type

Oil Hole Type Oil Slit Type
g T o) }3rd Groove] C } 3rd Groove
M M 7
c
5
&0
& ‘
=
Q '
O
Oil Hole 0il Slit

. *Noise Reduction
2 *High Strength
g . . . Reduction of Clearance between
= *High Th 1C t . X
034 S}ig ermal Conductivity to {Skirt Upper Potion and Cyhnder}

irt
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¢ | &L
- ] €45
E@®F10
Pin __ '___ '
Center q_‘\ @1 8
L A €
(—® 16
T ——
- ( Measuring Directions)
<_
30° 15° 0°

Fig. 3.1 Skirt Inner Circumferential, Height-, and 45° -Direction Strains
Measuring Points

Table 3.1 Effect of Strains on Skirt Deformation
Regression Coefficient (R)=0.57

Correlation F Values
Coefficient
€ -0.51 11.06%*
£ 0.13 0.52
€ 45 0.25 0.42

(Note  ** : 1% Significant)

GRETT. ThED, ZRECRLEELRIFTEAIEASAELTH S 2 EMN
BHB. FRIC, BEEEHOBEBICBATS, BHRAOER e )OEENED A
E<, EoTREDEYD, EBOYHEE KL, FAHRED(e DB TEET
=7,

3. EXMIAN— MERIEY 5 — KRB
AA—FLDOEFRIRERZEnEL, TEOR I CBILYHEZE;, n,;&T

T, mFEEIXE)DERICTEREATES.
A -(3.2)

(i=1~n)
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R o0&.
Ei = ‘Ei (O, ----- 70)+ l:_"] Nt + [—i] *n, + 0(7’]2) — (33)
m=.=1, =0 ann ==y, =0
RETT, —HOYEE N sHETODRKE, bI—HOYHEEL SIX0THD,
HD, WEENSEBINETHDERETDE, nsD2RULOEFTEHRTES/

W, UTRA3B4HZEES.

n agl . n
& = 2 5'—“ n; = 2®ijnj (3-4)
= 975 M= =n=0 7=l
Z T,
9E
T - (3.5)
’ anj }771- =Ty =

REHALD, —HOYEE & SIIRBRBET NI I RO, &5 —FHOWEE 0 °sD
WIAEETRI ZENTES. —RICHHEE £ s, n sIEA N — MHEE®P’s), AH— b
EIE(Os), AN— bARAIEAFRES(e s)&EKT.

Fig. 32l TNTENOYEE ERET NI I A0 DBERERT.

NN

N

Skirt Contact
Pressure (P,)
@ ' Note
Skirt Circumferential @ - without Arrow
Strain ( € ) ®
_ —Independent Values
@ Skirt Deformation * with Arrow
(g) — Dependent Values

Fig. 3.2 Physical Values and Coefficient Matrices
Coefficient Matrices (D:Elastic Matrix(Dj)
(@:Deformation Reduction Matix( A i)
(®:Stiffness Matrix(Gij)
@:Compliance Matrix(Cij)
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T; : Th-AthHFIA ) — MR DIRE
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F,. : AN — FEDREZEIC L o THRET 5 J1(Fig.4.2028)

M, : AN— MEOBREEICE > TET DA — T E—A > b
(Fig.4.20Z18)

¥, : Th-Ath G MNS A — b &Y A BT — )VERETOAEFigd 205 H)
€ : Z5— bR A T A DFRFR
i : AHA—bEiHICBTB AN — MAEIE A EES

£, » A 01— BT M E A (Fig.4.205 1)

€y : A — MERR T A A (Fig.4.202 1)

£, AN bLiATOYHEMEE, THE)OKRH
0, : AN— b LEi R TOEBRERE

D BT MU X

1. 3 FyyleIVRKBAN—DIUT IR, EREBHEG®E
I Fro BERE1. 1 BH
T, Tc : £&E1. 2 BME
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g, : AT ANRIEDMER L TARRWROFMERI U Y 52X
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a, a(T) :

P Th-AthARITDAN— "I T TR, BREDHEIN(Fig.4.34218)
CFr-RIFFETOAN— I U T T A, BREDEIR(Fig.4.34Z 1)
 F-ROAFAD SEED FATOAN— 7 )T T2, BREBOBRHR

D IRESOC DIF D LR IEHIER DIE E

P B OO FEEEIEMROMEE

BBV ()DBETICHN T 3 LEBEMGROMEE
Fyo VORI EE

P UT TR DBOF ¥y T OHAIERE
CHRBRICBITARNEE

(Fig.4.34Z1R)
AN INEREERB LA - O UT T A
JUT 5 AERNTBEDORIEMBOEE
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a, o, €K

: AN—bRREOISTIAT R

P ESRHFLNS A — T v v TR AR D NI o NEEm S
CEVRELDS AN R FEF v TEURROMIT s NoEm S
C EVRBPLDSEARN ELETOES

: Th-Ath AR TOE A b 2 E 2 RFLDZENL
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) 2. BRUMBIRCHIMER b

: AT BNTHER U RS, BEER4AKBE 4 Y1 2V U VH#ETH
R p, EEETbldUCRT. S, AP TER LR X k> OEEETT £ Table 4.2
FOFigd1loRT. EXA RSN D TEELNF—NVIATOBDERAN, E
ARHMERT IV IHEMERACSAMMY), U2 F 51 FHEIFNRT 28k
(FC200M =) TH 5.

Drain
Hole

Table 4.1 Tested Engine Specifications

Engine Maker Toyota Motor Corporation
Engine Type 3S-FE

Total Displacement 1998 (cm?)

Cylinder Arrangement Line 4

Bore and Stroke

86.0 (mm) and 86.0 (mm)

Compression Ratio

9.5

Table.4.2 Tested Piston Specifications

Compression Height 35.0 (mm)

Skirt Height 20.0 (mm)

Pin Hole Diamteter 22.0 (mm)

Pin Hole Offset 0.8 (mm) to Th Side

Mass 333 (g)

Th Side | Ath Side
C— | )
C_ )

35

0.8(Pin Hole Offset)

gl
¢ 86(Bore Diameter)

P

Fig.4.1 Tested Piston Specifications
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3. AN—bRH, HE, REEOBEMAEFE

Fig A2IC AN — FNAIEGmMES, BHE, HEZHET S BEAFMES OEEW
X, Fig43ZKFEWHENZRT.

<& 2rey) »| (Measuring Points:30)

Strain Gauge (Strain) Oil

P, (Pressure)

Supporting Rod
; Pressure Vessel
(Contact Pressure) A
” s Pe| ORing
| ':-3’" " I 5
mail LWL |
Fr Y
L, A |
[
Ty
Micrometer V
(Deformation)

Fig.4.2 Static Test Device and Block Diagram of Measuring System(Front View)

Strain Gauge
(Strain)

Micrometer
(Deformation)

Supporting Rod (Contact Pressure)

Fig.4.3 Static Test Device and Block Diagram of Measuring System(Sectional View)
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BEHEL, EA N EEARENICANREETI I — b O— 2 RIS TR
BT5. CORET, CANCEELOMEEEAIESE, EX RS EIRBLE
PR R HLCH LT Ty FENTOBED, EXEDDOHDE— AL h 5k
U, BETDATAMHEYRUTFREDICTFETE 3.

2
FT — engas - Jreprcylflyl _"(4.1)
H H

s s

AW THWEZEA b 2 ETh AWK U THFRTH 5728, Figadk D, ZEHE
3D, Th-AthFMITIE 1ME, Th-AthHFRELATIE2@/ERD, ZH— MEIER
T BHEESFA(F)EFigsak D, UTHE)ICTEHETES.

F, = F, cosy,/2 (Th,Ath5[FEASH) }

F =F, ( Th,Ath/5 M ) —(42)
F,=Frcos¥,/ 2
F,=F;
F,=Fpcost,;/ 2
Except Th,Ath Direction Th,Ath Direction

Fig.4.4 Forces acting on Piston Skirt

=5, R D TRELEEEAMNFE)EXXFEOHHEBETE S I LITLD,
HEZEIETDHIENTES, LiMLanNs, EBRICIESZREET ORIk
Fig. 4. 51" T X DIT, SRIBIREB > TN B2, IFFHOBEEONRAELL T,
HEMEA L TWBE D OHETE A ,) ZHWz. BBl (Fp) OFHE G
4. QB ITBNTE, TOHEMEMA ) DD TIHHERS—ETHDERELZ. T
OB, ZFFRICERTHHEE(P DR W DITTRELL.

F=F/4 (4.3)
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M6X1.0
y

ds=¢4.9

A

<
- 20 ple 10 P ( Contact Pressure Side )

-t P

Fig.4.5 Supporting Rod Shape

Th,Ath Directi
l— Hection Table 4.3 Skirt Divided Area A,

[ ! | . (m2

= F = No Area A; (m?)
1 1.38X104
s VENENENEN 2 1.52X 10

A NP2 BN A S NP SNV AN 4

0 s Ta o 14 || Pin Center 3 1.52X10*
2 T \' A AN 4 1.97 % 104
16Y_|] NENENENEN 5 1.46X 10
4_{ 6 1.46X10-4
30° 15° 0° 15° 30° 7 9.44X10°
Fig 4.6 Supporting Points (Portions O) 8 1.44X10*
and Divided Area A; (Portions [ | ) | 9 1.18X10*

Fig 4.6\CHIE ZEM L /= A J1— b L OZFFERDALE, K UOTable 43ICHEP | —&
EARE LB DEEERT .

ERAA— MEER K TET B AN — bEH(e Y&, AH— SARIEB I
FUIEEHT — DI THE L. BHE(e )idFig4.7ITRT L DIT, Th-AthBliZ
LTHRIETBHEDEFEHTEI LI ORUEHTTEHLUZ.

1 2
=5 2 UmAmﬁﬁu%)}

€5 =& ( Th,Atth_ﬁﬁ] )
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Except Th,Ath Direction Th,Ath Direction

Fig.4.7 Calculation of skirt strains (& ; ; . : Strain)

FIRHZ A — FERE(O YR 7 OXA=FIZTHE L. #ES, EXA BN
JENBEROFTEHT 50, Figd8lRT LI, BEIHRT 5 HRDOER
EZNA, S5ICTh-Ath#iiZHfHz 2lOT—F 2EH T 5 2 &k > TH@“.5)
ICTCEHE L.

4

1
8; = 5215,-,1. ( Th,AthAFILLS ) }

5

y

5. = Za,.jk ( Th,Ath# )

except Th,Ath Direction Th,Ath Direction

Fig.4.8 Calculation of skirt deformation
(0 ; ;¢ : Deformation )
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ULDREE, AN— MEHBOMBEZEET S EICE>T, Figd8lIRTH
BULEETORA P TEBT S EICLD, Figd 2 TRINDHEET U TR
(D) ERERETNUIZ(A ), BIEIMUITA(G, )ZHETDHZDHDE
ey, BEHEO)OMEERERML .

4. B

Fig 4 QICEKBREED T Oy JV#K %, Table 4 HTHEICHAWEE Y ERT.
Tixbb, BEAEZUEATIRIEIEAT -V EREY, JUT I AZHETS
B3 v v T o0 EREX ZThERME, Atf3E, EF6MID, EXMORE
OB D M1, AH— ME2EICE S T, ThAthF30R Z5ENCHEI U THIE L
7. BONFEBITO0sSmmDEET—TIVEAW, 20y FRmEERICERD 41T
SNEYTEBENLT, TP AMICIOt L. £, TUFREE
ERIZU TNy RIKEAEY Ty T %, U554 FIREBIERICIREE v
D7 w TR, JICIARBRIC Sy 7 Moao—F -T2 a—FEERE
Liz. ITN6DT—FIE2TADT— RENH LT, PCHICEDAYL, F—FUE%
EfiL7. 2B, WELERY >V EBORD T ORE L, & TNoIGRHICTE
L 7.

ADR— RTORE, 8chFEH> 71U 27T, H27U > JREMA100 1 s,
Y27 D TREA00BICREL TT O NEREER L. COREICKD, K
K, EAE, 1BFE, BERTE BE2EERD) Z21UA7IVETH38TAI7NVDT—
FEREL, BRNRT—FRBELEBT A INDDT—F% 151 7 IVIZEE
{EUTRD . 728, BEIFEIZ1000~3500rpm E TD500rpmiE DRI T, &
BWEEWMA D TERLZ. LUTNUZESRHEZTable 4.512R7.




i

(Pressure)

Pressure Gauge

Lead Wire

PC Vibration Pickup
| (Vibration)
— A/D Board [~
’ ‘ Dynamometer
" (Torque,Rev)
Charge Amp. I !
L
L \‘L’ ) Rotary Encoder
> i ! \ (Crank Angle)

Fig.4.9 Measuring System Block Diagram of Engine Test

Table4.4 (*1) Portion at Fig.4.9

Measurement

*1

Strains

Strain Gauges

Thermocouples

Clearances

Gap Sensors

Thermocouples

Table.4.5 Engine Test Condition

Engine Revolution (xpm)| 1000

1500

2000

2500

3000

3500

Torque (N-m) 0|77

14
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5. BARURBTOMEE, REEUNOBHERHFE

AT D BAREM, FEHFHME CRIE LBRICTERTOHEE, EREZTH TSR
DT, EE, ERECHFELRBVEACDWTERZHONTTEILENH .
Fig.4.10ICFTHZRL, BTFEERICDWTHRE Lz,

1 Supporting Rod Deformation
| Static Test
Jig 2 Correlation between Static-

and Engine -Tests

=Contact Cvlind
Pressure | -yunaer - 3 Stiffness of Piston Structure
Pressure
=Defor-
mation 4 Matrix Variation
Temper- . .
1 ature 5 Strain Drift by Temperature
6 Thermal Stress
7 Strain Fundamental Statistic
— others
Values

Fig.4.10 Effects on Analyzed Skirt Contact Pressure and Deformation

in Experimental Study

5. 1 BAFHETOXREOLEY

Fig 4 A0 BAFAEHEE TA N — MRICHEZIEA S ED 2 LI T, XFHED
EWT5. XBEOEFRES I TRORNMG.E)ICTFHETE, HEIMEIMEIMPaD
B OXREORAEREB I EORENESLy =15mm & UK, B2 R MR
Th-Ath A THIB6 L miTET B, RFRICBNWTIE, BHET MU 7 XAZ2KD 51,
KM@A6)THESINLEL OXFFEDOEREZEZRE L.

_ALF,

_ (4.6
* T REd? (+6)

é
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5. 2 BUKEHE, ERFMEOEE, ZBBROMEE

BARFHH TOAN— MEBADHEHEATIIRA > N TERASE2 DI L, EHF
ETOHEARIATERTS. 0D, ik (3.4)XK TEEEFOE S FEH
(eps) K DEHEUIZRMEEPs E AW E 6 sldEBOREEA—FNRES RIS,
Lo TAMZETIE. BT YU 2 A (Blastic Matrix: D) EZHBHET MY 7 2
(Deformation Reduction Matrix: AYEELTFDIDICL THIEL /.

5. 2. 1 BEMNIIZAOBEFE
BEEMET MU 72O )ERUTRE DITTESNS.

D;=k,D, e 4.7)

4. ) OB (k) id, 2. 8) 12k DEHE L7 BRI EN 5 DA T 2 k)
(Fig. 4. 11Z0) EEX N EENHBIEE L TWW51000rpm, Full Load TOEFE
ERAROBKAT A M, Fig. 4 12B8) EH0ES L2105 @ 9 EANT
HRELE.

= N A e .
F/ ZlP, , Cos Y, (4.8)
FTmax _kDFT’max - j i(kDDq}]Az COS'QU """"""" (4 9)

=1 =1

PAcos?
Thrust - | IDLI-‘&&
Force (F,T) - N 1T eCtlon

Fig.4.11 Contact Pressure(P;) and Thrust Force(Fy)
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Thrust Force F r (kN)

-1.0 Total Thirust”” \ /
-15 [Force /" Th|Side
-20
0 180 360 540 720
(TDC) (FTDO) (TDC)

Crank Angle(® )
Fig.4.12 Thrust Force F; (1000rpm % Full Load)

5. 2. 2 EREBE NI ADBESFBE
EEEABEMES M7 AN ERE 1D RTHELNS.

A;==kAAU ----------------------- (4.10)

ZIT. BERE(k )IEH G 10) TFHELETh, AthAHOEREEFig. 4.12T
RUEATANI(F ) KOETELEEHENELLRE LSRG 1D EHANT
WRE LU, AP ORFa”iE A — bHgEiTh, AthAMEZRL, CIiEA N — bk
HOa>TI5A47 > A%ERT.

F

T max

C, =kAZAajej ----------------------- (4.11)
“

Fig 4 13ICAN— AT 547 > ABEFAEETRY. AH— bTh, AthZEH L &L
T, VUSHRBIROBEZHLYTHZEICKD, TOROEREENERHAS
W, aA>T5A47 AEBHLE.
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Force

Jig
(Cylinder “R” Type)

-

D0

Force

Fig.4.13 Measurement of Skirt Stiffness and Compliance

Diametrical Deformation Strain
Angle from Th-Ath Angle form Th-Ath
30° 15° 0° 30° 15° 0°
10 i 10 \ \
L[ 120 (I \
NS N
N N
- N -
< 0 Y < 0 \
5 5 [0 T
AT | NS RE L
AEI /
A A iy
LB VL
e RSN NN NP,
-16 H 16 RANNA T T
‘Th,Ath Direction
Fig 4.14 Skirt Diametrical Deformation-
and Circumferential Strain-
Distribution
(1 :Indicating Area)
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5. 3 EXMVEEEORIEORE

AN CTEHZMET S I EICE>T, EX M HEELORIMEDZDICEX N TE
5, ECRAENERL, TNUERTHAH— MEOEE, E4%2ET. Fig4d.1l4
WEAMESZAN— FXRHEEL ORETIAMPallEL/ZRO AT — s DELK
BEREEESFEZRT. IN&D, AH—bEE, Th-Ath(0° YHFFEICTAHT—h
IR L, AH— FTFETh-Ath?530° ARIZBWTIHEREANRKETL > T
NWBEZEDHERTES., AMECBWTEARVERES NV XEFETHHE, &
EBE, BHDEELE.

5. 4 BESMNIIX, ERERES M ACKEIREORE

VA b CBEARFHEEBREIZR20TCIZHL, ERTOREREIING0~100CTH
5, BESMIIZ (D;;) , BEREHRETNIIR (A ;) ~"RETREDZE
X, EXRHMOYLTRE,), HUONELTEIEICKS.

Fig. 4. 15ICA A E A N M OBEICKH T2V 2 VROE, Figd 16lHUTDE
tZ2mRd. Nk, YOURTEEITELU TERBIZEML, BUNERI200CEL LT
B EABELTOWB I ENDNE. LALENS, EEERKFTORETDY
TR, HUOOEBISHTHEIIMmD TN L, REECOWTIEZEEL TWRL.

;“‘f 85 O\: |
S 80 :
=2 , 2=0.98
,8» 75 /
= 70
“oo
g 65 " Test Temp: G
i~ 60 : ’ '
0 100 200 300 400 500

Temperature (C)

Fig.4.15 Temperature - Young’s Modulus ( Piston Material )
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2 15
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5 /
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0 100 200 300 400

Temperature (C)

' Fig.4.16 Temperature - Elongation (Piston Material )

5. 5 ‘AT ORERUTNORE

BEICI> TERY —TOBMHIIENT S, Figd 1TICEA RN 2T L=
FEDZ T — MNEHROBHHIES (e pOBIERZRYT. LD, BRE1COEL
WKL, K350 ¢ DEMEEANECTNDE I ENHERTES.

Strain € (1 ¢)
¢
=

ool Er3BITTY + 1774 C T
- : : ' .
R2=0.92 ; : R
150 ; | .
0 20 40 60 80

Temperature Difference T-T  (°C)
Fig.4.17 Effect of Temperature on Static Strain

5. 6 BEHORE

Th-Ath A E(A N — MRIIEEERS, XA H— R 2FRTITEMLTND
EHBBNNENDIIH L, Fr-ReAF (EXRAE) BFEICRRNAEN. 0%
DFig.4.181Z7R T L D12, Fr-RrAA& D Th-AthH RO NEEER IR EME .



ZUZEXD, Fr-RrhMETh-Ath AFDIEEREZICL D, AHh— MRIZIEFr-Re A FNC
T EICTh, Ath A — bRENC AT 3 B MRS OB

FBEZTHL, BEAT—COHAMEIIDWTEELE.

SIERDIBMERTS.

Skirt Region Pin Boss & Head
Angle from Th-Ath
3P° 15° 0°
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&3 8= S
X e 0 i) T
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= he ] - 6
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Fig.4.18 Measured Piston Temperature

(Unit:°C)
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Fig.4.20 Free Body Diagram of Skirt by Thermal Stresses

Fig. 4. 0ICIREZICE D AN — MBICRET 2 HET— A2 MO EHBHYFRK %
RY. Fr-RrAMETh-Ath FMOBEEEDEICL D AN —VEARABIEDICLDE
H(e ) EAN—PHFICEBEA(e) DEFIEHS (e e ) ZHMET S ELITR
(4.12) &7e 5.

6+, = By, (cosyy, 3BSIPWQ (T, -1, cosy,  3Bsiny,
E, tw 2 W p

cos35° . 3x55sin35°
2

=2x10”5><1x10x( )=826><10"6 =826(u8) -—(4.12)

UEDEELD, ZAh— MEDOBEESHOZEICLHES N 7 MIEHIIRENT
EMZMD. LMLRBNS, K TOERNFETIE, BEAMHGEICIS R
NERFHT 2 ENTERNWED, AA—MEEP ), EREG )ETHTS
KL, EATF—VORERY 7 - G586, BUGTIDFE (K. 66) 26DHET,
Fry VL BEERERBRID, A — bAEEICTY SFBEICN =0T
WEWEFHDENEAEZ 01T T F L.

5. 7T BHOEFFHBOXE

MEXG.DICLDFRET MU 7 A () 25 HE T 3IIE, BHRESET MU S
Ae )™ OFHEMBETHD. ¥ MU I RAEREREHR TSI, Zhe
NOBETMTOER(es) DLEIHLRME multi-co-linearity) 2VEN T ENNE
TH5. Table 4.612, AAMEAHOHEBETHI EHDHITFIOGERRZRT. I
&0, HIEROLED, @&, @LODMOHEBEFRENKEL, TNTNOEKH
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WCEEHRBRENERTES. 0D, YU A(D ;) DFENIXITLNS 6 TTIT
MERL, TNENOEHMLTOYEE (&) DFEIIKB. D EERL, XU 1D ZEH
WTEHRE L.

3 9
§ = Eq)ijgﬂ‘ +E(I)ij£jT (1=1to 3, 7to9)
=1 =
6 9 G (4.13)
£ = E D, 5,5 + 2 D€ (1=4 to 6)
Jj=4 7=
Table 4.6 Skirt Strain Correlation Matrix(Upper) and Covariance Matrix(Lower)
Mesuring Measuring Point
Point @ @ @ _| @ ® @ ® [ ®
Skirt @D 2320.6] -0.361 -0.4821 -0.927 ’ -0.615 0.471 -0.047 -0.448
Upper @ -432.8 621.0 0.078 -0.6641 -0.70/08 -0.366 0.445 0.372
©) -976.5 82.1| 1766.1 -0.402 : -0.546 0.283 0.387
Skirt @ 5913.5] -2190.5| -2237.8] 17519.3 0.586 -0.276 -0.545
Middle ® -1110.6 833.7 785.2] -4184.7f 1684.7 0.268 -0.686 0.566 0.318
® -2848.8 -19.3] 3244.0{ -6524.6] 1059.7] 9256.6 -0.679 0.127 0.759
Skirt @ 3721.6| -1493.2] -3759.7] 12723.2] -4612.5{-10711.1} 26864.6 -0.514 -0.683
Lower -129.0 625.5 671.4] -2059.4] 1310.7 691.3] -47565.1] 3183.8 0.248
® -4553.3| 1955.3| 3433.7|-15224.1| 2755.5| 15399.6]-23600.1] 2957.1| 44483.6

Note 1. Correlation High Portions
2.Point No.(D-@ is as same as Fig.4.6

6. AX—HHE EBETFHTO—

Figd 2Ll AN — FEHEALD, Ah—bMEIE, EREZFHEITSFIEEZRT. &
FNCBEARFMEICT, XA - MAEEAN— MREIOEAFMES, AH—NEREE
AH— N RBEIOBE A MEASDBEFRMATETY, EEFHETOBESICLD, EEFF
DHE. EREZFHELE.

Contact Pressure ‘ Deformation (Static Tests)

Relation between Contact Pressure and Relation between Deformation and Strains
Strains ( Elastic Matrix : Dj) ( Deformation Reduction Matrix: A ;)

% ‘ (Engine Tests)

Measurement of Dynamic Strain Data
+ (Analyses)
Calculation of Compensation Coefficients kp, & k ,
) 4 B 4
Dynamic Contact Pressure Dynamic Deformation

Fig.4.21 Flow Chart Diagram of this Study
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7. Fy v bV EBAI—RNPUT SR, EREBRAESE

7. 1 HzEEFE#

Fyro 7Y OERFEEIL, 1505 AR ) (TP ANICEE
AT (RERTIEIS D D FICHE) DSEDWER, BEARNICREET 5%
BRXIIHMEARIC L D ERRLICEY, B0 NOLERCQEDELIF
ETBHZEEFALTIUT SV ARHETHHOTHS. RERTHERALEF Y v
T DERA RN ZAH— FEANDEDIAATIK EFig.4.2217, 2 ULk %ETable
4.TRT . 2B, AidOEFMEHSZEE LR & Fig.4. 8 B)IT TAEERIC
BNTEY v T EROAT, BEEToE. |

Table 4.7 Gap Sensor Specifications
Coil Material | Copper String ¢ 0.06
with Polyamide Resin
Carbon Core | ¢0.9

> No. of Roll 110
Lf Carbon Core Q Value 0.03
=

C@ Gap Sensor L Value 0.016
g/ ¢p|(Skirt Thickness)

Fig.4.22 Installed Gap Sensor on the Skirt

7. 2 KEER

EREICE > THEONEZF vy T DS OBEBEHAEERBEOIUT T2 X
WCHE T 3-0100E, EEREOFCEYOHMEEORENNETH 5.

Fig.4.23IC A THWERIEEBEZRT. BIEAERIII U FRTNSYDHL
=) R (10mmf) ZREEREDF v v T2 UEEOAAILEX b I
OV, ZOMEY Y o F R E%RSE, HEELEOBREZ RN FRIKITTK
Wi, BEKRFIEFig4.2310RT. TOHERLD, ELEHRIE, 27U 7 52 A0~
300 mDEFATIZZ VT T > A() EHAEBEBEV)DBEFRIFHME. 149D X DT 1Kk
B TET ZEMTES.

E=al-v,) e (4.19)
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Heater \Adiabatic Material
Fig.4.23 Gap Sensor Calibration Apparatus
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Fig.4.24 Calibrated Results
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7. 2. 1 fHEa(D)O®kE
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Fig.4.25 Slope and Minimum Voltage of Calibration Curve

a(T)=oT + B = ‘éﬁ(‘; :; (T-T.)+a, e (4.15)

[o4

7. 2. 2 B/NEEV,,(DORE

BNEEY., (DEFEOREICTIY VFHEF v v T 3R TR <
HLYS (VYT IRENICTB) I EREDRDBZENTES. LALLM
SREWMORMMNS, UTFOAEICTEHRLE.

Fig. 4. 261>V > aX vy T2 YROMTEHICEWIRET, BELESN
BEDOHEHEEAFie. 4. 21ITRT. kD, EE@)IETZ VT T2 X0 DR DR
REF—TH 5D, BNBEV,, (DTN @ 16) TRELE.

Voo [D)=a, T -T)+V, e (4.16)

min

7. 3 EEROIUTIUA, EREBOEMEEA

EHBIERT, 75 72FELTRHIEED, &V IAETBITDZAN—
B (Fvw TEHBROMTE) &V FHOIUT I AeF vy TEY
WEDBEIELZ. ZUT, #5286 («ThE#R” &«Ath BEE»,  «ThrpRE7 &
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Sensor

/Cylinder “R” Type Jig

Fig.4.26 Measurement of Slope of Min.Voltage

Slope Measurement Curve
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Fig.4.27 Mesurement of Min. Voltage and Min. Voltage Slope
(D & @ : same slope (ay) )

HEEI VT S AZEHLE. SMOEFE (LD, UTOHFEICTEHEL K.

7. 3. 1 BHIUTSABREDE

Fig. 4. BITRT LD, AN— FEHOERER, FHNERIUT S An6H
BT BHAOI VTS ARELSIK &I TEELL.

7. 3. 2 BHIUTTABEADE
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Fig.4.28 Calculation of Skirt Deformation from Gap Sensor Data
(ex. Th,Ath Upper)

LT3, ¥yt Tr U7 I AZRETHIENTERN. O
=, MEZAA—PEIETFHL, 8BUIUTSRAE AT Lo TWS2), U
V7SR, BRECDIZBEHIIT I ALNITHL, ATAME) EAL—
NpREOIL T4 7 A C) BT H I LICE>THU IDICTEELZ.

ThiEl : ¢, =E,+C,F, }

Atffl . ¢, =¢.-C,F,

7. 4 EVEL, EXLCOELEM BEAOHREHEA

Fig. 4. 9ICEA P EIE, VX bCELMIBORMENMEZRYT. EAR
YT OREFRIZEN (5p), ER b 2 ELOBAREM (x), EX R OEEA(B)E
Th-AthIZ 51— b B8, FMOLEREZRL LI UT S ALD, BT @ 18)~
(42D ICTEIE L.

A e 4.18)
Xp H,-H, (QM CL) ( )
H +Hg . .y (4.19)
Xg = H,-H, ( M CL)
O e — (4.20)
H, -H,
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Fig.4.29 Skirt Clearance and Center of Gravity

A

EL,
CM =( 2—C5)/2 ------------------------

CL =( 3_C6)/2

7. 5 EAXMZOFr-RrAFDEBDEH

F v v TEIER, Th-AthFHZTTR<, Th-AthAFIM 515, 30° HrbEET
DT EITED, Fr-RiAMOEX M2 EFETHZENTES. Fig 4,341
AL &Y FHO 3 RTHIREMENTBIRERT. Fr-RiAAOE 2 RFLE
ETOER BB Kp) ROF-RIAEDO YA b > OEE4 (B 1) iEh (4. 23),
4.2 ICTHETE S,

. _Xpy —XpcOSY (4.23)
PE sin
B, — B cosy
Py = P¥SY 4.24
Pr sin ( )
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Cylinder

Piston

'Fig.4.34 Three Dimensional Geometrical Configuration
between Piston and Cylinder
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Fig.5.2 Piston Crank Mechanical System

73
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Y0 =Rcos®+Lcosgpp ~ —ommmmm= (5.4)
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x, =Rsin@ -Lysing+e. e (5.5)
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B RIED x S5 OEE, IEEIEG. )R BB L TS5 2 Eicd
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%, =L(p, cosg, — g sing, -pcos +¢°sing)  ——oom (5.8)
ETAT,
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EL, G.9ZG. DIKRAL, ¢ AWNTHEIMNSETFG.10) 25 5.
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UEXD,
b=@y+f =p-—2— (5. 11)
’ RS Lcosg, '

(6.3, G.1D) &b,
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Pt L\1-(Rsin0 +e. —e, J /1 I*

X

% _L{1+0((R JLY(ec /LY, (e, /L)z)} 10

G D TX,OREIFERA I ESU IO UT I A THD, a>ay RESX
LIZHE L THahano &nb,
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o = 9, (5.13)
261, 6.7, 6. 13) &0,

. . xp L

¢=¢O—LCOS¢O (5.14)
(5.8), (5.13), 5. 10 kD § ZHETHE (.15 £ 5.

§=gy-2-00 gy t0b o % (5.15)

Leosg, ¢ I’cos¢g, © Lcosg,
BlEEXD, 6.2),6.40,5.13),6.14),6G.15) LD, EXPE Oy FRAIDEE
Yo, MEEE y, 2FETBHLE, LLTFG.16), G.17) &ixs. |

.}.}p=.).]p0+x.ptan¢0 (5.16)
=§ +2—F———L— 1% tan -—(5.17)
Yp = Yp0 cos’8 Lcos’o 7 %

IR, F#RiCLT, ooy REMIBEOEE (X, Y. ), MEE(X , J. ) Z25E
T5&, UFKG.18)~ (.21 &72 5.

: . Ly .

X, =R6 cost - L, cose, +—fxp (5.18)
. . L.

y. =-ROsin6 - L ¢, sin¢, A tan ¢, (5.19)
RO 0+l 0 L& L.

X, =—R6O7sinf + Ly¢, sin¢, — B¢Ocos¢0+——L——xp (5.20)

-2

¢0x.p _ x;
cos’¢, Lcos’¢,

. 372 N . [ 2 L .o
y.=-R6"cosH —LB(¢O sing, +¢~ cos¢0)+TB X, tan ¢, +2

(5.21)




Thrust Side
Anti-thrust Side

Fig.5.3 Free Body Diagram of Piston

5.EARITHERATBHHEE-A ]

Fig.5. 310 E A ki ERT 5 &R L HBIEER 2R

AROHDE—A OO AENELD, BT 6.22), (5.23), 65.20) 2f5.
Mg =K +P,Ay,sinp+y(K,) s (5.22)
M,js=K,-P, A, cosﬁ—MPg+2(Ka)y ““““““““““ (5.23)
JoB =8,K,sin(o, + B)-58,K, cos(o, + B)+ Pyd e, +Tp+ > (T..)

. (5. 24)

BB E L ORAENBEGRED, IR (G.256), 6.26) Z2155.
xg=x,+08,cos(0, + ) - (5. 25)
Y =y, +0,sin(o, +B) (5. 26)

(5.25), (5.26) & (5.22), (5.2 IWCRATHE, HUTRG.2D), (2.28) &f%
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MP{)'/'p +8,8 cos(o, + B)-8,Bsin(o, + /3)}: K,-PyA4,,cosf-M,g+ E(Ka )y

(5.2 (. 1D ZRAL, KITDWTHES ELITR(G.29) 2155,

K, =K, +Mpx, tang, +MP5PBcos(oP +8)

+M,,{ 200t ol ~8,B%sin(o, + /3)} ———————— (5.29)

cos’@, Lcos’¢,

ZIT, K BER R EU X FMDI YT 5 2 ARENRIC y @A FICIERT 5
7T, RGN IKTHEZLNS.

Ko =My +Pydycosf+Mpg->(K,) (5. 30)

cyl

Fig.5.4 Free Body Diagram of Con-rod
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6. J>0v RERATHIHEE—A b

Fig.b.4ica oy ROEHEMEBREEZRT. HERTHOE-AZ FOHDENIC
0, AP G.3D~(5.33) 215 5.

Mji =-K,+Z, (5.31)

My, =-K,+Z,-Mg (5.32)

crc(i) =K (L~Lg)cos¢p+K (L-Lg)sing+Z Lycosp+Z Lysing~T, T

TIT, 1 IOy ROEEEET, BFRG.30) TR 5N,

re=J. /M, (5. 34)
H (5. 3D ~ (5.3 F DT, TGIZTNEN, CARIEY, 7520 EVICERTS
BT — AL BT, UTFREG.35), 6.36) THASNS.

T, = u,r,|K: + K} sign(p - B) (5. 35)
T, = ur, |22 +Z sign($ +0) (5. 36)

(5.35), (5.36) 1 Dsign O IIFEEEKT, LLTOEZIS.

-1 (x<0)
sign(x)= | 0 (x=0) (5.37)
1 x>0)

7. EXA b2 REHHBERADOHHAILT

(6.3, (6.32) &2 (5.3 ITRA LTI, [,2HEEL, E5IT, (5.13), (5.19),
(5.20), (5.21), (5.29) & (5. 3) ITRA L TENEN S, ¢, i, ., KEWHEL, K
2Rk B ELTR(G.38) &E5.

S

Ccos ¢,

b2t s+ L :
+M 6, sin(o, + B)tang, B~ + an7¢0 (MP +£f££2__3_Mc)xp(

K,=-Ktang, + M,

¢o ‘%‘gtan%"MPaP COS(0P+ﬁ)tan¢0[§

cos” @,

-[ M, tan® g, + 75 '*I; M ) +M
cos @,

&MR 2
‘L cosg,
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3)

Ko THRHINIZ, (6.38), G.2) zEhTn, (.27), G.2OITRAL, K, K ZiH
£75&, EXRERPLOIFAEM X)) KOCERA > OEZMA(B)ICETS
2 B DB R (5.39), (5.40) 245 5.

1 2 2
M+t ey Ve s, sinlop+ B =9n) 5 _ ~K , tang,
L CoS @,

2 2 . 2 L x .
+M rrc +LB ¢0__M L—gta ¢0 n¢0 (Mp+rrcz BM ) ( p _2¢0)

“ Lcosg, L cos’ @, Lcosg,
o I +T
M 5, cos(ap+,6 ¢°)ﬁ +MCL—Bsm(6+¢°)R62+ P
cos ¢, L  cosg, L cosg,
+RY1ACy1 sin 8 + E « )x e (5.39)

o ) ) 2+ L2 .
L {smgbocos(ap+ﬁ—¢o)°Mp+sm(ap+ﬁ)'—r—"5—;—B—Mc}xp

cos” ¢,
{J M 67 COS(GP + ﬁ)COS(GP +B -, )}ﬁ
cos g,
'y cos(ap + B - %)K sM5, + L sin(ap+/3)¢.o
cos g, L cos¢,
-M g6, ——"*—sin(aP + B)tang, +M 07 sin(o, + B )cos(o, + B - ¢o)ﬁ
L Cos ¢,
Op 4L}

e -2
+C083¢0 {COS(UP'*'ﬁ ~p M, +51n¢051n(op+5) M }( (LCOS% 4, )
M6, iLism(B +¢0)sm(op + 'B)R92 N Op sm(aP + ‘B)(Tp T )+T +Pcy,Acy,e . E(T

oS, Lcosg,
————————— (5. 40)

(5.39), (5.40) ZMEIL L TERBT D E, BT 64D &725.

/i b
R A e (5. 41)
Ay an )\ B b,

G.AD OEN FEXZMS &, (5.42) & 5.

%, = ba,, -b,a,, = a,b, -a,b

Gy — a0y A1184; — 010y

(5. 42)
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(6.4, G.4DHFDws, sl 5, f ZERBNWERKT, 1 A5y THIOEXI3HE
MATHETEZS., 51, BHE n2HEALT, UTG. 4D DXICEET S &,
BAEHNC G DR T LD, 4mOENIREMS HIEXEES.

§=)'C R 7"—_—[3 - (543)

%, =8 > (5. 44)

8. EALMEZOEDHE N

8. 1 #E
WFe P EARECERSERK
Mp, Tp by ey Mo, o Ly @ AEE LEHBME
Yor EXRFVEENCIEEED)
hep ERARECREAELMNLEERAFNVELETOES (U F7ED)
ey < PAMVELLTTEY M) ITED)
Ty (EANCELEDOEMET-AT N TELD)
Miw EALCEVEE
I (AR EEEE-ACE
M, :a>ovREE
Iep ca>oy RELEHDDEEE—A> K
Lyp 320w RKEBHLMSELE TOESE

8. 2 PALIEIHETSHIFHEER
EZ R BRI IO bptI 70— MI&D, ANTBHER b RO
Oy KOWEE (B8, BOKE BEE—ACN) BEL5. $74bb,
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- INTO0—hDHE —— EXMECOYPBEBIIEA R OFRIZEDD.

- EITO—-FDOHE -— EXNECOYPEEITIOY ROFIZEDS.

FNFTNOHEOLE ALY, 220y ROZHYEE (B8, BONME, BET—
A B) 3B FTable 5. 1072 ARICTERETE 5.

Tableb.1 Modified Physical Quantities using Equation(4.39) and (4.40)

[tems Full Float Type Semi Float Type
My (Piston Total Mass) M,=M, +M, M,=M,,
h,(Piston GC. Height) | h, =h, ,/M, h,=h, ,
eg(Piston GC. Offset) | e, = (eg_pMp_p +e, M . )/Mp e, =€, p
J,(Piston I.Moment) J,=J, ,+J J,=J,,
Aty =+ (=, M,
+{th +(e, ‘eg)z}Mpm
Mc (Con-rod Total Mass)| M, =M, , M =M, ,+M,,
Ly (Con-rod GC. Length) Ly=Ly , Ly=(Lg pM, ,+LM . )/ M,
J¢(Con-rod I.Moment) | J_ =J., Jo=J. ,+J

+ (L —LB)szin
+(Ly “LB_P)ZMc_p
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9. EXbUITRSOIRUTIDE—A> FOFHE

X (5.39), G40 TRENEZOMOH ( Y (K, ), D (K.), ), HOoE—2 2K
( ST, ear ULy, SULIDEIEBZBOTHS. T, EX
R U TRER R OBBICRIET ARCADE—A > M EFHET 5.

0, 1y, B, xp : NEE1HSE

X X RO LREO 2 KM (( EEOER)
by UL ZESY LSO

Ly USTEY RO

Wpy 2 V2T EU I THOBRRERRE

n LYY AR

D, : FHERERE

M, U OETE—AL R

T U URRT

b L EARSU DT EE(BY)

t LY R SR T

P, ) TEY CHEOEE

Frg 1 UXTWIU 2 FITRITT T ORERHEDRER
Freo 1 UZTRY D TEBICKIETT ORI
Frngt 1 UXTEVYUFHOEES

Hie G EZRFLNSYTETOES

T U T ORAmAE

9. 2 BELOEE

(DERBOHFEL VA MY 2 J3EEERO T T v 5 1) 2 TBIEDZ®D,
BVNOAFEICEN, ThEEAFMICEMREREA—N) T4 707 71 IVBES
NTND. ZOEHVY IHFITHAAUER, BWOAFRICEENKELSEZD,
NHWY B “BERIE” OEESHOY-D &350, ZOF—NUF4TOT 71D

HEILER L.




DY TIELRITELL, Top) T TRELE
LEHNILTEELTNEDHDERELE.
QU TARBEE ) I HEOBERGRE (1 ) IEEHEOER W 2HWE

CERUTRY S JEETERE

. 9sb5B,
i =n—g—r“ji sin 6| (5. 45)
WU T &) T EROBEEREL (1) i dCoulombBEHR E L. $7805,
1, = const (5. 46)

9. 3 BERAMIUZIREBNEVHIDE—AY MORE

Fig.5.51C, BWOFICERATAMERALZEEDEX MY 27O B BYHE#HRK (L
HA) Z2RY. TEOAE r KB IT2EX Y TOMTE—AS MIE, HAT)
NIENRFIK (. 4T) TRT ZENTES.

M, = rcilbl);' (1 ~cosy )

- (5.47)
E=m K, Mb = 271, &,
p-T (5. 48)
rcy,b
Pr : rcyl * dT
I‘cyl
T
d
4 M,=2T - Iy, LI I
7 ® =
fxy
P Fver
A F
h rad
M=2T - 1, v \ 4 -
! : P
=
Fringz

Fig.5.5 Free Body Diagram of Ring

Fig.5.6 Free Body Diagram
(Upper View)

of Ring (Sectional View)
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Fig.5.61C, EA R U /BB COEAMEERERT. U rns U 25k
S EEP IR 5. 48) DI, YU P FREIRE S TY Y IEENS Y LI NE
PCHINSHNS, EHEOEEP L TR G490 I THETE 3.

T

P=——4P (5.49)

rcyl

IN&KD, EARU TR FITRIET I ORFAF, &, LUFF (6. 50) IZTE
HTE5.
E,, = 2f(bP, Y. idy = 2(T + brcy,P) - (5. 50)
0

EoT, UL ELY L FEDEENR,, 133 6. 45), (5.50) &b,

Fp = -2n(T +brcy,P}1%'1‘i"‘—sin6 (5.51)
ref
KIZ, EARY TN D TBICERTSHEEETTS. Fig.5.640,
F {cyl cyl t):} 27[Prcylt - <5 52)

o T, V2T & TEEIOBEEIF, o d, (6.46), (.62 &0, H(5.53)ITTE
HTE5.

F

ring2

= 2‘7IPM2 cylt Slgn(ﬁHrmg P) - (5 53)

ZCT, sign®) : FFEEBEGUEG.31)ZH)
BEED, UIIRER N RET x BN Y (K,), ROy EHERA D (K,
ZLLUMIRT.

E(Ka )x =F g0 = 27Pp,r 1 ® Sign(lBHring _).CP) —————— (5.54)

S (K.), =F g + F,,, = -21(T +br, P)vz Honax smB TS 2SN A— (5. 55)

eyl

KIS, EANVICRETU S ICEDHOE—A MEFET D, U2 TEAD
AR 27080 7 BCRIETAHRE—EEHEL ThERE, BEADE—A
CRIETHIEHG.53) DB T, LUFHGE.56)ICTEAHETES.

ST )= Hpy * Frgs = =27H,, Patrt *sign(BH g =2) === (5. 56)

ring
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10. AA—PEUTopT Y RNSDOHERFE—X Y MNOFHE

10. 1 ®&EF
R, L, 8, &, B, 0y Op €, Xp X Ho My @ KEE 1 50
X : Th-Ath5 el EERR (Fig. 5. 1 & [A—)
y DY Y E A EE (Fig. b 1 EF—)
Z : EXA R Fr-ReAmEEE Fig. 5. T2 H8)
XX DRI O 1RO 2 Koy (1 W3R DZER)
8 /dt  BEREER T EEEER E R U ERORBIC L 2MOEET

BF <17 - MEIHAOES

F «j”  AN— bEAAROES

BFE L Topo > Rk

WFE <07 . EEEEeEk

Teyl D AR CEER

I'; (i, ) RITBT B A — R GEERD)

Iy DT R (GEER)

Teylo DU AR (EIRR)

Tijo (i, ])RICBITBAN— FEEREERR)

T T2 RRE(FIRED

Te DU S FREE (T Y 2 Ak TRE)

Toij (i, J)RICBIFB AN — NEE

Ty :Topo > RIBE

Qyp : EX N 2 ORIEIRZRE

Q¢ 2 ) U ORI IERREK

Re D) A EAE OEE Fig. 5. T31R)

e L EXRCHRLDYY FHRLNEDOEME Fig. 5. 15H8)

Py c E2RH (Fig. 5. T8H8)

Gp AR ELMIE Fig. 5. 72H)

Cp C EURPLDEETOEZ bl (Fig. 5. 15R)

Sp CEURHPLMSEESL TOER b il (Fig. 5. 1208)

RR,R,R,R,R, : &HEESETOMBARY MV EEERY MLVE)
85




@,y @y, 0,,05,6, : EA N EROAEE @EXT MVE)

Ly L ZH—R (1, §)ATOZUT IR (D0, BREL K0
XiZ, A< PU IV AZBEETOZUT S A, BRE

Vi; c AH—bC1, § )R TOXHFEE

A : AH—b(1, J)RTOAN— MEHE

Cij» C;(D,C;; Q) 2H—F(1, )R TOEERK

7 c AA—K(1i, j )R TOR=.
(200K 1;=0, {;;<0DK 7;= D

i CZAH—F (i, ) ETOESRALNSDES

¥ cAH—R(C1, | )ETOTh-AthFRNS DOAE

Ny CBIET R U Y AZESOM- MNE X FRIOSEIK

Ne, Bt~ B 2 ZE RSO - AT E O Th-AthFF 175 & D 53 El3K

N c AH—PRAMET FY Z AEEBUBAECN = Ny XNe, )

Ny : AN—MERE, BESS AREZREREK

N, AN — NERE, EEOTh-AthFFN S OFEFFMEE A

Ge o AN —PRAET R ZA(E=1~N, n=1~N, N: E&E&HH )

kg : AS— MY MU 7 AEERE

Py c AH—R (i, j)RTOHEE 1

pn, . P AH— MAEST R 7 ABEEZ(E, 1) TOEE %

Hy g o g P, 5P EMHHT 5 & & ORIEREK Fig. 5. 9250

Fyr : A R OxBAFCER T 57 O

Fi YU MNSEER N ERT B RIIOKRT

Fyi; c AN—BR(C1, §)ETOENAFRS

K : AN— b e U OBEERE

K $max A= ESY DI ORRERRE

(), : Thigl

( : Athfl

Vi IV RN A1, JIRETOESE

CY 1 ower IV VLS Y T R ZOE S

0 i cAHA—bCi, §)ATOERNEICLSERE

g, L SVROIZUT S IR0, BHE LK
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v, DT > R OxEls R E
Gy : T2 ROWERE

71 I ROBFEL, >0 O 1 =0, <0 DK v = D
H CEVRALINGEDT O RETOES

G, 0 7> RORIMEE

Ly T RETY YR OBEEREK

Uiy = T RETY FOBRKEHEFRRK

P, P, By : JUIHNEN

by, by EEOVUSFTHELDAN—NEREEZFETIROMRK
(Fig.5.10) |

10. 2 EBEEOKRE

(D) FIEMETRIRET 5.

QBRI O EEMUEEODAN—b, 52 REOEREIIEA N0
EPRICHB LU T/hE L, TopT > FEOME, EEEFEIZDWTIIAEDE!
EXNEHATESRDDET 5.

B AH—rETY T EOEMITDNTIE, 3XATEMTEHETS. BHOEER
B2, HEDOFEIZIDVTIE, AN— FMERABOEREIIDWTIIMIY (AEWITE
BERIFIRWN) bOEL, BONEEREEIREY N 7 X EANTHELZE
HT 5. |

DTopT > RETY UF EDEMITDNTIE, 2 XKITHEMTEET 5.

B) AH—MRET U VT EOBERGRE (L, T2 REETU FTHOEZRE (1))

W, mAEERRELE. bbb, RG.5D, REDITRT LD, EBHER
BO3WE D EEITHHIT B LD EREICTEMBILZ.

sinB' (5.57)

AuS = IuSmax

By = [y o, |sin 6] (5.58)

6) EBREDAN—F, TopT R, YU FORFEREEIZDVWTIIEET 5.
BL, SEEELEZEA AL, 1NV P TBENF—IVIATOEZR>T
HO,BFEZX N NIBEICED AN — FEERE—ICBIET 505, BEREBOES
R G.59) ~G.6DICEDEET S.

87



TopS> K : 1 =rpfl+a,(r,-20f - (5.59)
AH—b o or=rofra Ty -20f 0 (5. 60)

UZE L Ty =rcy10{1+aC(TC ‘20)} ““““““““ (5.61)

10. 3 AA—bE&IUFEOBMETNVERTERER, HEORE

Fig. 242 FRESET, CAMVBRIREBEERLZHOAN—MRESY 25 E
DEMET IV ZFig. 5. NIRRT, INXD, ERPLMSESH, Th-AthHRN5
AR ODNEATDAN—ME Y XFRDIIT I A, EREL ;13 6. 62)
KTRETSZENTES.

&y =—rij—ecoswj+\/Rf—ez(1—cosz1pj) (5.62)
Z T,
cos’y, .,
R =rcy,\/c~os—2——ﬁi+sm Y, (5. 63)
e=x,cosff-e, —H, tan 8 - (5. 64)

RIZ, AN—PERTOXHAOREZEETS. Z0DIZ, AA—bLOEE
DRMZDHERY MV R 2EA N OFREESERANTERTENG.65 DEDIC
2%,

P

R=R,+R +R,+R, +R, - (5. 65)

v
A
A

E6,DORZ MV Ry=( x5, v6,0) (5. 66)

Gp—=Pp X2 ML §1=(—6Pcos(ap+ﬁ),—Spsin(oP+ﬂ),O) ————— (5.67)

P—=CRZ7 ML R2=(-ep cosﬁ,-epsinﬁ,O) —————— (5. 68)
G=SRXZ MV ¢ R =(-H,cosB,H,sinB,0) — (5.69)

(—— 1; €0s B cosy ;,—1; sin S cosY ;, 7 simpj) (Th{a)

S—ARZ ML R, -

(rl.j cos B cosy ;,1; sin B oSy ., 7 siny ) (Ath{an
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Fig.5.7 Contact Model and Coordinates of Skirt and Cylinder
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HQ.60) 2Rt THATHERG.TDDEDITIRS.

dR R R = R, - = .=
—-——é—R—eroxR +5R +@, xR +6R2 +c57xR,+-(zR—3+a)3xR3+§&+w4><R4
dt dt dt dt T dt dt

CDFHTIZBNT, EXPOEEBIFEA N VELMETERLTHD, HD
REWCART LD, (E, HEOHEICRNWTIIAKOSHERNER TESM S,

@, =0 (5.72)

a)0=—1= = 3= =6 (5.73)

B, =0, =6, =@, =& =(0,0,4) (5. 74)

EoT, RG.MZEXETEXRG.T)ERD, AA—bLEOELXOEO xEIHF
v, ZEHETDE, RE.160)%2ES.

IR By ox(R +R,+R,+R,) (5.75)
dt dt :
_[’
Tt |,
=5cG+B[6Psin(aP+ﬂ)+epsinﬁ—Hicosﬁ:rijsinﬁcoswj] ————————— (5.76)
ST “+7 ThfEl ; “—7 : AthfED)
EHIT, EAREAEEEMIEDREFRING. 200 KD,
X, =g +0,psin(o, +B) (5.77)
PEED, v, ZEA P ECOBEEANWTET &, RG.18) &k 5.
v =5cp+B(epsin,B—H,.cosﬁ:r,.jsinﬁcoswj) -—(5.78)

10. 4 Ah—bMEEMEEDORE
AN —NEWERT 2 ETOEDITHEMEENET D, BIEY M) I AZERT
DAF— b BB OEMEEP, ST G719 TRETH I ENTE 2.

N Ny
_k EEG ~1NH+17 —1 +]§‘] <579)
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ZIZT, (GRAMER MY 7 2AEBRTOAN—MEREXEFIVT I ATHY,
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Fig.5.8 Contact Pressure and Deformation Points on the Skirt
Note 1 @ :Contact Pressre & Deformation Points
2 []:Contact Pressure equal within the Region
3 (Ny, N,,) :Contact Pressure & Deformation Calculating Points
4 (Nm;,Nm ) :Stiffness Matrix Calculating Points
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Fig.5.9 Contact Pressre Calculating Method from Stiffness Matrix Points

10. 5 AAI—FMROIUIFNEORARTCHDE—A> MOEE
£(5.79), (5.80) TAN— & EDOEEDTh-Ath HE DAL 2 A H— h&MmIC
BLTHEASL TR A EE s, aEasid, EX N &R T X F, BHEIE
LD, EXRCOXEAFICERTEN(Fe ) EUIFDEORNTTHRDER
(5. 80) DTh-AthHFIARBLRL S DB ( By ) W3ER, REAOBEAICKD,

[Fee| = |Fi =0 (5.81)

ERD, BBEANOXEARIERTAHIE “07 &7a5. IHIXMEHEORERIK
D, “BARINLYLHERLTS, EHFEFESRN. " TEEEKT 5.
PLEED, SUSHFRTICEELERE, AR OBEERECIED D20, H
EREEEATSE. —RICGEFHHERNTREREENSEEICHAT NS, BN S
(i, DTOLY > FRT M5 DR OHESHER E, TR G.82) &7z s.

Fyy =(v;CyvyM , + A;F;)cosy (5.82)

y

AR TIE, AH—MEAFATE—EEL, BSHMTIEFig. 5. 10ITRT XD, M
RICX2HEEDZEEL T, Ah— M EBTORERKOES S HAMAS N0 T, AA—
FFEIC/EBITDONT, 2 KEEIICEMT 5K DLk, Fig. b 11, H—EX K
2T, ThAIZA K — b ¥ 27 E10mnUpper), Flémm(Lowen) IZBIFBI7UT T2, &
WEEZBBEREOAZATHELZEREEZRT. BERKISERERE A5y 70




aC;
=0
dy

— X
3_-225? /Skirt,Upper
/Cv = 0(y,y2)

~PSkirt, Lower

0 N
1)
Fig.5.10 Skirt Damping Coefficient( C;;) Distribution

= i
= 2 0.10) Th Upper !
E 3 !
= :
S S 0.05 !
- y
= T £ 2 .
S 0| : .
P i !
I ; :
= 8 i )
s 5 ' 5
= = : z
S 5 G \ /:
< -0.05 : : :
Th Lower v
~0.10 : ' '
0 180 360 540 720
TDC FTDC TDC

Fig.5.11 Effect of Damping Coefficient(Cj;, C;;(1) < ¢;;(2)

RHICIIZEBEFITSRND, HEREERELTSHIEICES> T, BREOEKRDHE
BB NELS 2D, “R2@oh” RMREIns. KR TE, ERBRICEILD
BERRERE L.

93




UEEXD, 2UFhooRhoxHaEs S(K,), . vHEES (K
EHCEBADE=ASE S (T,) BUTRG.83), (5.84), (5.85) TRETE 5.

Ny 2Ny~ Ny, 2N, -1
z (z EyUCvM +AP)cosw ) +(2 E(YUCVM +AP)cosz,u )
o\ e Ath
—=(5.83)
Ny 2N, 1 N, 2N, -1
SKL), = e (2 E(y,.jc,.jv,.jMP +A,B,) (2 z y,CovyMy+ AR, )| |sind
=l =1 J=1 Ath
-—-(5.84)

E(Ta)=(§”22_l(H —H,Yy,C,v; My + 4, B, )cosw, L

Ny 2N, -1
_(2 E(H ~H, )(YUC VM, + A P)cosw )
=1 =1 Ath

2N,

Z

H

- Au’Smax SinB (

2N, -1

{r cosy; —e, cosﬁ -0, cOos 0P+ﬁ }(yquM +AP)coszp

,dl\deZ [

Mf

+ IuSmax Sin@ (

J=

-—=(5. 85)

10. 6 THREMETOIYIFMNSDANT—MNIAHLDERFE
Fig. 5. 20X N - 75 0 7HBICBNWT, AH—MEEODHAIBT B LD
HLMSDE Sy IER (6.2 kD,

y; =Rcos@ +Lcos¢+H, v(5,86)

DY ICY] | e (LD VLN S DU I THRIEZEOES) LT OGS, “ldHHL”
EHIBTL, ZOWMATOEE, EREOFERILEZWIEITLE.

10. 7 TESEMICESA0— NEBOZRE

BATSIMORLEL DI, EAMVESMEZ &ICKD, AA— MRZERT
5. ARRCBNTE, FEHOFEEEET 00, UFOLIIUEk.
EINEIC LB A — NER OISR EEL, Fig 5 8ITRT AL — b Late

94

-1
{ ;COSY ; +ep cos,B +0 cos(aP+,B }(yUC VM p + A F; )cosw )

Th

Ath

RSO




Ath

Deformation Approximation Curve :
2
5,.J. =b P +b,P

cyl eyl

0

-
— oo

Skirt Deformation :

A\

Pcyl(l) Pcyl(Z)
Cylinder Pressure (MPa)

Fig.5.12 Calculation of Skirt Deformation by Head Pressure

RNy Ny OETIZBNWT, TEEP, o) Py FEMENT TIEP,,, ,=34Pa, P, )=5MPa
TEE) BB A — MEBEEFig. 5. 121K T LREFFRICTRERIL 2.

10. 8 TpS Y RNSDORABRVPIADE—A MOEE
REXLD, TopT > REIE 2 KO ABEBL TWDENS, TopT > REOZ7 U T
U, BREERG.62) LD, v,;=0&L, HmFEUJELICERTEIEICKD,

NG 8NICTEFETES.

ot (5.87)

§,=-r,—-x,cosB+e,+H, tanf +
cos B

FIRRIC T > FERD x BiA v i, RG. 1) Z2EFL T,

vL=J&P+B(epsinﬁ-—HLcosﬁ:rLsinﬁ) (5.88)

TOT, B R STl “—7  AthEIERT
£oT, SYRMES Y SFOEMIZED, EANCRIET < BAE, v
o Y K.),., SK.) ., BOHOE-A>E SE) @3RG8~ 6.85)ICT
NNzl =0, WES“ELICEET S LItk T, MUTFRG. 89~ 69D
THETE 3.

S(K,), =, CvM,p +GE, )y + (0, Cvi M +GEL ), e (5. 89)

Do T 1 o — (5. 90)



z (Ta )= (HG -H, ){(YLCLVLMP +G.E, )77, - (YLCLVLMP +G.8, ),m,}
My i SING @ [{(rL +ép )COS B+6, COS(GP +p )}(YLCLVLMP +G,E, )]m
+ e SIDG [{(’}_ —€p )COS B-6, COS(GP +p )}(YLCLVLMP +G.E, )Lm

11. EH®

UE, EXbr2U2T, ZH—1, Topo > BRI (GR(G5.54), (5.55),
(5.83), (5.84), (5.89), (5.90)), RUKHIZLDIIDE—AZFE(G.56),
(6.85), (2.9D) ZEX b > D (il 5 1) R OEIFREE S (5 (5. 39),

G A ITHBAN, BTG 4D IR T A EOE R EF DEN 1 RS HE
N ZRunge-Kutta-Gil RIS TEER D T5 ZEICKDEE L. Fig 5. 13IZEE
DT7O—F ¥—bhERT. HFOFEATY TAE, 752 7/A0.01° ICHET
LRFEIC I D BRBUERE D U, REEEEN, BT 2885 (7520 #
1440° 73) &EL, FHEMNORY 2 2 HHEOEEREZHNE L. 1B, 7
S2UA3AMULEREL TS, 2EHMEOKRIMEL THWRW I SR
BTHD.

12. EXPIO2KEEBTRIVFRUEE RIS B

12. 1 &S
WE «i” C DT ADEK
Mp.xg,Jp, B ANEE 1HSHE
B : EARCO 2 KEGH T RIVF
AE cHEETIRILFE

12. 2 BRIFIVEFE

ATy TORESZHET S0, EXRNIY 2 FEHRLUZROISR
NVFEORNE BETFINF) ICTEHELE. EX b0 2 KEFHTRILF E)id
UTH G IDICTRHETE S,

96
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Fundamental Data(ex.Crank Angular Velocity),

Initial Values( X,,%,,8,8 )Calculation
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Calculation of Crank Angle

v
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Piston Movement,
Skirt Clearances and

Deformation Diagram

Calculation of Clearances and x—Direction
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Calculation of Gas and Intertia Forces
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Calculation of Reaction Forces and
Moments from Skirt and Ring etc.
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Calculation of XP,xp,ﬁ,B
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Calculation of %,,x,,8,p
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Fig.5.13 Calculation Flow Chart
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Table 6.1 Fundamental Input Data

No. Variable Names Symbols Values Units
1}Crank Radius R 43 mm
2}Cylinder Bore Temperature ( Constant ) Tc 94 C
3|Top Land Temperature T, 125 C
4}Cylinder Thermal Expansion Coefficient ac 1.2X107° —
5}Piston Thermal Expansion Coeffcient ap 2.0X107° —
6{Pin Hole Offset (Ath Side : Positive ) e, -0.8] mm
7JPiston C.G. Offset (Ath Side : Positive ) e, -0.09] mm
8}Piston C.G. Height from Pin Hole Center H, 16.58] mm
91Piston Mass — 0.333 kg

10]Piston Moment of Inertia around G. Center Jp 243.31 kgmm2
11{Ring Height from Pin Hole Center Hiing 28.9 mm
12}Top Land Lower Diameter at Th-Ath Direction 2ry, 85.425 mm
13]Top Land Lower Height from Pin Hole Center Hp 29.5 mm
14| Top Land Stiffness G, 9.68x10% N/mm
15}Skirt Upper End Height from Pin Hole Center - 17.5 mm
16]Skirt Lower End Height from Pin Hole Center - -19.5 mm
17}Angle between Th Direction and Skirt Boundary - 35 deg
18|Skirt Height Dividing No. at Stiffness Matrix N™, 8 -
19]Skirt Angle Dividing No. at Stiffness Matrix N, 8 -
20]Skirt Height Dividing No. at Calculation Ny 20 -
21]Skirt Angle Dividing No. at Calculation N 20 -
221Piston Pin Mass Min 0.1048 kg
23|Piston Pin Outer Diameter 2r, 22|  mm
24]Piston Pin Supporting Method — Semi Float Type
25]Con-rod Mass Mc 0.566 kg
26]Con-rod Moment of Inertia around G. Center Jc 2158| kegmm®
271Con-rod Length L 138 mm
28|Con-rod G. Center from Big End Center Lg 52.1 mm
29}Crank Pin Diameter 2r, 52 mm
30|Top Ring Mass Miring 6.88 X107 kg
31{Top Ring Tensile T 50 N
32{Top Ring Thickness ( B Value ) b 1.2|  mm
33]Top Ring Width (T Value ) t 3.5 mm
34|Skirt Damping Coefficient o (Constant all around)
35]Max. Friction Coeff. between Skirt and Cylinder H smax 0 -
36|Max. Friction Coeff. between Ring and Cylinder H max 0.05 -
37|Reference RPM at ., Nref 3000
38]Friction Coeff. between Ring and Ring Groove Iy 0.1 -
39}Friction Coeff. between Pin and Pin Hole Lp 0.02 -
40}Friction Coeff. between Crank Pin and Con-rod Kc 0.02 -
41]Skirt Stiffness Matrix Dimension NTUNT  XNTN", 64X 64 -
42IModifying Coeff. of Stiffness Matrix kg 14.56 -
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Fig.6.10 Analytical Condition
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4. 4 ZEBETHK
Bk, FRAKICAWSHY AR (FEROA) 2EEDDHELTTable 1.1&£725.

Table 7.1 Independent Variables of Estimated Equation

(exclusive for Principle Factors)

No.[ Symbol Explanation of Factors
11 /G Local Stiffness at Estimated Point
2| 1/G; Local Stiffness at Loading Point
3| sign(G;-G;)| Anti-symmetry of Deformation Distribution
41 1/34I1) Relative Height between Loading and Estimated Point
5| 1/(1+¥;)) | Relative Angle between Loading Point and Estimated Point

ZEEREE LT, No.1,2,3&N0. 4, 50MBBHEEBLE. [>T, LHET
HIRY, 28T 5 ER (1. 4) E725.
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1+¥

i
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5. BirT—%

A THWEERRBSITY 7 M, 200l E 0D RENT—F T — XA TIIEIETE
72Nz, FEMBATIC TR 7264 X 64=514096 1w b DT — & K D REF R D H % AT
FT—FELUTHWE. Table 7. 2ICRELDEZILHRERT. Ko T, FHMHFLE
F—Fty FELUTH, 12X12 = 144 (B) &L7=.

Table 7.2 Skirt Stiffness at Fig.6.9 ( by FE Analysis )
:used for multiple regression analysis

Angle from Th—Ath (deg)

39.6 33.9 28.3 22.6 17.0 11.3 5.7 0.0
15.8 63.3 54.7 48.6 45.0 42.7 41.0 39.8 39.4
11.3 60.9 1514 43.0 1:86.8 326}f..29.8 28.0 §+ 27.4:

6.8 55.9 44.0 33.5 26.1 21.4 18.4 16.4 15.7
2.3 50.9 37.2 25.5 18.7 14.9 12.6 11.2 10.7
-2.2 46.51 3373 21.81:0156° 12.2 ' °10.2 9.1 1 87T
-6.5 44.1 32.2 21.7 15.3 11.6 9.5 8.3 7.9
-10.8 39.5 30.5 21.7 15.6 11.6 9.2 8.0 7.6
-15.1 27.1 {:22:7: 17.1 | a12ib’ 9.4 l#v15 6.5 6.2

Height (mm)

6. T
6. 1 ZEEEOTzYY

Table 7.31C08, #H4EITFI2RT. LD, UTOEBEFOHEBENKEN
0.9 L) MON DD, LEMLFBUENERTE DD, TiROEROHZHETEL
THWE.

(REAFT V2 Vs B I ST 25 4K)

@ 1/6, @ 1/6;, ® 1/0+¥), ® 1/U+II;), @ signG-6)/ 1+,
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Table 7.3 Correlatmn(Upper) and Covariance(Lower) Matrix

(L] :Correlation high Portions)
No.|variables O]l @@ ®] ® ©) | ®
D |V, 0.09 [ 0.24 | 0.02 |-0.17 | 0.71 ] 0.38 0.18 | 0.13 |-0.19 |-0.16
® [1/6 0.00 | 0.00 | 0.00 |-0.58 [ 0.01 | 0.02 |0.96]0.95 | 0.05 | 0.08 |-0.56 |-0.55
® |1/6; 0.00 | 0.00 | 0.00 J0.58 | 0.01 | 0.02 0.96[0.95]0.56 | 0.55
@ |sign(G;=G;) |-0.05 [-0.03 | 0.03 [ 0.92 ] 0.00 | 0.00 0.54 | 0.52 [0.997] 0.98
® [1/+¥) 0.03 ] 0.00]0.000.00f0.02f0.00 0.24 | 0.01 | 0.00 | 0.00
® |1/ (14115 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 0.02 | 0.28 | 0.00 | 0.00
@ |1/6;(1+w,) ]0.01 | 0.00 | 0.00 |~0.02 | 0.00 | 0.00 1 0.15 ] 0.13 |-0.53 |-0.51
1/G;(1411;;) | 0.00 | 0.00 | 0.00 |-0.02 | 0.00 | 0.00 0.13 | 0.21 |-0.50 |-0.51
@ [1/6;(4+¥;;) ]0.00 | 0.00|0.00 | 0.02 | 0.00 | 0.00 0.00 1 0.91 0.51
1/G;(141T;;) | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 0.00 | 0. 0.50. | 0.51
@ [sientcp/awy |-0.05 [-0.02 [ 0.02 | 0.74 | 0.00 | 0.00 0.02 | 0.02 ] 0.61 f0.97
@ [sieni-6)/aemy |-0.04 [-0.02 | 0.02 | 0.73 | 0.00 | 0.00 0.02 [ 0.02 | 0.59 | 0.60

6. 2 ERRIER

WEHMATOEREIIK(6.4) TFUTES D, HEKNICZOHTOT—512
I DWTIEIR DI TERIT U 2. SRR OB rR Z2Table 7417, HHIERK
Y DANEETFREORERZEFIg. 7.2, HEIERY, ;O FHEEIREDOEFEEFI. 1.3
NN

Table 7.4& D, 5% (Coefficient of Determination) {ZR?=0.76 & BRI R <,
HO&REFERE (Partial Regression Coefficient) DFFH, ZLEIFMEDIEETH
ZVIF(Variance Inflation Factor) iZ10BAF THIIE R DL EHRIEIT DN TIEM

Table 7.4 Variance Analysis of Multi-Regression Coefficient
( **:1% Significant ; *:5% Significant ) Correlation high Portion)
Coefficient of Determination(RZ) : 0.76

No. Variables Partial Reg.|STD Partial FValue | VIF
Coeff. Reg. Coeff.
@ 1/G; 1.707 0.397 | 44.37 **| 1.81
©) 1/G; 0.507 0.122 419 * | 1.80
@ | V(A+Ty) 1.047 0.638 [197.98 **| 1.05
® 1/(1+1Ty) 0.427 0.317 | 49.17 **| 1.04
® |sign(G-G)I(1+¥y|  -0.048 -0.208 8.17 **| 2.69
Constant -1.138

(Note VIF : Variance Inflation Factor )
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Piston Tilt Angle

Piston Secondary Movement Energy
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1

Schematic View of Piston Motion
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Fig.8.19 Contact Pressure and Deformation Distribution
(1000rpmXFull Load ; Crank Angle:390° ; Th Side)
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MURINS, BAT—IJHIEIT 527 F340° TORKRERRIITY v v THBTHREE
R<ED TV, 390° OERBENKEVEHIF v v THATHR EOENKE< /2o
TW5., ZOBEBEEAA—MEREAT— MAIRERESOERBEICLLDDEE
Z6N5. UL URBRSEMZFE TOERMBINIEESINNEWEREL THU. 13) 1K
NEREEZBREHENT LD THSD. LizRNoT, BH, ERENKELRBIZDON
T, MEROIEBRHEICONWTEE L T LENHBEEZS.

RICHEBBENT L OB OSNLEEREOPHBIRICONWTEERTS. KBS 1 HiTHEN
&I, AERENICEIDEZ N OEEBIERERIAD TR -T2 L&D,
MIRT D 3RITERESMICON T HHEMMBITER EEREROMICIIRW—8NR
SNBETTHS. LnLiss, Fig.8.18, Fig. 8. 9CRT LS, BALHRL
& (757 A340° BRORAKEFEMEIZAthE LY /]S, 72227 /4390°
REDBRAREFEMEILThEY E Y > 7T 10mn~ 1 6mm) (3 B B R < —E L Th
50, BT THERNENThEOAthE B Y 2R E12~1mOMEICBNTHE
BIERTIIERI R TES. ZORRIZ—BICA T — b—8MTHI L 7= 5d A J1—
FOETOFAMICERZKIZTTOITH L, APFEOERANT TidFig. 5. ITRT LD
2, AN—bDOEBIAI—FE U U FRORBMFANSIROFEMTREL, TH
FNOEIEBEWIEELBVWEREL TN THD.

LlEnEELD, ABHE3HOFig. 8.3, Fig.8. I0TRLEZAI— b EHE R
EIOmMOAEBTORRI VT TR, BRREMEOERIER LFTERNEEL TY
BEERICDVWTHHAT DI ENTES. bbb, Fv v THERLE >R EI0mD
MNETODI VT I ARVEREITRO 2BEOERICL2EREET.
QREMBTOI Y ¥ & OEAIC X 2 EHRER.

OMMOEAL, FFICE R UZI0mOIEN Y & EOEMT 5 EIck> TET

HEFEMBETDI U F EDQEMIC X ST WHBNRERER.
723, Fig. 8. 3ITRTEARTI6mD AN — M FEIZBN T “KAEIE D0
(B TA10mm) & OHEEEMSEN &7 & “2h—MAENC X B2 Y > 5 & Ol
ERK" Olzd, EBER BB ROHEERENHAN D EEZ S,

U EOE RN EOMERERET H2012id, Fig.b. BB 70—Fr— b
BT, AN—FERENRIY VIADERZTIEEEAN— I TISAT AT R
JZ A, , AA—PRIES FY 7AW MY T O)ICED A - MEBEZEE
U, AA—MEREHFMICBELRNSHEZHETINENHDHEEZLD.
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RICHESFITONTER TS, Fig.8.16, Fig. 8. ITCRTFERTOREEREREIT
HESMICHHATEHDEEZSNS. bbb, Ah—bEEL15° &HE, A h—
FTEB£30° EHICHIT D RERFEERRE > HMHED Y2 D RIT ORI E
BHAEELTABO, Fig 8. 18 Fig. 8. 1910 BV THRANT TR 7= FE
THD. TOEHIE, Fig.4.6, Fig. 6.9 RT LD, FEMENICL BHIE~ N
Z (Gy) DFHERNERMFETOBMET MU ZZE), BHES U2 X (6;,) DFHE
REDENIEL, LVEARIGEVAEZBHTERZDDEEZS. ERHFIE
LAHHETHM EDZDIZE, HEAZEOEIERNA, Fig.4.3, Fig 4. 4ITRT &
> IR BAFFIEE T N ERE R T C ERTER. UEKD, EBBOE
JEMEHTIIFEMBEITIC X B HE~ MY 7 Z5HE S AR THFE LU ZHEG mmmm&Ab
EREDENWDDEEZS.

B, HmETIDBERNTFRICLDERAENNI VDI, EXNICERT
5X72Fﬁ@pmﬁ%@%6%~m TaB &2, EBRFIETIEK A 10) DOk,

BT TIEN G 1) DT E D EELTBD, HDEERXDWTIIA N — MaEIK
INBBANTIE—EELUTEIEL TWB DT, ZHUTK D IS DFLNERFIE
BEIBABETENNS/25.

Lk, &EHE, Wfﬁ@ﬁ?&@%% ERRAE L5 ETable 8.3&785%. &
BEICEHETOERE, HEOTHBEM LEZRA -0, EEESHABIRO%REITI
DHHATNL.

Table 8.3 Skirt Contact Pressure & Deformation Estimating Methods

[tems Strain Gauge Method |Gap Sensor Method |This Slap Analysis
Max. Deformation O O O
Deformation

Distribution © © O

Pressure

Distribution A A ©

Note © : High Coincidence with Actual Engine
O : Coincidence with Actual Engine
/N : Low Coincidence with Actual Engine

4. 3 RERAN—HMROHE, EHEIAHENTRELR
Fig.8.20~Fig.8.27421000rpmXFull Load COL> P> 181 ZIITIE > TERZ b
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AN EBEXTORITET HHE, ERESMET 57 A30° BIIRY. HIE &
BESAORRGHITNTNDFig 8. 1TER—TH 5. AEFE2H TRLIZLDIT,
1000rpmXFull Load DGHFIZHBNTIE, EBHEHOEENWMD ThE WD, EX MY
D 2 RKEEFNRE ELT 5 DEFICRTEZ DA T, THNLSOREICB W TIEE,
ERESTIFRELTT, EREIIE > /10mn, Th-AthHM%EFOICHEEETIO~
15unZEd 5. £z, HERE AT 10mm, Th-AthFFENS5H10° OALEIC

BOWTERER>TED, BRERERENE EHERKAEREMBENRZ>TNWSEZ
EMHRTES. I, AH— MBOBIET N 7 AOEBIZL DD DT, Ah—
TFERTh-Ath AR TS unf2E DA ENE Ui, Th-AthH AT E 2 REF T
&9, Th-Ath AN SHKI0° OMBICTHEEZRKFL TNSEIELEERL TS,

75> FHL0° nH360° (FTDC) MW T, Fig. 8. ITRT LD ICAthHRID A S
A BATED, EX D AERER D IEWZIRE, §7xbb, AthfIAH— b E#~
HFERAS S U D FEEC B U 75N S, FIDCAE R TS, T O, AthfllE > RAeHEN
BAEREEM E122D, O TIIMEEZXA DI ENTET, Athns10° 4
FMOAS— b EHRETHOmMENKELRY, TOPNTHEZFEFL TND I EN
WRBTEDS. 28, ZORFZAWMINCIERAT A AT A MAMNNEWED, EXA R
Thi> ) > FEEMN S SERICHERES, Thllt > /X F10mm (FRAE R b EE) &
FMIER L, ZIUTHFENE R TF10mm, ThAREN5KT~10° OB THRAHEE
INECTWEDONHERTES.

FIDC (U527 #360° )BIZBWTIIE A M EThARID R T A 12 K& ZI1T
579, AWMU Y D FNEFELICERTS. 752 7£/A390° IZBWTIEEREIZTh
HEE R FRKI0mOMBIZTIO unbl LITET S, FEIOROHEHESFIIERE
DAL TRETHOTIIELS, FiCE > 7] 10, t""ﬂ‘(TlOmm, ThA D 5
DABEI° , 0° HFEICTRELEE (BMPall B) NREL TWB I ENHERTE 5.
BT, EXRPLNEDEEI5~-5, ThEmNSDAES ~25° OHBH CTIImEILIE
BITNEL, HEDRFLTWASZENDND. SBA— MIESHEEEL TH
EZ28—ilT5l L TEA M BREMRVOANI— T U a3 > OEEBERS
ZEMTESLHDEEZOND.

FIDCR DB REREFER, EANNTIRRA(Z T 7 MA540° ) ITHAMNDIZDN
T, EXAMHERAT2AENRVOEEIRE— A > MIFBEEL D, FEIITEIITRA
TRLFAROERE, TEIMERS.
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5. ZEBTOAN—FEDTH

AHITIIFig.8.15, Fig. 8. 1I6MDERTOA— 40D (FEEER) ICKIFTHE
FRIZDWTESIZEHICRAEL, EETOAN— YD FRIZEENICERT S.

5. 1 X b REIMH A R ORI

YA b BT S I R BRIV 5000rpm X Ful ] Load& L7z, Z DRF
DA X T — MREAT, S UL FETEEEEA R REL DIE LT
ERY T T VAN EFR. 6.2, 2 U VFNESEFie 6. HTRT. ZH— MRE
3 EERTISSCELE, FETIHIGNCEAD, THICLDEEY UT T ASHILTh-
AWATRE, ¥R FSmOMETE0 unll £ U > % & Tk LT B IRETRTL7-.
Fig. 8. 2810, Th-AthAFIER b > BBMGERERT. AH— MREAE D,
E2REIMMMTOA R —FEE, B RTamTO A — MFEIZBWTIE, #®icE
AR EDY DFRGHRI N T B0, BIZAH— LB THRSHRREOE
ARV, BT Y AT BT DA N — F FERICBW T, AH— REIFEDS L35,
PRI B LTINS W, AR, FIDCROBEFETI T 52 R EEHE
DETHHAE BB TS T ENHERTES.

5000rpnE BEETH B2, AT A M RIETEEDOBENAE<, 2T 2
RSB RE <755 OIRFIDCHIEZ & IE 5. X572 MANEBAS < 725k
13, ThARTIEY 5> 2 F405° , AMhBREITIRY 5527 f560° THore.

5. 2 MDFEGEORR

ERTOL L OFMEERBONICE ORI L. TNENDOELZTable 8.41C
RY. Fig. 8.20iC2nENTh, AthBIOFREERES, MSRVEA U TET
DEFE, ANy 7OBBEELTHNWSNTWAPVEC : @E; V:BEVEE O 1Y
A ZNOBI(ZPY), BAATA M ARERHOEELZRT. &b, EERFESTE
fEMTY 7 FOEE E, Fig. 8. 290 A S FSHE], & HMI2HEITENTNT,
AthICEN92E TR Z R U=,

5. 3 ERERBOHT
Table 8.51C, EEIFHITICK BOoEOIHER, Fig. 8. 29ICEWER THHLEE
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BEE OEBEETFREOBE, Fig 8. 301 HNZEROTRIE & SOEEREIE DR
BUED 5 FRIEZE SN EEOBRERT. 2B, X (SPV) EXCBRKATA A
FEROZ T — NEE1E, ROEQEEDED, HERVTERERLTNS.
ThED, UFOZ &R 5. |

() DEETLERBHEORETH BVIFESMHEE N E <, SMTEKEIC §
5 B, F7m, Fig. 8,29, Fig. 8. 301 CRICAMUEAES , AfEl i
BENTHHEEZS.

(D GEEREIGOIEES U TIPVEEMEE (WihbTable 8. 4Z8) Ol4
BE LY, Table 8.510R Y & S ICHAMEE (P) OFME (L) DB A E <,
BRI RIETEENKENI ENSN5. TnkD, AH—MBETU P HH
EEICHREEERETIRES, 2 — MNEEMICAE L, MERENER
FEAEEBL, AH—MBETY LI REOBERBRAAE <o TRENA
WMICERTBLOEHFET S,

(3) EEREI S RIETE S ARFLD S DOEE (A, , Height), Th-AthHENS D
FEE (X, , Angle) DEEIIAZN. MELICRARRRIIEDHFETHS.
Fig. 6. 2ICRT LI, X, LAKEHBICDNTAT—RESLY S FHDY
U7 S ABEMLTEY, ZO7IT7 T ANKEL DI EICELHST, H
BRENKEIN, EEEINBLTEHOLETTS.

(WD A FENIRN - 7L HIEX, (Th, Ath) THB. Thabb, KPR b > OEHETR
ARBTIIA N — MEERICRIETTh, Ath S RIOEETENT L 2RT.

(5) AR TOEEIRGERITH S R0, 44T, EEHBTOAN— FEHICES T
SRERREETHT2OICRELARTHTHS. LS, KEE4H
THHRLELIIT, BARTA NHREROTEN ) X0 AN — FUEER
%Awk%m%M®%ﬂmﬂ%t%ié.

e, AP TES N EERES () 2 FRTARIIUTRE.3) £ s,

Y=0. 103108, (1) 40. 2341 0g,q (X,;+1) ~0. 0043X,-0. 053K +0. 188 --—(8.3)

2T, FRENOEE (K, ~X,) ROBAITable 8. 40T
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Fig.8.28 Piston Movement at 5000rpmXFull Load
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Table 8.4 Variables used in the Multi-Regression Analysis

Index |[Kinds of Variables Variable Name
Y Objective Streak Wear Ratio(Fig.8.13, Fig.8.14)
(Average of Two Data on the Th-Ath Line)
X, Independent TPV D (Unit : kgm?/s3 )
where, P:Contact Pressure
V:Sliding Velocity
> :Summation of Engine 1 Cycle
X, Independent Contact Pressure at the Max.Thrust Force
(Unit : MPa)
- Th Side : at Crank Angle 405°
[ - Ath Side : at Crank Angle 60° }
X, Independent Height from Pin Center®®
(Unit : mm)
X, Independent Angle from Th-Ath®®
(Unit : deg
X Independent Th, Ath Direction®®
Note *I :”PV” is used in wear and scuffing indices at bearings and

piston rings“¥

%2 : The Variables of the Effect of Skirt Position
%3 : Distinguishing Th and Ath Direction(Th:1 ; Ath:0)
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_ ' X, 2PV X,:Contact Pressure
Y:Streak Wear Ratio Unit : ken¥/s® ) ( Unit : MPa )
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Fig.8.28 Skirt Streak Wear Ratio and

several Streak Wear Index

(5000rpmXFull Load)
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16.5
30° 0°
Indicating Area
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Table 8.5 Variance Analysis

Muti Regression Coefficient:R=0.67 (R?=0.44)

Variables|Variable Name|Regression Coeff.| F Values VIF
X3 log1o(Z PV+1) 0.1027 5.031 |* 1.786
Xy logo(P+1) 0.2337| 22.371 |** 1.716
X3 Height -0.0043| 24.062 |** 1.026
X4 Angle -0.0053| 23.887 |** 1.044

Constant 0.18786
Note P : Contact Pressure
V : Sliding Velocity
~ 0.6
( >
o]
L
<
g 0.4
o
2
2 0.2
&
- 0
<
L
77
-0.2
0 0.2 04 0.6 0.8

Streak Wear Ratio :Measured (Y)

Fig.8.30 Streak Wear Ratio: Measured vs. Estimated Values
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Fig.8.31 Estimated Streak Wear Ratio vs. Residual
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6. EXNBIBIINSA—F YT 1 B

6. 1 EXLND2RKEEH—K

HHE 7 2 R O 2B RN E A W TERA R BRI TN T A—F DE
BEREMENCTHT S &1L, BT TROEBAZT TR, BroREELEICD
13D, T TRES BRI HEEIIRL > EHEICTER M O BEICRITT & HE
INTA—F DEEEHERT 5.

Fig. 8. 320ICEA N VITIEAT A HEE— AL FOEKBREZRT. EXRFLTOE
ABPHERTBATANAFY, EERE—APM)EKEG.4, G.HTERITIL
INTED.

Fp=—F,-F,)ane (8.4)

M, =F,e +(F},,e, —F s Xep -e, +H; tan¢) ---------------- (8.5)

8as-g

7=, HG.3&KD,

sing =Asin@+A.-A, e (8.6)

TIT, AR, A Ge/l), ApGe /L) IEMUNET, A, An A0 2KELEDHE
BEETHE, UTFRG.1EE5.

Fig.8.32 Forces and Moments Acting on Piston

163



tang =singy1+sin’ @ +sin*g++++* ~Sing ~ASiN@ + Ap = A, e (8.7)
FERE DEDELATEY k() EETFTEY b (o) DEFE—BEIICET &
R(B.8) &7xs.

e, ~ke, (8.8)

K@ 7, XE.OZHEB. 4, FEB.5ITRATZHLAEB.9), REB.10)EHES.

Fy = —(F,,, - F,,, \Asin6 + 2. - 4,) —-(8.9)

Mt = kFgasep + (Fgas_Ener ){eP (1 —k)+ HG ()\‘ Sin 9 + }“C - A‘P )} __________ (810)
Z T,

F,, =(M,+M.)R6%{cos0 + Acos20 — (A, — A, )sin®} - (8.11)

LB NXD, A,(=e/L=1/138 = 7.2X103 ) THWD T/IEL, ATZANIE)
RIETE ATy be) OF&ITFEREIT/IIN. 51T, AFAMHEDIEES
REDCHUTHERT S0, E2F 78y bepickD, EXRPLOE;HEITIRE
BN ENTFREITES.

FIDCRIZBWTIE, sindX0Thans, 77 7@EThMIcT 72y b55I&
(ALDIZE>T, FIDLED XS A M1 (Fy), EERE—A > N M) EBENEHRFTES.

30

" kLN m\
0 R/ eci//// \\\

Con-rod Tilting Angle (deg.)

-10 N\ :
: ec=-10 |
-20 < g
-30
-180 -90 0 90 180
(BDC) (TDC) (BDC)
Crank Angle (deg.)

Fig.8.33 Effect of Crank Center Offset(e;) on Con-rod Tilting Angle(¢)
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FIDCEDAS AP F) ZRONSSTED T2 VEA Ty M (e dx(8.9),
KB 10 LDKEB. 1) TFHTES.

ec. =—-Rsinb +e, (8.12)

Fig. 8.0 T2 UEA Ty blep) 2R BAROa Oy REESA () &
I UEOBEBRERT. I EETWMIIICE 7y MBI EICE> T, EEAE
(6>00a>0y MEZ(P)Z/NELTBHIENTE, EFEABDATANIE)D
KEAEFRFTES. LALENS, 7520784 -180° (FREA)MNS50° (EFES) DK
FIZBWTIE, J>0y RMEEA (¢) DEMEIIRELRD, RITEEN F,,.,) D
ENRELBIEEEHE TIIEENLETHS. BB, ATy TCRIETI I > Ui
FT7Xy be) DEZBIZDWTIRERD/N T A—F AT ICTERIZEET 3.

2 (8. 10) 12 TM,=0 DR,

F
sinf = - ePL 1—k+k—-———g—ai——— —fi-i--e-}i --(8.13)
HGR Fgas - Ener R R
20 ! : :
/Inertia Forqf;e (Finer
0 | z
= | Y |
< | . z
8 E E E
5 s VRO
= 20 | N
Gas Force (F,;)
1000rpm X Fiull Load | ‘
-40 ;
Inertia Force (F,,)
z
2
S
€ 20 g ;
] \/Y\ Gas F%)rce (Fias)
5000rpm X Full Load ' 5
-40 ‘ = :
0 180 360 540 720
(TDC) (FTDC) (TDC)

Fig.8.34 Gas Force( F,,,) and Inertia Force( Fi )
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Fig. 8. 341CE#5%k1000rpmX Full Load, 5000rpmXFull LoadicBiF 27 AH (F,, ) &
BT (F i) DERZERT. FIDCATE (752274 1 290° ~440° ) ITBNWTIE, H
AN EEBENOFFERHETHY, HDOHG. 1) LDk=0.11THB0n5, HEB. 1D
BOTHEMC ) OFEFFIDCAIE TS TIEE LS. AMEHI P 2055, 6,00,
e 0 TH BN,

e, 00K, sin0<0

e,K0DKEF, sind >0 }
Tiabb, 7I2I8EF Ty be) B0, AthEIICE A7y hENBITD
NT, FIDCHIBDE A k> OZEBEHIIFTDCH], ThANCE > RA 7y bEn5icD
NT, FIDCRICHEET D EAHERTE 5.

----- - —~(8.14)

0.08

1000rpm X Full Load

0.04

0.00

Momentum(kNm)

-0.04

0.08

0.04

0.00

Momentum(kNm)

0 180 360 540 720
(TDC) (FTDC) (TDC)
Crank Angle (deg.)

Fig.8.35 Momenfum Acting on Piston
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Fig. 8. 35ICAME T > 2 2B 51000rpn X Full Load, 5000rpmXFull Load T®D
EAPIHERTZHDE—AZ MM) ZRT. EEENRELRZIZONT, #HE
HE)DEZEIZELD, E—AMM)BI DU 1HA7IFICKRELEHTS LD
272578, BREENIFIDCRIBICHEEL TWA I ENMRTES. £/, LI TTHE
Lz& iz, EZRFLPMMINCA T2y hENBIZDONT, FIDCEIEDOE—A >
M) DRSO R <720, FIDCRNICHKET 2L DITA5. EAEFIDBOE—
A BPM) DERRED E 2 RALBAtMIIOFT 7y bENBIZDNTRELRS.

6. 2 AW THOPANOBERIXIVF
ATy TOBEDIBETHBWMNI S IHANOEZDDEX > OEETFIVF
VARIZE T OFHETE,

A 6 =1deg. =const. (8.15)

WWHEETDHEUTHE@ IDICTERIT IENTES.

dE 5 dE dt 1 dE
AE =E AB)-EO)=A0— AB% oo —— = ——-
(6+ 6) ( ) d9+0( o ) dt dé 0 dt (8.16)

ZIZTEIREA RO 2 KEETR)IFTIH(G.92) THEZA NS,
K@ 10, @ 1D, G 1DEXD, EXA DM EES) KO EEREE DGR
@.17, QG IVICTEALNS.

(MP+Mcr>}G

= (M, +M_)R6*{cos0 + Acos20 - (A, — A, )sin6 {Asin6 + A, —2,)
—Fgas(ASine-'_A’c—)\'P) "—__(8. 17)
J,B

=Fgas(26g -ep,+H, tan¢)

+(M, +Mc,)Réz{c059 + 20520 — (A, —A, )sin6 e, —e, +Hg tan¢) —--=(8.18)

G.9D, B.17, 8. 1) #H B 1) ITRATEELUTHB.19) 25 5.
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AE = AE, +AE,
1 )
=5~(MPVGVG+Jpﬁﬁ)
1 t+AL “H-At“
=5(MPvadet+JpB ‘[ﬁdt)

5-0.1—2(Mpvg +J B0

=M ,0°F,

gas

}:5—{0089 + 20520 ~ (A — A, )sin 0 (A sin 6 + A, -AP)—g;(Asine + Ao =Ap)

gas

2

+J 0°F,, MPJJ;M" is {cos6 + 2.cos20 - (2, — 2, )sin6 e, + eg”';} A6
-—(8.19)
Z T,
€, =26, —€p + H, tang = (2k 1), + Hy tang ~  ————————==—= (8.20)
e, =€, —ep+Hgtang = (k-1)e, + H, tan¢ (8.21)

KRB 1Y DENETN2 DAL ] OFORYOEIIBEETOEE, 2FHDE
WSHATDOEEZRT. @ 1DKD, BRIXINF(ADFETHD, I VE
RPN THERIINTINETS. Ty TICEBBERIFIVF(ADIEY 7> 7 fA&
BE(O)ROHAT F,) D2%F, TRHOEIIVEERRTIY XITHNEND 2 F
WHHEITHZENTRITES.

N@INEKD, EIZLUTFOZENTHTES.

LIV RENROREL, 7T 7 ARE 6 )RS NED, ATy TORESZ
HANMKELBFIDCHIBD AT v TIcBWTOHERTHEREN. #-T, &
U HFNENDNEI W No Load &K Half LoadBFD AT Fid/ha<, BEX &
B EERT BLELED, |

LoV DERENRESRBIIDNTI I IVAEE () IMRELRBIZD,
BiEHOEENERTELR</25. FICFIDCHIEBLUNATA T A NABANETDHLSK
AITHE, EEITEDOR T v TICBWTIIHAA IR EEA Lnkd, @19 &
D TFEERB.22) 255,
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AE MP(RGY{COSH +Acos20 —(AC -Ap )sin@}z(ksine +A, _—AP)zAH

+(—1‘4—fi}*ﬂ-4—0'—)(Réf{cose +2.00820 ~ (A, — 2, )sin@Fe? A - (8.22)

14

ZIT, BA TRy FOBEIER (. 20) FOE 2 ER De,, DEICL B

P RS S ELETOEE (0 >0 e (8. 23)

%-1=2x0.11-1 =-0.88 <0 e (8. 24)
THEND,

e > 0 DB, Prtlyion <ot (8. 25)

eP < O O)B#, |epg1}mlﬁ_§ > lepgl,g}-_ﬁﬁ.g (8. 26)

Thabhb, EXRFLEZAMMIICE Ty b5 8Tk T, BRAITELID b
SITRDOA Ty TIMKRELIRD, ThMlicA 7y 9B Eick> T, #ERITREL
DBWATEDAT v TOHBRELILD ZENGMND.

RIRICA Ty TICLBDBERIRINTIVRRO /NI BIREE A7y MCET
LHiggtexd. kI, K@ 16 ICBTHEETFILF (AR ON, WEEEITE
LHE(AE) FD2IIMINETH DS, Brd Tty NOEEEZIT L. 5T,
ATy THEOERIIINFNRNERDREE > NRA Ty bepld 9AE, /e, =0

£0,

Fodp (M, +M, )RO*{0s0 + Acos28 — (A, — A )sin6 |

gas

Tk -1YM, + M_ JR6*Jcos6 + Acos20 — (A, — 4, )sin0}-(k ~L)F. 7,

gas

H tan¢

1
1-k

1 1
1+0(E—6—;)+0(;—‘)]HG tan¢ (8 27)

gas

UEDEELD, 25y THOEE LI ENRIECADBELE > AA 71y b
EEA N OELES B, >0y KOEHA(0) Thbb U > FNENEK
EBBMMOBEER B, TV VEER( 6 ), HANE,)Tabb Y
S FNEN OEEIINE T E DR TE S,
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7. TREMETOZXH— FTFHROIEAHLEBOREER

IOV UREEROLED, —RICEA b TRAMAETEAN—FO—ER U >
FRT KOIEHHT.

AT > D BN TIEHER b R FRRADE,

- -
[N G

i, ATy TRKIETIIAHLBEORZEZRET 5.
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2mmEP L7z RE Q2 A — b EE (Y 2L B10m), A — R RS (E 2L T 2mm)
A= N TFER (¥ > 7R 16mm) TD1000rpm X Full Load, 5000rpmXFull Load T®
AN—=bEDI VT T AROEREEERT. INKD, REEHT > 2> 0tk
FOEIZ2mIAHLUEEBEMITSE L > T, FRRAMITOEX b 2N
RECEHNTBY, BHAHLENKEL LD E, EANORESAEZFITHSNCE
FENALNS.

Fig.8.36iZ, 1000rpmXFull LoadicRIFBHEA b2 D 2 KEENT K HHBEIT X))
FIIEETAI— MIAHUEDOEEEZIRT. INKD, TEATOEAHLUE L)
16z i3HE R TRV FOEITFR E A, Le=1bmE7ed &, I TIEA T
TOEELFIINFNRKRELRD, ATy TICREEZELRIIL TSI ENDNS.
LLEXD, TP RER, 3AHHLEOEBRIIDWTIEAR S v THTICLD+45
BETDUNEND D ENTMNS.

g
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Energy Loss(mJ)
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Le=1
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Fig.8.36 Effect of Lower Portion Skirt Stick (L) at BDC on Energy Loss
(1000rpm, Full Load)
(Skirt Stick: Refer to Fig.8.35)

171
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Fig.8.37 Effect of Skirt Deformation by Head Pressure
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‘N0 Consideration of Skirt Deformation
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FIVF %, Fig. 8. 40ICFIDCE DR AZ T X MFEEREOThMAIE EHfiZ2 R .
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Fig.8.38 Effect of Skirt Deformation by Head Pressure on Energy Loss
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Fig.8.39 Effect of Skirt Deformation by Head Pressure on Energy Loss
(5000rpmXFull Load)
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Table 8.6 Radial Skirt Deformation by Head Pressure & Thermal Expansion

(Skirt Lower Portion)

Factor 1000rpmXTFull Load 5000rpmXFull Load
by Head Pressure -10.7nm -23.2um
by Thermal Expansion® +77.4um +77.4 um

Note(*) Thermal Expansion is approximately Calculated by Thermal Coefficient
and Skirt Radius

AN — R EZERB LA — T 07 7 IIVITH U TA T — MEBEII/NE
CEHTELRDEEZS. ULEXD, EX M ZEFEITITBNT, AA—HME
BEDODZEBIEETEL L ENDNS.
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Fig.8.41 Cylinder Pressure
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« Cylinder Pressure : Fig.6.7

'S

5}
§ 4000rpm\
Z ‘ \¥
S 2 — ﬁ
= T
=
. IZOOOrpm | | 3000rpm
-1 -0.5 0 0.5 1
JaN Optimal

Pin Hole Offset (ep, mm)

Fig.8.56 Effect of Pin Hole Offset on Max. Energy Loss (Half Load)
- Clearances between Skirt and Cylinder : 1000rpmXNo Load (Fig.6.2)
- Cylinder Pressure : 1000rpmXFull Load( Fig.6.1,all the same)

192




1000rpm Full Load (CA=400° ) 5000rpm Full Load (CA=405° )
Angle from Th{deg) Angle Trom Th(deg)
30 15 0 30 15 0
E 15 1 /’\“\:\ 2 15 - ;:g\
| 5 10 T RREPY 10 P RE
) = { N~ =z T ~NA Y
= 5} 5 [ L = - N
2| S 5
= 4 . = Iy \
<1 = VLA } = 0HA
T| B ==wrIA = WA /
I e _5 NN ™ ] = —5 1 J ™~ v
o — —— [~ i e T S g g
5 e - ¥ ]
5 -10 SEpbbeee <8 5-10 Bt A
= E=ES=scondll - = SEE=mney I -
Angle from Th{deg) Angle from Th(deg)
30 15 0 30 15 0
—_ Ve = — I —
2 15 f( 7 = 2 15 ; S§
5 10 AN SNIAD 5 10 / =
= N = ™~
= L | = e
s | 8 5 T a S 5
1l = — . = — =
ol =i I = HFE A
§. -5 /?r ™~ 4 L1 E -5 //3\ ™~ L1
- 177N NN NSNS T
= I N LT = M4 N ]
o — 10 (R e s 5 — 10 (NN
E) N1 X é N
— -15 — -15
Angle from Th(deg) Angle from Th(deg)
30 15 0 30 15 0
N = NENEEN e | L,
Bl | 2 fF==S=2s 2E=
5 10 WP 5 10 e
= $ B N = | \\ I
) S 5 N N S 5 NEE;
=) = N = ‘
1l =~ 0 ~ 0
5 g g
= -h HEEp=ES = -5 e
- EEEveEEs _ jEaan=canu)
5 -10 R 5 -10 TRy
= = 2 —
15 = -15
Th-Ath
Fig.8.57 Effect of Pin Hole Offset(e,) on
Max.Contact Pressure Distribution 15.8
0 Pin Hple Center
15. 1 7

39.6° 0°
Indicating Area

193



13. EXb2D3RTEIGEER
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Fig.8.58 Three Dimensional Piston Pin Displacement and Piston Tilt Angle
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Fig.8.61 Three Dimensional Piston Pin Displacement and Piston Tilt Angle
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