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Abstract—During operation, a ship reciprocating engine
will vibrate due to the force resulting from the cyle
movement of the dynamic components. Soon or latethe
vibration will cause wear of engine components. Thefore,
the cause of vibration should be early identified & that the
propagation of wear can be anticipated. The study ndeled
the ship reciprocating engine as a two stroke engé and
analyzed one of the causes of the engine vibratione. the
force acting on main bearing, using a numerical simiation.
An experimental study was also carried out for meaging
the acceleration of vibration response due to theumerical
dynamic inertia force. The results showed that thalynamic
inertia force acting on the main bearing is the mai cause of
the vibration of engine.
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|. INTRODUCTION

dynamic inertia force from the side and the frintforce
between piston cylinder are the multiplication of
acceleration and mass of piston with connecting rod

Tugiman [4] carried out investigations on a single
cylinder of combustion engine. The conclusion dediv
from his research was that the dynamic inertiagfara
engine without the unbalanced weight appeared en th
crankshaft. Meanwhile, the smallest dynamic inéidia
ce reacted on the cylinder wall.

Chenet. al.. [5] have modeled the vibration engine. It
was found from the results that the noise and tittmaof
engine were produced by the combustion pressure and
the dynamic inertia force. They caused frictionsieen:

(a) piston and cylinder, (b) crankshaft and maiaring.

Based on the above results, the purpose of thisrels
is to analyze dynamic inertia force produced byeoth
dynamic components of engine. The dynamic inertia
force was simulated by using the numerical equation

The main component required for constructing the,q the results were then utilized as input to atibr

engine including the ship reciprocating engine m@ston,
connecting rod, crankshaft, cylinder, and engineckl
During the operation of ship reciprocating engittee

engine in the experimental study.

Il. THEORETICAL BACKGROUND

piston moves translatively and the crankshaft moves _ )
rotatively; furthermore, the connecting rod thats haf™ Mathematical Formulation

function to connect piston and crankshaft, moreatdy,
translatively or rotatively.

As pointed out in the introduction, the magnitude o
dynamic inertia force cannot be measured since the

Therefore, the magnitude of dynamic inertia forcgomponents are inside the engine. Therefore, the
cannot be measured since the components are itt@decomponents of dynamic inertia force acting on thainm

engine and they move rotatively; as a result a mizale

approach is needed. For these reasons, some fesarGumerically,

bearing during the operation of engine are invastd

and the results are formulated in

developed physical and mathematical models of thgathematical equations.

dynamic inertia forces of some engine components.

Fig 1.a shows dynamic components of engine such as

Astashewet. al.. created mathematical modeling for therank web (2), connecting rod (3), piston (4) andim

construction of two stroke engine [1]. It is statedt the

bearing (Q), whereas Fig 1.b draws their amplitude

total of inertia moment of engine components igiagram.
equivalent to the amount of each component of that can be seen from Fig 1.b that the force working

mechanism of engine moment.

point G, of main bearing can be found by calculating the

Cho et. al.. made mathematical model of collisiongcceleration of piston componentamd connecting rod

between piston and cylinder. It is foundout thahatyic
inertia force has caused to the occurrence of Siofls

&g at point G with angular velocity crank wed,.
1. Acceleration of Piston

between piston and cylinder. Furthermore, the dyaam Fig 1.a shows that, fis the distance between point B

inertia force of piston in horizontal and vertickections

and supporting point O Therefore, the acceleration gf r

can be determined using mass and accelerationif jq.5p, pe expressed as the addition,@nd 5 which have

piston [2].

fixed length and function of the slider positionswn

Inagaki et. al.. developed mathematical modeling fok, (1):

obtaining dynamic inertia and friction forces beame
piston and cylinder. It is reported that the magphéis of
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Equation above is the acceleration of piston in the
vertical direction. The acceleration of piston ihet
horizontal direction is ignored since there is mocé
acting on the wall of cylinder.



2. Accelerations of Connecting Rod

Based on the diagram in Fig 1.b, vector modelgisr

created in Fig 2, and the result is utilized foalgming
the value of the acceleration of connecting rod.

Fy, =F3+F, (11)
The force in (11) works at the crank pin in whitte t
values of i and F are found from (7) and (8). Next, Fig

3.b shows that the equation of force on main bgafiy

The value of gy is the summation of the radius of web rhas the same magnitude as the forgg But in the

with the length from point A to the centre of coatieg
rod massg; in which the result is given as:

Fog =Tp +Ty =1,€'% +14€'% )
From (2), the acceleration equation of connectod) r

is found as follow:

|aog (tx = \/{aog (t)}z +{bcg (t)}z
where

fualt) = 12 cos8, 1)~ oy )sin ) - raet ) coseu(t)] (4)
and

by (t) = [— 1,0 sin 6, (t) + ryars(t)cosés(t) - rya (t)sin 63(t)] (5)

®)

opposite direction. Therefore, the force, Fcan be
determined using (12):

Fio= |F23| =Fs (12)
where

Fiox = Faosin(r— B) (13)
Fioy = Fipcos(1- ) (14)
and

By = Byt n(+if Bs, (7 and viseversa) (15)

F1,, works in the horizontal axis (imaginary axis) vehil
F12, works in the vertical axis (real axis). This foisehe
unbalanced force acting on the engine. The (15ysho
the angle formed by, Ewith the real axis.

Next, the value of angl®c, of rq can be determined 4 |nertia Forces due to Weight of Crankshaft Syste

from (4) and (5) as shown in (6):
_af b
8. (t) = tan 1{5}

B. Inertia Forces

(6)

1. Inertia Forces of Piston

When the piston moves translatively in the cylindiee
equation of inertia force is as follow:

Fa=mya

where a, =¥, is the acceleration of piston obtaine

from (1).
2. Inertia Force of Connecting Rod

The part of connecting rod connected to joint mist
moves translatively in the cylinder, whereas thet pa f
connecting rod connected to joint crank pin move
rotatively. The equation of inertia force produdsdthe

connecting rod component is shown in (8):

Fa=m, ay (8)

(0]

In order to get the inertia force due to the weight
crankshaft system components, i.e. the gravitationa
force, working on the main bearing at the suppgrtin
point, the weight of crankshaft system componemés a
modeled in Fig 4.

The modeling of components that consists of shaft,
web, and flywheel is needed since these forcesyalwa
exist in static or dynamic conditions.

The gravitational force of each components of
c&:rankshaft system can be calculated using (16):

G, =mg (16)
in which the number of gravitational forces dependhe
number of the dynamic components.

The gravitational forces of the crankshaft, webd an
!sywheel work at the supporting point Q and cause t
appearance of the reaction forgg &s shown in (17):

Gro(e+a) +G(e~X,) +Gp(e~b) +Ge(e~c) +Gp (e —d)

., = +C200) 17)

€A

where g, is the acceleration of connecting rod obtaineghere e is obtained using (18) which is the develent

from (3).
3. Inertia Forces of Main Bearing

The forces acting on main bearing are modeled gn F§=2C+
3.a and showed the acceleratigraad force f of piston
accompanying their directions. It can be seen ffm
3.a that the tangential and normal acceleratiores ar
located at the same axes as the pojtGhe connecting

rod.

of the Giancarlo Genta Equation [6] as follow:

. 4
a+ 0.15? D)), [2b- 015(D + D')]D*At
D’ duw (18)

4 4
D +016->
w b dw

+ 015D

+ r( 0065% . o.ssj

In the dynamic condition, i.e. during the workin§ o
engine, the reaction force in (17) becomes thetimer

The sequence of forces acting on the engimerce of crankshaft system.
components can be seen in the free body diagrafigin 5. Inertia Force due to Working of Crankshaft Syste
3.b. It can be constructed from Fig 3.b that thefjg 5 shows the model of crankshaft system. The

equilibrium of force for determining the value afntact

system consists of crank web (2) and flywheel (8) has

is forced with a small anglg, in main bearing at point O the shaping of disc. They are installed on the salnadt

as shown in (9) and (10):

Fap = \/ {R('E32)}2 + {' ('532)}2 ©)
and
Bsp = tan‘l% (10)

The force k, in (9) is a complex number with the angl
Bs» of (10) and is at the connection point of crank. pi Fy =%
e

The force k, can be calculated using (11):

so that they have the same angular velocity. Wien t
shaft is rotated, the crank web and flywheel am® al
rotated.

The dynamic inertia forces for both discs can be
determined by calculating the torque of crank weld a
flywheel that work on the main bearing and centeaed
éaoint Q as shown in (19):

(19)



C. Vibrations of Engine Fig. 8 indicates that the graph of the acceleratbn
tpiston is not a pure cosine.
This is due to the acceleration of piston is a tjoin

. . . movement between the web and connecting rod intwhic
of engine can be modeled using the general equftticn ! ;
the movement of the web follows the cosine ruleilavh

Multiple Degree of Freedom (MDOF) system as follow.: the movement of connecting rod follows the sineerul

[M]{X(t)}+[C]{X(t)}+[K]{X(t)} :{F(t)} (22)  The maximum value of piston acceleration is 170ed/s

Equation above is used for determining the level oh positive region, while in the negative regioa tlalue
amplitude in the form acceleration of vibrationesfgine. of piston acceleration reaches 293 nfisec
D. Mode! Engine Furthermore, the graph also demonstrates that @ on

round of the crankshaft, the piston moves twice,

In order to know the effect of the dynamic inefdace vertically up and down, so that the inertia foréeiston
causing the appearance of vibration acceleration #id connecting rod concentrated at the crank pih wi
engine, the engine is modeled using two strokerengs experience fluctuations.
shown in Fig 6.

The engine has a single cylinder with the poweb of
HP and the rpm of 500. The choice of engine typduss  The calculation of (2) for the acceleration of a
to the number of dynamic components is less than tbonnecting rod which is the resultant acceleratibthe
four stroke engine so that the more accurate esalh normal and tangential directions can be seen in %ig
be obtained in validating the signal of experimema- From Fig. 9, it can be shown the relationship betwthe
surements. acceleration of connecting rod to the rotation @&n&-

shaft, where the movement of the web in one tueddeo
[ll. METHOD changes in angle of the acceleration gf The maximum
ﬁaé:celeration is 260 misec whereas the minimum
acceleration is 121 m/sec

In addition, Fig. 9 states that the connecting mom/es
four times in one round of the crankshaft in whitle
position of connecting rod changes in each phaggdof

Therefore, the experimental setup and the scherafitict POSition 0 to 9§ the acceleration is equal to at the

measurement of the engine vibration were designed ﬁ)osition 276'[.0 3.60)’ whereas in th? .position0©m180’,
Fig 7. The engine body around the crankshaft iaraes the acceleration is equal to the position from°8@®70.

to be the bearing house because there is the manng C. Inertia Force of Piston
Slfl_phpeogl:ncgeg i)r:L(Z?;fti:trr:r(])itn?;?r?:d at supporting [@int The result of the inertia force of piston calcuthby (6)
and used to measure the vibration responi% ircagethd 1S shown_ in Fig. 10 and shqws the r(_elatlonshlp betw
horizontal directions, while the converter is useddjust the Inertia forces. of the piston against the qr?aafts

. o . . position. The maximum force is 35 N in the positarea
the rotation engine by changing the rotation motdre

optical key phasor is used as a pulse generatingitie and 59 N is in the negative region. Fig 10 alsaciaigs
pti y phasoris u pulse g that the load of piston fluctuates and its dirattiollows
progress of vibration measurement.

Furthermore, the charge amplifier is utilized tct)he acceleration of piston and the rotation of ksaaft.

condition the measurement of vibration signal bg thP- Inertia Force of Connecting Rod

accelerometer. The function of MSA (Multi Signal Fig. 11 is drawn with (8) and the result showsgheph
Analyzer) is to process the measurement signals f9finertia force of connecting rod against the kedraft
obtaining the waveform and frequency spectrum. TRgqylar position. The force is the multiplicatiohrass

results are in the form of vibration response dggna connecting rod with its acceleration obtained frigig. 9,
During the experiment, the engine is off and rcniatednd the maximum force is 27.5 N.

using AC motor so that the air can be in and oeabse  This condition occurs due to the connecting rod
of the spark that is open. As a consequence, i8&m® concentrating on the small gudgeon pin  moves
force coming from the air compression, combustamd  ansjatively, while the connecting rod concentrgton
expansion. Therefore, the dynamic inertia force {ge large gudgeon pin moves rotatively. From Fily.itl

dominant. , _ . can also be analyzed that the gravitation weighthef
The measurement of acceleration amplitude of V'brE‘Onnecting rod will move fluctuatively.

tion was taken at the position of wet) @hen the piston
reached top dead point in vertical direction, arid

position of web 90 in horizontal direction when the The inertial forces of the main bearing in horizont

While in progress, the engine vibrates becauséhef
inertia force cycle of dynamic components. The afion

B. Acceleration of Connecting Rod

The experiment was conducted to measure t
acceleration amplitude of vibration in the time &net
guency domains due to dynamic inertia forces warkin
on the main bearing, which is unbalanced, accured)at
and cycled in horizontal and vertical directions.

E. Inertia Force of Main Bearing in Horizontal Direction

position of the exhaust door starts to open. direction is calculated by (13) and the resultrawh Fig.
12.
IV. RESULT AND DISCUSSION The graph is a pure sinusoidal because the foradhen
A. Acceleration of Piston main bearing is a combination of the forces ofqistnd

] ) __connecting rod that works following the sine curVée

The result of piston acceleration calculated by ifl) inertia force in the horizontal direction for twounds of

drawn in Fig. 8 and shows the graph of acceleratibn the crankshaft is 12.5 N at the angles of, @B@, and -
the piston to the crankshaft position. 12.5 N at the angles of 27®30.



F. Inertia Fore of Main Bearing in Vertical Direction b. Vibration Responses in Time Domain (Horizontal

The inertia force acting on the main bearing in the Direction)
vertical direction is calculated by (14), and tlesult is  The graph of acceleration amplitude of the vibmatio
shown in Fig 13. Like the inertial forces on maimking responses in time domain (horizontal direction) is
in the horizontal direction, this inertia force aso a depicted in Fig 16.
combination of the inertial force of piston and nenting ~ As in the acceleration amplitude in the vertical

rods. direction, it can be noticed from Fig 16 that thaamic
The maximum of inertia force is 89 N and occurscayi inertia forces also resulted in acceleration amgét The
i.e. at the angles of@nd 366, respectively. highest value is close to 3.2 m /Seand occurred in the

. . early of second round. Other dominant acceleration
G. Inertia Force due to Weight of Crankshaft System amplitudes appear in the third and fourth rounds.

The inertia forces due to the weight of crankshaftThe result in Fig 16 also has physical and dynaimica
system are calculated by (17). The total weight @iroperties similar to Fig 15 on the measuring pasiof
dynamic components that work on the main bearing thie horizontal direction and pure vibration tessutes
the supporting point Q is 17.285 N. before reconstruction.

H. Inertia Force due to Working of Crankshaft System c. Vibration Response in Frequency Domain (Veltica

: L Directi
Fig 14 shows the total dynamic inertia force ofvfheel irection)

: In order to determine the vibration response in
(red color) and crank web (blue color) which works . )
the main bearing and is calculated by (19). Frogn1Hi it revolution per minute (RPM) that can be used tdyaea

can be analyzed that the maximum inertia forcesark tEe damalge ?n the m?ln(;:omp?r;ﬁnts of th_e mat'gmﬁlffga”
web and flywheel are -7.007 N and -5.375 € gcc_eterg_|ort1harfnp| u fefs ot the ec;(pe”me%wn S
respectively. Both of these forces have a minus S@re epicted in the form of Irequency domain. S

because the crankshaft is pressed down. In onel yoloe re shown in Fig 17. The results in Fig 17 illusirthat

: - the time required by acceleration amplitudes to enone
;Otﬂ(éngogrtig;angxzzns}ll‘lsjta?nmd é)é%duces the ineicd round in the frequency domain is for 900 RPM oHi5

1. Vibration Responses The graph also shows that the highest amplitude of

The vibrati d he f is obtafre acceleration is near 0.0175 m/Aemd occurred at the
th evi r_at|0ntrt|-:‘spon|fe TL;]e tto_t € C}rce IS0 t?dn frequency of nearly 15 Hz. The highest amplitude of
€ experimental resulls. 1Nhe rigger Torces aeetnces - .o eration is at the frequency close to 80 Hzrddwer,

acting upon the main bearings and obtained froen t

sum of the numerical inertia forces calculated bg)( can be seen from the graph that the other damhina
(14), (17) and (19). amplitudes of acceleration appear at frequencies of

The f i 1 terred to th ine block duéh around 30 Hz, 45 Hz, 60 Hz and 100 Hz.
e force Is transterred to the engine block duthe ), addition, the graph shows small acceleration

contact between the bearing elements with the eng'&mplitudes that are the acceleration amplitude of

body and causes the V|brat|pn of the engine bo.dhﬁ Tvibration characteristics of the physical nature tbé
responses of vibration are in the form of acceienat

litud he f : i main bearing components on the direction of theicadr
amplitude as the function of time. measurement.

The responses are measured in _the vertical 3% vibration Response in Frequency Domain (Horiabnt
horizontal directions, because the engine movesng Direction)

down in vertical and horizontal, left and rightetditions. i ] ] )
The results are as follows: Fig 18 shows the graph of the vibration responsé¢hke

a. Vibration Responses in Time Domain (Verticd[€quency domain on the horizontal direction. Samiio
Direction) the vertical direction, the dominant amplitudesoals

The results of measurement of vibration responBesigge:; atfrequencies of around 30 Hz, 45 Hz, 6@y

the time domain (vertical direction) can be seeRiqn15.
The blue line shows the vibration response in theet
domain, whereas the red line states the time reduiv
take one round of the crank shaft.

Furhermore, like in the vertical direction, smadica-
leration amplitude can also be seen from Fig 18;
however, the amplitudes are smaller than that ef th

vertical direction. The reason is that the ineifiace

It can be stated from Fig 15 that the dynamic iaerrWorking in horizontal direction is due to the maiearing

Lqrces pro?rt:cehg f:esponsellindthe fform ?f in.thelipair only. The highest amplitude of acceleration is (r26eé
Irection. The highest amplitude of acceleratiomlese ;.4 occyrs at the frequency of around 80 Hz.

to 5 m/set and occurs in the early of second round. The
responses were measured in the four rounds of crank
shaft with the period of T = 0.06 seconds.

By using mathematical manipulation, the acceleratio Based on the systematic analysis of the dynamic
amplitudes can be integrated to determine t#ghavior of main bearing, the following conclusidvese
displacement amplitudes of vibration so that thednt been made: firstly, the determination of forces kiruy
of the damage caused by the dynamic engine comfonéi the main bearings can be done by the numetticdy s
can be detected earlier. and generate the dynamic inertia forces. Secoritiby,

The results in Fig 15 is purely the results of ation dynamic inertia force that works in cycles and
testing before the reconstruction so that it dtibks continuously can be used as the excitation forceetwh

super-position signal derived from the dynamifiggers the vibration in engine in horizontal areftical
components of the main bearing. direction. The responses indicated that the dynamic
inertia forces caused the vibration of engine.

V. CONCLUSIONS



As a part of the ship reciprocating engine maintera

planning, in the following study, the method of Baag
is developed and employed for investigating theatibn
of ship reciprocating engine which has more conapéid
structure and components.
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NOMENCLATURE

Distance from flywheel to supporting P
Acceleration of G

Acceleration of piston

Distance from web to supporting P
Center of connecting rod mass
Distance from supporting P to crank pin
Diameter of crankshaft

Diameter of pin

P
P2

X

[M]
[C]
(K]

Angular acceleration of crank web and flywheel
Angular acceleration of connecting rod
Angle of R, to real axis

Angle of F; to vertical axis of connecting rod
Angle of R, to vertical axis of crank pin
Torsion of crank web and flywheel

Angular velocity of web

Angular velocity of connecting rod

Angular velocity of web and flywheel &
Angle of web to real axis

Angle of connecting rod

Angle of i to real axis

Angle of vertical axis to connecting rod
Mass matrix

Damping matrix

Stiffness matrix

Distance from supporting P to Q
Distance from point gto centre of force
Inertia force of crank web and flywheel
Inertia force of supporting Q

Inertia force of main bearing =f

Inertia force of crank pin =% (1]
Inertia force of connecting rod

Inertia force of piston 2]
Gravitation

Mass of connecting rod

Mass of flywheel (3]
Mass of piston

Total mass of dynamic components [4]

Distance of joint piston and centre of crankshaft
Distance of centre of main bearing and poigit C
Distance of Gand joint crank pin

Radius of web

Radius of flywheel

Radius of crank pin (6]
Length of web

Length of connecting rod (Calculating from centre
of joint piston to joint web)

(5]

I'y

02 0,
Real

r

Imaginary

@)

Fig. 1. Model of vertical cylinder

(b)

{F(t)} Force working on main bearing
{x(t)} Displacement amplitude
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Fig. 8. A graph of piston acceleration
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Fig. 10. A graph of inertia force of piston
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Fig. 12. A graph of the force on the main bearmthie
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Fig. 15. A graph of acceleration amplitude in tidwmain
(vertical direction)
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Fig. 9. A graph of connecting rod acceleration
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Fig. 16. A graph of acceleration amplitude in tidmmain
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Fig. 17. A graph of acceleration amplitude in fregey domain (vertical direction)
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Fig. 18. A graph of acceleration amplitude in freqey domain (horizontal direction)



