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Abstract

Vibration and noise isolation using resilient rubber mounts on a marine diesel engine is a well-
known and popular technique. Even though it is a general method, its practical application is
more complex. The resilient mounts of a diesel engine installed onboard a ship should be
designed for both static and dynamic loads. In particular, if possible, the major resonances of the
six rigid body modes of the installation and the flexible modes of the engine structure should be
avoided within the engine operation range. In this report, a diesel engine generator in the 5500
TEU container vessel which had an elastic foundation was selected as a theoretical and test model.
The dynamic behaviour and the transmission of structure-borne noise are investigated by
theoretical and experimental methods and these are verified by vibration tests onboard. The
theoretical analysis of the test model was performed by using a single mass 6 degree of freedom
system. Actual measurements of mechanical vibration of the engine and its foundation onboard
were carried out to test the modeling approach.

The design criteria in vibration of marine diesel engines may be stated in terms of the vibration.
Even though this method is generally used, it cannot be used to fully evaluate the optimum design
in marine diesel engines with resilient mounting systems. A complementary method is proposed
which can estimate the vibration by the summation of dynamic force transmitted through the
resilient mounts. Furthermore in order to reduce the structure-borne noise transmitted to the
engine foundation, the vertical vibration resonance frequencies of the foundation should not
coincide with the rotational motion of the engine excited by 0.5% 1%, 1.5% 2% . times the

engine cylinder number at the synchronous speed of the generator.






1. INTRODUCTION

1.1 Introduction

Vibration and noise isolation using resilient rubber mounts on a marine diesel engine is a well-
known and popular technique. Even though it is a general method, its practical application is
more complex. The resilient mounts of a diesel engine installed onboard a ship of shipboard
should be designed for both static and dynamic loads. The static design is governed by its weight,
the mean torque transmitted to the generator and the seaway movement caused by rolling and
pitching motion of the ship. The dynamic design criteria are governed by the [¥ and 2"
unbalance moments, H-type and X-type guide force moments (see Fig 11) originating from the
reciprocating and rotating mass of the piston and combustion gas pressure within the cylinders.
The major resonances of the six rigid body modes of the installation and the flexible modes of its
support structure, should be avoided within the engine operation range. In this report, a diesel
engine generator in a 5500 TEU container vessel which could not avoid exciting the elastic
effects of the foundation was selected as a case study & test model. The dynamic behaviour of the
system and transmission of structure-borne noise into the foundation are investigated
theoretically and are verified by vibration tests onboard. An evaluation method for the optimum
design of a resilient mounting system based on actual service experience is proposed.

1.2 Literature review

Marine diesel engine generators have been directly fixed to the hulls of general ships with the
exception of luxury ships until the middle of 1990’s. Since then, the use of resilient mounts
between the diesel engine and the hull to isolate or reduce vibration and noise has increased
steadily by the requirement placed on ship owners to provide a comfortable life onboard. The
optimum design and application of a large resilient mount system which has to support a heavy

load such as a marine diesel engines were mainly conduced by the mount manufacturers [ and
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large diesel engine manufacturers (231 The optimum design and study of hydro-mount systems
for automobiles was performed by Royston and Singh ¥l Academic studies of resilient mounts
including marine engine mount systems were performed by Lee et al 51 and Tao et all®l. The
effect of the elastic foundation on the dynamic response of an engine mount system in
automobiles was evaluated by Kim and Lee [\, Also, the flexible effect of the foundation in a2
supercritical rotor was evaluated by Bonello and Brennan 81 However, the optimum design of a
marine diesel engine generator with resilient mount system should be performed with cost in
mind so that its application can be realised in practice.

1.3 Outline of report

The main body of this report consists of five sections. Following the introduction in section 1, the
theoretical analysis method for marine diesel engine generators with resilient mounts is
introduced in section 2. Additionally, the dynamic characteristics of resilient rubber mounts are
introduced. Also, the elastic effect in the vertical direction of the engine foundation is combined
with the stiffness of the resilient mount. A resiliently supported rigid body model is analyzed by a
6 degree of freedom model. An evaluation method for the design of mounting systems with
regard to the mechanical vibration of marine diesel engine generators is additionally proposed.

In section 3 the natural frequencies and free vibration modes without damping are considered the
theoretical analysis of forced vibration of the cylinders under normal firing condition, and with
uneven firing and forced vibration with one cylinder misfiring, is also considered. In section 4 the

analytical results performed in section 3 are compared with experimental results onboard. Finally,

conclusions are drawn in section 5.



2. THEORETICAL VIBRATION ANALYSIS OF MARINE DIESEL ENGINE
GENERATOR WITH RESILIENT MOUNT

2.1 Dynamic characteristics of resilient rubber mount
In this study, a resilient mount for a marine diesel engine is considered to be made from rubber
with a conical shape and cross section as shown in figure 1. The dynamic behaviour of resilient
rubber mounts for vibration isolation is not simple. The measurement methods of vibro-acoustic
transfer properties of resilient elements in the laboratory for vibration analysis are recommended
by the ISO 11 The dynamic stiffness and acoustic properties of the mount shown in figure 1
were measured by its manufacturer (L12 The transfer-functions in the vertical and horizontal
direction of the RD-214 1?1 with shore grade 55, with static preload of 49 kN applied, are shown
in figure 2. In figure 3 the same results are represented as stifiness curves which are calculated
by multiplying the transfer-function by w*(=(27f)*) . Where f is the excitation frequency in
Hz. The input impedance of the mount can be estimated by the transfer impedance “ Z” which

can be calculated from the mounting transfer function “7 7, by
12| =IT]-@ @1

A reasonable impedance mismatch should be designed and achieved in the foundation of a
marine diesel engine generator. As an example, the impedance of mountings with shore grade 63
and the foundation including the hull is shown in figure 4. It is important to consider how to
install many mounts, what the interval should be between the mounts, and how to select stiffness.
The major resonances of the foundation of marine diesel engine generator should also be avoided
by the engine excitation in the view of structure-borne noise transmission. The interference

between the mounts can be written as a function of Helmholtz number shown by



X
Ky=27-— (2.2)
/lP

where K, is the Helmholz number, x is the distance between each resilient mount [m] and

A, is the bending wave length in the foundation. At high frequencies the wave length will be

short and as a consequence the Helmholz number large and vice versa at low frequencies. The

results are presented for XK, = 0.01 to X,= 10 which is relevant for most applications with a

frequency range of 10 to 10000 Hz.

M20-8.8
Ma =Max. 400 Nm

Figure 1. The section view of RD-214-55!"% conical resilient mount of rubber type
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2.2 Elastic effect in engine foundation

The ideal foundation for a marine diesel engine generator is a rigid structure which can
sufficiently withstand the static and dynamic loads. However, it is difficult to realise a stiff
structure in a ship, because the design of the hull structure must be cost effective, so the engine
foundation is an elastic structure. In this report, the vertical flexibility of test model used in
section 3 and 4 was investigated using experimental methods (13141 1t is composed of two
symmetrical foundations which can support resilient mounts of 6 units on the right-hand and left-
hand side respectively. The vertical vibration mode of this structure is very important in the

transmission characteristics of structure-borne noise. Figures 5~8 show the results that were



measured by a hammer test onboard. Even though the vibration test result has some uncertain
factors, it can be used to understand easily the transmission characteristics of structure-borne
noise in section 4. Table 1 shows the resonances of the vertical foundation for experimental
results shown in Figure 5~8. Acceleration amplitudes at frequencies less than 150 Hz(high pass
filter) and more than frequency 250 Hz(low pass filter) can be neglected as the have small
values. Table 2 shows the stiffness of the vertical foundation which was calculated by the
experimental lower resonance and equivalence mass. The stiffness of the resilient mount used in

these calculations is shown in figure 3.

Table 1 Resonances of vertical direction of engine foundation for 91.28/32
engine generator of 5500 TEU container vessel (Hz)

No. Measurement | Measurement | Measurement | Measurement
(R1 point) (R4 point) (RS point) (R6 point)
1 117.5 121.3 123.8 -
2 136.3 133.8 - -
3 158.8 158.8 158.3 157.5
4 176.3 176.3 - 173.8
5 211.3 210.0 206.0 203.8
6 - 233.8 - 222.5

Table 2 Dynamic stiffness of engine foundation and resilient mount type RD 214-55
for 91.28/32 engine generator of 5500 TEU container vessel (Unit : MN/m)

Direction Engine foundation(s;) Resilient mount(s;) | Ratio( %2 )
x(axial) Rigid(Large) 8.75 -
y(transverse) Rigid(Large) 8.75 -
z(vertical) 119.6 within + 20% 7.14 16.75
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Figure 5. The measured vertical vibration of engine foundation of 91.28/32 generator
engine of 5500 TEU container vessel at resilient mount right No.1 position
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engine of 5500 TEU container vessel at resilient mount right No.4 position
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2.3 Analytical model of a resiliently supported rigid body

Figure 9 shows the general situation for a rigid body supported by resilient mounts. The

equations of equilibrium governing the linear dynamic response of a resilient mount system given

in matrix form by 2
[M]-{0}+ [} o+ K] U} = {R) @3)

where [M ], [C], [K] are the mass, damping and stiffness matrices, given by {U } is the

displacement and rotation vector of the centre of gravity,

ORTHOGONAL RESILIENT ELEMENT

, Y ]
[
¢ v Ty
MOTIONS APPLIED TO MOMENT /
RESILIENT ELEMENTS APPLIED g
BY SUPPORTING FOUN- ~T0 80DY y

- DaATION

b POINT IN

* T
. 80Dy
~ 40z

-~

Figure 9. Resilient mount system '*!
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{R} is the vector of externally applied dynamic load, m is total mass of the diesel engine,

generator and common bed, the 7’s are the 2" moments of inertia for x,y and z directions,
n. is the total number of resilient mounts and the A°’s are cosines of the angles between the
principal elastic axes of the resilient supporting elements and the coordinates axes. Here the [K ]

mairix can be generated by a similar method substituting for C in terms of K.

m 00000 -Cn C, C5 Cy C5 Gy |
0 m 0000 Cy Cyp Cyy Gy G Cyg
[M]= 00 m 000 [C']= Cy Gy Cyy Gy Gy Cyg [C]=[C]T
0 00 Iﬂ I*IV I‘Z C4t C42 C43 C44 C45 C45
0 00 Iyw Iyy Iyz Cs Csy Cg3 Gy Cy5 Cyg
_O 0 0 Izr Izy Izz__ _Cﬁl C62 C63 C64 C65 CGG_
_Ku K, K, K, K5 Ky ] X rﬁ;‘
Ky Ky Ky Ky Ky Ky Ye Fy
K. K., K., K,, K,, K F
[K]= 3l 32 33 34 35 36 , [K]=[K]T’ {U}=<ZC 9 {R}=< z |
K, K, Ky Ky K5 Ky @, M,
K, K;; K3 Ksy Ky K B. My
_Ksa Ky K Ko K Kes_ U’m \Mz,
C,= Zcxx,i’ Cp ZZ_]:ny,r” Ch = Z Ceis Cu =Z!(sz.i ra,; —C,; "a,)s

1, n, n,
CIS = Z(Cxx,r' ' az,r’ - sz,i : az,r‘ )’ C16 = Z(ny,f 'ax,i _Cxx,f ‘ ay,i )’ C22 = chy,i’ CZS =
i=l i=l

i=1

C24 = Z] (Cyz,i ' ay,:‘ - CW,;' ' az,i ): Czs = Zl(cxy,f a,;— Cyz,; dy )s

az,f)!

Cy = Z(ny,r' T ny,i a,, )s C33 = Z},sz,n G, = Zl(czz,r‘ a,, "Cyz,j :
i=1 i= i=

"P'
C35 = Z(sz,i : az,f - sz,J'

=1

My
ca,,), Cy = Z(Cyz’,. ‘a,,-C,..,"a,,)
i=1
n}'
2 2
Cu=2.(C,,-a:,+C,,-al,-2C, -a, a,),
i=1

n’
C45 = Z(sz,i 'ay,i A +Cyz,i a4y _'sz,i
i=1

nf
Cyz.f >
=1

i



. 2
C46 = Z(ny,i a,;a,; + Cyz.i Ao can, = ny,i ity _sz,! "y, )s
i=1
N 2 2
CSS - Z(Cxx,r‘ 'az,i +sz,1‘ ' ax,i - 2sz,i ' ax,i 'az,i)’
=1
H,, 2
CSG = Z(ny,f ’ ax,i ' az,i + sz,r' 'ax,i ' ay,i - Cxx.r‘ ' ay,i ’ az,i - C}z,i : ax,i )’
i=1
n, 5
—_ 2
Ce = Z(Cxx,r‘ dy, +C}y,i e _2ny.i e 'ay,f)
i=1
C =C 2 +C -2 +C -2, C_=C, -1 +C A +C 2
x = ~p Tup g “Txg ro s W P T g “yg r Ty
frd . 2 - 2 . 2 = . . - . . -
C.=C, A, +C A, +C, 2, C,=C 2,2, +C Ay A, +C A, -A,,
C.=C, A, Ay +Cy Ay Ay +C, 2y Ay Co=Cody Ay +Cy Ay Ay +C, - 2y - A,

{U} can be rewritten as
{Uy=4-e" (j=+-1)
. fard - Y
={X+j¥}e™ (4=VX*+Y?, ¢, =tan ‘—)?) (2.4)

By differentiation of {U} and {U}, U} and {U/} can be rewritten as

{Ul=w-{-v+j X} 2.5)

{U)=-0* -{x+j¥}e™ (2.6)

{R} can be rewritten as

{R} = B.elert)

={V+j - W}e (B=AV?+W?, ¢r:tan“%) @7)
Combining equation (2.4)~(2.7), equation (2.3) can be rewritten as
dz Jix}-lz)rh+z i+ [z l{ix}h- i =i+ W} 238)

12



Where [Z, ]=[K]-0?[M] and [Z]=w[C]

In equation (2.8), the real and imaginary parts can be separated as
[z, 1{x}-z]{r}=} (2.92)
[z 1{r}+[z ){x}= {7} (2.95)

[n equation (2.9), {X}, {¥} canbe rewritten as |
x}=[E]dr}+[pliw ) (2.10a)
{ri=[El-[oly}+ P h (2.10b)

where [D]=[Z][z,]" and [E]=[[2]+[P]Z ]I
Displacement amplitudes D,,D,,D, of x,y,z directions at arbitrary coordinate

B(b,,b,,b,) infigure 9 can be written in terms of the displacement and rotation of the centre of

moment as
Dx = ((xcr + lzﬁcr - ly}/cr) + j(xci + Il:.rﬂci —lyyci ))e.f“” (2.1 la)
D, =((y, =L@, +L7)+ J(Va —La, + 1y, )e™ (2.11b)
Dz = ((zcr _lxchr +lyacr) + j(zci _lxﬂci +lyaci))ejwt (2 1 10)

xczxcr-l-.jxci’ yczycr+jyci= zc=zcr+jzci’
aczacr_i_jacf’ ﬂc=ﬁcr+jﬁc13 yc=y0r+j?ci=

l.=b-g, Iy=by—gy, l,=b—g,

The —é—m (j=1, 2, 3...24) order dynamic forces § ,,§ 8 of x, y, z directions at
x,r,i y,r',-z— z,r,E

arbitrary resilient mount i/ can be written as

13



x:é w1 xi,% o v, i< 2.4 zjy% (2123)
S =Ky D Ky D 4K D (2.12b)
P iy iy S ‘2
St Kes D KD 4 BB @.12¢)

where D ,,D ,,D  arethe %ﬁ‘ order displacement amplitudes of x, y, z directions at
x,f,; y,i,E z,i,E
arbitrary resilient mount i , K, ,K, K., are stiffness of x,y,z directions,

K

0,10

K

omis Ko, are stiffness of xy, yz, xz planes at arbitrary resilient mount /. Synthesized

f

dynamic forces from 0.5" to 12" Sei Sy S, in x, y and zdirections of resilient
mount / can be written as
S...==(|s
sx,f"'E( xmax,i‘+Sxmiu,iI) (2.13&)
- ]' S
S =5 Sy mwnal +[Symin ) (2.13b)
|
See.t = 2 ([S s | #[S: i) (2.130)
where S, o s Symeis Sema s ar€ the maximum valves and S, .0 Sy min s Semin,;  3T€ the

minimum valves in x, y, z directions at arbitrary resilient mount / during two revolutions of

crank shaft(720 degrees).

Even through the phase angles of maximum values in x, y and z direction is are equal, in the

worst case, the synthesized dynamic force S, of three directions of resilient mount ican be

14



written as

S,, =82, +82,+5%, (2.14)

2.4 Exciting force and moment in diesel engine
Figure 10 shows the force transmission mechanism in one cylinder of an internal combustion

engine. The force F can be split into a force in the direction of be connecting rod F., and a

horizontal force Fg. Here

F.= £ (2.15)
cosd

where F is F,+Fy,, and F, is the force generated by combustion pressure within the
cylinder, and F,, is the inertia force generated by the reciprocating masses of the piston and

part of the connecting rod. Furthermore, the tangential component of the force F, is

F, =F, -sin(6 + &) (2.16)
F,

and Hpy =—F 2.17)
AC

where H,;is the tangential harmonic coefficient (N/mm?) for torsional vibration calculations

and is provided by the engine manufacturer or it can be obtained by the measurements of the
combustion pressure within the cylinder. 4. is the section area of the cylinder (% D*and D
is the cylinder bore (mm). Again, referring to figure 10

F, =F, -cos(8 +6) (2.18)

15



and Hpy == (2.19)

|y

Figure 10. Guide force of crankshaft and connection rod
in one cylinder of internal combustion engine

where H,,, is the radial harmonic coefficient (N/mm?) for axial vibration calculations and it is
provided by the engine manufacturer or it can be obtained by the measurement of the combustion
pressure within the cylinder. The guide force and H-type guide force moment in one cylinder of

the internal combustion engine shown in figure {1, F, and M are defined by

Fy=F-tané
=F.sind (2.20)
_ siné
T sin(6 + )
M.=F-Z
=F,-(L-cosd +r-cosf)
(L-sind =r-sinf) @21)

(sin@-cosd +cosf -sind)

=F;.r
$ sind

=F.r

16



For the total H-type guide force moment of k™ order with » cylinders, equation (2.21) can be

written as

My :ZHTNG, v Ae 'r'Sin{k(6+ae,i)+ﬁe,k} (2.22)

i=1

"""—--._.____

——
"‘h-_'-‘—-
Leve! of ¢ -
.
_ ankshaf Centralina ad [
\ |
] _ |
Vi P i .
7 4 Y s .:-:‘*
- / f / ]
Force e =
ore I 4.
| H-type X-type
1st order 2nd order guide force 40 force
moment moment  mMoment moment.

Figure 11. Force and moment of multi-cylinder diesel engine

where % is the harmonic order, » is the numbers of cylinder, #(m) is half the stroke, &,
is the initial crank angle at cylinder i, and Hp,, is the k™ order tangential harmonic
cocfficient and f, , is the phase angle of the & order tangential harmonic coefficient.

. . n 3 .
In even crank angle four stroke engines & 1is 5 A, —5—, 27, e or in even crank angle of two

stroke engines & is n,2n,3n,....... , and equation (2.22) can be rewritten as

17



M, (M, ina directionin figure 9)=n-Hp,  -A.-r-sinlk-8+5,,) (223)

Combining equations (2.17) and (2.20), the total X-type guide force moment of ™ order in
figure 11 and 12 is determined by [®

My =Y F,-sintk@+a, )+ f,)] 2.24)

i=l

sind
T sin(@ + &)

A, -sinf
= £ PR, :
{sin@-(1- A4, -sin@°)+cosé- 4, -sinG} (2.25)
ST I A
(1- 2, -sinf" + 4, -cosf)
=4, F 4,

where L is the length of the connecting rod, 4, is —f:-, 4, = — 1
L (1-A4; -sin@” + 4, -cosB)

) and

I, is the longitudinal distance of cylinder i/ from the engine centre in the x direction.

Using equation (2.25), equation (2.24) can be rewritten as

My (M, inydirectionin figure 9)=24,-H,. -4, -le sinfk(@+a, )+ B,;}  (2.26)
i=1

™

Nin-1 2 1
TanWa s n W Lo W Wan Waan
T W PR
b
1 Fy
A !

Figure 12. X-type guide force moment for internal combustion engine
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Figure 13 shows the factor 4, when 4, is 0.25 (the value of the test model engine in this

report), and it is convenient to use the average value for the X-type guide force moment

calculation.

1.3

12~

1A

A facor

Figure 13. A, factor of 9L28/32 engine in X-moment calculation

The vertical and horizontal unbalance forces in one cylinder of the internal combustion engine,

F, and F, are defined by

F,=m.-r o -sin@ (2.27)

F, =mg r -0 -cos0+my, -r-a° (cosd + 4, - cos20) (2.28)

where m,. is the unbalanced mass of the crank throw and connecting rod, mp,, is the
reciprocating mass of the piston and connecting rod and @ is the angular velocity of the crank
shaft. Separating forces of 1% and 2™ order components, equation (2.27) and (2.28) can be

rewritten as
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Fo =m.r @ -sind (2.29)
F,, =(m, +my,)-r-@° -cosd (2.30)

F,, =My, r-a’ 2, -cos28 (2.31)

The 1* horizontal, and 1% and 2™ vertical forces in the internal combustion engine with »

cylinders, F,,, Fy,, and Fg, are defined by

Fy (F,in y directionin figure9)=mg-r 0’ -Zsin(ﬂ-»‘-ae,,.) (2.32)

i=1

Fy,(F, in y directionin figure9)=(mg +myg)-r-o- D cos(@+a, ) (2.33)

i=1

Fy,(F, inz directionin figure9)=my, -r-&* -2,y cos2(@+a,,)  (2.34)

i=1

Figure 14. External force for a cylinder engine
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The 1™ horizontal, 1% and 2™ vertical unbalance moment in the internal combustion engine with

n cylinders, M, ,and M, and M, aredefined by

Mg, (M, iny directionin figure 9)=m. -r -0 -Zl,. sin(f+ e, ;) (2.35)

i=1

Mgy, (M, in B directionin figure )= (me +my) r-0’ - I -cos(@+a,,) (2.36)

=l

Mg, (M, of B directionin figure9)=my, r-@>-4,-) I;-cos2(@+a,,) (237

i=]

2.5 Design evaluation for mechanical vibration of marine diesel engine generator
The measuring point and vibration level recommended by ISO 117145 shown in Figure 15 and 16

respectively. This guidance is not a quantitative analysis method.

4
¢ 5
Sy
a
?

&
&

Figure 15. Vibration measuring positions recommended by 1SO 8528-9
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In view of the secondary vibration of the structure in the hull deck and the Jifetime of resilient
mounts, it is important to evaluate the dynamic force and elastic potential energy stored from the
resilient mounts. Thus a method is proposed as follows.

The ratio of the dynamic force to the total weight using equation (2.14) in engine operation mode

p (see table 4) can be written as

ZSs,i
DFRI , = i=l (238)

The weighted dynamic force ratio can be rewritten as

DFR, =22 (2.39)

where #, is total number of the engine operation modes and wr, is the weighting factor

in engine operation mode p.
In this report we propose that the vibration activity of the engine and supports is measured by
a single number that is related to the elastic potential energy stored in the resilient mounts. This

number is referenced to as the elastic potential energy index(or activity index) and is defined by

N, 24 . rom
RN EONONC o LI LA iHD 1 S S I DAL
i=1 =1 +hy * 15 J’f2 ¥ by nhy

where rpm is engine speed(revolution per min) and -JZ':- is the order for vibration. This index is

related to the maximum energy that might be stored the mounts. The actual energy is also related

e L J
X LT z, i, =
2 Fiy 2

to the phase of the response harmonics of D ,, D D | the index represents a “worst

case” behaviour. If X, K, ,K, arezeroin equation (2.12), equation (2.40) can be rewritten as

23



2 2 2
1 n, 24
EPE, ,=—>> (X (Koi-lv , | +K, |v , | +K_,-[v , | ) 4]
’ 47[ =1 g ! x, i, = rms ’ y,i,irms ’ z i,%rm.\'
where v , , v , , v , are the velocity amplitudes(root mean square) for x, y and
x,i,vzwrms y,J,Erms z,i,Erms

z directions in resilient mount i. The elastic potential energy index as a sum of cross sectional

area in the resilient mounts in engine operation mode p (see table 4) can be written as

EPE,
EPE, , =—=* (2.42)

r

where A is the sum of cross sectional area in the resilient mounts. The elastic potential energy

index to weighting factor can be written as

> EPE, ,-wt,
EPE, =£= (2.43)

g
S,

p=t

The classification method of four stroke diesel engine generator for marine vessels is shown in
Table 3. The weighting factor for engine operation mode based on the authors’ experience is
shown in Table 4 and these may be changed according to the use, purpose and frequency of the
ship. It is desirable that the dynamic force ratio at the peak resonance point at medium engine
speed with normal firing as shown in table 4 does not exceed 20 % based on authors’ experience.
The elastic potential energy index of the resilient mount should be discussed and decided with the
manufacturer. For different engines the weighted average value of dynamic force ratio and elastic
potential energy index for optimum design can be compared and should be designed to be as

small as possible.
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Table 3 Classification of four stroke marine diesel engines

based on maximum continuous rating

Classification Engine speed range(rpm)
Low speed(A) Below 599

Medium speed(B) 600~999

High speed(C) Above 1,000

Table 4 Weighting factor for mechanical vibration evaluation

) i .. Operation range Weighting
No. Cylinder firing condition .
for engine speed factor

. Normal firing and generator full load| from 90 to 110 % of L0
with 10 % uneven firing(P1) synchronized speed

5 One cylinder misfiring and generator| from 90 to 110 % of 0.5
70% load(P2) synchronized speed

3 Normal firing and generator no load | from minimum revolution to 0.5
with 25 % uneven firing(P3) 110 % of synchronized speed

4 One cylinder misfiring and generator] from minimum revolution to 0.25

no load (P4)

110 % of synchronized speed
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3. THEORETICAL VIBRATION ANALYSIS FOR TEST MODEL
3.1 Free vibration
The marine diesel engine generator of a 5,500TEU container vessel was selected as a vibration

analysis and test model. The specification of the engine, bedplate and generator are shown in

Table 5. The moments of inertia are [ 20,697 kg.m®, 7, 250,080 kg.m’, I, 240,010 kgm’

and [, =1I_.=1,=0.The main exciting moments at full load and synchronized speed are 1%

order vertical(My)=24.3, 1% order transverse(M)=12.1, 2% order vertical(Myz)=11.3, 4.5°
order H-type guide force moment=22.6 and 9% order H-type guide force moment= 4.3 kN-m. The
resilient mount arrangement is shown in figure 17. The natural frequencies and relative vibration
modes are shown in table 6. The right and left resilient mount rows from the centre line are
designed and installed in a symmetrical arrangement. However the turbocharger bellows is
connected with one point of non-symmetry. Even though the vibration of the y direction (No.1}
is mainly coupled with « direction and other directions have a very small couple effect by the
stiffness of turbocharger bellows. Otherwise the vibration mode of S (No.2), x(No. 5) and
o (No. 6) directions is coupled with the x, Sand y direction each other. And if the effect of

the turbocharger bellows is neglected, the vibration mode of z(No.2) and y(No.4) are not

coupled in any direction.
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Table 5 Specification of test engine model

Type 9L.28/32
Cylinder bore 280 mm
Stroke 320 mm
Power 2,540 hp
Mean indicated 21.3 bar(full load)
Diesel pressure 2.0 bar(no load)
engine Reciprocating mass 87.8 kg/cyl.
Firing order 1-5-9-3-6-8-2-4-7
Conn. ratio(r/1) 0.25
No. of cylinder 9
Idling speed 180 rpm
Weight 34,000 kg(dry)
Breadth 1,700 mm
Common Height 685 mm
bed Total length 7,360 mm
Weight 2,150 kg
Synchronized speed 720 rpm
Generator M.O.I (rotor) 328.95 kg'm”
Weight 2,425 kg
No. of poles 10
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Figure 17. The resilient mount arrangement for 9L.28/32 engine generator(Unit: mm)
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Table 6. Natural frequencies and vibration modes for marine diesel engine generator

Natural Relative amplitude(mm and mrad)
No. | frequencies

(cycle/min) * Y z a B 4

24502 (y) | -0.00228| 1.00000| -0.01600} -0.79071| -0.00178| 0.00728
329.36 (B) | 1.00000| 0.00640| -0.00795| -0.00348; 0.53925| -0.00214
404.14(z) | 0.00451| 0.00148| 1.00000| -0.00038| 0.00115; 0.00000
461.54 (¥) | 0.00350| -0.03487| 0.00000| 0.01035| 0.00272| 1.00000
526.20 (x) 1.00000| -0.00118| -0.00238| -0.00039| -0.33517} 0.00028
862.76 () | 0.00010| 0.36200{ -0.0036| 1.00000| -0.00027| 0.00149

|| e|lw|lol—

3.2 Forced vibration

The forced vibration calculation Was performed for the four cases shown in table 4. The major
exciting sources in the test model engine are 1%, 21 order unbalance moments and 4.5™ order H-
type guide force moment. The velocity amplitudes of major points with all of the cylinders firing
normally and for a generator full load condition at synchronized speed are shown in table 7. The
velocity amplitudes compared to the ISO 8528-9 guide line are small. Detailed calculation results
of resilient mounts right No.1, No. 4, No.5, No.6 and engine top-fore, top-aft for above 4 cases
are shown in appendix A figures A1~A24. The total dynamic force( DFR, ) for the four cases of
table 4 are shown in table 8. The total value is 7.5% and evenly affected by all modes of engine
operation. Detailed calculation results for dynamic force are shown in appendix A figures
A25~A32. The total elastic potential energy index for the four cases of table 4 is shown in table 9.
The total value is 13.56 kW/m?. It is mainly effected by the 4.5" resonance due to the H-type
guide force moment in operation mode P3 and P4. Detailed calculation results for the dynamic

force are shown in appendix A figures A33~A40.
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Table 7. The velocity amplitudes at full load and synchronized speed(unit : mm/s)

Position Direction 1* order 1.5% order | 2™ order 4.5™ order
X 1.3 0.0 0.0 0.0
Center of gravity y 0.7 0.2 0.0 0.1
z 0.0 0.0 0.0 0.0
- x 4.0 0.0 0.3 0.0
Resilient mount
] ) Y 4.4 1.0 0.3 32
right No. 1
z 6.1 0.7 0.9 2.5
» x 4.0 0.0 0.3 0.0
Resilient mount
) y 1.5 1.0 0.3 32
right No. 4
z 1.5 0.7 0.3 2.5
X 4.9 0.0 0.8 0.0
Turbocharger
y 4.1 2.1 0.8 8.3
bellows
z 8.8 0.9 1.5 3.6
. x 1.0 0.0 0.2 0.0
Engine top-fore
. y 3.7 0.5 0.2 2.6
(exhaust side)
z 7.3 0.6 1.2 2.2
) x 1.0 0.0 0.2 0.0
Engine top-aft
. Y 1.4 0.5 0.2 2.6
{exhaust side)
z 23 0.6 0.4 2.2
Table 8. Total dynamic force(ratio to weight)
) o DFR, ,-wi,
Operation mode Dynamic Weighting - X 100(%)
(In table 4) force( DFR, , ) | factor(wr,) Z wi,
=1
Pl 0.042 1.00 2.1
P2 0.135 0.25 1.7
P3 0.066 0.5 1.7
P4 0.161 0.25 2.0
Summation( DFR,) - 2 7.5
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Table 9. Total elastic potential energy index(kW/m?)

i ) o EPE, ,-wt
Operation mode Elastic potential Weighting -~ £
(In table 4) energy index( EPE, ) | factor(wi,) Z wi,
p=l
P1 3.53 1.00 1.77
P2 29.85 0.25 3.73
P3 15.40 0.5 3.85
P4 33.71 0.25 4.21
Summation( EPE) - - 13.56
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4. Validation of analytical models

4.1 Qutline for vibration test

A schematic diagram and pictures of the mechanical vibration and structure-borne noise
measurement set up are shown in figures 18~20. A total of six accelerometers and two signal
conditioners were installed at x, y and z direction of resilient mount number 1 and 4. An optical
sensing tachometer was located at the free end of the generator shaft. The speed of the generator
engine on board ship could not be controlled by the governor. To investigate the resonances of the
diesel engin; gencrator with resilient rubber mounts the engine was started and stopped
repeatedly. Then all of the signals via A/D converter with sampling rate of 2048 samples/second
were stored in a laptop computer. The structure-bome noise and mechanical vibration at
synchronized generator speed of 720 rpm were measured by a portable 2 channel FFT analyzer
type DI 2200. Signal analysis of the stored vibration signals was performed by two methods.
Firstly, spectral analysis was performed on the stored digital data using a 16384-point FFT, a
Hanning window with 75% overlap and power spectrum averaging. Secondly, order analysis for
engine speed was performed on the stored digital data using a Discrete Fourier Transform by two

revolution intervals.
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b) Structure-borne noise measurement

a} Global vibration measurement I
Or local vibration measurement

{for investigation of hatural frequencies})

Measuring point 2 Measuring point 1 Accelerometer
Accelerometer{X, V, 2} Accelerometer(x, v, Z} {engine & Hull side)
Tachometer] | j |
| Signal conditioner| Signal conditioner| FFT Analyser
I
FFT Analyser (Dt 2200)
{D1 2200)

Laptop

Figure 18. Schematic diagrams for mechanical vibration and structure-borne noise measurement.

Figure 19. Overview for test(9L.28/32) engine with resilient mounts
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Figure 20. Accelerometers attached at resilient mounts right No. 4

4.2 Natural frequencies

Figure 21 shows engine speed during the diesel generator start-up with fuel injection. Natural
frequencies from measured data could not be confirmed in this short time. Figure 22~23 show the
1% order vibration of the resilient mounts in horizontal-transverse (v ). Figure 24~25 show the
4.5% order vibration of resilient mounts in horizontal-transverse. The large vibration near 600 rpm
in figure 25 may be due to torsional vibration, Figure 26 shows engine speed during the run-down
of the diesel generator with the fuel cut-off and the run-down time was long compared to that of
the run-up. The natural frequencies of body vibration for the diesel engine generator can be
determined from these data. Figure 27 show the 1% order velocity amplitudes in horizontal-
transverse direction. Figure 28~29 show the 45" order velocity amplitudes in the horizontal-
transverse direction. The vibration peaks (H-type mode) of two resilient mount points near 230

rpm have the same amplitudes and two peaks(flexible mode)!'® near 340 rpm have different

33



amplitudes. The H-type mode and the flexible mode of vibration can be distinguished from these
results. Figures 30~35 show the contour results by FFT analysis. Table 10 shows comparison
table of calculation and measurement result and these correspond well with the calculation of the

engine’s elastic foundation.

Table 10. Comparison of calculation and measurement of natural frequencies
for mechanical vibration of diesel engine generator.

Natural frequencies (Cycle per min)
Node Vibration Calculation Calculation
direction (rigid) (engine’s elastic Measured
& foundation)

Ist y 250.25 245.02 255.0(4.25Hz)
2nd [ (y-rotation) 336.93 329.36 329.4(5.49 Hz)
3rd Z 416.00 404.14 404.6(6.70 Hz)
4th ¥ (z-rotation) 461.54 461.54 450.0(7.5 Hz)
5th X 529.33 526.20 495.0(8.25 Hz)
6th ¢ (x-rotation) 868.08 862.76| 997.345(14.08 Hz)

Flexible mode Struc-ture | 1544.58(25.74 Hz)
of common bed torsion
800
700
600 -
£ 500
g 400 —
% 300 ]
b ]
200 - i"‘
100 - ,,—-//
0 T T T T 1 T T T T T ; J | T T
2 4 6 8 10 12 14 16 18 20

Time(sec)

Figure 21. Engine speed-time curve during the run-up of engine with fuel injection
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Figure 22. The 1% order velocity amplitude in horizontal-transverse direction of resilient mount
right No.1(Measuring point 1) during the run-up of engine
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Figure 23. The 1¥ order velocity amplitude in horizontal-transverse direction of resilient mount
right No. 4(Measuring point 2) during the run-up of engine
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Figure 24. The 4.5® order velocity amplitude in horizontal-transverse direction of resilient mount
right No.(Measuring point 1) during the run-up of engine

10

Velocity amplitude{mm/s)
]
.,——‘

YA -'_:\M

0 T T T T T T T T T T
100 200 300 400 500 600
Engine speed(rpm)

800

Figure 25. The 4.5" order velocity amplitude in horizontal-transverse direction of resilient mount
right No. 4(Measuring point 2) during the run-up of engine
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Figure 26. Engine speed-time curve during the run-down of engine with fuel cut-oft
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Figure 27. The 1* order velocity amplitude in horizontal-transverse direction of resilient mount
right No. 1(Measuring point 1) during the run-down of engine with fuel cut-off
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Figure 28. The 4.5" order velocity amplitude in horizontal-transverse direction of resilient mount
right No. 1(Measuring point 1) during the run-down of engine with fuel cut-off
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Figure 29. The 4.5™ order velocity amplitude in horizontal-transverse direction of resilient mount
right No. 4(Measuring point 2) during the run-down of engine with fuel cut-off
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Figure 30. The acceleration amplitude in horizontal-transverse direction of resilient mount right

No. 1(Measuring point 1) during the run-down of engine with fuel cut-off engine stopping

i X

—

Figure 31. The acceleration amplitude in vertical direction of resilient mount right No.

1(Measuring point 1) during the run-down of engine with fuel cut-off
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Figure 32. The acceleration amplitude in longitudinal direction of resilient mount right No.
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Figure 33. The acceleration amplitude in horizontal-transverse direction of resilient mount right
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40



=L b gl

e

= T iy
= il e e

e e e il

=

Frequency[Hz]

g it e et

r el gy =
T e B S 2L

4(Measuring point 2) during the run-down of engine with fuel cut-off

Figure 34. The acceleration amplitude in vertical direction of resilient mount right No.
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4.3 Measurement results for mechanical vibration at synchronized speed

The mechanical vibration measured at synchronized speed and at 75% load condition is shown in
table 11. Detailed spectra are shown in appendix B figures B1~B24. The engine in rigid body
motion excited by torques of 4.5" and 9.0" order, unbalanced torques due to unequaled load of all
cylinders and unbalance moments of 1% and 2" order. However, the transverse vibration of 1.5"
order was dominant at the top of the engine and the mounts. The common bed of the test engine,
which has a long span of total length 7.36m may be vibrated by an X-type guide force moment
like a low speed 2-stroke diesel engine U6l The X-type guide force moments calculated from
tangential harmonic coefficients of this engine are shown in Figure 36. Note that the X-type
guide force moment of 1.5™ order is larger than other orders. The vibration patterns of other
orders (1%, 2™ and 4.5™) are similar to calculated results. The dynamic forces of resilient mounts
at 75% load and synchronized speed are shown in table 12. Here the measured dynamic forces
were calculated by the displacement amplitudes converted from table 11 and the phase angles of
1%, 1.5%, 2™ and 4.5™ amplitudes are assumed as in-phase. The total dynamic forces are 23%
greater than the calculated results due to 1.5 order vibration. The square values of velocity
amplitudes of the vibration on the top of the resilient mounts for the calculation of the elastic
potential energy index at 75% load and 720 rpm are shown in table 13. The total elastic potential
energy index at 75% load and synchronized speed is also increase 30.5% greater than the

calculated results due to 1.5™ order vibration.
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Table 11.  The velocity amplitudes at 75% load and synchronized speed(unit : mm/s)

1% order 1.5% order 2™ order 4.5" order
Position Direction
Measured | Calcutated | Measured | Caleulated | Measured | Caleulated | Measured | Calcutated
. X 4.1 4.0 0.4 0.0 1.1 0.3 0.5 0.0
Resilient mount
] y 0.9 4.2 5.6 0.7 0.9 0.2 3.2 2.8
right No. 1
z 4.1 6.1 0.4 0.5 1.0 1.0 0.5 2.2
.. X 3.6 4.0 0.7 0.0 0.7 03 0.4 0.0
Resilient mount
) y 0.1 1.0 4.1 0.7 0.8 0.2 2.8 2.8
right No. 4
z 34 1.4 2.0 0.5 1.0 02 1.5 2.2
. x 4.2 4.0 0.3 0.0 0.8 0.3 0.9 0.0
Resilient mount
. y 0.3 1.1 52 0.7 0.8 0.2 2.0 2.8
right No. 5
z 2.2 0.8 1.6 0.5 1.7 0.2 0.6 2.2
. X 4.4 4.0 1.0 0.7 0.6 0.3 1.2 0.0
Resilient mount
) b 2.1 33 0.6 0.7 1.0 0.2 1.4 2.8
right No. 6
z 6.8 7.1 2.9 0.5 1.7 1.1 0.3 2.2
. x 6.0 1.1 1.3 0.0 0.7 0.2 0.6 0.0
Engine top-fore
) Y 1.4 3.8 2.1 04 | 29 0.1 2.2 2.3
(Fuel pump side)
z 8.0 7.1 2.7 04 0.7 1.2 1.8 2.0
. X 6.3 1.1 0.8 00 | 20 0.2 0.3 0.0
Engine top-aft
) y 0.6 1.5 2.7 0.4 0.3 0.1 1.7 2.2
(Fuel pump side)
z 2.2 2.2 0.8 0.4 1.6 04 0.5 2.0
Table 12. The dynamic forces of resilient mounts
at 75% load and synchronized speed (unit : N)
Force Mount R. No. I | Mount R. No. 4 | Mount R. No. 5 | Mount R. No. 6
(direction) Measured | Calculated | Measured | Calcolated | Measured | Celculated | Measured | Calculated
S, (x) 580 469 523 469 585 469 656 469
S, (¥) 665 594 440 234 536 344 384 497
S, (z) 478 591 506 173 381 421 876 687
S, (Synthesis) 1004 962 856 524 880 718 1160 963
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Table 13. The square value of velocity amplitude of resilient mounts at 75% load and

synchronized speed (unit : mm?/s°)

. Mount K. Mount R. Mount R. Mount R. .
Square velocity No. 1 No. 4 No. 5 No. 6 Summation
0. 0. 0. 0.

(dlrectlon) Measured | Caleulated | Measured | Caleulated | Measared § Caiculated | Measured | Caleulated | Measured | Caloulated

vl (x) 184 | 16.1 | 141 [ 16.1 | 192 {16.1 | 222 | 169 | 73.9 | 65.2

vl (¥) |300 | 260 |253 | 94 318 | 96 | 106 | 7.3 |97.7 | 52.3

v (z) 18.2 | 433 | 18.8 7.1 | 10.7 58 | 75.0 | 563 | 122.7| 112.5

~ khN-m

1 2 3 4 5 8 7 8 8 10
[order]

Figure 36. X-type guide force moments of 91.28/32 generator engine at full load and
synchronized speed(720 rpm)

4.4 Measurement result for structure-borne noise at synchronized speed

The structure-borne noise in the x, y, z directions of the resilient mount(shown in figure 37)

upper part(engine side) and resilient mount lower part(hull side) is was measured at synchronous

speed and at 75 % generator load condition. The results of one-third octave band which were
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[1%]

measured using CIMAC(International council on combustion engines)’s recommendation ™ are

shown in table 14 and Appendix C figures C1~C24. As the results show, the vibration reduction
effects of resilient mounts are satisfactory for the transverse and longitudinal directions. However
its effect in the vertical direction is not good due to the flexibility of hull structure. In particular
the structure-borne noise level in the vertical direction between 100 and 250 Hz was increased by

the vertical resonance of the engine foundation.

A,

Figure 37 Picture of resilient mount

45



Table 14(a) Overall level and transmission loss for structure-borne noise
on the resilient mounts (Unit : dB ref.10™ m/s)

1/3 Octave band

. L. Engine Hull Reduction
Position Direction ) ) spectrum No.
Side(A) | side(B) (A-B) .
{Appendix C)

x (Longitudinal)} ; 129.1 110.5 18.6 Fig. C1 and C2

Mount right No. 1 | y (Transverse) 133.4 121.8 11.7 Fig. C3 and C4
z (Vertical) 132.9 120.5 124 Fig. C5 and C6
x (Longitudinal) | 127.1 106.9 20.2 Fig. C7 and C8

Mount right No. 4 | y (Transverse) 132.8 121.6 11.2 Fig. C9 and C10
z (Vertical) 135.8 122.3 13.5 Fig. Cl11 and C12
x (Longitudinal) | 126.8 108.5 18.3 Fig. C13 and C14

Mount right No. 5 | y (Transverse) 129.8 | 1236 6.2 Fig. C15 and C16
z (Vertical) 131.8 125.2 6.6 Fig. C17 and C18
x{Longitudinal) | 126.6 110.2 16.4 Fig. C19 and C20

Mount right No. 6 | vy (Transverse) 131.3 119.3 12.0 Fig. C21 and C22
z (Vertical) 1314 121.1 10.2 Fig. C23 and C24

Table 14(b) Level and transmission loss between 100 Hz and 250 Hz for structure-borne

noise on the resilient mounts (Unit : dB ref. 10 m/s)

1/3 Octave band

.\ . Engine Hull | Reduction

Position Direction Side(A) | side(B) (A-B) Z};;(;Jt;ﬁgi\l&

x (Longitudinal) | 118.4 101.9 16.5 Fig. C1 and C2

Mount right No. 1 | y (Transverse) 123.7 117.6 6.1 Fig. C3 and C4

z (Vertical) 122.1 117.3 4.8 Fig. C5 and C6

x (Longitudinal) | 112.6 93.7 18.9 Fig. C7 and C8
Mount right No. 4 | y (Transverse) 119.1 115.6 35 Fig. C9 and C10
z (Vertical) 119.9 115.8 4.1 Fig. C1l and C12
x (Longitudinal) | 114.4 94.3 20.1 Fig. C13 and C14
Mount right No. 5 | y (Transverse) 117.9 120.4 -2.5 Fig. C15 and C16
z (Vertical) 113.6 117.7 -4.1 Fig. C17 and C18
x (Longitudinal) | 117.4 102.3 14.9 Fig. C19 and C20
Mount right No. 6 | y (Transverse) 1159 114.3 1.6 Fig. C21 and C22
z (Vertical) 113.5 114.8 -1.3 Fig. C23 and C24
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5. CONCLUSIONS

The dynamic behaviour and transmission of structure-borne noise of a marine diesel engine

generator supported using resilient mounts on a 5500 TUE container vessel have been

investigated in this report. A theoretical analysis of this installation was performed by using a 6

degree of freedom simplified rigid body installation. Actual measurements of mechanical

vibration of engine and structure-bone noise of the engine foundation on board were carried out

to verify these. The main findings can be summarized as follows.

Y

2)

3)

The calculated natural frequencies of a one-mass-6-degree freedom simplified rigid body
model, excluding the elastic effect of engine foundation correspond reasonably well with
the measured results. However the 1.5™ order flexible twisting vibration mode of the
common bed by twisting was unexpectedly measured and its forced response was
dominant at synchronized speed of 720 rpm. So, the flexible mode of vibration of a
common bed of a marine diesel engine generator, unlike the propulsion engine should be
carefully investigated in the design stage.

The design criteria for a marine diesel engine generator may only be approximately
specified in terms of the magnitude of mechanical vibration of the engine. However, this
method is not satisfactory for a marine diesel engine generator with a resilient mount
system. A new approach has been proposed which is to estimate the total dynamic force
transmitted to the supporting structure and potential elastic energy index stored in the
resilient mounts.

If the vertical vibration resonances of the engine foundation coincide with the rotational
modes of 0.5™, 1%, 1.57 ... times the excitation of the cylinder number at the synchronous
speed of the generator, the structure-borne noise transmitted to the engine foundation may
rapidly increase. As a countermeasure, these resonances should be avoided by the

modifying the engine’s foundation or changing the numbers of engine cylinders.
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