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ABSTRACT

Diesel invented the compression-ignition engine in 1892. Since that
time these engines have continued to develop as our knowledge of
engine processes has increased. So, nowadays they play a dominant
role in the fields of automobiles, ships and some prime movers. But
now worldwide concerns with global climate and environmental
protection changed the trend of diesel engine researches to solve the
problems how to reduce the pollutant emissions from diesel engines
to meet the restrict emission regulations by the IMO(International
M aritime Organization).

There are several method that reduce the emission. First of all,
the fuel injection system of a diesel engine has taken more
important place in understanding of diesel combustion process with
combustion chamber, and has taken one of the most important part
to prevent environmental pollution by exhaust gas from diesel
engine. From this point of view, many investigations have been
carried out to solve this problem, such as adopting higher injection
pressure and shortening the injection duration by the higher
injection rate, etc. Owing to this effort there are considerable
improvement to solve pending issues.

But these researches are mainly on the high speed diesel engine

or spark ignition engine, therefore it is worth while to study the



low speed diesel engine for ship's use to compare the results which
was well known for general trend by the previous researches.

In this study the analysis was carried out by simplifing and
modeling the injection phenomena and dividing into three parts
comprising of fuel injection pump, high pressure pipe and fuel
injection nozzle in the fuel injection system of a low speed diesel
engine. A computer simulation model was developed using the
Runge- kutta method to solve the equations for each part(fuel
injection pump, high pressure pipe and fuel injection nozzle) and the
method of characteristics to analyze the unsteady flow in the fuel
injection system considering cavitation and variation of fuel density
and bulk modulus. Applied was the constant pressure condition at
the nodes in the high pressure pipe.

Comparison was commenced between the calculated data and
experimental data of pressure and injection quantity at the fuel oil
distributor in fuel injection system for the training ship hanara. In
the work presented here, the results of a new model which was
developed about low speed diesel engine was similar trend to earlist
works in the high speed engines. Simulation results about the effect
of the high pressure pipe diameter, length, sac volume and efflux

coefficient was also analyzed.
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NOMENCLATURE

Area (cm2

First section of Pipe.
Last section of Pipe.
First section of Pipe.
Last section of Pipe.

Efflux coefficient

Diameter of high pressure pipe (cm)
Initial force (Kgf)

Bulk modulus of fuel oil (Kgf/cm2
Stiffness of spring (Kgf/cm)

Mass (Kgf- s2Zcm)

Pressure (Kgf/cm2

Volumetric flow rate (cm3s)
Reynolds number

Velocity (cm/s)

Volume (cm3

Lift (cm)

Velocity of wave propagation (cm/s)

Darcy- W eisbach friction factor (s-1)



g . Gravitational constant (cm/s2

t : Time (s)
X © position
©0 : Fluid density (Kgf- s2Zm4

g : Angle (deg.)

A . Damping coefficient (Kgf- s/cm2

Subscript

A B,C,R,S,P : Points of x- t Plane

N . Number of grid in pipe
NS N+ 1
cyl : Combustion chamber
e :  Cavitation
P . Spill port
h : Nozzle hole

I . High pressure pipe

lig : Liquid
n . Needle
no : Area of nozzle valve opening
u . Plunger
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Sac chamber

V apor

Section of j grid at | time for pipe

Section of j grid at P time for pipe (P = + At)
Section of j grid at time for pipe

Section of j grid at P time for pipe (P =+ At)
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P

39

N Ox



, Soot

Soot

N Ox

N Ox Soot (Trade off)

N Ox Soot

EM S(Engine Monitoring System)



99



2.1

Fig.2- 1

(Pipe ) (Pipe )

2.2

(1) 1

(2)

(3)
(4)
(5)
(Spill port)



1. Fuel cam
2. Plunger

3. Spill port
4. Intake port
5. Slide valve

6. Delivery chamber

10.

11.

Oil distributor
Nozzle spring
Nozzle chamber
Nozzle needle valve

Sac chamber

Fig. 2-1 Schematic diagram of fuel injection system



2.3

2.3.1
A UU u
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(Sac Chamber) ,
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(2)
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(An' Asc)Pn AscPsc
F.,
AUn koL,
du, 1
dt = M ((An' Asc)Pn+ AscPsc' I:n' knLn' ;ann) (23)
(3) (Sac Chamber)
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(1)

Px fv
Ly = VWV Vs —2|D—L= 0

(2)

L, = Vpe+ p+ ga’Vv,= 0

—p VIV

(2.5)

(2.6)

2D
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VIV _
*—p -0
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(2.8) A
_ 1
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dx
—_ = —+
(2.8) G=Via
(2.7)
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it " ea at > - 0°
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(2.9)
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v, 1 dp, fV|V]_

it ¥ oa at "> - ° (2.12)
dx _
at - V+a (2.13)
dv. 1 dp . fV|V]_
dt oa dtT 2> - © (2.14)
A
G- V- a (2.15)
(2.12) (2.14) x- t plane , (2.12)
(2.13) . (2.14) (2.15)
(V) (x) (t) x- 1
(V)
(a)
Fig.2- 2 —j’tx—
At(V+ a)<dx
Fig.2- 2 P , t= to
A, B, C A, B B, C R
S t= tot+ At

(2.12)  (2.14)



t A Pipe. | » e Pipe. 1l >

2At
P‘
Ml Yoo e[ A~ [~
t=0 ARB SC Ns | xT
x=0
Ax

Fig. 2- 2 Characteristic lines in the xt plane.

Fig.2- 3 (Constant pressure)

Fig. 2-3 Schematic of a branching connection
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2.3.4

(1) ( B1)
Fig.2- 4 B1
(2.16) Po .
) (2.18)
1 fdt
Pp 1= ao(Vp 1= Vst ap Pst+ D VsiVsl)

v, ,1=J 2(Pu-pPp )

1 fdt
Vp 1= Vgt ap(PP 1- Ps)- WVS|VS|

dt
Via- aW(V 11m Vi2)

V=
dt
1- dx (Vl,l_ VI,Z)

dt
Ps= Py 1+ W(Vs' a)(Py1- Py o)

(2) ( B2
B2 (2.21), (2.22)
(2.23)
1 fdt
Pp ns= ao(Vgt a_pPR' WVRlle' Ve ns)
2(Pp ns- P ons)
v, ’st\/ P NSp NS
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(2.20)
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1 fdt 1
Ve ns= Vgr*t Pr

ap - 2D, VR|VR|' a_pPP , NS (2-23)
Vi ns- a%(VI,NS' Vi)
V= at (2.24)
1+ W(Vl,Ns' Vi)
_ dt
Pr= P ns- W(VR"' a)(Pyns- Pin) (2.25)
(3) ( B3
B3 (Constant Pressure)
Pep 1= Pp ns (2.26)
Qp 1= Qp ,NS/ 2 (2.27)
(4) ( B4
Fig.2- 4 B4 (2.29)
(2.28) Pep 1
) (2.30)
8.
1 fdt
Pp ns= ao(V g+ a_pPR' WVR VrI) (2.28)
2(P - P
Vv, ,NS=¢ (Pp ns N) (2.29)
o
1 fdt 1
Vp ns= Vgt a_pPR' WVRlle' a_pPP NS (2.30)
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Vo= — (2.31)
1+ W(V ns Vo)
_ dt
Pr=P s W(VR-'- a)(P ns- P W) (2.32)
NOZZLE
F.O pump

MOZILE

Fig. 2-4 Branching system with fuel pump and nozzle.

2.3.5
(1) ,
0= 0o(1+ aP- bP?)
K=-V g\/P - 1+aa-lpéth>)P2
Qo )
R.S. Dow C.E. Fink 9
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(2)

Darch- W eisbach

f = g_‘é (2.35)
f = 0.00019064 Re%®*"® (2.36)
f = 0.3164 Re” *® (2.37)
(3)
(Cavity)
Oer
Ke
M
0e= o+ (2:38)
K = K vap (2.39)
€ 1+ [ (Kyap- Kiig)/ Kyigl/ VL
V0 = _Plia” Pe (2.40)
xOqu' xOvap
oi & R Y Y
Ke
VL pvapgpegpliq
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VL . VL

V0L >1 VL= 1, 0= g
VL <0 VL= 0, 0e= 0Oyap
(4) (Spill port)

1)

i
! BPILL PORT

.
N\

——

sP0

Fig. 2-5 The area of spill port closing

H (2.44) (XLP)

RPM (SPC) ,
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H = (XLP- SPC)*coxx

_ SPD SPD
COS¢ - ( 2 H)/( 2 )
_ SPD _.
B = 5 sing
H- SPD/2 O (2.42) (2.43)
_ V) 2 SPD
Ag = 7 SPD“+ B — 5 cos ¢
H- SPD/2 O SPD (2.45)

_ SPD _SPD
cosg = (H- ——)/ (%)

B = [H- LZD] tan ¢

SPD

- 9 2_
Ag = 4 SPD“- B 5 cos ¢
H = SPD/2
T 2
Ag g SPD
2)
Fig.2- 6 H
(ES) (2.49) ,
10

H= [XLP- (ES+ SPD+ SPC)] cosj

H SPD / 2
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(2.42)

(2.43)

(2.44)

(2.46)

(2.45)

(2.46)

(2.47)

(2.48)

(XLP),

(2.49)



A,= - spp2- B SPD/2 cos ¢

7 4
H SPD / 2
A o= ”—'4‘75 SPD’+ B SPD/2 cos¢
H= SPD/2
A 4= — SPD’

WHEN SPILL PORT 15

ABOUT TO CII-"LI,‘-.I.

il e i |Es

WHEN SPILL PORT I5

JUST FULLY CLOSED

i

B3

EFFECTIVE
STROKE

Fig. 2-6 T he area of spill port opening

(after the effective stroke)
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(5) Nozzle
Fig2-7 AL ) AZQ

Saeat
Fassage

Fig. 2-7 The flow area through nozzle

A,= x(d+ 0.5Y,sin(26,) Y, cosb,) (2.53)
A, = 7z [d,+ %cosz(ﬁz)— 0.5(Y ,+ %tanﬁl)-

. d;- dy .

sin(28,)] < [Y ,- —z(tanﬁl— ctand,)] sind, (2.54)
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(6)

0.6
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0.4

Kgf/cm2

0.7
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2.4

Fig.2- 8

(1)

(2)

(3)

(4)

(5)

(Pipe )

t= t+ A
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Fig. 2-8 Flow chart




3.1

Data M.A.N.-B&W 6L

35MC

T able 2- 1 Specification of experimental apparatus

Equipments Items Dimension
Plunger diameter 28,5 mm
Fuel pump Plunger maximum lift 39.12 mm
Spill port diameter 25 mm
. Length 716 mm
. Pipe. i
High pressure Diameter 6.0 mm
i Length 892 mm
Pipe Pipe. i J
Diameter 4.0 mm
Diameter of needle large end 12.4 mm
Diameter of needle small end 6.5 mm
o Needle maximum lift 1.6 mm
Fuel injection valve ) i
Stiffness of spring 24.1 Kgf/mm
Opening pressure of needle valve| 300 Kgf/cm2
Sac volume 123 mm3

Fuel supply pressure : 8 Kgf/cm2
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3.2 VIT

3.2.1 .
Trua Lift

L
Cam
Fig. 3-1 Fuel cam profile

Fig.3-1
L a Lvert ,
(True lift) Fig.3-2

P e,
30 i 12
—_ i
E i
E .J a8
— i
£ 20 i
= i [=X
w )
o P
= i
R 0.4
o Flurger ift
.\1 -
== Pignger veksily e (2
s
- !
H = 0.0
3 T v T v T . T T
-t =1 &) 10 20 o

Crank angle (deg.)

F1g. 5- £ riunger 1t & velociLy

Plunger velogity (mfs)



3.2.2 VIT

Fig.3-3 (a) (Straight edge type)
, (b) VIT
. Fig.3-4
VIT
(Pmax) VIT
VIT
, 4500 PS
(Derating) 85%
BREA FOINT

MCH
A ; ;—

(a) (b)
Fig. 3-3 Straight edge Plunger(a) & VIT Plunger(b)
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MCR POINT

Prnax

A

BREAK POINT
Straight edge pump

WVIT fuel pump #

» | oad%

Fig. 3-4 Comparison of Pmax
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3.3

3.3.1

EM S(Engine M onitoring System)

PC
(History)
3.3.2 System

(Piezo- tron)
(Junction box) (Remote control

box)

(Acquistion card)

, TDC
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- [ALARM MONITORING SYSTEM |

RG-58c/U

SHIF'S COMPUTER |

RG-58c/U

Cable length = 2h
Cable length = 2M
Cable length = 20

MONITOR —L —

- [—1"" PRINTER

_..“._‘I_._.j_1
. HF

Keayboard 1
| Kevboard il |

!'13 i T T e «J\

REMOTE CONTROL BOX

MEAR P/C

ENGINE ROOM : :
JUNCGTION
B

Amp,

PIEZO-TROM
TYPE SENSOR

F.O
* I—
pump

e
=

NOZILE

DISTRIBUTOR

Fig. 3-5 Engine Monitering System(Data acquisition system)
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(Distributor)

4.1
Fig.4- 1
RPM
VIT
190 RPM

Kgf/cm2

4.2

Fig.4- 2, Fig4- 3, Figs- 4
RPM

EMS

(Distributor)

740 Kgf/cm2 , 160 RPM

RPM

3%

- 28 -

440



0.01°

Fig.4-5 RPM

(Fuel rack position)

(Rreak nnint)

RPK 190
- RPM 180
RPM 160

=

Pressure (kgficnt)

0 sl ; ,

=20 =10 o l 1:EI l 20 l a0
Crank angle {deg.)

Fig. 4-1 Experimental results of injection pressure

( at the distributor)
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| L Expearment
T~ 00 coeens Simulation
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=
(=
X
o
=
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ufl
o
o
0 T T X T T T J T X
=20 =10 o 10 20 0

Crank angle (deqg.)

F1g. 4- o5 comparison o1 simulated ana experimerital

results (RPM =180)



700 4

Expsnment

&S00 -
enaee Shrmulation

500

300

FPressure {Kgﬂcnﬁ

200

100 ~

o T T ' T J T r T T -
=0 =10 0 0 20 El
Crank angle (deg.)

FI1g. 4-4 CLomparison OT simulatea ana experimental

results (RPM =160)

26

—8— Experiment

3.2 - :
—--i—-- Simulation

20 =

Injection quantity (gfinjloye)

2.8 -

26 4

e &
A

22 y y T T T ¥ T T T
150 1560 170 150 180

RPM
Fi1g. 4-5 Comparison of simulated and experimental

results



4.3
4.3.1

Fig.4- 6 RPM Fig.4-7

800 -

—— RPM 180
——-—-RPM 170
ah PN - RPM 150

T00 <

Pressure (Kgffcm )

500
400
3Eﬂ—-
zm—-

100 -

=20 10 o I 1:3 I 20 I #
Crank angle (degq.)

Fl1g. 4-0 INnjecuoln pressure dti vdliious eryilie speeu

(at the distributor)



Injection rate I:KTUGCI‘HEMEQ.]

280

200

50

=20

——RPM 190
—==-RPM 170
coavis RPM 150

Crank angle {deq.)

Fig. 4-7 Injection rate at various engine speed

4.3.2

Fig.4- 8

Fig.4- 9
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Pressure (Kaffem )

£ 888

riy.

Injection rate (X1 D'E'c:rnalfdeg.]

B0~

0 ~

Length

1200 mm
200 e
00 mm

(RPM=180)

<+~ O L11TuL VI

T T T T T J T
12 0 0 ]

Crank angle (deg.)

LIIT 111yl PITOOUI © pIpC 1ciiytal

vl

injection pressure(at the nozzle chamber)

v

250
200~ Length
— 1200 mm
————— 900 mm
------ GO0 mm
190 (RPM=180)
100 |
50 4
0 T J T T 1 e ol
=20 10 o i o N
Crank angle({deg.)
- ~ —11rvuL w1 L9 I I 3 Illull PIUJJUI\' PIP\' Ibllu\.ll
injection rate



Fig.4-10  Fig.4- 11

1200

1000

Pressure (Kaffem )

200

00—

400

200 <

Crank angle (deg.)

Fig. 4- 10 Effect of the high pressure pipe diameter

on injection pressure (at the distributor)
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280

Diameter
— 2404 7 mm
H . P ||t & mm
f»?-l'j‘ 200 + R Pt 5 mm
E ,-""_'_JH—H_‘\\. : (RPM=180)
(& S J
T aan | ; 2 I—
=} : f
%
o 120 -
E b
T an-
O
i}
L ap
0 T T J T T e T J
=20 =10 o 10 20 0

Crank angle (deqg.)

Fi1g. 4- 11 £l1eClt Ol tne nign pressure pipe ailarmmeter

on injection rate

4.3.3 (Sac volume)

Fig.4- 12 Fig.4- 13



BOO
700 Sac chamber volurme
J 200 mm
B . 4 T it i et I s e 123 mm
E 1 -- &0 mm
= 500 R
o (RPNM=150)
E., -
@ 00—
: .
ﬁ 300 4
=
'8
200 =
100
o . . . . ¢ ; : : 2 .
=20 5] 4] 10 20 o

Crank angle (deg.)

Fig. 4- 12 Effect of the sac volume on injection pressure

(at the sac chamber)

240
Sac chamber volume
‘s 200 S e
B mim
= === 123 mm’
E 160 ~ o 50 mm
= (REMI=180)
X, 1204
&
m
= B0
2
-
w
= 404
0 . - - : - : . : . 1
=20 -10 4] 10 20 0

Crank angle (deg.)

Fig. 4- 13 Effect of the sac volume on injection rate



4.3.4

Fig.4- 14, Fig.4-15  Fig.4- 16

800 4
700 Efflux coefficient
] SR 05
600 4 S v ——= 04
E ] o D3
'“-S] 500 e (RPM=180)
E J
v 400
a 4
& 3004
o ]
200 -
100 -
o T T T T T
20 10 D 10 20 20

Crank angle (deg.)

Fig. 4- 14 Effect of the efflux coefficient for pipe

inlet on injection pressure
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240
—_ 1 — Efflux coefficient
T 2004 3 0.5
2 | R e N SRR I 0.4
B . R 1 X
ﬁ Lt (REM=180)
X ]
w120 o
© | .
c ;
o a0 3
k
g 5
= t
(=R ;
] ;
i
o T T T T 1 Y T L
20 A0 0 10 20 30

Crank angle (deg.)

Fig. 4- 15 Effect of the efflux coefficient for pipe

G.d -
3.6 -
RPM 180
1 L |
3.4+
3.2

3.0 -

Injection gquantity (g/inj/cyc)

28—

26

T T T T T
030 035 040 045 050
Efflux coefficient

Fig. 4- 16 Effect of the efflux coefficient for pipe

inlet on injection quantity
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3)

4)

(Sac volume)
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