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ABSTRACT

An Ana.lytlenl and Experimental Study on
Diesel Injectors Design o

\- Hiep Cong To | »

The objective of. this - thesis is to elaborate the methods to
improve the design and operatioxi of multi-hole fuel injectors for high

speed diesel engines. Optimizat

i i imization of such injectors “\involy WO
contradictory 'reqq{lirements. The first; {s to minimize the fuel injection

time period af‘ maximum enginél power without excessively increasing
the injection pressure. The second, is {o obtain 8 g<')od atomization bf
fuel injected at idling and at starting engine speeds without reducing
the injector ,;oriffces diameter which has been sized for high power

conditioﬁs. [

The first step was to develop an improy#d mathematical model
for the fuel injection system, and to calculate the fuel dlscharge
characteristics. Then, the simulation results. were compared with those
obtained" experim§entally. ‘The good agreement bet:ween calculated and
éxperimental results ;allowe}d to use this mathematical model. fér

further investigatibns.‘

In timization of the diesel injectors- at maximum power, a

. . procedure was applied involving ‘the use of a computenzed data

acquisition system. This procedure was found to have /mme advantages

in saving of computlng time and in increasing the accuracy of

v
P

calculations. -
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When studying the perfo}mance "of “diesel injectors at low engine

'speed the seat pressure factor which contributes significantly to. the :

injector dynamlc response, was introduced lnto the é%culatlons Several

tests were made to measure the seat pressure which allowed to

‘determine the flow coefficients at the nozzle seat cliamber and at the

orifices which were required for calculations. \

" In order to evaluate the injector’s behaviour, factors affecting th

dynamic . response of the injectoi' and the injector’s stability were

- studied. Thfz allowed to draw conclusions concermng the criteria
P

toward an i rovement in fuel atomuatlon at low engine speeds.

Finally, .a summary wag made, and recommendations were drawn

. 4
rtoward implementation of the conclusions into the diesel engine

technology. ' ‘ : (

|
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- diameter of delivery valve [m]
= nozzle seat inner dismeter [m]
= nozzle seat outer diameter [m]

== diameter of injector orifice [m] C

NOMENCLATURE

. == sound velocity in fluid [m/s]

- pi;;e‘ diameter [m]

= pipe wall thickness [m]

= fluid modulus of elasticity [Pa]

= effective stroke of pump plunger [m]

= empty volume [m®]

= fluid friction factor in imjection pipe

= cross-sectional area [m?]

= cross-sectional area of delivery valve [m?]
= flow area of delivery valve _[mz]
~ flow area of injector orifice [m®]
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- cross-sectional area of pump plunger [m2 ]
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= cross-sectional area of injector needle rod [m"]
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flow area of barrel spill port [m?]
cross-sectional area of injection pipe
at control surface I-I [m?]
éross-sect.fon'a.l“ area of injection pipe
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mass of injector needle rod [kg] -
pump speed [RPM]

fluid pressure [Pa]

-
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- atinosp}xeric pressure [Pa] . o
== pressure in bag chamber [Pa] !
== pressure in combustlon chamber [Pa]
= injector closing pressure [Pa] )
‘== pressure in delivery chamber [Pa] _ v
— amphtude of pa.ckward propagatmg pressure wave
at control surface L-I. [Pa] * . .
= amplitude of ~f'orwarc‘i propagating pressure wave -
at control surface I-I [Pa]
= residual pressure at control surface I-I [Pa]
" == ‘pressure in pump feeding chp.mber [Pa]
— p;'essure in injector chamber [Pa) )
" == amplitude of backward propagating pressure wave
at control surface II-1I [Pa] | | . -
- ‘ar'nplit'ude of forward propagating preésure wave o /
~ at control surface II-II [Pa] " // \
= residual pressure at control surface II-II [Pa] / 9y
== fluid pressure at the beginning of motion [Pa]» '/
.== injector opening pressure [Pa)] | ~ / |

== pressure in pumping chamber [Pa]
== pressure in norzle seat chamber [Pa] ‘

= total pressure force acting on injector needle, [N]

= bag pressure force [N]

= preload on delivery valve spring [N] p ‘ .

== injector pressure force ~[N]

= preload on injector spring [N]

= geat pressure force [N]
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/./ - P, = injector spring force [N]
/o q = ‘volumetric flow rate [m® /8]
// , q, = volumetric flow rate through injector orifices [m? /s]
‘ / ,. Gy, ‘== volumetric flow rate through ‘
. nozzle seat exit area [m®/s]
/ ) @, = volumetric' flow rate through ~
// L s , nozsle seat inlet area [m®/s] \/__\__'/__A
/- ) - Q = injected fuel dose [m® ]\,/—\\ T
| . - radius of barr‘e‘l spill port [m] .
R, = mechanical friction acting on delivery valve [N]
R, .. = mechanical friction acting on injector needle [N]
_ Rt = reétraction stroke of delivery valve [m]
t R = instanf, time [s) ‘ . ;\
v ¢« = fluid velocity [m/s]
Tvbl . amplitude of backward propagating velociiy wave _
| at control surface I-I [m/s] |
Vem = amphtude of backward propagatxng veloclty wave ;
| I .. at control surface II-II [m/s
| | | . Vav = velocity of dehvery valve [m/s
o ) - Vg = amplitude of forwa.rd propag ing veloclty wave
;o & . .  at control surface I-1 [m/s] .
| L = amplitude of forward propagétiqg velocity wave -
° L ‘ at control surface TI-II [m/s].
4 " ' % = velocnty of injector needle_ [m/s]
v,. = fluid velocity at the begmmng of motion [m/-s] S %
AR = velocity of pump plunger [m/s]

v = total fluid’ veloclty at control surface I-1 [m/l]
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total fluid velocity at control surface IIFII [m/s]

volume [m®]
volume of accumulator chamber [m?]
volume of bag chamber [m®]

volume of delivery chamber [m3] X

volume of injector chamber [m®]
volume of pumping chamber [m’]
retraction volume of delivery valve [m’]
total volume of injection system [m®]

space coordinate [m]

Greek Letters

r
ig %q R

R

spu

L

B> o> ®

~P-l 2

k4

>
-t
&

half of norzle seat angle [degree]

‘expansion volume of compressed fuel [m®]

half of delivery valve seat angle ‘[degree]

lower helix angle of pump plunger [degree]

1]1pper helix angle of pump plunger [degre

half of injector needle tip cone angle [d

damping coefficient acting on injector needle [kg/s]

elastic deflection of injector meedle rod [m]

injection time duration [g]

pump cam rotation angle during injection [degree]

half of differential angle between injector needle tip

and nozsle seat cones [degree]

flow ceefficient at, delivery valve

r

)

damping coefficient acting on delivery valve [kg/s]
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- flow i:oefﬁcient at injector orifices, *

" flow coefficient. at nozzlé seat exit section

= flow coefficient at nozzlejseat imlet section
= flow coefficient at spill port
= fluid density [kg/m®]

= angle between pipe center. line and horizontal [degree]

= function of 'afgument (t - x/8)

= function of argument (t +1 X/8) ‘

= pump cam r[dt.ation/dﬁgle [degree]



,’ o ' Chapter 1
: | INTRODUCTION :
; ) ]:olo Geger&l '
k. ‘ Presently, the high speed direct injection diesel engines are faced

with new requirements.

_ 1. The diesel engines with direct injection are being developed *for
higher speeds, also for car propulsion. This is made mainly for

-improvement in specific fuel cbnsumption. fr

* 2. The diesel e’nkines are becoming higher rated, ususlly

iy - supercharged (turbocharged), mainly to increase the specific power.

3. The diesel éngines are required to run at lower idle-speed. with
less noise, vibrations, and pollution emission. They are also required to

start ex;sier, particularly at lower temperatures.

TOTe e L

. L}
4. The diesel engines are required to run longer without service

. intervention and overhaul. °

. 6. The diesel engines might be required to be converted for /

alternative fuels such as alcohols, propane, natural gas, ete.
A

In a diesel engine, the fuel injectors play a most important role,
because they have to inject and distribufe 8. precisely metered and

e ~ atomized quantity of fuel to the proper region of the combustion o
chamber at the right time and during a- short.time period. The
injection period and the atomizatiox} of the injected fuel are Hependent
on the ability of the injector to open and to close fast. Therefore, the

diesel injectors should be better designed to avoid following undesired

6 .
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pheriomena: . . b
1. Too long fuel injection period .8t maximum power in
highzrated (turbocharged) engines with high injection pressure. "
2. Too uel atomization at idle-speed and at starting
conditions~in those engines. , ', .
’ L r’? R s \ ¢
: . ?’ ” ° « 8 . . M 3
03. Excessive..wear of fuel injectors resulting' in frequent swervice *
N .
interventions, excessive fuel comsumption, and air pollution. :
. . -, ) : o .
v .b
.
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(] , .
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1.2. Thesis Outlines

v ) ) .
To deal with the undesxred phenomena in high speed direct
injection diesel engines, as specified in section 1.1, following research

o has been. proposed:

1. The fuel injection process will be anal;;zi;crl~ through-:
mathematical model - and computer ’simulation. This should allow to
obtain the calculz};eg fuel injection process whickwill be proved to
give the results very close to those obtained experimentally. There is
sufficient literature coﬁtent describing several fuel injection calculatio
methods. However, the attempts of application of the published

- methods showed that the deviations between calculated and
experimental resultp can be substantial.-It was also found that there is
a lack of correct coefficients required‘ for calculations. and that some
phénomena imI;ortant for the injection process computing are” not well’
explained or are not even taken into accomit. Furthermore, ‘the model
for the p’articula.f injection .system operation required to be calculated

for purposes of this thesis could not be fQund in the literature.

W . Therefore, it was. concluded that critical analysis of the
published calculation methods should be imade includin‘g particular

. 4
improvements to be proposed and implemented.

2. Evaluation of the diesel injector dynamic 1:esponse should be: #
made using, if possible, simplified calculation and test methods. -Such
] methods could be used not only for the assessment of the dynarﬁic

properties of the diesel injectors, but also for the evaluation of the

ol

quality of the nozzles being ‘manufactured or being worn after—"a
) L Q@

period of time in the service. A model for a ,testli'seb-up for diesel

¢
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injectors should be proposed and described mathematically with
emphasis given partiqu?arly to the differential angle between the
injector needle tip and nossle seat cgfies which seems t’o"-) contribute
significantly to the dynamic resposiee. of the injector. Based on
athematlcal simulation, a relation should be developed between the .
aximum lift of tlﬁa injector needle, “as the dynamic. response measure,
and the deslgn and operational paramehs of the injector. This will
serve to develop the optimization graphs which should help in

designing of an injector with the best dynamic response, as well as in

\ creaﬁng of the criteria for eval:lation of the quality of the injegtbr

nozzles in the service.

3! Optixpization\of the diesel injector design for low engine speed
condifions should be bésed on results derived from investigation of

we
dy@amic response of an\injector at very low fuel flow rate. There is

//Almost. no publication ln\ the literature concerning the requnred

- behaviour of the diesel mject.ors at idling and starting engine
conditions. This, however, is one of the most difficult areas where the
comprognisé must be reached concerninig’ the nozsle erifices flow area
for the maximum power and for the idling and starting speed of a
diegel engjne. In the hole-ty(be nozzles, the s?&ﬁces are used for
atomizatio&: of fuel when injected at very high flow rate at maximum

poﬁer, and at very low flow rate at i&ling speed. Consequently, the

' nozzle onﬁces whnch provide optimum engine performance at maxlmum

power are usually too large for the idling speed conditions resultmg in
poor atomization -of injected fuel. The conventional answer to this

problem was the use of an unstable injector whi_ch remains open- only

-when the pressulire ipside the injector is high enough. Such injector, -

Y

-
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however, s handicapped by the presence of the nozzle . seat

configuration which throttles the flow and reduces the differential

“ .,
»pressyre across the orifices. Trying - to include that factor into

» calculation of the fuel discharge process, it was decided to introduce
the seat pressure into the calculations, particularly at low engine
apeeq where ther fuel flow throttling in the nozile seat has its biggest

impact.
i

The réqulrement for calculatlon of the coefﬁclenta for the flow, in
and out of the seat chamber shquld be expenmentally reahzed by

measurement of the seat pressure under the injector needle.

4. Optimization of the diesel injector design should be performed
to obtain the required fuel discharge characteristic at full engine load
aad spéed. Based op the available computer-controlled harcfware, the

_ proposed 'o/p't\iihization method should allow a fast and accurate

evaluation of “the impact of the design parameters of a dlesel m]ector |

on the fuel discharge charactenstlc t

a.‘ A good opportunity a.rwes here t.o use the computenzed data
1cqu1mtlon system to record the ‘pressure wave produced by the fuel
mjfetlon ‘pump equlpped with a specially made long mjectlon pipe.

That pressure ane will be ‘next used to calculate the fuel injectian

process in the injector. This procedure would have following -

4

jadvant,aggs: : o

a/ It would avoid collecting data from tlﬂxe' fuel injection pump

LY

and making cafc\;lation of the pumping process.

-
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b/ It would provide the digitized pressure wave produced by the
injection pump as the input data to the computer to continue

calculation of the fuel injection process in the injector.

¢/ It would save time and increase the,accuracy of fuel discharge

process calculation <

The use of a long injection pipe would protect the forward
pressure wave produced by the pump against deformation caused by
the reflected wave arriving from the injector, which would superimpose

on the forward pressure wave. |

5. Evaluation of the factors affecting diesel injector stability
/should allow to predict the behaviour of an injector supplied with a
particular fuel flow rate. A mathematical derivation of the injector -
stability criteria will be made. From these criteria, a critical fuel ﬂow’
rate at Wthh the- diesel injector, being a differential pressure valve,
changes from an unstable behaviour to a stable one, will be oup
determined. Then, the effects of the injector design and 'operationa.l

parémeters on the injector stability will be studied.

The proposed research should lead to a_ signiﬁcant‘ contribution
“foward the clarification of the knowledge in the area of diesel.
injectors qﬁd their use for specific engine applications. In this thesis,
the procedure will be formulated leading towards an o/gtimum
éonﬁguration of a diesel inject;)r regarding the improvemenff of the

' fuel injection process, as discussg'd at the beginning of this chapter. -
\
. e
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Finally‘,' it has to.be mentioned that while a great proﬁé_ss in

* the apphcatxon of mlcro-processor based control is radically changmg _

fuel _injection pattern in spark 1gmt|on ‘engines, there is almost no

lmpa.ct of it in the presentr apphcatxons for diesel engines. lt seems

that the recently advertized new developments in diesel injectors using

later, the present  conventional design of/ injectors will be still
overwhemingly used, allowing only for

current well developed pattern of diesel ipfectors.

technology. -
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discuss specific topics related to the thesis.

N

‘ Chapter 2 . /
LITERATURE REVIEW AND COMMENTS

The literature review has been divided into several sections to '

X

. 2.1. Literature Review on
Fuel fnjectldn System Improvement for
High Speed Direct Injection Diesel Engines

Improvement in the fuel injection process' for high speed direct

injection diesel engines' has been t.l}e' subject of several investigations. -

The study of these works has led to following amﬁ\i&\

In a technical paper written by Neitz and D’Alfonso 1
describing the research at M.A.N., Niirnberg, Germany,, a gpécially
developed pintle noszle has been used in a high spéed direct injection
engine. This lnozzle has a single hole with a fariabie geometry pintle
inserted into the orifice. This is producing a variablé flow area which
i8 a function of the position of the needle. The aim of this exercise
was to adjusp the injector flp\v,_}rea according to the fuel flow rate
passing -through the orifice. M.A.N. tested the pintle noszle on the
el_igine using the regular injectof holder but with the maximum needle"
lift limited. The results were excellent only at low load an:d at idling
speed in r&}ect to unburnt Hydrocarbons. However, at high load the
flow area of the orifice was too small for. large fuel injection rate.
This led to too long injection time duration and to too high injection
pressures.- On the other hand, when the maximum needle ’l‘ift was
readjusted to provide highgr flow area for full load conditions, thg
small fuel dose required for idling speed was injected lthrou"gh too

‘ 8
" - -
o
f AN .
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<
large flow area, and poor fuel atomization resulted from low flow rate.

To overcome this controversy, M.A.N. used two-spring injector, as
shown in figure 2.1. The first spring was set for the opening pressure

of the valve. After. a small lift, the néedle moved against the stop

, which was preloaded by a ‘second spring. Then, the-orifice flow area

increased only if the pr&sure in the injector rised high enough to
overcome the preload of t}e second spring. Therefore, the discharge

area could be controlled by the injector pressure which was dependent

‘on” engine - speed and. load, to obtain the desired fuel injection rate

characteristics for all engine operational conditions.

It has to be added that the proposed pintle nozzle design,
although satisfied some requirements, required more complicated nozzle
holder. Also, the effect of fuel atomization from 'a pintle nozile is

-~

inferior to that from a multi-hole 'nozzle.
H

A multi-hole" variable oriﬁcef, plunger valve nozzle was another
design proposed by Hulsing [2] to overcome the deficiences of a
hole-type nozszle. Figure 2.2 describes the design of the proposed
nozzle in which the flow area of orifices made in ﬁzlawplunger was
controlled by the sharp edge of the barrel from'whicﬁl the plunger
was protrudiné. The plunger was spring lgaded, therefore, the flow
area increased or decreased - as D enMeed and fuel flow rate
changed. For example, as the engine speed )increased, the pressure~in
the injector was bﬁil@-up, the plunger went down  aiid, hence, the flow
area increased. - According | to the author, the variable orifice plunger

valve design was capable of maintaining almost any required level of

injection pressuré across the orifices for proper atomization and:
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penetration of fuel.

A comment must be made that this idea waf never proved
experimentally. If the proposed nozzle was tested, it would show that
it is not possible to keep the precisely machined plunger inside the “

combustion chamber without contamination, deformation, and seizure.

From these examples, it can be seen that the problem of diesel
injector orifices flow area for successful operation af both high power

and low speed conditions is mnot yet solved. Several attempts  have

. been made to satisfy this requirement of contempofary "high speed

diesel engines. Co ) \



,/ 3.2. Litprature Review on Methods of Calculation of
\ Fuel Injection System

Not long ago, before the computer era, studies of the fuel
injection system were limited by the need of lengthy mathematical
computations. Therefore, the application of theoretical simulation to
improve the” design of a fue“l/i»ﬁ;j‘ection system could be performed only

after making some simplifying assumptions.

After reviewing previous works, it was found that some
investigators paid their attention to include different factors into the
calculation which could become important for pakticular types of

s injection systems or for particular working conditions. The other gave
more attention to the calculation methods to obtain the agreement

between calculated and experimental results.

Davis and Giffen [3], in England, were among the earliest
investigators who contributed significantly to the study of fuel
injection system. In their work, many of significant variables, such as:
fluid compressibility, elastic deformation of components, pressure
pr.opagation, fluid friction, pump and nozzle characteristics, and

secondary injection, were discussed.

Rischinger [4] and Blaum [5], in Germany,. introduced a different
approach to the calculation of the fuel discharge rate in a diesel
injection system. Pischinger proposed a specially elaborated graphical
method reducing significantly the injection process calculation time.

Blaum included the throttling effect of the partly opexﬁd inle

4.

outlet pori:e;§ of the barrel on the pressure built up at the beginning

and at the €nd of the pump discharge process.
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Knight [6], in England, was the first inv@iptor who used a
digital computer to simulate a fuel injection system model with

viscous friction and cavitation in the injection pipe.’

s

Krepec [7], in Poland, included in the calculation the effect of
the fuel leakage between the plunger and the barrel of the fuel
injection pump. Kijewslgi [8], also in “Poland, took into consideration
‘the impact of elastic deformation of ‘the pump ca;ﬁshaft on the

oy velocity decrease of the pump plunger. - ' \

‘ - Becchi [9], in Haly, derived a mathematical model *for the fuel
injection system in /more detailed form. In his model, the fluid
continuity .and momentum equations for the injection pipe . were

_ simplified by neglecting the convective terms and the friction term.
\From those simpliﬁegjequations, the aut oi used the "small amplitude

wave theory” to calculate the pressure wa}r‘es- in the injection pipe.

V\&Klie, Bold, and El-Erian [10], in USA, developed and improved
the theoretical model for digital simulation of & conventional diesel
fuel‘*ihjegtion "system. They solved the partial differential ‘equations
desc;ibing the continuity and motion of fluid in the injection pipe By

-~ the method of characteristics. In their mathematical model, the
- K, pressure wave propagation phenomena, pipe friction, and cavitation
x\‘ " were taken into account. The authors also discussed the accuracy of
the simulation model affected by the fuel bplk modulus and wave
speed variations, the residual pressure in the system, and the

discharge coefficient at orifices. ~
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Kumar, Gaur, Garg, and Babu [11], in India, made a comparison
between several methods used in solving the continuity and
momentum equations for a fuel injection system. They placed the

differential equations in a finite difference scheme comprising of

fwo-step Lax-Wendroff and Leap-Frog - techniques. To draw the N

conclusions on the methods used, the authors carried out several tests,
and the predicted and experimental results were compared. According
to the authors, the comparison showed that their model couyld be used

to predict the performance of the injection system.

It has to be mentioned that none of these investilgato'rs fully

discussed two important phenomena of the injection process:

1. The initial period of the pumping process leading to the

beginning of*the fuel compression in the ing;ection pump.

2. The throttling effect of the needle seat in the noszle having 53

considerable effect on the needle lift, particularly at low exigine speed. .-
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2.3, Literature Review on Investigations of - e
Diesel Injector Belia.viour‘ on a Test-Rig

.. The mvestlgatlons of the dxesel injector quality on a test-rig have
a long hjstory They” started wnth the introduction of forced hydraulic

mJectlon systems for .the diesel engines slxty(;ears ago. Specialized ¥

injector test-rigs for the evaluation of injector’s quality have been
produced by several - manufacturers of dieilel injector _equipment [12].
These test-rigs are simple, however, well gugllﬁed operators are
required to be able to draw the nght conclnsnons r\ga_gdlng the factors
affecting the quality jof tested injectors. Therefore, t\h evaluation
methods being used have\to be considered as highly subjei&re, and a
great deal of efforts has. been sacrificed by various invebtigators,
including the injector manufacturers, to ke the evaluation methods
less dependent on the test-rig operator?l:md to enable drawing of

morg objective conclusions from the behaviour ‘of injectors on the

test-n);s ¥

’

The first inportant /attempt was made by Woodward (13], who

‘acknowledged the effect of several factors on the behaviour, of the

inrs on the test-rigs. However, he did not produce any analytical

rela ionship between @artlcular 1njector parameters and lts behaviour. .

)
His conclusions had rather qualitative character, and his majn

contribution was in showing the important effect of the needle seat

‘geometry on the injector "chatter”, a workshop expression related to.

the injector needle oscillation and to the noise produced, during the

fuel injection on the test-rig. ~

- ° ~
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Next attempt was made by Hofken [14], who was abz%

T nmulate the behaviour of Bn injector, using mathematical approach

s snd to draw conclusions regardmg ‘the effect,_of the various design and
:' » operational parameters on the ”chatter” of an injector on a test-rig,
g as well as the injector’s .stability. His main fault was in neglecting the
importance of the needle seat geometry by aspﬁming z; common

.combined critica! flow area through bgﬁ the’ seat 'agd the orifices of ‘/ '

s the noszle.

r

Further attempt was made by Krepec: [15], who created the N
conditions at which the djnamié response of a diesel injector could be -
exactly evaluated by a devilce "and* not by a subjective feeling of the \
operator. He proposed to measure the maximum lift of the inject?/ B
needle as thé measure- of its dynamic resiﬁh’se to. an e‘xaéﬂy
determlned pressure signal. He also pyoposed a device With which ‘the
pressure signal could be varied adaptlng the testing’ condxtlons to the

particular type of the injector.

Xll these investigators did not establish, however, a. fully valid

mathematical model for the injector tested on the tesw, which

r could lead to the full evaluation of the injector’s quality and to the
| conclusions regarding the quantitative effect of the design and

operational parameters on the dynamic response of a diesel injector.
. :



Chapter _
FUEL INJECTION SYSTEM MODELLING ' |
* AND COMPUTER SIMULATION

3.1. Introduction

[\

The purpose.. of this chapter s to develop an. \improved-

-

" mathematical model for the_ fuel injection systeni of a diesel engj.

This topxc has already been the sl}l;,)ect of several pubhcatnons
Hové’ijrer it was found that. none of them was specific enough to
“provide. the investigator w1_th the "tool for s‘uccegsful calculation of the
injection process at all o;ierational conditions of & diesel engine, and
particularly at low engine speed'and power. Tlierefore, it- is necessary
to develop an improved model vvhich takes into consideration "two

importaxit phendmena of the fnjection process: Ty
&

1. “The prellmmary filling up of .the : lnjectlon system at the
beginning of pumping ellmlnatlng the’ e;npty spaces which were
created by the retraction action of the dehvery valve of 'ohe pump ab
the end of a preceding mJectlon process; /thJs allows to find the

beginmng of fuel compresmon in the injection pump.
+ §)
2. The specific impact of the pressure developed in the nossle

E

. seal on the opening and closmg processes of the injector, and also on

the mjector closing pressure whxch decides about the resxdual Ppressure

mslde the injection system

PO

-
to”

- 18 - , )

5



.c i ‘ B _19- . | "1--

* . It has to be mentioned that-the use of numerical computing
methods for this complex' injection system is a‘l big challenge, and that

- computing f:rogram has to be first developed and carefulli' tested
o tg perform the full and accurate . calculation of the fuel discharge
pracess. S ‘ «
{ o
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8.2. Analytical Model of the Fuel Injection System .

e

- A schematic representatlon of the fuel uuectnon system is "shown
in figure 3.1. It conslsts of three major componeats: the fuel
injection p n , the mjectxon pipe, and the fuel injector. These three
componenﬁfe distinguished by. two control surfaces I-I and II-Il as
indicated in figure 3.1. Within the: pumping chamber’ of the pump,
fuel is metered for a particular dose, and it is compressed .as the
pump plunger moves up. At a certain pressure, the delivery valve
which separates the pumpiﬁg and the delivery chambers, is lifted off
its seat 'and allows the fuel to flow through the valve into | the
delivery chamber. The fuel, then, is delivered through the ir;jec'tion
pipe to the injector by means of pressure wave propagation. At the

injector end, 7if the amplitude of the pressure is smaller than the

injector opening pressure, the injéct.or noszle remains closed. Then,y,

the pressure wave is Teflected from the injector towards the pump
superimposing itseif on the next coming preégu:e wave. When the
fuel pressure in the injector chamber overcomes the  nozzle opening
pressure, the 'inje‘ctor needle is lifted off its ‘seat The fuel then,
~flows through the seat chamber into the bag chamber whqu\ the fuel
is 1n3ected into the engine cylinder through the orifices. If the fuel

-

pressure in the injector increases rapidly, the injector. needle will move

fast until it reaches the stop at the fnjector body. If the fuel
pressure, howsévef, does not incredse high enough, the needle will float
atfsome level below the stop until the préssure drops to the injector
cloging pressure At this moment, the nosile valve i closed by the

sprng force, and the fuel flow through the valve is cut.

Al
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Calculation of fuel discharge rate in a diesel injection system has

to take into consideration several factors affecting this very fast and

high pressure hydraulic process spreading from the injection pump to
the injector through the injection pipe. Two of main factors\ are the
fuel ‘compressibility and the' propagation of pressure waves. Fuel
compressibility has to be taken into account when dealing with
pressures in the raﬁge« of 500 bars in the fuel injection systems for
high speed diesel engines with direct injection ~€ombustion chamber.
The modulus of elasticity E, which represents the fuel compressibility
increases significantly with ;.he pressure increase, as shown in figure
3.2, and decreases with the temperature increase, as shown in figure

3.3, [12]. Since the fuel temperature n; usually kept in the range of

-30°C to 40°C (86°F to 104°F) during the system calibration”as well

88 during the service, the modulus change due to temperature
variations does not need to be taken into account. during calculation.
However, the modulus variations due to the fuel pressure changes

¥

cannot be neglected and there are two approaches

v
1. The average value of the modulus of.elasticity of fuel can be

used as a constant value corresponding 36 the average fuel pressure

created inside the injection system.

u

2. The modulus of elasticity can be substituted for every pressure

value in subsequent calculation steps using a formula or a table.

The propagation of the pressure waves has to be taken into
account in calculations of fuel discharge process for . the injection

systems used on diesel engines with the speed over 500 RI:M if they

+ are fitted with a longe;' injection pipe. As fuel is compressed in the

)
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fuel inj tipn pump, a pressure wave initiated by the pump plunger
movement is propagated through the injection pipe at the speed of .
sound in the fuel. This wave does not only travel from the pump to
the injector nozzle, but it is also reflected back towards the pump ‘
'vw\/r*”m\{rom the injector. 'fhe presence of pressure waves alters the fuel /\
) discharge rate of the imjection pump so that complex theoretical
methods of analysis and computiné have been developed to simulate

this process.

Taking into account all calculation rmethods already developed
and published, an attempt is made in this thesm to include the needle
seat chamber pressure into the calculation of ‘the fuel dxggharge
process in a diesel engine. The value of that pressure is of great

| signifiéance to the evaluation of the injector’s opening and closing
processes because it produces an additional force acting on the inject.c/
needle. In the existiqé calculation procedures, the seat pressure was
assumed to be equhl either to the injector chamber pressure or to the
bag chamber pressui-e. In fact, this seat pressure actuallyJ ‘changes
from the bag chamber pressure to the injector chamber pressure,
following the nibvgment of the injector needle during the opening

process.

In some cases, such as at “v‘maximu‘m engine power condif.ions, the
injector opening process is so fast that the specific impact of the seat
pressure can be neglected b:cause of the very fast pressure,increase in

" the injector due to the high amplitude pressure wave produced by the
puinp. However, at low engine speed, particularly at idling and

starting conditions, the pressure wave amplitude is low and the
. 1 '

A
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pressure in the injector drops very fast after the injector’s- opening.
For that reasonm, the contribution of the seat pressure to the needle
liftiné force during the _opening process of the injector is much greater
and cannot be neglected. Also, during the injector closing process,
the seat pressure can have a gre'gt impact on -the injector closing
pressure, and hence on the injec‘tbr’s\ tendency to open again due to
the pressure wave peaks, i.e\a‘:\ to produce the post-injection
phenomenon. Finally, since the seal chamber is connected to the ‘bag
chamber of/tflz/ il}jector, the lu'éher value of the seat pressure can
prevent the possibility of the combustion gases _penet_ration through
the injector orifices, what c.'auses corrosion, overheatiné and carbon

depc;éits inside the noszzle.

The proposed seat pressure approach in calculation of the fuel
discharge rate in a diesel iﬁjection system is considered as ome of the
main t.opics of this work. The importance of this approach will be

proved in the next chapters of this thesis. )
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: K 3.3. Dertvation of Continuity and Motion Equations

o | -— 3.3.1. Continuity and Motion Equations for Injection Pipe .

A

Two partial differential equations representing the continuity and
‘motion derived in reference [16) will be employed for the compressible
fuel flow through a cyhn.dncal tube with pressure waves. These two

) pamal differential equations are:
> 1. Equatign, of Continuity:
. : y o ‘

b/ Bp . 20v ~ /
T Yax T PR gy = 0 .‘ ' 3.1)

‘The sound velocity in fluid is given by:

r— | 1. | ' (3.2)

1 + -—E—Q . - /}
G e ‘ ‘
- P o
_ . o i
2. Equation of MMotion: .
19p  Ov v vlv _ : '
p8x + Vg t+ g t+ esind + fop . (3.3)
: R 2 v .

. In water hammer applications, the terms 735 and Vox ' B
- equations (3.1) and (3.3), are much smaller than the terms %tR and

'g{', respectively. Therefore, if the friction is also neglected and the
pipe is horizonfal, i.e. O=0, the above continuity and motion equations

beco‘m’e: )
| J
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1. Simplified Equation of Continuity:™
v

v 1 0 : :
Rk | -84
pa ' :

2. Simplified Equation of-Motion:

o 18 S * ‘
8t ~ T~ p Ox \ (3-5)‘

Both equations can be solved in the form ‘of\ \two-solntion'

equations, as given in appendix A, and the solutions are:

P =P, + g [<I>(t - %‘) - Wt + %)] ) (3.8)
v = v, o+ g[@(t - )é) + Yt + J7;')] (3.7)

The solutions (3.8) and (3.7) of equations (3.4) and (3.5) are
found under condition that the sound velocity in the fluid does not
change. This is not true. However, if the average pressure and
temperature of fluid are )correctly determined, the average constant
sound velocity & does not cause significant differences in célcu}ation

results and can be accepted.

The forms of the arguments in equations '(3.6) and (3.7) tell that

the values of amplitudes for the functions ¢ and ¥ are moving with

the sound velocity in the positive or in the negative x direction.

Also, from equations (3.8) and (3.7), one can see that the pressure
and the velocity of " fuel consist of three {;rms. They can be
identified as the initial values p and v, the forward moving values

p, and v?, and the backward moving values p, and v,.
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Then, equations (3.8) and (3.7) can be written as:

P =P, + P+ Dy L ‘ - (38)
VeV 4V + Vo . (3.9)
where,
N . : X ’ '
Pp = pe®(t -3 - ) (3.10)
' | X . : '
o= Py == ¥t + ) (3.11)
. X . '
v, = Bt - § . (3.12) |
f —K_X g . g
Yy = St + 3 , o . (3.13)
Creating 3 constant: ) |
1 - o Py
K=o - - (3.14)
~ Then, comparing equations from (3.10) to .(3.13) and using
_equation (3.14), one obtains: " _ \
1 | ' e
Pry™ K Vt e . @m'
and 4 .\
1, " " »
P, = - k- vy . l ~ (3.16)

Substituting equations (3:15) and (316) into equations (3.8) and
(3.9) yields: v |

o 3 ‘ .
NEI RS A A | .17)
VeV o+ +V / o (3.18)

-y
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In these equations, the pressure and the velocity are expressed by
the residusl. pressure and by two amplitude-values of the velocity

waves. The magnitudes A and v, are still the discretional functions

.whi(.:h can be determined by establishment of the boundary conditions

at the pump and at the injector..
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$.3,2. Continuity and Motion Equations at Pump
A ' o : . - A

To derive the equations for ‘the two conditions of continuity ‘and

force equilibrium, the pump is divided into two chambers: pumping
. chamber and delivery chamber. These two chambers are separated by
8 delivery valve., A schematic representation of the pumping chamber

and delivery chamber is given in figure 3.4.

A

3.3.2.1. Contlnuﬁg Equation for Pumplng Cha.mber

\.

Applymg the conservation of mags Iaw which states that the time
rate of the net mass inflow into a control volume is equal to the

time rate of increas¢ of mass within the control volume, i.e.

. .
» S T Lmy - Y - dt mcv) ‘ _ (3 19)
If the. fuel densxt.y \'p is constant then equatlon (3.19) can be
written as:
% ' , . . N
T Dol . SN
where q is the volumetric flow rat;e and
, . dv - :
s Oy =3 — . < (8.21)
% ) - \._/--/ N

" with V being the volume inside the gqntrok'voluine.

\The definition of fluid modu}\’.\r of elasticity can be expressed by:

_dp
b
\'A
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I dt E dt ‘ N

\\Using equation (3.22), équation (3.21) is rewritten as: \

- Vdp x '

For tl}e "pumping chamber, the 'fuel ‘inflow rate is: -

(3.22)

_ qin - vap
and this is due to the pump plunger movement.

¢ The fuel outflaw rate }'s:‘

. ) ' 2- - J -2- . ) .
Qous ™ glp" pstp/ ‘p|p pf' + de dv + gd" &Ffd p'pﬁ j- pd' B

»

. ‘where,
Cop = 1 if P, > Pp .
Gp = -1 ifp, <p )
6 *= 1 p > Py

In this expressl n, the first t.erm on : the i'lght side is the fuel )
" flow fromp the 'plng chamber through the spill port into the
-+ feeding chanmber, thé second term is due to the motion of the delurery
valve, and the last one is the fuel ﬂow through the delivery valve

" into the delivery chamber. - )



Q

'~ where,

B e

The fuel accumulation due to the elastic deformation of the fluid

- contained in the ‘pumpin’g, chamber, caused by the variation of the

\ .
pressure is: C

: Vp B thp dp p
Qv = E at

Here, it must be noted that the ‘volume of the pumping chamber
varies according to- the plunger displacement. . Therefore, the pumping

chamber volume takes the form (Vp-—thP)' as indicated above.

N

Thus, a first contiffuity equation combined from the ‘above .
’ * .

- equations according to equation (3.20) is:

iR Vp - thp dpp ‘

: 2 '
_vavp = gspust.p & plpp '— pl + E Tt FiVav *

4‘ -~

N
-

. 2 . ’
o+ sd#dFmv/ ;Ip, - Pyl (3.24)

<, In this equation, the flow areas through the spill port F.p and

throuéh the Qelivery" valve Ff v aré functions of the variables hp and

by, 88 shown in figures 3.u5r,,»and 3.6, 'respectivély. The fo}mulae +for -
those flow areas are: o /\ﬂ
. 1. Flow area through the spill port: L A C

-F0<h <h_: ) L
. P Pl B
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Fig.3.6. Schematic of Flow Area between Delivery Valvg and Seat

v
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) or __—
sp :
= | b, - - b ‘ (325) .
: Pl coser po ‘ -
2 2 . '
F.p - x(r'p) - (r'p) v, - (:.p - xl)l'.pslnlpl (3.26)
where, -- v o :
*1 — (hp + hpo)cosa'pu‘ (3.27)
) \l"p - X, T A
COBp, = .. (3.28)
Tep A ,
- : , 1 [/, 2 2 '
- ging, == r—.‘/ (r'p) - (r'p - Xx,) (3.29)
- p : , - , :
= 3
B P . . .- . ‘ ' L : .
- ' .- If ,hpl‘ <h < °(hp1 + ES): - | -
g =0 | | - (330),
- {4 hp > (hpl + ES):
F.g_:— (r.p) Py - (1"p "— xz)r.ptslmo2 - -~ " (3.31)
v : . '
where, . s . o
R NS [hp - (hpl + ES)]cosa.p} - (3.32)
: I —X S '
. 2 - _ : -
| COBp, = 2= , o ‘ +(3.33)
: Tp e :
+ R ‘ . ) N - N '( - 7
. . . ’ "
» ’ : ' — ~
,. A
t:—'h %
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sing, = | ;L,,/ r .p)a - - x.l)2 (3.34)

2. Flow ares through delivery valve:

Fpay = x[D o + (g, - s,)siggdvcosa iy ](hd' ~ §)sina,  (3.35)

The detailed derivation of these two flow areas is, liresented in

- appendices B and C. . ‘- : .
,.";np"? '
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. $.8.2.2. Continuity Equat_loh for Delivery Chamber

The continuity equation for delivery chamber can be derived by

comparing the fuel inflow into the delivery chamber:
ad

[ 2
Y = ;d"danv‘/ oIPp = Pl + de dv

to the fuel outflow and the fuel accumulation.

The fuel outflow is: : - - .

L

Yous ™ FIvI _ : ”

. \ @ ot
where the fluid velocity v, at control surface I-I is given by:

vl-vﬂ*-vbl‘ . 3 : ) \>

-with A aqxd Vi1 being the forward and backward fluid veloclty wave

amplitudes at control surface I-1 respectlvely

Based on equations (3.15) and (3.16) derived in the .pr'evious'
section, one can write:
AR X
i = Klpgr —pg) "y

" where p ar 8nd cpy, are the \\forward and backward pressure wave

amplitudes at control surface I-I }espectwely R

From equation (3.8): o . SN

Par = Pg — Pqp, ~ Pgo

N i W f\/
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Substituting, one gei.s:

'VI - K(pd - 2pﬂb - pdo) A

. The fuel accumulation:
Va = Fahay dpy
Yy = E dt

Thus, the continuity equation for the delivery chamber is:

. 2 Va = Fy.by, dpy
SakaFra Py = Pyl + Fyvy, = E & ¥

| + FK(p, - 2p W (3.36)
# X : . ’

!

ey
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v

- : 3.3.2.3. Motion Equation for Delivery Vallve

The motion equation for delivery valve is derived by balanéing

e b L LW

the ferce exerted on the delivery valve by the pressure in the
pumping chamber ppF dv with the forces due to: pressure in the

g dv
. .. ) . dv
delgery chamber de 4y B8Pring load (P as T kdvhdv)’ inertia m 3

and mechanical frictign._and' damping (R gt dvdv)’ ie.

. dv

FyoPp, = Fy,pg +' Py + kg by F m d:v * | .
+ Ry + 6v,. ’ ; - (3.37) |
with,
dby, - .

v dt dv L
In eqyation (3.37), m, represents the mass of oving parts- which
are the delivery valve and “the spring. This mass can be -

dpproximately given as:

m o= my, + 3 My (3.39)
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* 8.3.3. Continuity and Motion Equations at Injeetdr

A schematic representation of e‘he injector is shown in figure 3.7.
The injector is divided into three sreas: injector chamber; seat
chamber, and bag chamber.. The continuity and motion equations are

derived as follows: -
]

3 3.3.3.1. Continulty Eqimtion for Injector Chamber

At the control surface IFII, as indicated in figure 3.7, the fuel
enters the injector delivery chamber with a velocity i The fuel

inflow rate, thus, is:

% = Fp'p
where the fluid velocity. v 8t control surface II-II is:
v ' (

Yo=Y bIl

i m t

with Vm and v, being the forward and backward fluid velocity wave

amplit.udes at control surface II-II réspectively.
: From equations (3.15) and (3.18):
v = Koy — py) ‘g
where Py and P, are the forward and backward /pressure w;ve
amplitudes at control surface II-II respectively.

From equation (3.8):

4
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BAG PRESSURE p},

SPRING FORCE
Pig + kjghj—0nu |

INERTIA FORCE
dVi

mj
dt

DAMPING FORCE

Al

e
6ivi .

FRICTION FORCE
R

i

PRESSURE ,FORCE
Py + Ry, + Py
INJECTOR PRESSURE p;
SEAT PRESSURE p

i

~—~——Control Surface II-II

% l:‘so
hj

I?si

I:‘fo

Fig.3.7. Schematic of a Diesel Injector
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- . ¢ oL
plb- (pi"' pﬂ"’l’&) | \ < /
Substituting, one obtains: .
- oqy = PpK(2py - b +7p) . -

The fuel outflow rate.is :

o

! 2 !
Qoup = SiPeFran P Pl + (F) - Flo)vl/

P

where,

¢;=1 ifp'>p

‘si’—l;pi'(p: -
In this expression, the first term on the right side is the fuel

»

flow from the injector chamber into the seat chamber, and the second

one is due to the motion of the injector needle.

. The fuel accumulation is:
Yi
% = E Gt
Thus, the continuity equation for ‘the iinLector chamber is

) obtained as:

V, dp, .

FpK@py - py+ ) =g ¢ + Fi - FJv +

) 2 ,
+ C,iﬂﬂFm ;Ipi = p.l : (3'40). )
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derived in appendix D and has tlie form of:

. R .
ot Fpy = Apgb + B, )

~
. - ——

- sing 2cosﬁ
ATti ‘ coB87

sina
B = FD"? cofy

\ a2

. , ‘ ‘ 4 ' !
The seat inlet flow ares F., as indicated in ﬁgwe 3.8, is

b )

(3.41)

4

-
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3.3.3.2. Continuity Equation for Seat Chamber -

-

-
-

in derivation of continuity equation for the seat chamber.
”’ . A K
The fuel inflow rate at the seat inlet section:

'1 é Vs ‘ - :
U = SibaFrad o~ Pl , ;o :

must be. equal to the fuel flow rate due to the métion of the (injector,

L 3
needle: . N

/\ o (F = Fyv; : ‘ |

and the fuel flow rate¢ through the 'seat exit section into the bag

-—1 ifp"<pb.:’ SRR \}Q

o

" chamber:
: v ‘ <@ -y
e | - ST :
.;,,u,eFf,e./ LT N “ | : -
vgliere, T :’
. : _ o
S =1 ifp >w , -

gle

Since the seat ‘chamber, volume is small, the fuel accumulation

"' due to elastic deformation~of the fluid contained in ‘this chamber,

- Thus, the continuity equatién for the seat chamber is:

éiused_ by the variation of the seat pressure p_is neglected.

. fu 7
L] v

£

4 .

9 ‘ o §

" Similar copsiderations to those for the injector chamber are made



e ,(3.44}
. ' P
' with the seat exit flow area Ff , a8 mdxcated in ﬁgm'e 3.8, havxng

the form of:

| ‘- . hi + Bth C, a4
v;here, . | i - ]
A, =- x(sing)zcosﬂ' , . B | ' (3.46)
By, = x[ - @, -D )‘““—ﬁ:—’ﬁ] | | (4n)
C,, = ﬂD'g ..‘- D. ﬁ)féﬁ’f;[v N D ﬁ)";‘sm‘: ] (3.48)

The detailed defivation of this fofuiula is ?{n in appendix D.
' ’ ) envy e ) o ‘ l

1]

-

-~
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3.8.8.3. Contlnuﬁy Equatidn for Bag Chamber.

The Continuity equatlon for the bag cha.mber is derlved by
equating the fuel flow into the bag cél_amber fro‘tn the seat chamber:

. . / ( _ P
qin gse"u f{e ) "'|P l

|

to the fuel outflows due to the motion of the 1nJector needle and to

ﬂthe fuel discharge from the bag chamber to the combustlon chamber

of a diesel engine; - L

-

Qouy = Fyg"y + K6 "o rof "lpb Pl

- where, ’ - ‘ ' o
) ) ' . - . ” ’ . i /.‘&q
=1 P, P | . oS
A 0 if NS <
fo — 1 pb < pc - \\* ?‘_“M{ o }
* and the fuel accuing;latjon: o | c
/'3 e -
% =™ E dt _ |
Thus, the continuity equation for the bag chamber is: »
P E ooy o x
S'.el‘ se fse p'pn - PbI - E dt, t Y +
i 2 oA
- + o Frod Py — Pl | (3.49)
« 7 - A )
1 e
- . o
~ ' { i . )
) et =
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4

3.3.3.4. Motion Equation for Injector Needle N
The motion equation for the . injector needle is deri by‘

balancing the forces exerted on the needle by the pressures in .the

injeétbr chamber, seat chamber, and bag.chamber:
'pi(Fl o Flo) +3-(Flo ~ Fli) +P bFl_l
with the forces due to the injector spring load (Ph +. khhl)’ inertia

. dv, . : .
mi—dt,_l’ mechanical fric.tion and damping (+ R, + §v), i.e.

PiF; - F ) + p(F,, - F) + ppFy = P+ kb, + / '

<
dvi . )
oy w R (3.50)
s ” ’ A" :
with, -
dh, e . | .
a =%~ o : - (3.6))
In equation (3.50): }
m = m +m + 3oy " (3.52)
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3.4. Solving the Continuity and Motion Equations
I

In the system of differential equations describing the continuity
and motion i‘or the fuel injection system, which are derived in. the
previous section, the\following parameters are to be determined for
each instant in the, calculation:

P . ‘Pressure in the pumping chamber

Py . Pressure in the delivery chamber

Pgr Forward pressure at section I-I o
i Vay - Velocity of the delivery walve /
h,, : Displacement of the delivery ‘valve |
L. P : Pressure in the injector delivery chamber ] :
Py Backward pressure at section II-II 7
, P, *: Pressure in the seat chamber .
.Py Pressure in the bag chamber
.2 v; : Velocity of the injector negdle
© by : Displacement of the injector needle
\ o
The calculation also includes:
- The discharge flow, rate: L .
oo = Il 2, = ) (3.53)
aqfo o to p Py P . )
The fuel dose:
r ' s ~
Q = Jqfodt _ | (3.54)

_A computer program is ..w‘ritten based on a four-step Runge -
Kutta approximation to solve the system of differential equations for
the parameters listed above. _ ~ : e

-
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.o -
‘It is also possible to determine the variations of the above .

parameters versus the pump cam "rotatioX angle, instead of time, by

changing the time ~independent variable .'into cam rotation angle

variable according to the following formula:

p = W N (3.55)

s

* Taking derivatives of both sides of equation (3.55) with respect

to t,
de _ gN | : (3.56)
dt
or, , gy
a = 32 o (3.67)
BN .

Substituting dt from equation (3.57) into equations (3.24), (3.38),
(3.37), (3.38), (3.40), (3.44), (3.49), (3.50)\ and (3.51), and rearranging,

_one obtains:

4

1. In the pump:

~ Pumping chamber continuity equation:
\ )

T _ E " _(py —cnr | % —pl-
de t)N(Vp - thp) p'p. ~ Sptepup Pp = Py

P

| 2 | ‘
= Fay¥av — cdndF,dJ pl/p,/- pdl) (3.58)
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~ Delivery chamber continuity equation:
g e ieFrand B, - pal
© dp T BN(V, - F h ) SaPa" tavy  ,Pp ~ Pg

«

+ Fyvq, — FiK(pg - 2py, - pdo)]

a

~ Delivery valve motion equation:

dvdv/f 1 1 ~

dp T BNm_ (PFay — PaFay — Pyy — Kgohyy 2
+ Ry - 65v4)
with,
dhdv vdv
de ~ 6N )

o
~ Forward pressure wave amplitude at cgnf.rol surface I-I:

Pgr = Py — Pgp ~ Py

2. In_the injector:

— Injector chamber continuity equation:
dp

. 9P E

W - B, FpK (2p; - b, + pio) - (Fi' —’ F”)vi -

/ 2
- ‘li”liFfli —Ipi - p.l]

P

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)



. / 9 j 9 .
gll" liFfll plpi - pll - ‘le” leFfse p'te - pb‘ +
. - *
+(F,, - FOv, | (3.04) >
- Bag chamber continuity equation: . . T
dp / B
b E - 2 . .
do ~ 6NVb (gseu oeFfse ;)'|P.' - pbl - dei -
= I F W/ 'IP,, I) (3.65)
— Injector needle motion equation: ¢
dv, ] " _
L .dp ~ 6Nm, [pi(Fi - Fo) + p,(F,, - Fy) + ¥y -
, - .
- P -kh xR - 6ivi] ' \ (3.68)
\ .
and’ ) - .
‘ {
j'dill- -v-i- N " (3.67)
dp BN / =,
— Backward pressure wave atﬁplitude at control surface II-II:
v P T BT Py Pio o (3.68)

\ }




-~ 55 -

. | : .
* 8.5, An Example of Fuel Injection System Slmulgtion on a
Digital Cognputer

In this section, a particular fuel injection system is simulated\ on

3 digital computer. Also, the computer programming used for

1w

" caleulation is discussed.

4

"The work is based on the following specific data for each -

component of the fuel injection system.

3.5.1. Data for the Fuel Injection Systein

The pump used is of PESA75B420LS59/1 type by R. Bosch, and
it has th; velocity-lift chart for the pump cam shown in figure 3.9
The injector wused is of BKBLB7S5299XS type by CAV’ with the
hole-type nozsle BDLL150S6502.

The specific dat;g)r the injection pummp, the injector, and the

in}ection pipe are showm}in tables 3.1, 3.2, and 3.3 respectively.

A

The fuel used in the system is calibration fluid SAE J987d and

its properties are given in table 3.4.

. B
3.6.2. Assumptions

The procedure of calculation is carried out for the system which

| ‘7\_- is simplified By making some assumptions. These assumptions are:

K}

'~ The sound propagation velocity &, and the fuel density are not
-. affected by the pressure’ variations, and are considered constant.
" However, they are taken as an average for the pressure range

8ppéaring in, calculation.
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— The sealing of mechanical components is considered perfect.

Therefore, fuel leakages are not taken into account. .

~ The elastic yéation of solid parts of the system due to |

thé force and pressure changes is neglected. Hence, the ~rel‘a.tiomship

between sound velocity & and fuel modulus of elasticity E given by

" equation (3.2) is simplified as:

- /E ¢
a == -—
P

~ The feeding chamber of the fuel injection pump, which is a

fuel supply source, has a large volume, and a cobstant fuel pressure.

— The fuel is discharged to the atmosphere, instead of into the

engine cylinder.

- Mechanical friction for delivery valve' and for injector needle

are. neglected due to the existing clearance.

- :
— Damping force acting on delivery valve is neglected due to the

large clearance in the valve.

N
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“Mass of delivery valve [g]

Plunger diameter [mm]

The upper helix angle of plunger [degree]
The lower helix angle of plunger [degree]
Dia}ne'_cer of spill port [mm]

Nymber of spill ports

Diameter of delivery valve [mm]

Mass of delivery valve spring [g] .

Delivery valve spring constant [N/mm]’y |
Maximum displacement of delivery valve [mm]
Delivery 'valve spring preload [N]- |
Delivery valve opening pressure |bar]

Half of delivery valve seat angle [degree]
Retraétion volume of delivery valve _[mms]
Volume of pumping chamber [mmsj \

3
Volume of delivery chamber [mm ]

Fuel pressure in feeding chamber [bar]
Ty

7.5

0.

26.

3.

1.

6.
3.1374
3.2246
6.65

‘ /60 limit

40.54
14.34
45.
50.
585.
1850.

Table 3.1. Specific Data for Injection Pump

Cor THUPELSS
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Diameter of injector ngedle [mm] 6.
Diameter of nossle sead at inlet section [mm] 3.5
Diameter of nozsle seat Wction [mim)] 1.75
Diameter of injector orifice [mm] 0.32
Mass of injector needle [g] 9.027
Mass of injector needle rod [g] '11.087
Mass of injector spring [g] 22.388
Half of injector needle tip angle 30°10’
Half of in:i\ector nozzle seat angle 30°
Inj?ctor spring constant [N/mm] ’ 1200.
Injector springspreload [N] - 317.
Inject.or openning pressure [bar] - 170.
Dampxng coefficient acting on mJector needle [kg/s] 40.
Maximum displacement of mJector needle [mm] 0.35
" Number of injector orifices 4
Volume of injector chamber [mmsl 600y\
Volume of bag chamber [mm3] . 4.
: — ' =

"Table 3.2. Specific Data for Injector

¥
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&y

?

Lengt.h of m,]ectlon plpe [mm] ’ ~960. i
Internal diameter of injection pipe. [mm] 2
-Table 8.3. Specific Dai_;# for Injection Pipe
: | '
, -
Fuel modulus of elastlclty [bar] 14400.
Fuel denslty [kg/m ] v 820.
.2
. Fuel viscosity at 37.8°C [mm /5] < 2.8
Table 3.4. Specific Data for SAE Calibration Fluid -
b ‘ ‘ g A 4

bt
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b 3.5.3. Computing Flow Chart O \
N The program for the fuel iijection system sima\llation is compiled

y by using the mathemstical modél derived in sections. 3.3 and 3.4 for

application of “the four-step Rung'e Kutta approximation.

' . .. The comput;ng flow chart is shown in figure 3.10. In the flow -

chart, the following vanablei are used

& . g . - . i . v N
) T :“Instant time
~ . AT ! Time.step . - RN

AT _ : Prinf time step

} | i "“.“\u “ TP & : Q‘_l_!\lftlme /

a

C -, . T __ “: Maximum time of calculation
LS \ ,. 1 ' ‘J max ' B R - .-" .
- P - EV : Empty volume - - . - 5
: J ~ . ' ' - i s
- > A The other variables are given in the nomenclature. - * % S
’ <2, S N "/A,_ . ¢ s *
oo The flow chart co,nststs of two phases .0 ’ ,
"'. ',W&‘\ ' - Lo ,'3,;*
ST i In the. ﬁ;st pl\ase "the data for each component of the fuelfff ' i
" ® , . injection system, as- well as the constants whnch are - valid for the *
. ‘duratxon of the *whole calculatlon, are calculated first.
¢ " .
A The second phase is divided .into two main branches by i
o mtroduclng the IF" statement (F dy<EY). When the dlsplacement
B .
3 ‘,‘ ) - hﬁ, of delivery “valve creatmg‘ a volumé, 'F dvlg, during the pumpinrg
L process is lesss than ‘the emgty volume EV the pressure D, 'in the
. .+ Qelivery chamber is mnot generated, and. remains as initial value. LT
e Thus, one needs to calculate only the vanatlons of the p%mpmg
I S . . Ppressure ]3 dlsplacement h and veloclty Vi of fthe dehvery va.lve,~
! L , \ . 4 o 'y
le?h“- 1?,". “ ) o » ’ : . ' i | ) ’ ) T ; ‘ ] i‘% <
E. ’ » ‘ * .. i
;&;),:“ ! ) N ~ 4 - \
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Function Definition

K i )

\ "
‘ Constant Calculation & Initialization

Ppr hdve Ydv

Solving for

i

Solving for

_)_,'pp' Pd» hgys Vdv

: * ..
+ . *

TK=T

I

o

I=1+1 ‘

2

pdf(I)=pd-pdb7pkg

‘

L)
’

e,

et
[
oo
LY *
:“‘ ’ - N
2 . ' < : A
. ! . »

P

Fig.3.10. Computing Flow Charf:

iy 1
S

E2)



Yes(b?)-

1

- No(b8)

3 ", , L o ’ *

Solving for R
Pi+ Psr Pps hiv vy Solving for py

Qf o Q ’ . ‘

EN

.

Y

. /)// ‘ fJ'J; ) ,Fié.B.lO.(Qqnt'd) Compufing Floquharf
' 7 PO o




w

- 64 -
as shown in branch (a) of figure 3.10.

dv dv
computing will be performed' in the branch (b). In the branch (b}, if

Once the volume F,( h, is greater than -the empty volume,

the volume F dvh dv is less than the retraction volume Vr, the delivery
valve- is still closed but the fuel in the delivery chamber starts to be
compressed. Then, the equations (3.24), (3.36), (3.37), and (3.38) are

solved siml‘lltaneously for P, Py hiv Vav
there is no fuel flowing into the delivery chamber, as shown in the

sub-branch ~(bl).. If the volume F, h,  created by the delivery valve

but with Cq ™= 0 because

movement is greater than the retraction volume, the delivery valve is

opened, and therefore ¢q 7 0, as shown in the sub-branch (b2).

At each step of calculation the values of the forward propagating
pressure wave p.. at ‘the pump are stored in the computer memories

. by .introduging the statement, (p df(I)=-p 4P db"pdo)’ in the computing

flow chart. Also, in the branch’(b) the IF statement, (T2%+TK), is
used to determine.the values of the backward propagating preséuré
wave at the pump. At any instant T<287L+TK, the backward
propagating pressure wave does not yet come to’ the p}xn;i).

Therefore, the value of the béckward propagating pressure wave P db
. s '
at any instant T<%J4-TK is equal to the residual pressure p dor In .

contrast, at time T>-2-L+TK the values of Ythe backward propagatmg
pressure wave are no longer equal to the resldual .pressure, as

indicated in the sub-branch (b3).

4
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In the sub-branch: (b5), the variations of the: pressures generated
in the injector chamber, in the ‘se'at 2chamber, and in the bag chamber

are calculated separately by the statement, (pi<pop), where. Pop is the

norzle opening pressure, because as long as the'injector nozsle remains

closed, i.e. P <Pop the pressures in the seat chamber P, and in the .

bag chamber p, are still constant and equal to the atmospheric

pressure.

, Once _the amplitude values of the backward propag;ting pressﬁre
\ma.ve”pib have been found, they should be stored in the computer
io”

. s
The computer program is written in Fortran language and is
given'in appendix F. " ‘ .

~N

. -
.
. .
N »
. a Ty
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3.5.4. Transient Respgnse of the Fuel Injeetion Syutein

As the results of simulation, the transient response of the fuel

injection system is shown in the following figures:

Figure 3.11 shows the pressure p g 10 the delivery chamber versus“
time. At the injector side, figures 3.12, 3.13, and 3.14 are the plots
of pressures versus time in the injector chamber, seat. chamber, and
bag chamber, respectively. Also, the mjector needle dlsplacement the
qu/fl\v rate through the orw,mjected fuel dose are presented
in’ ﬁgures 3.15, 3.16 and 3.17, respectively.

¢ . & o

Several tests have been cgnducted on a test bench to measure
the pressures in the delivery chamberocind in the injector_-chamber, as
well as the injector needle lift. The results of experiments %re shown
together with the calculated results in figures 3 11, 3.12, and 3.15.
The comparison of the results is showmg that the calculated results -

are complying wnth\,those of the experlments.

*

M
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8 A i
e ! Simulated Result

— < . '
- ——— : Experimental Result °
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Fig.3.11. Pressure in Delivery Chamber p d versus_Time X

. at Pump Speéd of ‘1000‘ RPM 0
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3.8. Experimental Investigation

N
3.6.1. Introduction ) /

2
'

< The exﬁerimenta] investigation presented in this section lias been -

made to confirm the developed mathematical ~model and the
simylation results. Practically, it is impossible to measure all variables
ith were ‘calculated. However, if a satisfactory agreement between

e

“neasured variables, a consensus can be acknowledged.

3.6.2. Test Set-up

A pictorial viev; of the test set-up of a diesel fuel injection .

system on the test bench is shown in figure 3.18. The schemgtic for

the ex\periment ig.- presented in figure 3.19. In this -test set-up, a R.
Bosch pump ofl'//PEBA75B420L559/1 type with a plunger diameter of

75 mm was \'ui_d,/.The pump‘ is connected to a CAV .injector
BKBL87S5299XS type fitted with a hole-type mnozzle BDLL150S8502 by

an injestion pipe of 2 mm internal diameter and the length of 950

mm. The effective stroke of the pump was adjusf.ed} for a particﬁlar

dose "‘of 75 mm /st.roke corresponding: to maximum engme power. This

_ effective stroke was carefully measured by a special device fitted with

a dial indicator.

‘The pump was installed ,and driven by a variable speed motor of
the test bench, and the pump speed was adjusted at 1000 RPM Fuel

from a reservoir was supplied by a feed pump. to the injection: pump,

iand the pressure in the feeding chamBer was kept at 8 constant value .

./of 1 bar approxxmately The fuel dehvered by the m}ectlon pump was

{

calculated and experimental results is achieved for 'sev.erql )

N

2
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broﬁght through the injection pipe to the injector where “7! it ‘;vas
discharged to a measuring’ c;linder. To record the press;xres in the’
pump delivery chamber and in the Jixjector chamber, a strain-gage
pressure transducer and a piezo-electric pressure transducer were used,
respectively. These transducers were located as shown in figure 3.19.
Another AVL noztle needle lift transducer (LVDT) was installed in
the injector holder to record the injector needle lift.. The 6utpi1t from
these transdixcers was displayed on a Tektronix dual beams
oscillosc‘ope. A polaroid camera was used to photograph the pressure

and needle lift histories. " : ¢

3.6.3. Experimental Results

The pxzessures recorded in the delivery chaml;ér of fihe fuel
injection" pump and in the injector chamber as \;ell as the -injector
needle lift are presented in figure 3.20. In figure 3.20.s, the pressure
in the pump is shown. In figure 3.20.b, the upper line is the presaurt;

in the injector chamber and the lower one is the injector “needle lift.

The experimental data obtained were reproduced in the same
‘scale as' for simulation results, and they were placed in the same

graph for comparison purposes, as seen in figures 3.11, 3.12 and 3.15.

Analysis of those graphs shows that a satisfactory agreement
between the calculat;ad and experimental results was obtained. It can
be then concluded that the developed mathematical model for the
injection systeni of a diesgl engine could be used to predict the

performance of the fuel injection system.
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Fig.3.20. Experimental Results




* acting on the needle.

L Chapter 4 ME/
- SEAT PRESSURE MEASUREMENT -

A
=4

. &
4.1. Introductibn

The main aim of this chapter is to mtroduce a _method that can

be used to Ineasure the pressure in the norzle seat chamber of the

~

-injector. - : -

@

Untxl now, all calculations made by the researchers to determme .

" the fuel dlscharge rate” from the injeétor have been ' made with a

slmphfymg assumptlon that the pressures in the seat and in the bag
chambers of the injector nozzle are identical. However, there must be
a pressure drop between these two chambers which maintains the fuel

flow. This pressur®- dlfference should affect substantially the force

To prove this fact several expenments have, been made which
allowed not . only to establish the seat chamber pressure but also the-
flow coefficients for the. orlﬁces, geat inlet and exnt, as- well as the
Reynolde numbers for the flow through the seat gap. These values
will _be ouse@ for further calculations of the fuel discharge rate in the

Fasd

next chapters.

S

Some design problems such as modification of the injector holder

" to record the pressure and injector needle lift values, te?t‘ set-up and

facilities, as well as experimental results will also be discussed in this

chapter.
| ( . [

~

Py
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4.w2. A"nalisls oi Fuel Flow Through the Nongg Seat

. The schematic representation of the noszle seat is given in figure -
358, wh;:e two critical flotv areas can be distingtﬁshe&: one at\\the
outer seat diameter and the other at the inner seat diameter. These
flow ar;aas are functions of the inje‘ctor needle displacement and the\ir
formulae are derived in appendix D. The plot of these two floYv
aréas together with injector orifices ared versus needle lift is shown in

figure 4.1 for the injector with specific data given in table 3.2.

Referring z) figure 4.1, at t(.?he beginning of. the, injector needle
movement, the seat inlet flow area starts to open throttling the _flow
into the seat chamber. Since the seat exit flow area is larger than
the seat inlet flow area, due to the difference in the angles of both
conical surfaces on the needle and in the nossle body, there is not
much restriction . of the flow at the inner seat diameter. Therefore,
there p‘s not high differential pressure between the seat chamber and
the bag chamber of the injector. Due to the relatively larger flow
area of the orifices, the pressure in the latter two chambers remains

“low and close to each other at the beginning of the injection.'

When the needle reaches the lift of 0.02 mm approximately, t}he .

( critical flow area switches from the outer to the innmer diameter of the

seat. This is causing the pressure in the seat chamber to be built-up

faster and to affect positivﬂely the acceleration of the needle.

‘When  the needle réaches the lift of 0.11 mm, i.e. ong third of
maximum needle lift, the critical flow area switches again to the .
orifices and the pressure- under the ftill needle surface tends to be
équal to the inj‘ector .pressure. The particplar effect of the seat

1
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« N

pressure on the needle acceleration, therefore, disappears at higher

needle position.

The ﬂow‘—areas of the «seat inlet and exit., and of orifices change
with the variations of the noszzle design ‘parameters. Figures 4.2, 4.3,

4.4, and 4.5 are the plbts of the seat inlet and exit, and orifices flow
- (

Fareu versus the inje/ctor needle lift for different values of conical

surfaces differential angle ¥, orifice diameter Do, outer seat diameter

D,, snd inner seat diameter D . Tespectively.
Two .predictions could be made from this analysis:

1. In ct;se if the differential angle between .both ”co'nicai surfaces
of the seat would approach gzero, the critical flow area through the
inner seat circumference would also be zero when the need]e. is on its
seat. Then tixe pressure in the seat would start to i:e built,-up much

earlier resulting in faster acceleration of the needle.

4
2. The space in the seat between seat inlet and exit areas could

be considered as a chamber. Then, ' knowing the flow- areas and

assuming the correct flow coefficients, it would be possible to calculate

the seat pressure for particular .injector pressures and needle lifts.

]
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4.3. Methodology for Evaluation of Seat Flow Conditfons

4.3.1. Pressure in the Seat Chamber | "
o .

——

The model of the force system acting on the injector needle can
L r;

—

idt + 67 + kmh1 + P :I: R = pi(F F'O)P-;-\‘p'(Fm - F.l) +

_ | + py(F,) ' o ‘(4-1)
To find the seat pressure from that equation, the force terms on
the left side of equation (4.1) should be measured during & transient
prt;cess what would be difficult. Therefore, the seat pressure in. this

investigation will be established at steady flow conditions. Then, the

total force of the terms on the right side of equation (4.1) can be -

measured using a force transducer. This means | that the dynamic
motion\gquation for the injector needle is replaced by a static
equilibrium eqn’ation To produce such‘ .configuration, the injector

holder should bW to make tlfe‘mjector needle statlonary at
a desired distance from the nozzle seat. Th}n, the first two terms on

" the left sidé of equation (4.1) become | 1€r0, and the mechamcal

friction Ri is also ignored. To eliminate the sprmg force (Ph+k,,hl),.

the spring can be replaced by‘ a cylindrical spacer. There are two
reasons in using a cylindrical spacer i#stea& of a spring. First, the
injec;r needle does not tend to move. Second, the maximun'l lift 'éf
the injector can be adjusted for any desired value, and between the

spacer and the injector needle a force transducer can be installed to

~

\

R
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fecord the met static force acting on the needle.

The schematic of this modification is shown in figure 4.7, and
the detailed drawing of .redesigned injector holder_ is given in figure

{s.

o . A

lie.ferring to figure 4. 7- one can see 'that there are only .pressure

forces acting on the mject.or needle which are balanced by the load

cell.  These pressure forces come from the’ injector chamber, seat

chamber, and bag chamber. R P is denqted for the summation of
\‘%ﬁese forces, then, / ' | ‘

Lo R \ ' v

P g - F) 4 pF, - F)4pF) (@D

"oy
¢

\ If the total force P, the injector pressure Py and the bag.

pressure P, can be measured, the seat pressure can be deTermlned

a’ ) .
from equation: ' o -

! \' . P - pi(Fi - F.o),-: Pb(Fd) - e '(4 3)
SRS F-F, '

<

»

There is no problem in measuring ‘the total \force P and the
inject;)r pressure p.. However, the bag pressure isl difficult'\ to' measure
because of the' bag chamber configuration and its small dimenniogs.
An indirect method of measuring the' bag pressufe is, therefore,
proposed. There is a relationship between the flow rate of fuel

discharged from the injector oriﬁces and the bag pressure:

[
~

ofoj_(pb p,) : o (4.4)
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'

If the fuel flow rate is known, the - bag pressure can be
" determined from formula: ‘

_ pf 2 ) o ‘ :
. Pp = 2(1}4‘;Ff * R | (4.5)

£
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4.3.2. Flow Coefficlents in the Seat Chamber
of Ihjector Noisle -

Assuming that the flow through the injector is at ateady-state
condl\tlons, three flow  restrictions can be established wnth the . flow

areas as- follows:

8. Flow thrtsugh Seat Inlet Area: | -
- o ég
Yy = # siFfsi .-p-(pi o pa) ’ C (48

b. Flow through Seat Exit Area: /

' 2 R . | . " PR
Upge ™ Hye l'ae'd ‘(P' - pb) v : (47)

p

c. Ffow through Ori’ﬁces:

¥ » Bo fo/ —(pb g\a. - T , (4.8)
The flows through those restrictions are equal:

Yo = e = Yo = 4 | (4°9)

-~

Then, the flow coefficients can be determined from thg'se Aflow -

equations:

L
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3
8. At Seat Inlet:
t‘q . ’ ' e . .
.- 2 K
Frid 5o = )
A
" b. At Seat Exit: >
q F)
g 9 \
lil"t'le #pl"- pb) " 2
e At Orifices:
q N ) o R .
B - : ‘ - : (4.12)

The flow areas F.. and F__ are functions of needle lift b, and

they are given by equations (3.41) and (3.45). The total flow area

" through the orifices (IF,,) is calculated from the orifices diameter. . /

It should be noted that the above equatioms are valid for the

turbulent flow. Therefore, the flow conditions should be analyred to ‘

justify such assumption.
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/ 4.4, Test Set-Up Description

A schematie of the test set-up for seat pressure measurement is
shown in figure 4.9. Description and calibragion of the instruments

used in the experiments are described in appendix E.

In this test set-up, two fuel pumps, in series, supply fuel from a

reservoir to the injector. The low pressure pump from the Bosch test

bench creates the boost pressure for a - high pressure variable.

displacement pump. This arrangement of pumps is capable of
producing over 200 bars of pressure at a flow rate over 3.8 litre per
minute. However, there is a heat dissipation problem while the test
requires a steady temperature of fuel. For that - reason, a waker
cooler is used as indicated in figure 4.9. The fuel snpplied to the
tested injector is passing through a distributor connected to a bladder
aecumulator which is used to reduce the pressure. fluctuntion and to
improve steady-state conditions' for the test. A4 pressure gage is
installed, as shown, to record t,he pressure in t.he mJect.or Inside the
'mjector holder, one pressure transducer, one needle lift - transducer, and
one force transducer are mstalled To accomodate these transducers,
the [injector holder has been redesxgned as presented in ﬁgure 4.8.
Either. a turbine flowmeter, a rotameter, or a cylinder with a scale

can' be used to measure the fuel flow rate. Smce, the fuel flow

 occurs at. steady-state condition, the latter devuce is chosen for.
simplicity and accuracy, using -the test bench automatized flow

measuring system. Finally, the fuel' should be filtered after léeaving -

the main-fuel tank. For that resson, a filter is' used, and ‘it is

LAY

located in the test bench, as'indicated in figure 4.9.

o

Ml
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A~

4.5. Test Procedure x 5

" Before starting the experiments to measure the seat pressure,
tests were performed with the fully opened - injector to determine the
flow coefficient at the orifices. With fhllj—;ppen seat flow area, the
1i11ector noszle is so designed that there m‘ no  significant Q‘wttﬁng
effect and, therefore, almost fio pressure drop ame seat. This
means that the mjector pressure and the bag pressure are almost
identical. With that assumption, the expernment was carried ont to
measure the fuel flow rate g at the ‘scheduled injector pressures P,

.7 Which are -considered to be equal to the bag press\ires P According =
to equation (4.12), with full opening of seat flow area: \ |

' | 2
q=Ip oFfo‘/ ;(pb - a. By fof _(pi l (4'13)

From that equation, knowing the fuel flow rate, either the flow . 4
coefficient at the orifices or the orifices diameter could be confirmed

using the formulae: ‘ |

— For Orifice quw Coefficient: «"

T ' 3 q b M

, b - (4.14)
0 2 ' | ’ ‘
_ ‘ IF.J ;(pi - p,) : .
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'« . | = For Orifice Flow Ares:
D q .

Ffo - —
| lu,/ 'i'(p; -p)
< . ‘ Qs
After the flow rate at maximum needle lift was determined, the .
- tests were performed to mensure the flow rate at various needle lifts
as follows. The _needle lift was reidjmted to a desiréd value which
 was recorded by s displacemeﬁ/t- transducer (LVDT) connected to, a
‘/'“ voltmeter. Then, the high pressure pump displacement was controlled
/’ in such s way that« thé injector pressure p'; reached the particular
required value and remained constant during the test. For each
position of the injector needle, the fuel flow 'rate, the injector
../,» pressure, land | the iotal force acting on the needle were record,éd. T‘heﬁ
same procedure was repeated for different values of injec&gr pressure.
It should be emphasi_z_ed that the test terminated when the lift of the
inject.of needle reached a position at which the throttling effect across
the seat was not vi';i_ble, i.e. the injector pressure, t;he seat pressuré,

and the bag pressure were similar.

Tests were performed at three different levels of injector pressure:
- 80 ‘gars, 124 bars, and 185 bars.
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4.8.1. Flow Coefficients at Orifices

£

As mentloned prevrously, tests were first performed at the full

opening of the seat flow area to determine the flow coefficient for the

\, orifices.

rates for three different values of anector pressure.

Table - 41 presenfs the results of measuring the fuel flow

The orifice flow

coefficients were cflculated using equation (4.14) for the injector with

four orifices having diameter of -0.32. 'nrilimeter each.
Injector Pressure [bar]‘ 800 | 124.0 | 165.0
Fuel Flow Rate [cmgls] | 30.0 37.0 43.3
Orifices Flow Area x 10° [mz]\ 3217 ..8217 3217
Fuel Density [kg/m’] — 8200 | 820.0 | 8200
Fuel Temperature [ C] 380 | 380 | 380
Orifice Flow_Coefficient p_ 6655 | .6614 | .6699
Percentage of Deviation from the -.0150 | -.8300 | +.6460

Average Value of b,

.4-:1“/
Table 4.1. Test Data and Calculated Orifice Flow Coefficient

T

Observation of the results in table 4.1 ‘revealg that the orifice

flow coefficients are different by. less than one percent 8s compared ]

with the average flow coefficient.

Based on these test results, one

can conclude that the average flow coefficlesnt at the orifices is of

0.66586.

Referring’ to literature [17] and [18], the flow coefficient at

the orifices ranges from 0.85 to 0.75 ‘depending on Reynolds number.



Hence, the flow coefficiefit value for the orifices which was determined
in this test is within the expected rsnge. .
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| £ o
4.0.2.- Seat Pressure &

.Jhe needle lift, fuel flow rate and force actmg on the injector

needle at steady-state flow condition for the three uuect.or pressures of

80 bars, 124 bars, and 165 bars are presented in table 4.2.

’Rhe conversions - of the needle lift from volt [V] to milimeter
[mm], hnd of the load from milivolf [mV] to Newton [N] using the
gam factors derived in appendix E are given in tables 4.3, 4.4, and °

'l 4.5 for different values of injector pressure. It should be mentioned

* that the needle rod elastic . deflection caused by fthe high pressure

force affected the rea.dings obtained by“ the lift tramducer due to the

installation and arrangement =as seen in figure 48 This deflection has

| been calculated separately and added to the needle lift recorded by
.. the lift transducer to obtain-the actual displacement of the needle.

The elastic deflection of the needle rod was calculated from:
' - J

n, S

1.\11i e \ / ' (4.19) |
(J -

Other measured quantities such as seat pressure, bag pressure,

) and flow coefficients at the seat inlet and exit are also presented in
~
_ these tables. ‘ : ol

The ?graphsl of the injector pressure, seat pressure and b;g
pressure versus the needle lift for different values of injector preuur;
are given in figures 4.10, 4.11, and 4.12. The plots of flow coefficients
at the S:at inlet and exit flow areas versus the need!e lift are an

in figures 4.13 and +4.14 respectively. In these plots, the flow

~ ' ‘ . ’ /
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p, = 80.0 bars p = 1240 bars | -p, = 185.0 bars
b | a |P b | a [P ‘bl a | P
\'A cms/s mV | V cms/s mV \'s cms/s mV
182 | 3.67 [1300 | 1.89] 1280 | 2120 1.86 | 14.00 | 280.0
186 | 7.20 {1370 | 1.93] 1547 | 2210 1.92| 19.33 | 302.0
198 |14.27.|161.0 | 2.03| 22.40 | 258.0 1.96 | 23.47 | 323.0 .
2.04 |18.27 {1730 | 2.08] 24.93 | 2700 1.98 | 25.07 | 341.0 |
2.15 |22.13 [1780 | 2.12| 27.60 | 2740 201 27.33 | 347.0
2.18 |23.87 [180.0 | 2.20] 30.93 | 282.0 2.07 | 20.33 | 354.0
233 {26.13 [185.5 | 2.30| 32.27 | 286.0 2.11 | 31.47 | 364.0
254 |28.27 {1900 | 2.34 3:;..'33 288.0 9.13 | 33.33 | 369.0
279 {29.60 |193.0 | 2.41| 33.87 | 290.0 2.25 | 37.73 | 381.5
2.51 | 34.93 | 292.0 2.43 | 40.00 | 390.0
2.62 | 35.60 | 204.0 2.68 | 42:13 | 395.0
2.60 | 36.00 | 265.0 i
2.82 | 3640 | 296.0

Table 4.2. Test Data Recorded for Injector Pressure ‘>

. \ '
S p, = 80, 124, and 165 bars ‘
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N,
o <

b, P P, Py, . By B Tt
[mm] [N] [bar] [bar]

0099 | 153.4 335 | 123 | 048 | 1.455 /i;
0205 | 1617 | 13.63 473 | 0498 | 1100 | .7
0520~ | 1900 | 48.27 | 1855 | 0.556. |-0.747 | .
0878 | 2041 | 63.94 | 30.41 | 0758 | 0.758 |
0984 | 2100 | 67.37 | 44.65 | 0.721 | 0.870
1043 | 2124 | 60.05 | 49.42 | o768 | 0.952° %
1433 | 2189 | 73.10 | 59.75° | 0.753 | 0.990 ,
.1979 2242 | 78.10 | 66.83 0.991 0.899

2628 | 2277 | 7866 | 73.86 | 0.872 1142 |

Table 4.3, Experimental and Calculated Results for

. Injector Pressure p, = 80 bars

<
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b, P | P Py | Mg oo
- [mm] [N] [bar] [bar]
0295 | 2502 210 | 149 | 0496 | 2.028
0401 | 260.8 33.5 218 | 0470 | 1.500
0866 | 304.4 85.9 457 | 0.629 | 0.858
0798 | 3186 | 102.2 56.7 | 0768 | 0.795
0903 | 3233 .| 1042 69.4 | 0.791 | 0.919
112 | 3328 | 1101 837 | 0.855 | 1.015
1372 | 3375 | 1140 o1.4 | 0852 | 0.071
1476 | 3398 | 1150 953 | 0.860 | 1.014
1658 | 3422 | 1172 |\g85 | 0.801 | 0.965"
1018 | 3446 | 1182 | 1052 | 0.860 | 1.060
2204 | 3469° | 1201 | 1005 | 0920 | 1.070
2386 | 3481 | 1209 | 1122 | 0955 | 1.118
2723 | 3403 1218 1148 | 0964 | 1.142

Table 4.4. E)Eperimental and Calculated Results -for

‘ Ihjector Pressure P, = 124 bars

- e - o
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\
hi o P p- _pb A si A se
[mm] [N] | [bar] [bar]
' 0229 | 3034 | 240 | 179 | 0507 | 2.478 °
(-/ 3 0388 | 3564 | 646 | 341 | 0548 | 1.448
0496 | 3811 | 836 | 502 | 0.605 | 1.194
, 0551 | 402.4 | 110, 573 | 0.711 | 0.945
&~ .| .oeze | 4005 | 1168 [681 | 0719 | 0.989
orer | 4177 | 1248 | 784 | 0674 | 093
- 0892 | 4205 | 1373 | 903 | 0.764 | 0.910
» | 0045 | 4354 | 1418 .| 1013 | 0833 | 0.998
- 1258 | 4502 | 1514 | 12018 | 0.913 | 1.082 |
1727 | 4602 | 1589 | 137.8 | 1.113 -| 1.015
2377 | 4661 | 1821 | 1408 | 1081 | 1.104
" T

Table 4.5. Experimental and Calculated Results. for
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4.6.3. Forces Acting on the Injector Needle

. , " ‘
From the pressure measurement "experiments, the pressure forces

acting on -the injector needle can be calculated according to the

following formulae: ' )

— Injector Pressure Force: 4

P, = B(F, - F,) (412
- Seat Pressure Force:

P, = p(F_-F) T S (aas)
~ Bag Pressure : Force:

) S 3 ‘

Py = pb(F d)- ‘ , * ‘ (4.19)
—~ Spring Force:

Pp = Py + Kby | _ (4.20)

The plot of these forces is given in figure 4.15 for the injector

pressure p, == 1656 bars.

Y" t
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4.7. Discussion of Experimenta.l Ruults ahd Conclusions

/-

From the above experments and from the test results, there are

meral remarl;s Ahat can be drawn.

I".irstly, the tests are perfornied for df; three selected injector
{?preuure values of 80 bars, 124 bars, and ‘165 bars because of the
following reasons. At the beginning of the injector needle movement,
or in other words, at the low lift range of the injector needle
movement, the ipjec;.or pressure p, falls down from the opening
pressure, point a, to the pressure at point b as seen in figure 4.16.
This is due to the escape of fuel from the injector chamber apd due

to the accumulation of fuel under the accelerating needle. TlHere is a

i throttling effect across the seat, and a significant pressure drop .

between the injector chamber and the bag chamber occurs. ) During
this period, the seat pressure value is of very importance becz;use it
pl;!ys big role in accelerating the needle. When the injector pressure
-starts ' to increase at point b as indicated {in figure 4.16, the ngf@e is

already at the maximum lift position.  Then, the seat pressure is

equal to the injector pressure due to almost no pressure drop across

the seat. Similar situation occurs at the injector closing pressure,
point ¢ as shown in figure 4.16. At this point, the seat pressure value
can decide ab6ut the combustion gases penetration through the
injector onfices, wluch can cause corrosion and carbon deposxts in the
notzle. From the above discussion, it is of interest to know what is

the presiure developed in the seat chdmber only when the injector

pressure ia' within the range of nozrle 6péni g and closing which are
of 170 bars and 110 bars, respectively, for the type of the injector
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These are the reasons why the tests were performed for the |

injector pressure varying from 80 bars to 165 bars, taking into

account that there are also m;ectors in use with only 120 bars

' opening pressure. The investigation of the seat pressure for the

injector pregsure‘hlgher than the ppening pressure is not needed.

| Secondly, referring to figures 4.10, 4.11 and 4.12 one can see that

the seat presquré ‘at very low meedle lift is close to the bag pressure,

‘and at high needle lift it approaches the injector pressure, as it was

+

prédictegl.

Phirdly, observing the numerical values found for .the seat exit
flow’ coefficients in tables 4.3, 44 and 4.5, one can see that at the

'.bég}uTAin'g of nozile opening they are greater than one which iz, of

, course, il;lpoasible. The explanation for this fact could be that at low

needle lift the flow through the seat exit area is mot turbulent but

laminar. In that camse, equation (4.11) derived to calculate the flow

coefficient for the seat exit ared would not be valid any more.,, To

investigate this possibility, the.plot of Reynolds number versus needle
lift has been(made and presented in figur_e 4.17. From this graph, it
can be recognized that the fuel.flow throﬁ‘gh the seat gap could be
considered laminar for low needle lift and smaller injection pressures.
At h%gher 1.1eed]e lift and greater injection .preszuge, the flow has to be
considered as turbulent. How}ever, a conclusion can be drgwn that for
unsteady flow process when\the needley” is moving, the flow is

turbulent even at the low need]e lifts due to the lack of time to

stabilize "the floy#n the seat and also due to the dlsrupt.xve effect of

the gap increase following the fast needle movement which 'mll 0
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disorganize the streamline of the laminar flow. With these
conclusions, it is really hot known at what lift' level the flow is
becoming turbulént. It can Be only recognized that at the beginning
'of the lift movement it starts as laminar and this could explain the

strange results obtained for the flow coefficients at.low needle lift.

)

Finally, at high needle lift bath seat inlet anéi exit flow
coefficients are exceedimg the value of one. The feason can be that.
at the high Txeedle lift the pressures in the injector chamber, seat
chamber and bag chamber differ by a very small amount, while there
is not enough sensitivity in the equipment used in the experiments to
correctly record these small differences in pressure. Taking the above
analysis into account, only the middle part of the experimentally
obtained flow coefficient curves should be cofmdered for practical use.
There is no need for calculatiofi of the flow through the seat at very\
low needle lift (almost no flow) and at high needle’ lift (flow almost
the same throil{&h three restrictions). Assummg that the derived
values of the flow coefficients in the middle part of the needle
moyement are correct, the average flow coefficients for the seat iniet

and exit could be proposed as follows: x
~ At the Seat Inlet: p = 0.75
— At the Seat Exit: p_ = 0.95 - ' -

These values are comparing well mth those given for the poppet

valves by Von Mises [18].

R4
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A pict:orial‘ view of the ,test‘ set~-up for the - seat pressure
measurement is sh@jme 4.18. , LN
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Fig.4.18. Pictorial View of the Test Set-up for
’ Seat Pressure Measurement
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- , § Chapter.ﬁ ' -
| EVALUATION OF. DYNAMIC RESPONSE OF
DIESEL INJECTORS | L
. 5.1. Introduction R e

As discussed before, a diesel injector should - deliver fuel into the
combustion chamber of a diesel engine through the noszsle orifices wi{l:
high floﬁ rate to obtain a good fuel atomirzation and distribution in
the .cofnj\)ressed air. This condition is ' easier to fulfill at high engine
speed and. fuel dose, i.e. at high enmgine power than at idling or

. starting conciitions. In the latter cases, the dynamic response of the

injector becomes very important because it affects the time of the
injector's opening and closing. When the injector is opening, it is
reciuired to open quickly to 1;r6vide | the high pressure differential
BCcross thq injector orifices. - When- the pressure inside the injector
drops, the injector shou close -quickly so that it will not allowk the
fuel to be injected through orifices witﬁ a low dischafge rate.

It is important for the diesel injeci:.or manufacturers and users to

‘' be able to eYaluate the dyhamic’ response of the diesel injectors in the

?conditions\ similar to those on the diesel engine. For that reason, the

test-rigs are used where some specific conditions are created simulating

the engine conditions in which the dynamic response of the injector

could be ‘exactly recorded and compared to that obtained by
mathematical simulation. Then, it would be possible to determine the
effect of changes of particular design and operational parameters on

- the dynamic res of a diesel injector, and - to optimize these

w
)
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parameters. Such method would also provide the investigator with an
opportunity to ‘detefmine the criteria for allowable changes of
particular design and operational parameters of the injector in case of

wear or mantgfacturiné deviations.

It has to be mentioned here that the desigﬁ parameters for, an

injector such as orifices diéméter, needle and seat 'diameters, volume

" inside the “injector, spring constant, nozzle opening pressure, etc. are

usually chosen by the fuel injection system designer at the time when

the injector is adapted to 'a diesel engipé, from the point of view of

_the engine performance. While the proposed investigation of the

dynamic response of Ln injector would provide the designer with a
proper measure of the effects “of the v’design parameters, these
parameters could not be arbitrarily selected ‘to im‘préve the dynamic
responﬁe of the ‘injector only ‘because this could ‘worsen the engine

performance.. Therefore, the proposed evaluation method has more

“significance in ‘investigating the- impact of .the deviations from the

design and operational parameters resulting from some assignable

' ~ causes occuring dliring, the manufacturing process (for new injector), as

well as during the engine operation (for used injector).’ Hence, the

. proposed evalugtion method based on the injector ; dynamic response

could be rather considered as an evaluation of the -quality of the -

diesel injectors. However, it could be also used for the adaptation of

the fuel injectors to the dlesel engine, 28 discussed in further chapters.

A
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5.3. Dynamic Response of Diesel Inj;etor as a
Nossle Quality Measure

“\/% chapter will show how the dynamic respomse of & diesel

injector can be affected by the various operational parameters. related
either to the manufacturing quality of the new injectors or to the
service. deterioration of the wused 'injectors. - For that reason, a
schematic representation‘ of a diesél injector can be used as BhOW;l in
figure 3.7, and following' factors 'affecting the forces acting on the v

Sy S 1

injector needle can be distinguished: E

1. Mechanical friction of the needle in the nozzle can vary from
gero for an‘ ideal injector to hjgﬁ values when there is & deformation
of the nossle hole due to the clamping force of the nut attaching the |

ozzle to the injector, and when contamination in form of a particle
of in form of carbon deposit enters the gap between the needle and

e nozule body.

?

2. Damping force..acting on the needle, which can vary.due to
the changes in gap between the needle and the nozzle body the

result of manufacturing accuracy or from the wear.

3. Force from the pressure acting- on the"h'\gedle in the bag
chamber, which depends on the flow area of the orifices. The _6rifice
flow area can be” affected by the burrs left after.drilling or b; the

‘carbon deposits resulting from the service on the engine.

4. Force acting dn the needle from the pressure in the seat,
which depends on the seat geometry (seat chamber differential angle),
and on the seat inlet and exit flow coefficients which can be affected
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by the manufacturing accuracy and by the wear of the seat surfaces

due to the service of the injector on the engine. -

5. Force from the spring acting on the needle, which can be
affected by the inaccuracy in adjusting of the opening pressure and
by the wear of the injector components between the spring and the

—

All these fﬁctors which decide about the quality of an injector

) needle.

~will be taken into ‘account in deireloping a mathematical model for
calculation- of the dynamic response ‘of an injector.

;

~ TN

N,

N\

>
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5.3. Model for Investigation of the Dynamic Response
of an Injector '
‘Th.e set-up for investigation of the dynamic response of a diesel
injector is shown in figure 5.1. It represents a mechanical system ‘of
second order with Iass, spring, damper and friction which responds to
the forcing input action of an hydraulic system represented by a

chamber accumulating a volume of fuel under high pressure and

" connected with the test-rig pump by a restriction.

To make the dynamic response of fhe- injector more relevant to
the outlined objectives, it is assumed that the model will simulate the
fuel injection process corresponding to idling conditions of the diesel
engines, i.e. with small dose of fuel being injected -and with the=

~ injector needle lift being smaller than the maximum stroke. Such

conditions produce a single *jump” of the needle with fuel discharge
through the orifices. Since, the needle moves at low Iift level and
the critical flow area remains within the restricted seat flow area, the
seat flow conditions which decide about the needle acceleration can

be, therefore, well recognized.

" For experimental purposes, the proposed model can be realized
practically using a simple injector tester to {eed 3 Ilydrauhc
accumulator through a metering valve with restncted flow area, as
shown in figure 5.2. If the accumulator is supplied a} a congtant

By <3

ill occur as shown in figure 5.3. The

pressure, the injection progig

pictonal view of the test is shown in figure 5.4.
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5.4. Mathematical Simulation of Injector
Dynamic Response Y

For mathematical simulation, it is assumed that the impact of

pressure wave can be neglééted because of proximity of components

of the model. A second assumption can be made that during the

short injection period \‘p fuel is passing from the reservoir to the
accumulator. This is almost true when the fuel flow rate through the
metering valve is very low; i.e. the metering orifice flow area is very

small; it affects the injection freqﬁency but not the injection process.

Besides these assumptions, the procedures of calculation are
carried’ out for the system which is simplified by making some more

assumptions. They are:

1. The sealing between mechanical components ig . considered

p:arfect. That is the fuel leakage is not taken into account.

2. All elastic deformation of solid parts of the system due to
préBsure changes is neglected. ‘

3. The fuel is discharged at atmospheric pressure, but not into

the engine cylinder.

'With  these ‘assumptions, the fdel injection process can be
calculated using the formulae:

0y
¥
.
-
[
) . .
. -
+

i
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.* 1. Continuity Equations. : ’ L e
\\‘ \\l » ' - ' X h ° ) o ————
8. For Injector Chamber with Accumulstor: . %
.V, + V_dp | 7 &
i\ a __i. ’ ¥ [4
—5— 5+ F - F v + gy =0 “(5.1) W
b. For Seat Chamber:
(F, - Fli)vi + Gpy = Gy (5.2)
" ¢. For Bag Chamber: N
V, dp ‘ En ' S ’
b Pp - - .
T RN " . N (63
‘;( : ' C, . . . -
2. Motion Equation_for Injector Needle - - ) .
’ ., | - ’dvi . ) i
B(Fy - F)) + p(F, = F) + pFy = my 3= + vy + Kby + -
‘4P xR (5.4)
My A\
‘and, s ' -
ﬂ N . o5
at — i | (6.5)
b ' .
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il 3. E'_gg_ah_ ions for Fuel Discharge

8. For thie Flows through the Seat:

‘ . .. ' = At Seat Inlet: _‘ . L
I U = FaFrad Mo -p) ;o168
C : : ’ o z
L '/-AtseatExlt
. ;o ;e le flej '(p | o (5:-7) ‘,
N . The seat flow areas Fe. &nd F,,_ sre functions of the meedle lift
~o by ‘and ngen by equatxons (3 41) and (3 45) respectively.
b. For the Flow through the Onfices .
e ot ) *
| 4 * .o .
) . * s to'/ “(p b. - a « D (5.8)

The dynamc response of 8 diesel mjector fitted with a multi-hole

Sy : poszle as speclfied in chapter 3 was ca.lculated for various differential
. anglea o between nozzle seat and needle - t1p cones. Then,’ the
calculatlons were repeated by changing thgse nozsle parameters which

e ' can %»vary as the result of ' manu turing denatlons, nortle

S i

contamination or wear. Calculatlons were also made for various

volumes of accumulator \'s , included into the test set-up as shown in

. figure 5.1. The results of calculations are _presented in figure 5. b where
- the mm}umu.m needle lift obtained d(lbrmg 3 snngle injection is plotted
R " versus different noszle parametera. v

(s}
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Some experiments have been .conducted using a data acquisifioﬁ

system built at Concordia: University in the Centre 5for Industrial
" Control. The schem;;tic of the test set-up with the data acquisition

eystem is shown ir figure 5.8. The lift of the needle was. recorded by
the computer, shown on ﬁe screen and printed. Figure 5.7 shows the
needle lift charficteristic obtained from the injector for which the
calculatjéqs of }yml‘mic resi)ome have been made. The comparison of

.h ‘Qhe needle lift travel is. made under assumption that the needle seat

deferentlal angle in that mjector is at the range of 20° whxch is a

typlcal value for diesel injectors. . -

-
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\ . b.5. Discussion of Calculated Results

Analysis of graph in figure 5.5 is showing a significant impact of
variations in seat differential angle and in accumulator volume V‘ on

the maximum lift of the injector needle.

To better analyrze the effec{ of particular factors, the grapﬁ' from
figure 6.5 was extended to show the maximum needle lift changes
versus seat differential angle for several noszle parameters and for

. various accumulator volume V , figure 5.8.
. a

‘ an be drawn that for sccumulator volume of 3 cms,
. corresponding to \engine fuel dose at idling about 16 mmz, the
‘maximum differential gle should be around 40’ to maintain the
unstable 'operatl;ion of injector resulting in high -seat flow area
openiﬁgs. Variations in needle damping coefficient 8y mechanical
~ friction R,, and in orifice flow ax’&h\Ero do not show such deciding

effect, unless, they overpass the typical deviation limits.

From . the above analysis, it might be concluded that a very
small seat differential angle should be desired. However, the
minimum value . f that angle is limited by the sealing aBility of the
needle-valve which requires a distinct contact line between the‘ seat
and the needle Based on disponible manufacturlng accuracy, it can
be recommended t.hat the seat dlfferentlal angle should not be smaller

. than 20°. There!'ore, " the reqmred @)lerance for that angle, for
manufec;.urmg purposes, should be 20’ to_40’ approximately.

/"T'\
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It would be interesting to note that the informations giveh in the
literature . from recognized manufacturers, such as American Bosch
Corporﬁtion [12], méntion the value of the seat differential angle as
25’ to 45’ regarding the correct ”chatter® behaviour on a test-rig.

This, however, was found from the manufacturing experience, not as a
L

result of analytical investigation. .

" The develop;ad methed of investigating the dynamic response of
the diesel inject% can be used for different types of injectors to
determine. the criteria for the evaluation of quality of injector nossle
for both new injectors and those after some service time on the
engine. By changing the accumulator volume according to the type
of injector, the test-rig equipped with an LVDT sensor .and a peak
~ voltage in;i_icator with digital read-out can be very useful in evaluation

of injector mossle quality. ' / . &

The application of a computer controlled data acquisition system
creates new possibilities in evaluation of diesel injectors. It cannot

only evaluate the maximum needle I in a fast manner, but it can

be also used as:an injector analyser o better determine the reasons
of malfunction of injectors by comparing the needle lift characteristics
with that calculated for differefit values of operational parameters.’
This‘ is not the main objective ¢f this thesis, howe.ver in figure 5.7 an
‘example of such comparison is given; the needle velocity, calculated
and displayed easily bx the computer as a derivétive of needle lift,

can make such comparison even more accurate.

.
[ 3tee
»
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Chapter 6
EFFECT OF DYNAMIC RESPONSE
OF A CLOSED INJECTOR ON FUEL ATOMIZATION
‘¢ IN A DIESEL ENGINE AT LOW SPEED

6.1. Introduction o -

In Mer, an attempt is made to show the possibility of
improvement in atomisation of fuel injected by a closed hole-injector
in a diesel engine at idling and starting conditions through

optimization of the injector design parameters.

¥

As it was already mentioned in introductioxi, in a \modern high
speed diesel engine with direct injection of fuel through ﬁﬂti—hole
injectors, there are difficulties in determining the size of orifices in the
nozzle because of the need to compromise between two opposing

requirements:

a. To allow the injection of a large fuel dose during a short time

period without excessive pressure when the engine delivers full power.

This requires larger size orifices in the nozzle.

b. To producé a good atomization of small fuel dose injected ‘at
low engine speed during starting or idling. This requires smaller Bize

orifices in the nozzle.

~ This pl:oblé,m is becoming particularly. accute for, highly “rated
turbocharged “automotive engines in which the fuel dose at maximum
power output can be by 50% higher than that injectec‘ atmospheric

engines.

!
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When that problem arised several years ago, it was partly solved

by{ introducing closed maulti-hole injectors acting as differential pressure

valves; i.e. being unstable at low fuel flow ’rate, and therefore
providing fast opening and closing of the injector when the discharge
flow rate was not high. This resulted in cutting off the flow of fuel
from the injector if high differential pressure across the xionlg orifices

was not available. Consequently, at low engine speed, tile injector

opened for only a short period of time so that' it did not allow the

pressure in the injector to drop to a low level due to large flow area
of orifices which w;re being made to accomodate the ﬁigh fuel flow
rate at maximum engine powex:. The situation experienced | with
injector’s pressure at high power, at idling and at. starting conditions
is well shown in figure 6.1, [7]. )

There is also another factor making the fuel atomization at low
engine speed more difficult. It is the presence- of a seat under the
needle which throttles the fuel flow at low needle position. Therefore,
the differential pressure across the noszle orifices is reduce&. The
. answer to this undesired throttling effect of the seat could be found
in the improvement of the dynamic response of the injecfor which
should provide the injector meedle with high acceleration during
opening and closing of the injectof, p}mticularly at l<;w engine speed.
As discussed previously, the opening ‘and cfosing processes at high
engine power are so fast, due to high fuel flow ﬁnd pressure change
* rates, nthat“ the effect of the .aeat p;eaénce can be neglected.
Therefore, the needle seat- geometry can be left free for optimization
to improve the fuel atomization at low engine speed. |

e
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~ fuel at low speed of the engine.
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‘6.2, opthnhmox% of Injector Design Parameters
for Low Engine Speed

-~

The objective «of optimization of injector design parameters is to

_obtain such values of these parameters that the fuel injection period -

is minimized for a particular fuel dose injected at low engine speed.

ﬁl.n order to assess the variations of injection duration with respect to

the injector parameters, the fuel discharge rate was calculated for.the
injeétor specified in chapter 3, by wusing the mathematical model
described in chapter 5. B |

e,

To obtain the optimization curves, several calculations of fuel
discharge rate were made for different wvalues of injector design

parameters. The following parameters were_“selectéd to be optimized.

1. Differential angle /4 between conical surfaces of injector needle

tip and noszle seat.

.2. Injector needle mass m,.

3. Damping coefficient 6, for needle movement.

7

As the result of discharge rate computing, a graph is ,produced

showing the variations of the fuel injection duration versus the values

of involved parameters, as shown in figure 6.2.

—~

From figure B.2, one ‘can see that as the values of those three

parameters increase, the fuel injection duration slgo increases. The

quantitative evaluation of the impact of design parameters on the
time of injection of the fuel dose, allows to select the values of the

design parameters in order to obtain the best atomization of injected
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6.3. Calculatiori of Fuel Discharge Rate at Low Speed ©
to .Assess the Improvement in Fuel Atomisation

-} To confirm the results obtained from j:ile optimisation procednre’

performed in section 6.2, the entire mathematical model for full fuel
discharge rate calculation developed *in chapter 3 was used for
compsrison of behaviour of two injectors at injection pump idling and

starting speeds of 400 RPM and 150 RPM respectively, with following

pg:ameters: (« |
Parameter | Injector No.1 | Injector No.2
Differential a‘ngl'e [minute] B~ 40
Injector needle mass [g] Nominal 1.5 Nominal '
Damping c?efﬁci_’ent [kg/s] R .10 —‘ 80

The other parameters were kept constant with values as specified

‘in chapter 3.

~ ) . . — \:._/ .

. As found from-the injector dynamic résponse calculation, it can
be predicted thabﬂ jector No.1 should provide better fuel apﬂzation
than injector 'No.2 at Iow engine gpeed.

In. this chapter, the characteristic method [16] was ~cho§én to

solve ‘the continuity and “motion equations (3;1) and (3.3) for the

unsteady fuel flow in the injection pipe for folloﬁng reasons:
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The ~calculation method described and used in chapter 3 can be
only apphed to solve the pipe flow equations which are simplified by

negleotmg the *¥onvective terms v-P- and v%x! and the friction term

!Ll | However, to obtain more accurate results [11], [19], those terms
can be taken into account by seeking another method, s_] as fimte
; ~.

drfference method or characteristic method, rathér than' the one

described in chapter 3, which is named ”Element %terage Method”. ¢

Gomparison betvreen the characteristic -method and the element.
storage method reveals that each of them has some advantages and
disadvantages. The latté\' method takes less time for computing as
compared with the former one because it does not need to calculate
the quantities p and v at every section of the' pipe B8 ’Ee
characteristic method does. However, as descri@i in Zhapter 3, the.
element storage method would take more computer memories to store
the calculated forward and backward pressure amp’htuc/l,ef*(alues at the
pipe end/ for every calculation time interval. Also, Athe computer
‘program developed for the element storage method is more complgQ
~This is Because the program should provide a mean to retrleve the
forward and backward pressure wave amplitude values at proper time
tﬁ calculate the processes in the pump and in. the injector. Whereas,
the characterlstlc method can give more accurate results due to the
terms: whlch are not neglected, as mentloned above. Furthermore,

s becalse the characteristic méthod can determlne the pressqre p and
veloclty v at dafferent sections of the pipe, the i)henomena in the pipe

such a8 occurence of vapor cavities can be examined. S X

-t .. ~
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The results of calcnlationn for the pump speed of 400 RPM - are

presented " in figu.res 6.3, 6.4, 6.5, 6.8, and 8.7 where the variations of
/7

pressures m the injector chamber, seat chamber bag chamber, the’

needle lift and the fuel discharge rate versus time are being shown.

‘Figur_e 8.8 shows the variations of the needle lift versus time for

L%
-

pump starting speed of 150 RPM. WO oA
i %

From those figures, one can see that at pump speed of 400 RPM
injector No.l1 has the fuel injection duration of 0.531 ms at the fuel
dose of 17 mm3 which is 7.9% less than the injection 'duration of
1.011 ms for m,)ector No.2, at the fuel dose of 16.25 mms. ’A']so, the
mean fuel flow rate for injector No.l as seens in figure 6.7 is
conslderably higher than that' for injector No.2. For puinp starting
speed of 150 RPM, the total fuel injection' duration for injector No.l
is ;.89 ms which is 15.4% less than.‘t.he injection duration of 5.78 ms
for injector,i\lb.i.’, at fuel dose of 110 mms. These res\é) confirm that
an injector’ with low .values of seat differential angle, injector needle
mass lzmd damping coefficient w1]l provide better fuel atomization than

an injector having these design parameters with high vr@s

The presented injector optimization procedure, -together with a
full calculation of the fuel discharge ’procesé by varying three selected
desién ‘parameters, is showing the possibilities for diesel injector design
improvement at engine idling "and starting conditions. This procedure
can be extended to other design parameters, if required. Then, the

short calculations of injector dynamic response can be performed to

%
~draw the conclusions towards the direction of changes for each design

parameter to obtain the desired improvement. ) —

%
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Chapter 7 \

OPTIMIZATION OF.
'DIESEL INJECTOR DESIGN FQR HIGH gNGW

BASED ON CALCULATION Of PUEL INJECTION RATE
FROM MEASURED P DELIVERY RATE

\

7.1. Introduction -

~ The optimization of a diesel fuel injectidn, system is comidered to
‘. be one of the most "difficult engineefing tasks. This is because the

'~ ' problem must deal with complex high speed, high pressure
compressible " trapsient flow process occ;m'ring in a sophisticat‘ed
hydraulic -system to brovide the engine combustion chamber with

precisely metered fuel discharge \gate characteristic.

Before 1955, when the comuters were not used, the oplimization
of 8 diesel fuel injection system was dome in & conventional. manner
by an .experienced engineér relying mainly on " “his feeling being
!lupported by coarse cdcﬁatiom. The main reason for this approach
was the large smount. of {m¥® required to perform detailed fuel
discharge rate calculations. \T’heoreticzil background for a mathematical
model of the fuel injection process has already been developed and

\t..‘  solved graphically by Pischinger [4] in 1939 based on the
waterhammer theory published by Alliévi (20]. - However, even the
more 'convenient graphical method'\ could not encourage professional
psu;titioners to apply a more analytical approach in adapting the fuel

a -

“injection system to a diesel engine. ‘ ?
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After 1955, with spread of computers and with the development
of numerical calculation methods [6], [9], [10], engineers started to use
these tools in optimization “of &l injection systems. Howevef, 8 new
problem arose due to the. overabundance of computatio.n results and
time lost for their “analysis and evaluation. The use of mathematical
optimization methods seémedd;p be a_logical | help. However, it px:oved
that those methods are not very effective due to the great number of
interrelated fa;:tors affe\ctmg the outcomg of modelling. As a result,
project engineers developing diesel engines were not very eager to use
computing in ‘development of the fuel injection systems. They still
preferred to rely on their professional feelings. It became evident, that
more work has to be done to provide diesel engine developers with

more effective analytical tool.

In searching for a better solution, as computer tech;mlogy
developed, one wc;uld conclude that some improvement could be made
by extending computer use in the optimirzation procedure. This means
the applica%ion of computers not only in calculations but also in data
acquisftion, in graphics, etc. An example of such application will be
described in this chapter relasted to s case of analysis and

optimization of a diesel injector design.
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7.2. Methodology

To calculate the full fuel injection rate characteristic in the
manner, the pumping process should be calculated first [21], as
Mesc bed in chapter 3, based on the design parameters of the fuel
mjectlon pump Then, having the shape of the forward propagatmg
pressure - wave, the dymnamic response of the uuector would be -
calculated togetf.her with the resulting fuel discharge process. Hoyvever,
;his procedure takes a lot of computing time, and might be considered
unnecessary for the case of optimi‘zation of the injector design . only;
j.e. when the fuel injection pump is \l?eing left without changes. Such
situation happens very often, for example when the diesel engine
producer wants to replace the suﬁpliér of injecf.ors without changing
the type of injection pump })éing useg, ’

(\I!: that case, if the forward propagating pressure wave produced
by the pump could be first precisely measured, instead of being
calculated from the pump design parameters,” and then the recorded
data would be loaded into th® computer ﬁrogiam to calculate the<
injector response. The total compjlting procedure would be
éonsiderably shortened saving the time required to determine the
pump design parameters, and algo giving more accurate results. This
would be the task for a' computer controlled data acquisition system
to insure | 8 convenient. ‘and accurate recording of fuel pressure
transient process in the fuel injection pump, and/ then for a computer
graphic system to show these records on the s¢reen, to— print them or
to draw them uslng a computer controlled plotter. Finally, a transfer
of the recorded pump output data into the calculation prc;grain ‘of a

¢

N .
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main frame computer would be made to facilitate the fast computing
of fuel discharge rate characteristics.

One of the main difficulties in this procedure would be the
_~qc§nisition of the forward propagating pressure wave produced by the
puin'p, ~which should not be distorted by t.he backward propagating
pressure wave reflected from the injector. T?Vachleve that aim, a
specially m\ude three meter long injection plpe was introduced between
the fuel injection pump and the injector, as shown in ﬁgme 7.1. At
— coni}rol surfaces I-1 and II-II, two—pressure transducers were installed
. ‘and connected to the data acquisition system t.(; record the pressures

at these injection system sections.

The . length of the pipe was selecfed in such a way that the

pressure wave, I produced by the pump and then reflected from the‘ y

. injector; could not return to the pump before the end of the pumping

- process. This condition can be expressed as follows: T
/
aAt, .
in
L > 2 (7.1)
2
where the time for injection is given by:
p L
Tinj 60
Abpi = 360 N (7.2)

’a.nd,,q.ain‘i is the cam rotation angle during injection.

There was another problem that had to be overcome when ullng
. a 'long 1nJectlon pipe, which was related to the residual pressure
emtmg within the syst.em after the end of injection period. In a

regular injection system which is equipped with a relatnvely' short

] \
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cinjection pipe, the pressure within  the syntem ‘drops  to
sub-atmospheric pressure at the end of injection proeeu because of
small expansion volume of fuel compressed inside the system.

However, with the long injection pipe the volume of compressed fuel

is greater and the residual pressure stays at higher level.

Ihe in-line pump is equipped with a delivery valve 'wh_igh creates
a retraction volume at the end of fuel delivery period and cam;es the
residual pressure to drop to the sub-atmospheric value inm a r;gular
fuel injection system. If this retraction volume is smaller than the
gexpa.nslon volume of compressed fuel, as it }‘}s with long pipe, then a
residual pressure hngher than atmospheric_pressure will exist in the
system To reduce the 'residual pressure in the system to the
sub-atmosphenc level after the end of injection process, the injector
opening pressure could be reduced as required when the forward '

propagating pressure wave is recorded by ‘the data acquisi{ion system.

To determine at what level the residual pressm;e, or the fuel
vapor filled volume, is produced in the fuel injection (systein after the
end of injection period, the injector closing-pressure and the expansion
volume of fuel. compressed inside the injection system should be

. calculated according to the following formulae:
— Injector closing pressure:

p .
i. A .
= A . | . (13)

-

LY
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‘7.8.1 Data Acquisition System «

In order to monitor the forward propagatlng presanre wave in the”

pump, a strain gage based AVL pressure transducer specially designed

*" not to increase the volume of the injection ?yutem, has been installed
" just at the exit of the pumping section, i.e: at control surface I-I, and
connected to the data acquisition system, as shown in figure 7.1. Tl;is
data acquisition system consists of a Northstar Horizon microcomputer

’ -with an A/D interface unit developed in the Centre for Industrial
" Control at Concordia University. ‘It allows to acquire the short
/transfe'nt processes’ of about 3 ms duration time with a sampling rate
s ~ of approximately 9000 Hsz. The forward propagating pressure wave
lwhich_ was recorded with the help of a Vectrix graphics system and

, ' ) pyinted with a dot-matrix Epson printer, iscshow‘n in figure 7.2.

»

- 1ncludmg the data acqulsltlon ‘gystem described above. -

In figure 7. 3 téxe test set-up installed on the t.est bench is shovm‘

.
v S

e
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* being affecteh by thé pressure wave reflected at the injector.

‘where,

-
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7:4. Mathematical Model o
A set of differential équatiom descril;ing the continuity and force
equilibrium conditions for the fuel injection system was developed m
chspt.ér 3. For the case 'of optimization of diesel injector dengn

‘parameters, only equations for the injector side of the system are

\

used. The dynamic response of the in,jectoi- is then [calcnlated” using
the forward propagating pressure wave data acquired, instead of being
calcula a‘ Since the ’i;nxjection pipe in a resl injection system is
short, “1 u

injection pump before: the end of pumping proEess. Therefore, the
calculation should include the modification of t!ie pump produced

the backward propagating pressure 'wa.vg would come to the

pressure wave arriving at the ,- ihjector after. the time t—%; i.e. after

The following equations are used to calculate the fuel discharge

rate characte}iatics:

1. Injector chamber colttinnity equation:
dpi ‘ <

" e TV [FﬂK(szr B+ D) - (F, —'Fio)vi -

‘) - ‘ni”dft;i ;Ipi - p.l] . (7‘5)

.
L d

-

-

\ \ ‘ "
S ‘

9&-1 ifpl>p. o 2T
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where,
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'g'i-‘-l if pp <p,- ~°

2. Seat chamber continuity equation:

) j 2 .
gli” liFfli plpi - pll - C”I‘ leFfle ;lpl - P b' +

-+ (F, = F)v,
§”—1 if P.?>Pb'> ¢ y
¢ = — 1 if 'p, < py ~ o

3. Bag chamber continuity equation:

P _E e )
a T Y’b (cge“ athe ;lps - P b| . Fn_ivl -

- Is.o" oFfoJ/ ;lp b~ p‘l) '

[ ~

. -.’

o= 1B >p

¢ =0, if p < p_ . . ﬂ R
o aa b Ny a | :

4. Injector needle motion equation:

- dvi 1'

13

\

= Py Rg - b ,"ﬂ,’s]

at = Ei' [Pi (F;, = F,) +p,(E, - F) + Py -



T . : . (7.9)
‘and
: ) ’ v - . e
i; _— . pib - pf - pif - p‘o . ' . 0.10)
5. Fuel discharge rate from inject.or to atmosphere:
) j é 7.11)
| Pt '(pb - P) N (7.11)

The above dlfferentml equat.xons are utilized to produce the
Y %solutmns for A, and for the optimization of the injector design
é' . " . PParameters. A computer program is developed based on the four-ste%
Runge mlfutta “spproximatlon. The program should include the case
. Where  the forward propagating pressur(e'&ave is dmtorted by the

backward- propagating pressure wave as occurs in a real system wrb‘h a

short, injection pipe ‘ . , |
- . ~N - '
T bd Cslculstlon is performed at the injector control surface I-II for

consecutnve tlme mtervals For the time period from t-ﬂ to t-2:'

| the forward propagating pressure wave D, is used as tecorded at the
. pump control surface I-I withy long injection prge, i.e. without any
: nnpact of the backward pressure wave reflected “from the injector.

After the trme penod t-zL, the: calculation . is contmued,, using the

" Jorward pressure wave ah:eady distorted . by the reflected pressure <
‘ | ) ” . 'wave. This modified forward propagat.mg presswre wave has been. .
2{ det.errmned by superlmposmg of the reflected pressure wave on ﬁhe

L pressure wave recorded pre'nously with the long mjectrton pipe. -

;; * I .

w3

Yo - .
i = . -
A aa . )

& ‘«
) »
4
-
.
<
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It should be mentioned that the forward ;aropagatit:g' preuure
wave measured with long injection pipe and modified by the backward
pressure’ wave is a little different. from that measured with short
injection pipe, and f.ile difference is mainly related to the impact of -
the 'voh;me in the delivery chamber which is small. This difference,

. though might affect to very small extend the absolute value of the

injector discharge rate, dose not have any impact on the value of the
optimization procedure of the injector which. is based on the
comparison of results obtained when varying ¢he design parameters of

the injector. ,

* . . ‘ o

\
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7.6. Optimisation of Diesel Injector Design Parameters

Oﬁe of the objectives in-optimization of diesel injector design is
to obtain such .values of -desig;r«parametem that the injection time
duration is minimirzed, for a particular injected fuel dose. There are
some mathematical optimizition techniques which "could be wused.
However, they are difficult and ineffective when being used in a
complex syate‘m.‘ Therefore, the procedure proposed in this chapter is
based on the so-called logical approach. This approach is described as

follows: &

1. The fuel discharge process is simulated mathematically for the
nominal design parameters of the injecté /i.e. according to its design
specification. \\

2. Several calculations of the fuel discharge process are made

-

varying the value of only one design parameter.

3. Calculations are repeated varying the values of the other

design parameters.

4. The results are plotted versus the varying values of each

design parameter. | . A

-

.- In this calculstion, the injector specified in chapter.3 was used
and the following parameters were selected fo be optimised:

- Injector needle mass

— Injector spring constant ’ .

- Injector needle seat outer &iameter .
. — Injector opening pressufe

£

—-

8 . . ' ‘ “*
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.

As 3 result of computing, a graph was produced showing the
variations of the fuel injection time duration versus the values of the

involved parsmeters, as shown in figure 7.4.

Referring to figure 7.4, one can see that as the injéctor opening

pressure and injector spring constant increase, the injection time
.t L 4

duration tends to decrease. In contrast, ss the ihjector seat outer.

diameter and injector needle mass increase, the duration of the

injection time also increases. e ' -
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Fig.7.4. Fuel Injection Duration versus /
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7.6. Discussion of Calculated Results -

Based on the graph shown in figure 7.4, s conclusion could be
drawn by an engine developfr regarding. -the optxonn he has in the
modification of an injector, ih order to achieve ﬂﬁ\requiﬁ\chnngo in -

\ , the shape of the fuel discharge rate charactenstxc

As an example of more complete optimization work, to improve
the injector design some criteria’ are propoqed as follows:
—

T I Fuel - -discharge _duration should be as short as pomble at full

engme speed and power, i.e. at nommaﬁose, “thoutwigmﬂ%

pressure increase and mthqut increase of the norsle orifices diameter.

- 2. Fuel injection duration should be as short as possible at
engine idling, i.e. at idling fuel doag‘é\providing, that the nozile orifices

are not changed.
. ‘ . |
3. The injector should be unstable at low engine speed.

4, No sec%ndary fuel m]ectlon should occur at engine ntlhty

power range. - )

5. There should be no gas penetration through the orifices into
the nosile, i.e. fuel pressure in the nosszle should be always higher
than the gas pressure in the epgine cylinder, when the nosile remains

, open..
- ' . It is obvious that only the first three of these criteria are
quantitative and can be fulfilled uwsing the described optimization
‘technjque and the injector .stability analysis described in the next
. chapter. The remaining two must be considered as qualitative and,
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-

tharefore, could be investigated only by perl‘ormmg the ﬂ?w rate
chsractenmc calculations or measureménts for every conﬁguratlon of

L

[

the injector and for all operational conditions.

Computing the fuel injection rate for different design parameters

’ ’ of the injector leads to an optimization graph which is .shown in
fig'ure 7.4 for the -injection time period at full engice power (first

criterium). Based- on this graph, a researcher cannot only predict the

effect of variation of a single desfgn parameter of injector on the fuel

discharge rate characteristic, but he can also ca!cu]ate the combined

effect of wvariations of several parameters when knowing in which

direction he should change them: ithgimilar made

for other criteria, he can fully optimize the design parameters of the
injector. '
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Chaptor 8 . S'
STAB]LITY STUDY OF DIESEL INJECTOR .

N »

/:/ 8.1. Introduction

Diesel injector is built as a difterential pressure valve, ie. its
opening pr?essure is higher than its' closing pressure. This injector'l

* feature is leading to the instability of the mjecf.or when it 18 supplied ————__

with low fuel flow rate as is the cage at some *éngfne operatlonnl
conditions like starting or idling speed. At tho

conditions, the
instability of\the injector is beneficial to the engl/né operation bec

it leads to fast opening and closing of the ipjéctor, thus hmltmg the

mehmectrwa%lqw——duchuge ; “and at poor atomisation. When
fuel flow rate increases, the injector does mot need to control the
injection pressure, the needle 18 reachlng the hlgher lift, and 1t is
becoming stable. The crmcal fuel flow ratg_ at whlch ,Amector u
becoming stable, is an important factor in e:alnatlon of the injector’s
ability to control the fuel atomiration. It can also providé information

about the injector’s quality.

The discussed phenomenon leads fo the investigation of the
chatter” behaviour of the injedtor“needle in term of its instability. -
Accordmg to the industrial experience, tﬁe mjector ‘needle is said to
be “stable if it is lifted off.the nousle seat to.- 4 deter@ed helght by

B

a starting fuel flow, and then becomes aﬁﬁtxonary at that level if this
- flow rate continues. If ‘the injector neele is lifted, and then it -returns

immediately to the nossle’ seat wheq,«ﬂ_xe flow ‘continues, it is said t6°

" be umtable For .low flow rite, th "injec‘t.or behaviour can be ieen as

. o
» .1 . . v . v ', [ ! Iy 1 .
. . o R ‘. v * oon RN
‘ ! e
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shown in figure 5.3.

In this chapter, the stability of \he m,)ector needle is utudxed and
stablhty critéria are establ\shed Fro t.hese criteria, the eﬂ'ects of
4
~ the mjector dgsign and operst{onal parameters on the »chatter”

behaviour of the mjector are mvestrgated -
A YO

The lnjector s stability was studied by Hofken [14], as described

'& unn chapter 2. However, Héfken did not include the correct ne&dle seat
parameters in his analysis. Because, as dlscusseé ln chapter 4, the seat
_geometry is a deciding factor in the dynamrc response of an mjector,
the simplified mathematlcal model for injector stability study proposed

¥by Hofken cannot, be considered acceptable: Therefore, ‘new

. mathemiatical model" was developed and used for simulation in order
to optimize the fuel injector design from the point of view of injector

. stability requirements, as shown in the next sections.

-

~
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,pressui'é in the bag chamber. This assumption is made to simplify .
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' 8.3. InJector Stabllity Criterts ~ * - .

Considering the mo‘;l described in figure 3.7, the following
assumptnons are 1‘nade in developing the: stablhty criteria for the

mjector needle. g ‘
s o o . ‘
1. Firstly, the seat pressure is assumed to. be equal to the

the solution. Otherwise, the analysis would become very complex.

However, the flow restrictions at the seat inlet and exit are combined
according to the following analfsis. N )

Referring to figure, 3.7, the pressure drop between the 1njector

and bag chambers (p — p,) can be wrltten as:
' '

p-P,= (- p) +(p, - Py) (8.1)
Since the flow 1;ate q for turbulent flow is related to pressure
drop Ap by: : o /
- E -g— 2 ' fe ‘ " ' g
ar 2(#F) o

o

If p;fF o is denoted as an effective ’flow area, a product of ~flow
coefficient and geometric flow area, between the injector, and bag

chambers, the equation (8.1) can be rewritten as:

e(__q_)“‘ - e(_g;)z N e(._a__ 2
2\HyeF s, 2 “dF.hi 2\u,F

.
se fs -l

or,
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na = [F) T (,;.,,5,”, o

’

where F .. and F are functions ol‘J needle lift b, and ' given by
equations (3.41) and (3.45). Therefore, p l.l“ . 18 also a- functwn of h.l
Let F(l:L) denote this functlon, ie. ‘

or,

»

F(h') - ”lfFlf [(pll fn +-'("le fee) e (8'2)-‘

2. Second]y, the forwar;l propagating wave vﬁl commg from the
pump - to the lnjector at control surface II-Il, as 1nd1cated in ﬁgure
3. 7, is assumed to have a step shape, ie its amphtude is constant.
’Together with backward propagating wave ;eﬂected in the injector,

!
/

the total velocity wave amplitude is:

Vo =V

o= Ym™ "bu
v 3. Thu'dly, the mjectlon pipe is assumed to be so long that the ‘ {f
forward propagating wave modified by the bacgvard wave after bemg \f

reflected at the pump, could not arrive to the injector.

With these assumptions, the continuity and motion equations are

written in the next section
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|18._2.1. Continuity Equat_lbn’s ' -
8.2.1.1. For Injeetor Chmber

Comndermg figure 3.7 ‘with the first assumptlon, the contmmty

equation wntten for the 1n,|ector -chamber is:

© V,dp o dh
- pmt Bi-Flp+ 0/ 2m-n) 63

. : Yo B o ”‘ -
It is assumed that a disturbance 'is applied» to thé \ system:
.remaining at steady-state condltxons Then due to the dlsturbance,

the injector needle dxsplacement and the mJector and bag

will change Two subscnpts s” and "d" are used in com"

LAY

" with other notations. to indicate the values at steady-statq condl ions

and the’ small changes of those values from the steady-state values |
due to the dmturbance, respectively. - Then, at any mstant (/

-

‘"hl =b, +h; A (8-4)
: ‘. / < .
. . \
P, = P, + Py » . ' (8.5)
q Pp = Py + Py . / (8.6)
“' * ‘ . t‘ ' ’ "\\.,
R W C (8.7
T e (87
. dpi dpid o . N ( )
* . == -—.. ‘ ' ' 808
dt dt : . .
N ,
dpb ' dpbd

-2 - f o (89)
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. The fluid" velocity, froi equations (3:8), (3.9), (3.14), (3.16) and
©(318): ' '

T L, |

T G ,,a( Py + Py = Py)

With a disturbance, substituting equation (8.5) into the equation

above, .one gets: - - .
. p R
-1 id
vn - E(zpif + pio - ph) - .;;: L, )
Let, | -\\\‘ /\/\
- Vmy = (%P + Py = Py) . , (8.10)
and,
2 | ‘ (8.11
m = - 3 pid“ - Coe ; ‘ . (8. )
> vl / o
Then, ]

-«
]

. In this equation, v, i8 the fluid velocity at steady-state
conditions ~ whereas ¥pq 18° the change in _fluid velocity due to a-

B disturbance. |

- a; Steady—State,Aﬁalysis

. At .st¢ady-s£ate conditions, the continuity equation (8.3) can be ~~

- written as; ' ‘ ‘ Lo

- ¢ '.
Frvp, = FQI‘,)./ %(ph - P | |

R
) s 1
0 ' N , i . ’ .
’ r [
' ,
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. Substituting eqnations from (8.4) to, (8.12) into

T e

1 -177-
l;et, .

Apn”\--ph Ppy

Then, T~
‘ IIH--F(hh) pnn

Ab. With Disturbance

o~

' (s.;k')

‘equation (8.3),

Frlvg, + Y = ‘T;' ?—pi'd‘ + (F ,‘,)d]lld
Coet F(hlﬁhm){! 2Py “* Py ~ Py, = Ppg)
Let, . N ;j[{
APy - Pig ~ Ppq
Tht(n,

‘ ¥y dpid d”m
+ Vi) - -E- Tt (F 'o)

w

A dpid ‘a]»’m "

+F (hu"'hm)j "(Apnn + Apibd) g

. -

.‘

+ F(hu+h1d)~/ —Apib' (1 + I’d) \ ’ ;(8',.14)

i
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~ "Considering tifé gt term in the right side of equation (8.14

~

' | — Api s
. 2 . ibd," .
F(hh'*hld)j_ ;Apun(l + Apﬂn)

Since,

’ Appg

%

Therefore,

/(1+

-

Ak,

2Ap ibs

Apmd | ‘
A ) e 1 +
Pibs.

- snd F(bh +h ) can be (wﬁt.ten\ig‘ terms ‘of F(h, )

using Taylor series 'expa.nsion as, follows:,

*

- -
. " -+ -
Neglecting ty terms with high order

Flby+by) = Flb) + "*d"",“‘*’L,, + gy

F‘(hi)lhh - cv(hu'g\

I

_where, -\
C = Constant’

and, , ,

" .

J

/-

):
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_ ‘ - a1 : L_/
C=(B+D) [("nFr-l)' + (1, Frye)
with, .
\
) -2 © 2 =3
B = n; (Apgh, + Bryhy) ™ (2Ag b, + B
_Q(Af;ehlnz + Bfleh‘u Q+ Cfse)-s(zAruhh + Bf;j

s

Therefdre, : . Y
Flly+hyy) = Flb) + OF(h, )b,
F(b,+hy) = F(b,)1 + Chy)

Hence, the last term in the right side of equation (8.14) becomes:

‘ F(hu:"hl d)/%-Apib; (1 + 2‘;::) -

F(hh)(l + Chld) (1 +

5 Ap b) ,/ -Apib’ o (815)

Thus, _equation (8.-1Q,bécomes:

~ , Y, dpy d'h'id B
Fiw ) = F @+ - Rt

. Ap:
+ P )(1 + Ch,;’(1 + ""i)./ “Apy, ~ (819)

J
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( | ~ Substracting equatlog (8. 13) from equatlon (8. lﬁ), .
V, dp | dhl ' . . '
id d LA / .
@ 4 anﬂd T — (F lo) + : , A

F(hh j-:;;[( %"" (1 + Chm) - 1] ,. : “

or,
; ) '
V. dp. * dh,
o i id id
. M~ w tE-FJ)w U
s + F(b, ) ?-Ap (Ch + WPba CA“?“’d ) o
. o o P 24py, | ZApy, tia A
: R |

-

Neglecting the third term in the brackets since it is small as

compared. .with other terms, and usmg equatlons (§ 11) and (8.13), one

[ - (
3 . obtains:
, P}d v{ dpid dhld
Fn‘;: tEw (F, Flo)_dt +
. Ap.
: & * ibd
: ( + F v (C e ) - 0
] o'Is hid Apib | -
- 'or’, , . J
|
- F v F F.v ’ '
: | o'l 11 )
. V.dp . dhy; ,
i id . d
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8.2.1.2. For Bag Chamber M / o
¢

The contmmty equation for the ﬁ‘ag chamber ,m’

S 3 d /7dl \,.»/ o
rp 2, - ) - 2 ", g+ el 5, 3) 639

'

R

-8, Steady-State Analz'sis |

At steady-state conditions, equation (8.18). becomes:
N\

F(b,) %(pi. =~ Ppy) = BT %(Pb- - Pg)

Let,‘“ q

Api)ll — pb'!?".' pa

N

Then,.;

\\ ) F(y) "Apib- "oIFfo'J

) Comparing {his equatlon and equatnon (8 13), one has: . ’
_— L,
= F(h'h) Aplbl o fo‘J - pl:u i (8-19)

b. With Disturbance ' o . ) \V '

\

Substitﬁtink eQuations from (5.4) to (8:9)‘ into’ eqi{ation (8.18), -
. . )
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Using equation (8.15) and ai:proximating,‘

j_( A /?-A . Ppa ..
By fo pbd+ pbu)m" P pbu ‘+2Avp

w

APy / v /“'dp ¢ dhy
—-——6—- -2- ° —b—‘; ‘ c—-gn ;
F(hl,)(l + Chm) (1 * 34p, ) Aplbl E a t e )

By roj—A_p;(l i p""») Y

Substractn{: equation HQ) from equatlon (8.20),

one ' obtains:

APM Apibd  Vydpy
F(hu) "Apib-( by + 2Apib hm) = =+

. E dt
, . FsoTjr Ko fo‘J _Apbu (2Ap

Neglectlng the small terms and usmg equatlon (8.19),

ey "‘\

;g (‘Gi_’_Apibd Y_gdpbd+Fdhxd+F " Pra
e T 2Ap,) TE TE@ T wd UMW Bp,,

J I ’

)h1 (R, (F“v“' ol
. L d © \2Apy,/ 1 \24p,, 24P, bd/ _

B ndre by :
- (—E-)—&-t— - (Flo—d-t—- - 0 (8.21)

s
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friction is as follows™_ » - : ﬁ
¥ b S .
m, -;;5- + 6 T t\ hi‘-F‘“Ph - p(F, - F,) + p,F, (8.22) )
s Stesdy-State Analysis L

-

ml

" 8.2.3. Motion Eqnatfon ’ " o

a

4
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‘
‘
.
‘ .‘

The motion ‘equation for- the'injector needle. without mwhidéﬂ

At steady-state conditions, equation (82/) becoms:
* L2 ' :

k‘llh'h + Py, - pin(Fi - ‘Flo) * Phlyo h : | (8'23) |

b. With stturbance
]
Substntutmg equatlons from (8.4) to (8.9) into equatlon (8. 22),

4

H

& by dby o

I;--:-& + k (b + h1d+P-(ph+pld)(F F,) +
SR (pbs + \pbdu)Flo | “x' ’ (8 24)

’ 7

" Substracting eqnation (8.23) from equation .(8.24)” and rearranging, ’

Ao

»

d b, - |
dt’d ,d::“ + k].hld Pid(l’" F ) I;!bd 0 = 0_ . (8.25)

-

q a
4

-

“w A
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/T 852030‘ stabmty Cl‘lfel'h ' )
"In order to establish the stability criteria ~i'o.x' the injector, the - -
“coqtinuity and motion equations (8:17), (8.21) and (8.26) should be
redugéd to one 'g'quation consisting of only the quantity b, '_

&,

""w.\\l‘ I=_(F.) - v

Then, equations (8.17), {8.21) and (8.25) become: ,'

‘l | dpi:i dhyy ' | .
. ahId + (bt;d' c)pid bpbd +e3y + 5 =0 | (8.26)
| dpyy by -
ah'* + bpid ""’( g)pbd + ) dt + ] dt 0 ) ‘ (8'27)
d b, dh1 , | Cooe
d d . : , .
m, -;t:;- ¥ 6i — + khhld fpid ""l?bd -0 (8.28)
' .8 - ‘ ‘ 3
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s . L An eh{ way to eliminate p,, P4 and their deyiva&ives in these
¢ © . ° three 'equations is to use Laplace transformation. - )
; . i
] . - " Let Hid’ Pid and 'Pbci be Laplace transforms of.hid, Py and Ppq
3,’ respectively. Then, after rearranging, one has: ‘
4 ‘ o
’ ' (@ + f)H, + (b+c+ e)P, = bP =0 (8:29)
H S\, (st IH, + bRy + (b + € + )Py, =0 . (8.30)
- “ y 2 : ) o
¥ o (mg s+ - Py P =0 (8.31)
& . Pliminating Pm and Pb q in these three egunstions:
g y [(a+fs) (—b-'+3+js) +b (a+ls)] [(b+c+ts) l-bf] - "t
2 - .2
= [(g+fs)11b(m‘s +6is+kh)] [(b+c+es)(—b+g+1g)+b ]}Hi g 00 (8.32)
K - Expanding and rearranging equation (8.32), one obtains: /
-4 3 2 ‘
) ) (Apg~+ Ap + 'A28 + A+ AYHy =0 (8.33) )
» - . s
\_" Whel‘;, . o7 \ v ) : A )
A = “2g(bl+cl-bf) - (a]+bi<1') (bg-be+eg) | (8.31)?
B - A, = agel+(aj-bf+fg+bl) (bl+cl-bf) -
' ° = (al+bk, ) (bj+cj—be+eg) - (ﬂ+b5i) (bg-be+cg)  (8.35)
". , A, = el(aj-bf+fg+bl) +fj(bl+cl-bf) —ej (al.+bkh) - .
A — (M1+b&Je(bj+cj—be+eg) ~bm, (bg~be+cg) . (8.38) ®
A, = efji~ej(fl+b6)—bm, (Ri+cj-be+eg) (8.37)
. . . 55 . N
- A, = -bejm;/ - " . (8.38)
=2 ) . R R L.
,-f : _ L .
: -and the characteristic equation is: )
Y 4 LN .

-
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£ 8 P!
A4s +Ass +-A23 +Als +Ro-0

(8.39)

" There are several methods which can be used to study the

stability’ of the injector. Routh-Hurwitz test has been selected” to

establish the stability criteria for the injector in this chapter.

method involves a "Routh-Hurwitz array” as follows:.

Vs

[

. First. column

L]

Second column

The

Third column

' A4 3
A3
A2A3—WIA " 3
Ay

L .
A (AA~AA)-A A

AA-AA,

N

I
B3

The Routh-Hurwitz criterion states that the system is stable if all

of ‘the terms in the first column .of the array are different from rero

and have the same sign [22].

P
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With the coefﬁcivents Ay ‘A A, A, and A, given by equations
from (8.34) to (8.38), it is found that all terms m the first column of
the Routh array are dlfferent from zero and posltwe except the term:

N

1(42A3 - A\1A4) B ‘Aop.‘s
AzAs - A1A4
p \

'which could be positive or negative.

Let’ °T(hh) represent that term. Thus, the injector needle is
.stable if: ‘

' g :
- AJAA, STAA) - AAS a
1 1 08
T(hh) - A - AR, >0 ‘ (8.40)

At the hft b, of the needle where T(h,) = 0, the stability. limit
of the need]e could be found

o

Depending ,on the design and operational parameters of the

injector, the term T(hh) can be either positive or negative or even .

zero. The effects of the injector design and operational parameters“on
the injector’s stability will be analyzed in the following sections. .

<

l% - . R s
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8.3. Effect of Injegtor Design and Operational Parameters
" on the Injector Stability - -

In studying the effects of the. ix.ljectof design and éperagional
parameters on the ' injector stability ° criteria, the injector with data

specified in-chapter 3 is used as an example. o
/

The - injéctor design and operational paraméters selected to study
their effects on the injector stability are: needle dimping factor 8
differential angle between the needle and the norzle body seat cones

v, and outer seat diameter Dm.

The cri;.erion ‘term T(h,) in inequation (8.,40)‘ is plotted versus.
the steady-state  needle lift hi. for each set of values of the selected
parameters. The plots are shown .in figures 8.1, 8.2 and 83 for
different values Vof damping facté;r 61’ seat differential angle q,kand

outer seat diameter D'o ,reapecti‘velj. '
¢ ]

As  mentioned before,‘ the stability of the injector needle is
considered 28 an undesirable behaviour at low needle lifts. Referring
* to figures 8.1, 8.2 and 8.3, one can see that as the damping factor &,
:seatQiiffergntial angle 7, z.md outer seat diameter D, increase, a;ll the
" curves are shifted upﬂx\vgrd. Consequently, the stability limit for the
needle lift h, = becomes sinaller. This means that in order to have‘the‘
injector more unstable, the ipjegtor should be designed to have the
~ values of the above parametérs smaller. However, the instability of
the injectdr, is not the onmly optimization requirement. Usually, ‘the
design parameters are selected as the result of a compromise to fulfill
all the criteria requirem\'ents for a diesel injector, 'as dic\;ssec! in the

‘ qection 7.8.
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It should be noted /that in the above calculations, the quantities
“ FIIVII-’ Apib, and bas should be derivgd in terms of h“, because

own, according to the following analysis.

From equation (8.23), one can’ write:
—

k;uhis + Pi: '?-/’P il(Fi - Flo) + pblFlo | ) |
= (P; — Py, taP)(F; = Foo) + PFy |
o T Apy (Fy - F) + p (R~ F +F,) SRR
. | - Apibl(F.i - Flo) + (pbm - pa + pa)Fi | ,
< =*Ap,(F, - F,) + Ap, F, + pF, (841) -

¢ K
. Eut from steady-state flow rate giveﬁ by equation (8.19),

./

. g . ) ' ' ‘ g Y : ¢
F,‘n"ng = F(b,) AP, = B Pl P . -(8.19)

/' ory, -
) )‘oIFfo J2 \ : .
Ap, = [i'—(h:j- | (8.42) .
. - e

v "

—
Tl
s
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Subsituting equsation (8.42) into equation (8.41), and rearranging,

kb + P, -

- 43) T
Apb“ p IF - (8.43) -
"&
Therefore,
kb, + B, - BF,
Aplbl - ‘ F hh (8.44)
( - F, ) + F{ ]
L oIFfo .
‘&——*-—--Q\dr
) 5’ kh + P, - p,F, ‘ ‘
Fovme = 8,JF,, i ; - (8.45)

#IF]

F, + (F, - lo)[F(hh)

Using the -above relationship between the fuel flow rate Fpv,
and néédle lift at steady-state b , the plots of the term T(h, ) in
inequation (8. 40) versus steady state fuel flow rate are made hnd given
in figures 8.4, 8.5, and 8.6. N

The trensient response of the injeetor as tl}g\ :n@lé displace;nent
to the 'fuel flow rate step input is also calculated for the nominal

" design and oper-ational: parameters in this analysis\.ﬂ Using the basic
continuity and motion equations (8.3), (8.18), and (8.22) derived
previously, a computer program was written to solve them
eimul-taneously for hl, Py and Py, with a fuel flow rate s'tep function

- as an input.” The plot of the needle lift hi versus time for two

<
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-

selected steady-state fuel flow rates q = 10 ¢m /s, and 38 cm /s are .

"o

lﬁan in figures 8.7 and 8.8 respectively. o

In figure 8.7, one can see that the injector needle is lifted at a

distance from its seat, then it returns to the: posstle seat, where it

waits for s little while until the pressure in the injector increases

again. Then, s jump of needlesis repeated as long as the fuél) is

supplied to the injector. ®This provides a proof of the instability of,

the injector needle and this phenomenon occurs because the fuel flow

) 3 .
“rate q = 10 cm /s is selected in the range of needle instability

?ccording to figure 8.4, 8.5, ang 8.8.

Whereas, figure 8.8 shows that the injector needle is first lifted
off the norsle seat and reaches some. distance, then oscillates during a
short time before it stgbilizes at a steady-state level. This is a proof
of the sta'bilit( of the injector needle béca’use the fuel flow rate q =

3
38 cm /s isin the stable range of the injector needle.

The discussed stability calculation of a digsel mJector can. be
considered as a next tool. for a prOJect engineer | developing a dlesel
engme This allows him to ensure that the injector which he is
selecting wnll have unstable mperatxon ht the range of the xmectlon

pump flow :ate which does not provide high enough injector pressure

at continuous fuel discharge. And also that, when the high enough .

/dmcharge rate will be reached, the injector will operate at stable

mode, thus_ assurmg the reqmred fuel ,atomma.tlon inside the

combustion chaﬁlbei' of a diesel engine,

N

TN
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Chapter 9
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

9.1. _Conelusions

The objective of this thesis was to optimize the design of
multi-hole fuel injectorsh used for high speed diesel engines with difect ”
injection. For that purpose, an improved mathematical model for the
fuel injection system was ‘first developed, and the calculation methods
for fuel discharge rate were analyrzed. The proposed mathematical
model specified the beginning of calculation ;;rocedure and also added
the seat chamber which was relevant for calculations with low fuel
‘flow rate. This mathematical model was checked to be consistent with

experimental results.

To establish the fuel ﬁow conditions in ‘the seat chamber,
experiments were madt; to measure the seat pressure from which the
numerical values of the flow coefficients at the inlet /and at tl:1e exit
sections of the seat chamher were' derived. Thesg flow coefﬁc-ients ‘were
used in the proposed model for calculation of the fuel flow rate

. T ol
characteristic.

A method was developed to calculate 'tht; dynamic .response of
the diesel injector using a simplifiéd aodel which could be easily
- simulated on an injector test-rig. Using this met.hod,’ as well as them
-seat chamber approach, the injeci;or‘ dynamic\: response was calculated
and the impact of the désign and operational parameters on the

injecf,or dynamic response was established. This method was considered E

e
[P
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to be useful in evaluation of the injector mnoszles quality, particularly

when using a computer controlled data acquisition system.
. . . \ .

*  The simplified calculation method for' the injector dynamic
i'esponse based on the seat chamber approach, was also used to
optimize the design parameters of the injector to obtain the best fuel
atomization at idling and starting conditions. This was confirmed by.- ’
the full calculation of the fuel injection process at_low engine zspet;d;.‘;l ;

\\
with the use of characteristic method for computation purpose.

e

An attempt was also made to optimize the ;design parameters . of

/

the injector at the high engine speed using’a shorten calculation
method. This method was based on the préssure wave characteristic .
created by the inj'ection pump aqd“ recor&eA by a computer céntrolled
data- a.cguisition* systefn. The 6btaine¢/ results showed that the

7
proposed approach reduced significahtly the compu{mg time requu'e%

for optimization procedure.

Fix;alli, the stabilit} of the injector was, analyzed to determine
the criteria for its unstable ;peration depending on the fuel flow rate
discharged towards an mjector by an injection pump. Usmg the
optimization results from the dynamlc response calculation, the’ engine
developer can select the crltlcal ﬂow rate for an anectorqtccordlng to

the requirements of the diesel engme.

The above research, though not complete, is considered helpful to
the diesel engines developers and manufacturers in regard to the fuel
_injectors design and their adaptation to the diesel engines. It should
also ilpprove the understanding of the phenpmena related to‘ the fuel
injection systems for high épeed engines.

-
2

™

1

w
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4

9.2. Recommendations‘ for Future Wo‘rk'

For future investigation towards improvement in the diesel

injector performanee, the following suggestions are made:

1. As mentioned in chapter 5 related to the evaluation of
injector dynamic response, the seat differential, méle contributes
significantly to the dynamic response of the injector. However, the .
variation of maximum needle lift with respect to the aeat differential
angle has not yet been confirmed experimentally. This is due to the
lack of a seat angle messuring device which should be developed for "

the nondestructive measurements of the nosiles.

2 The multi-hole type nozzle with the seat located above the

bag chamber and orifices, creates a significant bag volume between . .

the mozsle seat and orifices. This leads to the penetratlon of unburnt-

fuel into the cylinder of the ' engine 1ncreaslng the hydrocarbons

-emission. To overcome this disadvantage .of the hole-type novile, a

norzle with the orifices drilled directly mto the norzle seat was
developed under the mame. of the Valve Covers Onﬁce (VCO) nozle.
The VCO nozzle certainly isolates thé bag volume from orifices during

non-injection period, thus preventing fuel from entering the combustion

P chamber once the valve .is closed. In. thie' thesis, the ‘study of this

type . of nozile h@ not been made It is recommended 10 use -the ‘
calculation and testing methods presented in this thesis for the
analysis of this new type of nozzle. An optimization of the VCO
nozzle could also lmprove the fuel injection characteristic at low

engine speed
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3. Canada can easily produce 8 great amount of alternative hqmd

. fuels such- as ammonia, propane, methanol etc., whicha.are presently
not much in use in automotive combustion engines. Those fuels can
be quite easily used in spark ignition engines, ‘but with low ‘thermal
efficiency. In diesel engines, however, the use of those fuels is
| prese‘ntl} restricted due to the difficult ignition after injection to the
combuntion chamber' The adaptation of the diesel engine to those
alternatnve liquid fuels could be an interesting subject of - fugure
. - investigations. The mathematical model with computer supported
E , simulation developed in - this thesls can be utlllzed in 1nvestlgatlons of
| Z the m;ect:on, vapomatlon and lgmtlon processes of those fuels with

some modrficatlons related toi the propertxes of particular fuel.
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' Appendix A
SOLUTIONS OF SIMPLIFIED MOTION AND CONTINUITY
EQUATIONS FOR FLUID FLOW IN A PIPE

R S T B
8 = p Ox ‘ ‘
Continuity equation:

& _ _ 1
8x

Motion equation:
(A1)

2y

= (A2)
pa ' ‘

‘A.l. Solution for v

Assuming that the sound velocity in fluid & is constant. Then,\

differentiating both sides of equation (A.1) mth respect to t;/bnne

obtains:
82v 1 8 2 ]
‘ st T p Ox0t
‘From equation (A.2), differentiating both sides with: respect to x:
2 g - : |
ov 1 0p - ‘ L Ad
2 ™~ "2 5xot . (A.4)
Ox pa . -
Comparing equation (A.3) and (A.4):
2 2 — »
dv 238w
2 - 7 -—5 (A.5) -
To obtmn “the_solution of this equatlon, let: .
J - 207 - |
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n—t+§ -
. f a .
‘and, '
z-'t-§
a
Then, )
g—‘l 1 -) A
o = h
o .
and, . o : .
\ ‘o "1 .
v 8)(-5
t QEE. l
"9 - T B

" The 'qgid velocity v then becomes a fnncti< of u snd p Using
the chain rule to obtain: o
v /v du 8v s
Bt

du ot T 9z ot
gv _ov  8v
: @t-‘au Oz
and,
‘ ’ .&_iﬁ.ﬂ@ 8fov  ovyoy
(T ouleu ANt alow * aae
*\\ | 2 2 12 2 ) | | ) R
\ —%=“,9_v§-4~2£l;z+,8; , - . (A8) .
| ot du - 0z , o
\ Similarly,
v v du v Pz .
ox du 0x = O3z Ox y
.
/
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. Sy _iftv & o~
O = z\6u " B
and,
. 2 ) ' . '
8v L1980 Ou 90 Ov)fi}-
&2‘5 du\du 8 T 8s\du T 83)8x
2 2- 2 2
v 1 (8 v’ v &8 J " ‘
— - T - 2 + (A..?)
2 ; 2
o s g
Substituting equations (A.8) and {A.7) into equation (A.5):
. f =4 .
) 2
82v+/282v +8v 82\7 28v +82v
< \ . 8u? 01.“9" 822 8u2 Oudz C 08
. on, | 7 ) ‘
2 * ’
v -0
_ Oudr
f v
Ol', . . * . , '. . 0
3 [Ov
Ou(az) | =0 ‘
i.e,
8v : . s
/ Oz - h(z) ’ _' . . -
" which is & function of & only. . )
Integrating this equation with respect to .
v ( o . . , . ‘
OV - Ih(z)dz. + b ¥(u) + v
‘ where W(u) is a function of u only and v b, are constants.
T SincéTh(z)dz is a function of z only, one ¢an write:
‘u L ]

<
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‘rm'lar procedure is applied to obtain the solution of equation (A.11);
"1.e "

-210 -
v = 3,8(z) + b¥(u) + v,

Substituting z, u in terms.of t and é into ‘the above equation:
- 0 N H .

Vo=V o+ ald>(t' - é) + bt + §) (A8)

o
A.2. Solution for p

- A '
From equation (A.1), differentiating botlrsides.with respect to x:

.2 2 . S
. Oy 19p . o~ { (A
il .9)
dtox P 8x2\' é "
From equation (A.2), differsntiating both sides with respeét to t:
2 2 ' . D
T dv 1 dp (
o " T 3 g8 - ' .
Comparing two equations (A.9) and (A.10):
i 2 2 o , ‘
2p _ 2D - , A
ot ox ‘

Equation (A.11) has the same form as equation (A.5). Thbretore&
3

»
‘ i ” X | X .
P = p, + 3,®(t - E) + b¥(t + E) (%“f)
Since two ‘solutions given by equations (A.8) and (A12) m

satisfy the motion and continuity equations l(A. 1) and (A.2)
simultaneously, there are. relationships between the constants s ; 8,
. . o

b,, b, in equations (A.8) and (A.12). ) ~

R 4

3
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f

From .equation (AS’), differenti;tihg botji sides with respecf to t:

Substituting equations (A.13) and (A.14) into equation (A.1):, / ,

oot -3 0% + ) ot ~ 3 0w+
g ~————— 4 b —————— = —|p —————— — bg—*———.']
1 X 1 X a2 X . 4 X
ot - i') : B(t. + §) ’ 0(1;7— _5) 8(,t +,_§.)
Comparing the coefficients of both sides: .
1 | .
81 - p‘i 9.2‘
1
bl - —‘E‘bz
Choosing: . 4 ' ,,f\
B
a = b = - |
Tilen, . g \ . *
TN : '
e By == pg
i ~> - ’
by == . o7

,Thus, the general solutions. of the simplified motion and

continuity equations for fluid flow _‘in a.pipe (A.1) and (A.2) are:

abt -5 vt + % |
ov ‘B , & - . ..
! x T - (A13)
. o -5  ae+d o
- From equat?on (A.12), differentiating both sides with respect to x: '
: . X r X w o )
: dp 2 2, . :
KT e n tT g lE a1
Q("c - ;.:) at + 5) . _
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Appendix B
SPILL PORT OPENING AREA

-

Vo “‘\' . The ‘sequence of derivation of equation for the spill port opening

ail'ea I"'p consists of three main steps depending on the displeceglent

of the pump plunger."

( LY

- .1.' The first step:

In this step, the opening area of the spill port becomes smaller

* and smaller as the ‘pump plunger is moyving wup. This step ends when

+ 1 the si>ill port is complefely covered by the pump plunger.

.based . on:

Asstiming that- at the beginnin‘g of the pump plunger movement,

Jthe spill port is covered partly as shown in figure 3.5.a. :
r d }\/ g
" Let h~ be the dxstance between the lower spill port tangent line

‘and the upper edge of the pump plunger at the position where it

starts to move. Then, in this step the pump plunger dxsplacement A

A

varies from h =0 to h =h _, whete h_. is the dlatance between the
P P »pl pl v.

Pber edge ‘of the pump plunger at the beginning of plunger.
movement and Uhe upper splll port tangent line, figure 3.5.b.

The opening area of the spill--port F.' for this step is denved

-

F p — ﬂ.(]'.]))2 - [(r'p)zp‘ll - i%(rlp - xl)r'PSin‘al].‘, (BI)

”

where, . , £
N
] L ’
RS
N
- 213 -
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X, = (hp + hlm)cosoz'pn - (B.2)

N

rap - ‘xl

r
sp

B3) ‘

COsp, =

]

v 2 2 .
sing, = /‘1 - cosﬁ

Substituting co{lfrom (B.3): B
sin / 1 [____r'p _ xl]2‘
Pl = = r
8p

or,

sinp, = ;l-j ¢,) -, - %) (BA)
sp

Substituting equations (B.2), (B.3), and (B.4) into equation (B.1),

one obtains:

-

. _1[ r"'p - (hll,‘+hpo)c<:»>saz'p

.F'p x(}.p)? - {(r.p),cos.

N

8p

= % - (l;p+hp°)cosaspn] j (r'p)zj__ [f’P - (hpfhr;g)cosa!pn] 2} ‘ (B.5)

J .

-
: 2. The second step:

-

In this step, the desplacemeni; of the plungér ‘varies from hp.--‘hpl
to hp;-(hpl+ES), figure 3.5.b. '

Where,
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g N
2r 'y . )
pl COBY po
The spill port is\completely closed in this step, i.e.
: \ - > S
F =0 | o (B.7).
P / A - :

When tgefp unger keeps on moving upwards with hp>(hpl+ES), 5

the spill ;}ofi. is opened agpin, and the third step of calculation of Fsp
f LI / i .
~ibpegins. :
| N
/" : . >

8. The thk{d step:

- Ll

For the third step, the lift of the plunger- 4 hp>(h pl-f-ES); figure
3.5.c “ ) | '

-~

The opening area of the spill port is derived from:

2. . 1 T '
F,= (r'p) Py.— 2 E(r.p - xa)r.psmpz (B.8)
" where, | -
) | .
X, = [hp - (hpl + ES)] coBZ ) ‘ (B.9)
¥ , S . . o
cosp, = e 3 © 7 (B.10)
: : Tap |
" j . -2 i . . By
81!}{02 — 1 — CO8 ;. - F 4

Substituting cosp, in equation (B.10):

e

a

\
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: f j ' ' = Xl
sinp, == 1 - .
. p -
or, ,
. . 1 j 3 2 - \
csingp, = —J (r.) - (r_ - x) (B.11)
. @,_\rsp sp 8p. * o -

Substituting ﬁuations (B.9), (B.10), and (B.11) into equation
(B.8):

-
F r 2eos”" [rsp - I, - (b, + Es)lcosa-pl] |
T r -
sp
- h_+ES)} j ®_[r b (b +ES ’
-, p—[hp—( o1t )cosam Fyp = |Tap™ p—-( ot )]co:s«:n“pl
(B.12)
. |
. \
? N\
)
/
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| | S Appéndix C ’
’ L FLOW AREA B
I BETW‘éN DELIVERY VALVE AND SEAT
N w
The schematlc view of the dehvery valve is shown in figare 3.8.
g
| Refemng to figure 3.6, the flow area F , between the delivery
valve and seat is obtained by:
F,, = (D, )y | (c)
\ . * , . ) [}
e where, ‘ -
o y, = (by, - S )sine, | L (C.2)
and, . . | C e
: ¥y ; '
‘\ Dyys = Dyy + 2 g o8y, (C.3)
e A‘Subst‘itmng y in equation (C.2) into equation (C.B)': \ ‘
R , o | / ‘
Diya = Dyy + (by, — 8 )sinay cosay - " (C.4)

Substituting equations (C.2) and (C4) into equation (C.1), ome
gets the flow" ares F4, betwesn the delivery valve and seat as
follows . - . ’ '

F

tay ™ a'[Da v + (g = Sr)sina dvéosa dv] (hyy — 8 )sma (C.85)

- 217\'5/ '
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Appendix D

i : :
NOZZLE SEAT INLET AND EXIT FLOW AREAS

Figure - 3.8 shows the schematic view of the ﬁoule seat
conﬁgu:atit;n; It includes the effect of the difference in angles of the
cones on the needle and in the nozle :;eat. . Two critical -flow Qr%as
(ab) and (gj) are indicated in the figure.

4

D.1. Seat Inlet Flow Aren'

L]

' The seat inlet flow area ‘Fr’i between the injector chamber and

the éeat chamber is obtained from:

. e ‘ , ‘
F, = 2D _ (ab) | : (D.1)
. ’ ’ '

where, -

LY

aAvT;

. AN ' ’
\D i - DIO + 2(dC) ’ N ‘. (Doz)

and the length:

(de) = .kcb) '

L= 'cosﬂ X . -. OJ' | (D.3)
Congidering the triangle (abe), one has the relationship:
. sina o sin(901° + 1) \ Lt “
." T ( ab) ’ (»ae) . ﬁ:\r
. : o &
or, 't\ '
\ \ /
. / Y

= ‘11\%
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by & N (D.4)
sin(00 + 4) h :
) .but, | | A
| “\/\ o= h
and,

k sin(90° + 7) = cosy

Thus, equation (D.4) becomes:

. Jina . ' .
2 NS ~ P
\ms - Substltutlng equations, (D.3) .and (D%) into equa.tlon (D 2)
' sina
D‘ v; - D + P cosf h. D.6)

Substxtutmg equations (D.5) and (D 6) mto equatmn (D-1~)/ one

L tains the seat mlet flow ares F as follows )

) R o 2 g ) a2,
or, . J | ﬂ
F, = [ (sma) cosﬂ] (&) + [a' o ZL’;:] (9 oD

. Hence, the seat inlet flow area Fr ;; has the form.y

Fg = Aglh)' + B 8) @9

where,
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v

A, - x(;-(-)—s-;) cosf , | (DO)
and, ‘
‘ " sina : B ‘
. Bgy = aD_ cosY . : (D.10)

D.2. Seat Exit Flow Area
1

The same consideration is ﬁmde to derive the equatlon for. the
seat exit ﬂow areW between the seat chamber and t.he bag

chamber, This ﬂow area is calculated from:

Ffae = xD“n(gj)' | . | L (D'I‘l)-

where,. ..

() = (g) + (ij) | (D.12)
.. but, )
(gi) = (ef)
’ , T - (ae)sin/é “
7 _ . ~
/ -bsng 0w
and, - ! )
) (i) = (ej)siny ' L ' (D.14)
= Considering the rfﬁht triangle (ejk), one ha;:
L \ (




P L S
\"

Ee s e

e

: . %0 si
‘ . ©) = “gsma

Thus, equation (D.14) becomes:
D,_-D, |

- 'o
(i) = 2s‘inq_z

sin7y , ‘ | (D.15)
Substituting equations (D.13) and (D.15) into equation (D.12):

(SN po_p |

] fl

(8)) = bsing + —e—

osine . ‘ (]?'16)

The average diameter D, is calculated from:

C D =Dy-2) . (01

where,
o () = B conp
' o

From equation (D.16): |

) D -D . S |
(1) = -;-(hisinﬂ + —:;—si-l-l—a—ﬂ sinq) cosf (D.18)

Substituting equation (D.18) imto *eéuati&n (D.17):

Dno - Dal | - .
sinq) cosf .. (D.19)

N \ N
Finally, the seat exit flow area F,. is obtained ' by substituting
equations (D.18) and (D.19) intgee@uation (D.11):

2sina

Dwte =D, - (hisinﬁ +

w




or,

where,

4

fae

fse

fse

fse

F = Dy = [ind +

+

- 222 -

D -D,
si

80

2sina

D, - D,
—-—-.—-—-—_— sln
2sina

sinq)

Al‘se(h'i)2 + Bt‘ae(hl) + Cfte‘

1

o

—

2 * °
- x{sinf) cosf
. -.D '
. ' .
7!'(D'i —‘—;i-;l-;—- sm'ycosﬁ) sinf
| D - D. D -D
80 a1,
”(Dli T Zsina sineos ) 2sina

) conp| (bging +

(D'.20)

(D.21)

o

(D.22)

(D.23)

= siny (D.24)

v



' Appendix E
'DESCRIPTION AND CALIBRATION OF

ELECTRONIC TRANSDUCERS

IE.l. Force Transducer . : . N,

In the experiments made for &measuring the seat pressure and
flow coefficients at the orifices, :;eat inlet and exit, a piero-electric
load cell was used as a force measuring device. The load cell used in
the .experiment is produced by KISTLER,

specifications are: = .

2,

type 9001, - and the

- L4

Range - : from'Q to 7600 N
Semnsitivity . : —4.2 pC/N
Operating. Temperature Range 1 =198 to 200°C

tea \ -
- .

} The converteg used ‘is the CQ:rge Amplifier produced by
KISTLER, model 504E.  ° | |

In the calibration of the force transducer, a material tensil testing
machine was used. By gradually applying a load from 0 to 760 N to

‘the load cell, the glect.ric}.l output from the force " {ransducer was

recorded. Table E.1 presents the calibration data. The calibration
curve plotted atcording to thosé data is shown in figure E.1. .

&

' 4
N

P 223 2

e

s 8
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—2_24-*

Voltage Output in mV

Load in N
000. 000.0
20. 17.4
310. 260.0
370. " 314.0
410. 34500
R
‘ N
. 525. {4450
705 600.0
780. . 845.0 ‘

Table E.1. Force Tr’ansdgcer Calibration Data

The stafic gain K, was found to be: -

Kf = ].18

N

mV'

L R}

(B
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E:3. Inductive Nossle Needle Lt Transducer:

- An AVL nozzle needle lift transducer, type 420, was used to
measure the injector needle disﬂiacemeﬁ't. This transducer has the

. following specifications: ‘ Q

&

t (
Principle : Inductive Iift transducer, ‘- f

. . ‘ . half-bridge circuit
Inductance 2 x. 160 uH nommal

‘Sensitivity . : Approximate 0.9 V/0.1. mm hft o,
Permissible Temperature . +80°C v |
at Connector , ‘ ; S
- Maximum Lift =~ ‘ : 1 mm . ‘\' --/
 The converter mused is the AVL OCarrier Amplifier, model T
. 3075.A02. . : . ,

In calibration of the displacement ”t,ransducef", the inaje'ct,or needle
position ‘was first- recorded when it was resﬁingﬁon’jhe nozgle seat, ie. - '.
at zero lift. The voltage o'utpilt from the transducer was then read.
The injector n;;edle was next readjustéd to the stop at maximum lift -

of 0.3¢ milimeter, and again, the .electrical output. from the Qtransducer-'

was recorded. The results of calibration are shown in table E.2.
,., .
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——

»

~ Lift in mm

Voltage in V

0.00

0.34

1.79

3.10

Table E.2. -szzle Needle Lift Transducer Calibration Data

S

Assuming linear relationship between the lift and voltage output .

o

7

\

from the transducer, one has the following expression for the injector

needle lift as a function of voltage output from the inductive nozzle

.o @
.needle lift transducer. |

—~

b, = 0.25505(Voltage) — 0.46458

/

(B2

- In this expression, lift b, and Voltage are in milimeter [mm) and

& volt [V] respectively.

M

~
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E.3. Pressure Transducers

E.3.1. Pieso-Electric Pressure Transducer

O
\

A piezo-electric transducer was used as a pressure measurink

.
“

" device. The pressure transducer used is ‘manufactured - by KISTLER,

model 603A,’ aI;d the sbeciﬁcations are:

-~

Pressire Range, Full Scale : 0 to 3000 psi
Sensitivity (nominal) ~: 0.35 pC/psi

[}
Operating Temperature Range : -450 to 500°F /

The converter used is the 'Charge Amplifier produced by
KISTLER, model 504E. ' |

v

. To calibrate thgs pr%ssme 'gtransducgr, a hand-operated injecf;or
tester was used. An injector was installed and ’Eonngcted to‘che
. calibration system.A. _Without any pressure supplied to -the calibrg‘“tion
system, a zero viltage reference was recorded. Then, the injector
opening pressure wgg adjusted 'to a desired value. This opening
)' pressure ‘was examinef by z; previously calibrated pressure gage. = At
tlle same .time, voltage oﬁtput,(ﬁ;om the transducer was read by .
different types of indicating instruments such. as osc'rlfo«.o# or . ;

voltmeter.

=]

.
< > b

The results of this calibration are presented in table E.3. N

o ) - A
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Gage Pressure in Yoltage in
bar mV
000. 000.0
170. '803.5

N}

4§

e

Table E.3. Piero-Electric Pressure

- ' ‘
Transducer Calibration Data

From these results, the gain factor for this transducer was found

to be:

)

" bar

K = 02817 =
P

mnVv

~

(E3) -

>
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w E.8.2. Straln-Gage Pressure Transducer
?
, §
A strain-gage pressure transducer was used in measuring the

- pressure in the pump delivery chamber. This transddger is.
manufactured by AVL, type 31DP 500E-2.0, and the specifications are:

4
* .

Pressure Range | R 0 to 500 bar
Operating Temperature Range : -10°C to 900(3.

The converter used is produced by VISHAY INSTRUMENTS,
. model VE 11K. The calibration procedure for this: transducer is the

same as for the pieso-electric transducer. The calibration results are
-présented in table B.4.

. N
’ Gage Pressure in Voltage in
‘ ' '. )
. bar mV -
. >
AJ '
0000 - o000 | -
100.0 275.0
. -

w e
\

v \ Table E.4. Strain-Gage Pressure Transducer Cslibration Datg R

, : //"\
The gain factor for this transducer was found to ber - ° N
o N bar S |
Kp' = (.3636 - s < (E.4)
;o .
- o -
. #
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“ Appendix F
p ‘ - . '
. COMPUTER PROGRAM LISTING
,/// ' ' o ‘ .
a ' N s i
-‘ ’ - N
\ * .
. .! " o T
LYy = ‘
' : , .-
-
[ ' . . . .
. N " - ' “ .
v' N - R . R 0
. “‘ - , . " s 5
o * '4. E ‘ ( ’
L . 4 ' N
L, . A =231 - -
W (S .




OOOQOOOOQOOOOOOQ'QO‘OOOO“OOOOOOOOOOOOOOO

THIS PROGRAM IS WRITTEN TO CALCULATE THE FUEL
DISCHARGE RATE OF A FUEL INJECTION S¥STEM FOR A DIESEL

ENGINE.

THE INJECTION SYSTEM CONSISTS OF:
I7 AN INJECTION PUMP. '
. 2. AN INJECTION PIPE.
3. A DIESEL INJECTOR.

1
|
|
i
1
|
1
|
)
!
!
1
|
|
|
1
!
!
L}
I
1
i
[
1
|
I
I
t
1
|
]
|
]
)
1
i
1
I
|
1
|
|
}
I
1
L}
!
1
1
1
|
t
1
1
1
!
i

N:

EFFSTR:’

VOP:
VOD:

- DP:
NUO:
NUDV:
PF:

DV:

Dl:
MDVN:

« MDVS:

KDV:
OPDV:/ OPENING PRESSURE OF DELIVERY VALVE

RTVL:
RDV:
DELDV:
FP:
FV:
Fl:
MDV:

‘MASS OF DELIVERY VALVE SPRING

- 232 -

. PROGRAM INJSYS(INPUT,OUTPUT, TAPELl)

o m e e e e e e e c
c C
Cc CONCORDIA UNIVERSITY C
- C C
c MECHANICAL ENGINEERING DEPARTMENT c
C’ C
c . ‘ C
C WRITTEN BY: TO, CONG HIEP .C
c I.D.#: 8864357 C
C FOR: MASTER DEGREE THESIS C
C UNDER SUPERVISION OF: DR. T, KREPEC .- C
C DAKTE: JUNE 20, 1985 C
C ’ c

c ————— S S - G G - - G0 S e — T — G S S S N GE G S S G GEE N NS A SN SN ASY WSS W S S Gu—

i

PUMP SPEED (RPM)

MAXIMUM LIFT OF PUMP BLUNGER

VOLUME OF PUMPING CHAMBER

VOLUME OF DELIVERY CHAMBER

DIAMETER OF PUMP PLUNGER

FLOW COEFFICIENT AT SPILL PORT

FLOW COEFFICIENT AT DELIVERY VALVE .
PRESSURE IN THE FEEDING CHAMBER

DIAMETER OF DELIVERY VALVE

DIAMETER OF THE PIPE END ADJACENT TO THE PUMP
MASS OF DELIVERY VALVE NEEDLE

DELIVERY VALVE SPRING CONSTANT St

RETRACTION VOLUME OF DELIVERY VALVE °
FRICTION FOR@E ACTING ON DELIVERY VALVE
DAMPING COEFFICIENT AQFING ON DELIVERY VALVE
CROSS AREA OF PUMP PLUNGER

CROSS AREA OF DELIVERY VALVE

CROSS AREA OF PIPE END ADJACENT TO PUMP
TOTAL MASS OF DELIVERY VALVE MOVING PARTS

OOOOOOOOOOOOQOO'OOOOOOOOQOOOOOOOQOOOOOO‘

p!
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PDV:
PP
PD:
VP:
HP:

Vo
Ho

VDV

HDV:
FO:

SIOO

4 SIDpV:

PDB:

PDF:

FDV:

DI:
DSO:
DSI:
D2
ALP:

BETA:

- GAMA:
DIFANG:
DC:

MN:
_MSN:

MR=

KI:

RI:

DELI:
OPI:

® HIMAX:
VON:
VOB
NUIS:
NUES:
NUC:
FI:
FSO:
FSI:
0F20
MI:
PLI.
PN:
PNB.
PNF:
PS:
PB:

v///\\\\VI:

-

-
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PRELOAD ON DELIVERY VALVE

PRESSURE IN PUMPING CHAMBER

PRESSURE IN DELIVERY CHAMBER

PUMP PLUNGER VELOCITY ,

PUMP PLUNGER LIFT

PUMP PLUNGER VELOCITY TAKEN FROM ERAPH
PUMP PLUNGER LIFT TAKEN FROM GRAP
VELOCITY OF DELIVERY VALVE

LIFT OF DELIVERY VALVE )
FLOW AREA' OF SPILL PORT ‘
FACTOR USED TO CONTROL FLOW AT .SPILL PORT

FACTOR USED TO CONTROL FLOW AT DELIVERY VALVE

BACKWARD PRESSURE AT PUMP
FORWARD PRESSURE AT PUMP
FLOW AREA THROUGH DELIVERY VALVE

+

2. IN INJECTOR:

IEEEESESEIEES Co

o

DIAMETER OF INJECTOR NEEDLE

NOZZLE SEAT OUTER DIAMETER

NOZZLE SEAT INNER DIAMETER :
DIAMETER OF PIPE-END ADJACENT TO INJECTOR
HALF OF NOZZLE SEAT CONE ANGLE -~

HALF OF NEEDLE TIP CONE ANGLE .

HALF OF SEAT DIFFERENTIAL ANGLE (IN RADIAN).
HALF OF SEAT DIFFERENTIAL ANGLE (IN MINUTES)
DIAMETER OF INJECTOR ORIFICE

MASS OF INJECTOR NEEDLE

MASS OF INJECTOR SPRING

MASS OF INJECTOR NEEDLE ROD

INJECTOR SPRING CONSTANT

FRICTION FORCE ACTING ON INJECTOR NEEDLE
DAMPING FACTOR ACTING ON INJECTOR NEEDLE
INJECTOR OPENING PRESSURE .

MAXIMUM LIFT OF INJECTOR NEEDF®

VOLUME OF INJECTOR CHAMBER

VOLUME OF BAG CHAMBER

FLOW COEFFICIENT AT NOZZLE SEAT INLET

FLOW COEFFICIENT AT NOZZLE SEAT EXIT

FLOW COEFFICIENT AT ORIFICES

CROSS AREA OF INJECTOR NEEDLE

CROSS AREA OF OUTER NOZZLE SEAT

CROSS AREA OF INNER NOZZLE SEAT

CROSS AREA OF PIPE END ADJACENT TO INJECTOR
TOTAL MASS OF INJECTOR MOVING PARTS
PRELOAD ON INJECTOR NEEDLE
PRESSURE IN INJECTOR CHAMBER
BACKWARD PRESSURE.AT INJECTOR
FORWARD PRESSURE' AT INJECTOR
PRESSURE IN THE SEAT CHAMBER \
PRESSURE IN THE BAG CHAMBER
VELOCITY OF INJECTOR NEEDLE

0NN ON0NNNNNNNNNN

AN OAONONONOANANNDOCAQCNONNON

A\
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HI:
S11IS:

SIES:

SIC:
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LIFT OF INJECTOR NEEDLE

FACTOR USED TO CONTROL THE FLOW AT NOZZLE
SEAT INLET SECTION

FACTOR USED TO CONTROL THE FLOW AT NOZZLE
SEAT EXIT SECTION

FACTOR TO, CONTROL THE FI®W AT ORIFICE

3. FLUID:

zE===s

RO:
E:

FLUID DENSITY .
FUEL MODULUS OF ELASTICIT%

4. PIPELINE-

LENGTH:

LENGTH OF PIPELINE

5. MISCELL&SEOUS‘

PA:
ESP:
PCLO:
VEXP:

VSYS:

8V
TIMIWAY :

TIM2WAY:

TIME:
DELT:
TPR:
DTPR:
TIMEMAX:
DCSE:
QPS:

ATMOSPHERIC PRESSURE ;o

VOLUME OF EMPTY SPA -
INJECTOR CLOSING PRESSURE
EXPANSION VOLUME OF FLUID IN THE SYSTEM

AFTER INJECTIOM PROCESS
VOLUME OF INJECTION PIPE,
AND INJECTOR CHAMBER
SOUND VELOCITY IN FLUID
TIME FOR PRESSURE WAVE TO TRAVEL 1 WAY IN
PIPELINE

TIME FOR PRESSURE WAVE TO TRAVEL 2 WAYS IN

PIPELINE -

INSTANT TIME

TIME STEP SIZE

TIME TO PRINT OUT

PRINT TIME STEP SIZE

MAXIMUM TIME USED TO SIMULATE THE SYSTEM
TOTAL FUEL INJECTED

FUEL FLOW RATE

DIMENSION TIMERF(16),TIMERS(16),V(16),H(16)
DIMENSION Q(2) ,PDF(10000),PNB(10000)

REAL N

REAL NUO,NUDV,NUIS, NULS,NUC
REAL MDVN,MPVS,MDV
REAL MN,MSN, MR,MI

REAL KDV,KI,LENGTHE

DELIVERY CHAMBER,

OOOOOOOOQO(‘)()OOOOOOGO}')OQOOGOOOOOOOOGOGOOO
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LY
C--=-=-CONTINUITY EQUATION WRITTEN FOR PUMPING CHAMBER--===~C -
C -
FPP (PP, PD,VP,HP,VDV,FO,FDV,SI0,SIDV)
* = (E/(VOP-FP*HP)) * (FP*VP<

* STO*NUO*FO*SQRT( (2./RO) *ABS ( PP-PF) ) -

* FV*VDV-SIDV*NUDV*FDV*SQRT( (2./RO) *ABS(PP-PD)) )’
C ’ .
o J— CONTINUITY EQUATION WRITTEN FOR DELIVERY CHAMBER--~—-- c
c

FPD (§P, PD,PDB, VDV, FDV, SIDV)

* = (E/VOD)*(FV*VDV+SIDV*NUDV*FDV*

* SORT( (2. /RO)*ABS(PP-PD))—(Fl/SQRT(E*RO))*

*  (PD=2.*PDB))
c
Cmmmmm MOTION EQUATION WRITTEN EOR DELIVERY VALVE-———m—mmmmm C
C . o

FVDV (PP, PD,VDV, HDV)

* = (1. /MDV)*(FV*(PP—PD)—PDV-KDV*HDV-

* RDV~DELDV*VDV) \
c

FHDV(VDV) = VDV .
Clonm e e e e e e o o e e e e e ————— ——— C
e FUNCTIONS FOR INJECTOR===mmmm e m o oo o m e e e C
o om0 e e c
c
op— CONTINUITY EQUATION WRITTEN FOR INJECTOR CHAQ%ER ----- c
C
Commmm BEFORE THE NOZZLE IS OPENED----- —————— e -C
c

FPNB (PN, PNF)

* = (E/VON)*(F2/SQRT(E*RO))*(2.*PNF-PN)
C
o p— AFTER THE NOZZLE IS OPENED-—-m———mme-eem———— e ——————— C
c

FPN(PN, PS, PNF,VI,HI,SIIS)

* = (E/VON)*((F2/SQRT (E¥RO)) *

* (2. *PNF-PN) - (FI-FSO0) *VI- (SIIS*NUIS*

* (COEFI1*HI**2+COEFI2*HI) *

* SQRT( (2./RO) *ABS (PN-PS) ) ))
c
C-+==--CONTINUITY EQUATION WRITTEN FOR BAG CHAMBER~-=———===m o
c

FPB (PS, PB,VI,HI,SIES,SIC) .

* = (E/VOB)*(SIES*NUES*

* (COEFE1*HI**2+COEFE2*HI+COEFE3) *

* SQRT( (2./RO) *ABS (PS-PB) ) -

* FSI*VI-SIC*NUC*FC*SQRT ( (2./RO)*ABS (PB-PA)))-
c .
C~====MOTION EQUATION WRITTEN FOR INJECTOR NEEDLE-==mee=—e—= C
< .

FVI (PN, PB,PS,VI,HI)
* = (1, /MI)*((FI-FSO)*PN+(FSO—FSI)*PS+FSI*PB-
* PLI-KI*HI-RI-DELI*VI) \]

o
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]
C
. FHI(VI) = VI
C : ‘ . 7S R
O e e e ot e e e e e e o e e e e e 0 O —-———C
Crmmem DATA FOR THE SIMULATED SYSTEM--=ve=e- —————— e e ————C
Comrrmmmmm s c e e e e ———— e ————————————— —————— c
C ’ .
PI = 2.*ATAN2(1.,0.)
C
C-=-=- FOR FLUID--me=—cm e m e m e e e e e e m e e e e e
c
. E = 14400.E5
RO = .82E3
(o
Cmmm—- FOR PUMP-——=mmme—e e e e e m e m e e ——— c————C
C * . .
\ . N = 1000, .
' EFFSTR = 4.24C-3
VOP = 585.E-9
DP = 7,5E-3
NUO = NUDV = 0.65 )
PF = 1.E5
DV = 6.E-3
VOD = 1850.E-9
Dl = 2.E"3 w
MDVN = 3,1347E-3 '~
MDVS = 3,2246E-3 -
KDV = 6.6456E3
RDV = DELDV = O,
' OPDV = 14.337ES5
PCLO = 90.E5
RTVL = 50,E-9
c M N -
C——--- FOR PIPE LINE-——---rereccmcacm e e n e e - ———— et T o
- c ’ Y ' .
LENGTH = 950.E=3 - —_—
C R
C-=——- FOR INJECTOR-=-==-=—cwea———-— e e e 0 2 e o o
c T
DI = 6.E-3
p2 ='2,E-3
DIFANG = 10.
GAMA = DIFANG*PI/180.
ALP = 30.*PI/180,
BETA = ALP+GAMA
DSI = 1.75E-3
DSO = 3,5E-3
DC = 0.32E-3 ,
MN = 9.027E-3
MSN = 22,3875E-3 -
MR = 11,067E-3
KI = 200.E3
_RI = 0. -
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4 : .
’ DELI = 40. Y
OPI = 170.E5
p VON =.600.E-9
" VOB = 4,E-9
NUIS = 0.75 .
NUES = 0.95
NUC = 0.65 .
: HIMAX = 0,35E-3 .
Crmmrom e m—ccc e e — ————————————— e e - o
C=====CALCULATION OF PARAMETERS-—--f ------ ————ee ————————— o
Crmmmqm e ———— e ————————— e m———————— e -==C
c ' :
C~=~==~FOR PUMP~==m===m=m=mu ————— e —————————————————————— C
c
FP = PI*(DP**2) /4,
FV = PI* (DV**2)/4,
F1 = PI*(D1**2)/4. .
MDV = MDVN + MDVS/3. T
PDV = OPDV * FV - -
C==~===FOR INJECTOR-====~————cccma—a—au ———— e o
c - .
FI .= PIX(DI**2)/4.
F2 = PI*(D2**2)/4.
FSI = PI*(DSI**2)/4.
FSO ‘= PI* (DSO**2) /4,
FC = 4,*PI*(DC**2)/4,
) MI = MN + MR + MSN/3.
., PLI = OPI*(FI-FSO)
c ) : :
C-====FOR EMPTY SPACE-=====m=m===u-- e —————————————————— C .
C .
' VSYS = VOD + F1*LENGTH + VON
VEXP = VSYS*PCLO/L
ESP = RTVL - VEXP L= -
Comm oo e o C
Cf----CALCULATION OF COEFFICIENTS FOR SEAT&FLOW AREAS-===—== g\
C ------------------------------------------------------- [ —
COEFIl = PI*(SIN(ALP)/COS (GAMA)) **2*CQS (BETA)
' COEFI2 = PI*DSO*SIN(ALP)/COS(GAMA)
COEFEl = -PI*SIN(BETA)**2*COS(BETA)
COEFE2 = PI*(DSI- (DSO-DSI) *SIN(GAMA)*COS (BETA) /
* SIN(ALP) ) *SIN(BETA)
COEFE3 = PI*(DSO-DSI)*SIN(GAMA)/ (2.*SIN(ALP))*
* (DSI- (DSO-DSI)*SIN (GAMA) *COS (BETA)/
* (2.*SIN(ALP)))
o T T c
C-=----TIME FOR PRESSURE WAVE TO TRAVEL IN THE PIPE-=-vre——- c
Commmer e e m - cnt - ——————-——————— ———— cn————————— —————— -
SV = SQRT(E/RO) .
TIMIWAY = LENGTH/SV 5
TIM2WAY = 2,*TIMI1WAY
Crmmmmmm e ——— e e —————————————— ————— e ——————————— c
~ ) :
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Cmm—mm=- INITIALIZATION=-—==c—=cccccc e mc e —— ——————————— ————C
Crmmmbmm ————— e truntte L O e e cc et ————— ——————C
c ( -
Cm—m= .=FOR PUMPm—mmemeccm e e e c e e e R o] .
c f : N
N PP = O.Es
PD = 0,E5
HDV = 0.0
; VDV = 0.0 ) |
. PDB = 0.E5 '
c ' : o~
C-====FOR INJECTOR-============ ————— e e ——————— dmmmmmeC (
C ) -
PN = 0.E5 -
PS = 0.E5
L»‘ PB'= 0.E5
PA = 0.E5
. HI = VI = 0. )
C ‘ - NN .
C-----FOR TIME, PRINT OU%&‘AND CONTROLLING=======memcm———a~— (o]
C ' » . - :
TIME = 0.0 ] '
SDELT = 1.E-7" . )
DTPR = 0.02E-3
"TIMEMAX = 9,.E-3
TPR = DTPR + TIME
. LOOP = J4 s I =J =L = 0
~ . DOSE = Q(1) = 0- ) ¢ : :
c----_-;--a-b ——————————————————————— o o e o e e o 0 e o O e O O O C
C-~-~-=~PUMP PLUNGER VELOCITY AND LIFT READ IN-~-=-~ memm—————C

f C ---------- - T il s i o s e o sl S I AU G S B SN G A SR SIS AP A S S A SO D S —--—-—-—- ------ -C

DO 10, KK = 1,16
10 READ (1, 20)TIMERF(KK) ‘TIMERS.(KK) ,H(KK) , V(KK)
20 FORMAT(lX 4E10,4)

(o e e T B L e e L At C
o SOLVING THE DIFFERENTIAL EQUATIONS BY RUNGE-KUTTA----C
Commm—m- e e e e e e —=memeemC
C-====AT PUMP==m=m===mm—————- fommm————————— ——————— womm=C

C Erxss=mx C
C. ‘ ' , - . ‘
3000 TIME = TIME + DELT o . ) N 0
: SI0 = 1,

IF (PP.LT.PF) SIO = -1

CALL SUBVPHP(VP,HP,TIME,V,H, TIMERF, TIMERS N)

CALL SUBFO (FO,HP, EFFSTR)

CALL SUBFDV(FDV,HDV,RTVL, FV DV) '

IF ((HDV*FV) .GE.ESP.OR. LOOP. EQ.1) Go T0 100
c — . '
C-=m-- DELIVERY VALVE IS STILL CLOSED=-mmmmmmemmm—— e T o
_SIDV = 0,
TK = TIME : , ‘
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c. . ‘
C~=~+~RUNGE-KUTTA-~~=-=—-===-= S et L e o
C 3

AKl=DELT*FPP(PP,PD,VP,HP, VDV 'FO,FDV, SIO SIDV)
ALl=DELT*FVDV(PP,PD,VDV, HDV)
AM1=DELT*FHDV(VDV)

4

C .
AK2=DELT*FPP (PP+AK1/2,PD, VP, HB, vDV+XI34#3 , FO, FDV, S0, <
* SIDV) s C
AL2=DELT*FVDV(PP+AK1/2,PD VDV+AL1/' MDV+AM1/2)
AM2=DELT*FHDV (VDV+ALL/2) -
‘ c
AK3-DELT*FPPTPP+AK2/2 RD,VB,HP,VDV+RL2/2,FO,FDV, SIO,
* SI1DV) -
\ AL3-DELT*FVDV(PP+AK2/2 PD VDV+AL2/A,HDV+AM2/2)
AM3-DELT*FHDV(VDV+AL2/2) -
o
(7 AK4=DELT*FPP (PP+AK3, PD, VP, HP} VDYAL3, o;fﬁv,sxo,
* . SIDV) -
AL4=DELT*FVDV (PP+AK3,PD, VDV+AL3 AM3)
AM4=DEL™FHDV (VDV+AL3) .
C .
PP = PP+(AK1+2*AK2+2*AK3+AK4)/6.
VDV=VDV+(ALL+2*AL2+2*AL3+AL4) /6. s
HDV-HDV-I-(AM1+2*AM2+2*AM3+AM4)/6. v .
o : T ~
IF (PP.LE.O.) PP = 0.
IF (HDV.LE.O.) HDV = 0.
IF (VDV.LE.O..AND.HDV. LE.0.) VDV = 0.
‘ GO TO 200\ ©
C . . .
Cmmmom DELIVQRY VALVE IS o) 3313123 R —— C .
C ! — ’
100 foop = 1
SIDV = 1,/
IF (PP.LT.PD) SIDV = -1,
IF (HDV*FDV.LT.RTVL) SIDV = O- -
>c o ’ < ) -
| Ce==e- RUNGE=KUTTA-====e=~ X—-—-----_-_---—------? ------ e
C * i ' . .
‘ AK1=DELT*FPP (PP, PD,VP,HP, VDV, FO,FDV,SIO,SIDV) ;
* AL1=DELT*FVDV(PP,PD), VDV, HDV) / ]
AM1=DELT*FHDV(VDV - r
AN1=DELT*FPD (PP, PD,PDB, VDV,FDV, SIDV) ,
c ;
AK2=DELT*FPP (PP+AK1/2,PD+AN1/2,VP,HP,VDV+AL1/2,
* . FO,F
AL2=DELT*FVDV(PP+AK1/2 PD+AN1/2,VDV+AL1 /2, HDV+AM1/2)
.AM2-DELT*FHDV(VDV+AL1/2)
AN2=DELT*FPD (PP+AK1/2,PD+AN1/2,PDB, VDV+ALl /2 ,FDV,
* SIDV)
C .

AR;rDELT*FPP(PP+AK2/2,PD+AN2/2,VP,HP,VDV+AL2/2,
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W FO,FDV,SIO0,SIDV)
\\A§3-DELT*FVDV(PP+AK2/2 PD+AN2/2,VDV+AL2/2, HDV+AM2/2)
3=DELT*FHDV (VDV+AL2/2)
AN3=DELT*FPD (BP+AK2/2, pn+AN2/2 PDB, VDV+AL2/2, FDV,

* . 8IDV)
AR4= DELT*FPP(PP+AK3 PD+AN3,VP,HP, VDV+AL3 ro, FDV SIO,
* SIDV)
AL4=DELT*FVDV(PP+AK3, PD+AN3 VDV+AL3 HDV+AM3) .
AM4=DELT*FHDV(VDV+AL3)

( AN4=DELT*FPD(PP+AK3 PD+AN3, PDB,VDV+AL3 ,FDV,SIDV)

¢ .

PP = PP+(AK1+2*AK2+2*AK3+AK4S /6. :
VDV=VDV+ (AL1+2*AL2+2*AL3+AL4 ) /6. >
HDV=HDV+ (AM1+2*AM2+2 *AM3+AM4) /6.

»,—\,.h;ﬂ_.__‘cé) PD = PD+(ANL+2*AN2+2*AN3+AN4)/6.

IF (PP.LE.0.) -~ PP = 0.
IF (PD.LE,O0.) ‘ PD = 0,
Y*‘IF (HDV.LE.O0.) - i/—\ HDV = 0. ,
~ IF (VDV.LE.O..AND,HDV.LE.0.) VDV '= 0.
c ‘ - ,
C~----STORE, FORWARD PRESSUE AT PUMP--~—~ —————————— ———mmeae(
c S - . ’
I=1+1 : ' N \
IF (I.GT.8000) I = I - 8000
PDF(I) = PD - PDB . .
. C . - . . “_
IF (TIME“LT (TK+TIM1WAY)) GO TO 200
c 4 .
C-----CALCULATION OF- FORWARD PRESSURE AT INJECTOR ----- {f—-—c
(ol :
IE\YJ GT.8000) J ='J - 8000
~ PNF = PDF(J) .
C “
' C==---CALCULATION OF BACKWARD PRESSURE AT PUMP ----- w——me—eeC
c .
N IF (TIME.GE. (TK+TIM2WAY)) THEI
~ L=L+1 .
- PDB = PNB(L) -
* ELSE
PDB = PA ‘
END IF 4 o , ,
c . )
C=====AT INJECTOR~-======= ————r e —— e —————— et e ™
C =ESZaREISIRS . . o - c
C ' - -
C = N : ' A
C—~=-=INJECTOR IS CLOSED-=====-= ———————————————— - I ™
c . : A . . '

C5~-==RUNGE-KUTTA======~ r— e e VY

rrg
1
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AK1=sDELT*FPNB (PN, PNF) L
AK2=DELT*FPNB (PN+AKl1/2,PNF) . ..
AK3sDELT*EPNB ( PN+AK2/2, PNF)

AK4=DELT*FPNB (PN+AK3,PNF) . ' Coe

PN = PN+(AK1+2.*AR2+2.*AK3+AK4)/6;

¥y .
IF (PN.LT.0.) PN = 0. . 4
GO TO 900 . Ve

J4 = 1 , ’ . . !
SIIS = SIES = SIC = 1. : ‘
IF (HI.LE.O.) ‘THEN .

SIIS = 0. . Ct

ELSE _ . —

IF (PN.LT.PS) SIIS = -1.

END IF . ,

IF (PS.LT.PB) SIES = -1.

IF (PB.LE.PA) igc = 0.

RUNGE-KUTTA=——-—~—== e e e e e

AK1=DELT*FPN (PN, PS,PNF, VI, HI, SIIS) o -
AL1=DELT*FPEB (PS,PE,VI,HI, SIES;SIC) -
AM1=DELT*FVI (PN, PB; PS, VI‘HI) :
ANL=DELT*FHI{VI) q, *

AKZ!DELT*FPN(PN+AK1/2 PS, PNF,VI+AM1/2, HI+AN1/2 ,SIIS)
AL2=DELT*FPB(PS, PB+AL;/2 VI+AM172 HI+ANl/2,S5IES,SIC)
AM2=DELT*FVI (PN+AK1/2,PB+AL1/2',PS,VI+AM1/2, HI+AN1/2)
ANZtDELT*FHI(VI+AMl/2)

AK§/;ELT*FPN(PN+AK2/2 PS, PNF, VI+AM2/2 ,HI+AN2/2,SIIS}
AL3=DELT*FPB (PS, PB+AL2/2, VI+AM2/2 HI+AN2/2,SIES, SIC
AM3=DELT*FV1 (PN+AK2/2, PB+AL2/2 PS, VI+AM2/2 HI+AN2/2)
AN3-DELT*FHI(VI+AM2/2) "o ,

i ‘
RK4=DELT*FPN (PN+AK3,PS, PNF, VI+AM3,HI+AN3 6I1IS) »  ~
AL4=DELT*FPB (PS, PB+AL3, VI+AM3 ,HI+AN3,SIES,SIC)
AM4=DELT*FVI (PN+AK3, PB+AL3 , PS, VI+AM3, HI+AN3)
AN4=DELT*FHI (VI+AM3) :

PN=PN+ (AK1+2, *AK2+2. *AK3+AK4) /6.
PB=PB+ (AL1+2,*AL2+2,*AL3+AL4)/6."

'VI=VI+(AM1+42.*AM2+2,*AM3+AM4)/6.

HI'HI+(AN1+2 *AN2+2, *AN3+AN4)/6. -

) o i
IF (PN.LE.0.) ° | PN = 0.
IF (PB.IE.0.) o PB = 0.
IF (HI.LE.0.) ~HI =0, X

L]
b
~-
Y
Y
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IF (HI.GE.HIMAX) THEN. ot

HI = HIMAX

vi = 0.

ELSE ,

END IF 7 ‘
IF, (VI.LE.O..AND.HI, LE.O. ) VI = 0,

L

CALCULATION OF SEAT PRESSURE-JL-;LL --------------- ——=C

&

IF (HI.LE.O.) THEN

PS = PB

ELSE

NUES*(COEFEl*HI**2+COEFE2*HI+COEFE3)*SQRT(Z /RO)
(FSO-FSI) *V1

NUIS*(CQEF11*HI**2+COEFf*ﬁxI)*SQRT(z /RO)
(SIES*X**24+SIIS*7**2) **2
(SIES*X**2+SIIS*Z%*2) * (SIES*X**2*PB+SIIS*Z**2*PN) + -
(Y**2) * (SIES*X**2-SIIS*7%*2)

SRR N ]
<-4

22= (SIES*X**2*PB+STIISkI**2*DN) **24(Y**4)~ *
2,%(Y**2) ¥ (SIIS*Z**2*PN-SIES*X**2*pB)
DELTA = YY**2-XX*ZZ .

IF (DELTA.GE.O0.) THEN
SQDELTA = SQRT(DELTA)

PS = (YY+SQDELTA)/XX - ¢
ELSE - , '
END IF* 4 )
" END IF g
IF (PS.LT.0.) PS = 0. . :
C . . ,
R o TS T— STORE BACKWARD PRESSURE AT INJECTOR-—====m=m== cmmme—e=C
o :
900 'PNB(J). = PN — PNF
C
C-----CALCULATION OF FLOW RATE AND JyJECTED FUEL OSE====== o
c | ,
IF (PB.GE.PA.AND.HI.NE,0.) THEN N
QPS = NUC*FC*SQRT((2./RO) *(PB-PA))
v Q(2) = QPS :
'DOSE = DOSE+(Q(1)+Q(2))*DELT/2.
Q(1l) = Q(2)
ELSE
Q(2)-= QPS = 0. )
Q(1)'= Q(2) T ~__ . \
END IF . , . ‘
Crmmmr e e e e - ———— k{t:---"-----r ---------------- Cc
' Cmmm—- PRINT OUT THE RESULTS-----dr-—q ----- g ---------------- C
| Qmemmmm—— e e e e m e ————— et e e - el ———— -C
200 IF (ABS{TIME-TPR)-DELT/10.) 1000,1000, 2000 4
1000 TPR = TPR + DTPR
PRINT 17,TIME, PP,VDV,HDV, PD,PN, PS,PB,VI,HI,QPS,DOSE
' 2000 IF (TIME- TIMEMAX) 3000 3000 4000
17 FORMAT(E11.4,11E9.3)
4000 STOP
o8 END
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SUBROUTINE SUBVPHP(VP,’*P TIME V,H TIMERF, TIMERS N)

o o e e i e e e e e e e e e e c
c c
C . THIS SUBROUTINE IS USED TO CALCULATE THE PUMP c
C PLUNGER VELOCITY AND LIFT. c
c | c
Commmmmm eV O S c
DIMENSION TIMERF(lB) TIMERS (16) V(16) JH(16)
REAL N . .
= I =1
10 IF (TIME. GE TIMERF (1) ) THEN
I =1I+1 |
GO TO 10 .
* . ELSE. -
END IF f |
I = uI - l . . “w .
c - : o -
VP= (V(I)+({TIME-TIMERF(I))*(V(I+1)-V(D))/ -
¥ (TIMERF(I+1)-TIMERF(I)))*N/1000.
J =1 . ]
20. IF (TIME.GE.TIMERS(J)) THEN -
J=J4+1 -
GO TO 20 ’ T =
. ELSE | "X
END IF . . o
J=J-1 . Y
HP = H(J)+(TIME-TIMERS(J))*(H(J+1)-H(J))/
» (TIMERS(J+1)-TIMERS(J)) ) ,
RETURN ‘ B |
END Jre—
PN r‘ )
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SUBROUTINE SUBFO (FC,HP, EFFSTR)

T e G D S D S I S G W G - G S G . - --_‘-----—---.-----‘-----c
>

- N
L g S Py ——

10

OF

THIS SUBROUTINE IS USED TO CALCULATE FLOW AREA
THE SPILL PORT.

-

PI = 2,*ATAN2(1.,0.)
» RF = 1,5E-3
QCC = 1-753-3
Z = 2,*RF - CC

'ALPSA = 26.*PI/180. ™

IF (HP.LE.CC) THEN
X = 2 + HP
PHI = ACOS((RF - X)/RF)

. FO = PI*RF**2 - (RF**Z*PHI-(RF-X)*RF*SIN(PHI))

GO TO 10 .

ELSE - . .

IF (HP.LE.EFFSTR) THEN o LT
FO = 0.
GO TO 10. . .

ELSE & e

X = HP - EFFSTR

PHI = ACOS( (RF-X*COS(ALPSA))/RF)

FO = RF**2*PHI - (RF - X*COS(ALPSA)) *RF*SIN(PHI)

END IF . : L - , t:
END IF , Lo :
.RETURN
END
{ [}
———
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SUBROUTINE SUBFDV ( FDV, HDV\R’I‘VL FV,DV)

c -------------- > D = T D D D GUR P R A S - S T S W D e S W S e P ——
c . T L .
c THIS SUBROUTINE IS USED TO CALCULATE THE FLOW AREA
C THROUGH\DELIVERY VALVE
C
Crrmemmer e ceer————— - —————— —————— —————————— -
PI = 2, *ATANZ(I \b )
ALPDV. = 45.*PI1/180.
CA = RTVL/FV
IF (HDV.LE.CA) THEN -
" FDV = 0.
GO TO 10 *
ELSE _
- FDV = PI*(DV+(HDV—CA)*SIN(ALPDV)*COS(ALPDV))* ,
* (EDV~CA) *SIN(ALPDV) /!
END IF ’ | ‘ 4
10 RETURN ‘ T
END , .
/ ¢ ‘ ’
'.:> I
2 ’/



