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Optimizacija konstruktivnih parametrov sistema vbrizgavanja goriva
Optimization of Fuel Injection System Design Parameters

BREDA KEGL — ANTON CERNEJ

V prispevku je predstavijen nov nacin za dolocitev konstruktivnih in krmilnih parametrov
konvencionalnega vbrizgalnega sistema (CFIE), z Zeljo, da se izbolj$ajo sposobnosti vbrizgavanja
in s tem tudi emisija ob ugodni specifiéni porabi goriva in sprejemljivem racunskem casu.

Sodobno oblikovanje konfiguracije vbrizgalnega sistema zahteva inverzno racunsko pot
zasnovano na Zelenih izhodnih karakteristikah procesa vbrizgavanja. Ta pot je v prispevku
izpeljana z uporabo Zelene karakteristike vbrizgavanja na enem delovnem reZimu in z vpeljavo
postopka optimalnega projektiranja. Tako dobljeni kenstruktivni in krmilni parametri CFIE
zagotavljajo optimalno karakteristiko vbrizgavanja, ki se dokaj dobro ujema z Zeleno.

Problem optimalnega projektiranja je reSen z uporabo metode zaporednega kvadraticnega
programiranja (RQP), ki je ena od metod matematic¢nega programiranja.

In this paper, a new approach to the determination of design and control parameters of
a conventional fuel injection system (CFIE) is described. The aim is to improve the Injection
characteristics and to minimize the emission and specific fuel consumption with acceptable
computational effort.

The future improvement of CFIE requires an inverse calculation route based on the
projected output characteristics of the injection process. In this work this route Is realized
by using a projected injection rate history at a single operating condition and by employing
the procedure of optimum design. So the obtained design and control parameters of CFIE
realize an optimum injection rate history which meets the projected one with reasonable

accuracy.

The problem of optimum design is solved by using the recursive quadratic programming
(RQP) method, which is one of the methods of mathematical programming.

0. UVOD

Vedno strozji ekolodki in ekonomski predpisi
in vse vetje zahteve glede zmogljivosti motorja
usmerjajo razvoj dizelskih motorjev vozil, ki naj
bi bili v bliznji prihodnosti bolj primerni za notra-
nje kakor tudi zunanje elektronsko krmiljenje
(PROMETHEUS). Velik del tega bremena pride na
sisteme za vbrizgavanje goriva (FIE), med kateri-

mi je 3e vedno najbolj razSirjen konvencionalni
sistem (CFIE).

CFIE (tla¢ilka — cev — vbrizgalna 3oba) se je
od svojega nastanka (Bosch, 1930) vse do danes ne-
nehno izboljgeval, da bi uspesnejSe preoblikoval
kemi&no energijo goriva v koristno delo. V zadnjem
¢asu so poudarjene ekolodke in ekonomske zahteve,
kar terja boljse krmiljenje procesa v CFIE.

V ta namen mora biti CFIE konstruiran tako,
"da omogoca:

— hitro vbrizgavanje,

— dobro razprsitev goriva in

— fazno krmiljenje procesa,
zaradi ¢im manjSe Skodljive emisije in ugodne
porabe goriva.

0. INTRODUCTION

Ever stronger regulation of ecological and
economy aspects and increasing requirements for
engine performance govern the development of ve-
hicular diesel engines. This development should
include future demands in relation to internal and
external engine control (PROMETHEUS). A large
part of the burden in meeting these requirements
falls on the fuel injection equipment (FIE). Among
all FIE developed for automotive diesel engines the
conventional fuel injection equipment (CFIE) is by
far the most used.

CFIE (pump — tube — injector) has been im-
proved since its introduction (Bosch, 1930). The
goal of this development has been to transform
more effectively the chemical energy of fuel into
useful work. In recent years, the most important
requirements are those ecological and economic.
This requires better control of CFIE processes.

To achieve this, the CFIE structure should
be properly upgraded by:

— fast injection,

— good atomization of fuel and

— phase process control.
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Izpolnjevanje teh zahtev je deloma protislov-
no. Znano je, da na primer hitrost vbrizgavanja in
kot predvbrizga ne vplivata enako na specifi¢no
porabo goriva, emisija delcev, nezgorelih ogljiko-
vodikov in NO,. Z ukrepi, ki zmanjsujejo emisijo
NO,, se povecuje emisijo delcev, nezgorelih oglji-
kovodikov ter specifi¢na poraba goriva in nasprot-
no. Torej ni mogocte dolo¢iti CFIE, ki bi v celoti
ustrezal vsem navedenim zahtevam, predvsem pa
ne v celotnem reZimu delovanja dizelskega motorja
vozil. Dolo¢imo pa lahko CFIE, ki je le v izbranem
pomenu optimalen . Pri tem je treba upostevati,
da je pri optimiranju krmilnih in konstruktivnih
parametrov CFIE treba izhajati iz Zelenih, vnaprej
predpisanih izhodnih karakteristik procesa vbriz-
gavanja (sl. 1). Pri tem zahteva sistematiénl na¢in
za dolocitev optimalne konfiguracije CFIE vpeljavo
postopkov optimalnega projektiranja z uporabo me-
tod matemati¢nega programiranja, kar pomeni je-
dro te raziskave.

The fulfilment of these requirements is
mostly contradictory, since it is known, for ex-
ample, that injection duration and timing have dif-
ferent influences on specific fuel consumption and
on particulate, unburned hydrocarbon and NO,
emissions. Factors, which reduce NO, emission
create an increase of both soot emission and fuel
consumption. Consequently, it is not possible to
determine a CFIE which could meet all of the
above quoted requirements, especially not for the
wide operating conditions that apply in the case of
a truck engine. It is possible, however, to deter-
mine a CFIE which is optimised in a selected sen-
se. In this case, the optimization of the CFIE con-
figuration should be based on the desired or pro-
jected output characteristics of the injection pro-
cess fig. 1. Here, a systematic approach for deter-
mining the optimum CFIE configuration requires
the introduction of optimum design procedures by
using the methods of mathematical programming.
This is the subject of the present study.

Zelena karakteristika vbrizgavanja
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Sl. 1. Inverzna racunska pot
Fig. 1. Inverse calculation route

1. OPTIMALNO PROJEKTIRANJE CFIE
1.1 Osnove

Optimalno projektiranje pomeni sistemati¢no
dolo¢anje mehanskega sistema, ki mora biti v iz-
branem pomenu najboljsi. Izraz »sistemati¢no do-
lo¢anje« pomeni uporabo ustreznih matematiénih
pripomoc¢kov — metod matemati¢nega programira-
nja (metoda projekcije gradienta — GPM, metoda
zaporednega kvadrati¢nega programiranja — RQP,
aproksimacijske metode itn.).

1. OPTIMUM DESIGN OF CFIE
1.1 Generally

Optimum design presents a systematic deter-
mination of a mechanical system, which should
be optimised with regard to the proposed goal. The
expression »systematic determination« means
that suitable mathematical technique — methods
of mathematical programming (gradient projection
method — GPM, recursive quadratic programming
method — RQP, approximation methods, etc.)
are employed.
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Optimalno projektiranje temelji na iteracij-
skem naéinu izboljsave mehanskega sistema, pri
¢emer je treba izbrati zacetni sistem. Postopek
optimalnega projektiranja je sestavljen iz nasled-
njih dveh ponavljajo¢ih se faz:

a) analiza modela mehanskega sistema

— analiza odziva,

— obéutljivostna analiza;

b) izboljsava mehanskega sistema glede na

izbrani kriterij.

Optimalno projektiranje zahteva uvedbo dveh
vrst spremenljivk, in sicer konstrukcijske in
sistemske spremenljivke.

Konstrukeljske spremenljivke, X ¢ R" so tisti
parametri mehanskega sistema, katerih vrednosti
dolo¢imo med procesom optimiranja. Njihove vred-
nosti spreminjamo, da bi izboljgali mehanski si-
stem, pri ¢emer so zacetne izbrane vrednosti samo
ena od mogocih razlic¢ic sistema.

Sistemske spremenljivke ¥ ¢ R™ natanko
opisujejo odziv mehanskega sistema glede na za-
¢etne in robne pogoje ter vrednosti konstrukcijskih
spremenljivk. Njihova naloga je, da pomagajo de-
finirati problem optimalnega projektiranja, njihove
vrednosti in vrednosti njihovih odvodov po kon-
strukcijskih spremenljivkah pa se izracunajo v
fazi analize modela mehanskega sistema.

1.2 Problem optimalnega projektiranja CFIE

CFIE pomeni ¢asovno odvisen mehanski si-
stem. Originalni problem optimalnega projektiranja
CFIE je zato zapisan v dokaj splodni matematiéni
obliki (1) do (3) [4], kot problem Phj:

The optimum design procedure is based on an
iterative improvement of the design of the mecha-
nical system, where the initial system has to be
proposed. The procedure consists of two major
steps repeated sequentially, as follows:

a) analysis of the mechanical system

— response analysis,

— sensitivity analysis

b) improvement of the mechanical system.

The optimum design procedure requires the
introduction of two types of variables: design and
state (process) variables.

Design variables, X ¢ R™ are understood to be
those parameters of the mechanical system which
should be defined quantitatively by the procedure
of optimum design. Their values change during ite-
rations in agreement with the goal of the impro-
vement of the mechanical system and their pro-
posed initial values present only one of the possi-
ble variations.

State variables, y ¢ R™ exactly describe the
response of the mechanical system dependent on
the initial and boundary conditions and the values
of the design variables. The state variables help
to define the problem of optimum design. Their
values, and the values of their gradients with
respect to the design variables, are calculated in
the phase of analysis of the mechanical system.

1.2 Optimum design problem of CFIE

CFIE is a time-dependent mechanical sy-
stem. The original problem of optimum design of
CFIE can therefore be defined in the general
mathematical form (1) to(3) [4] as problem F, :

min max f,(x, y(8), t) (1),

ob upodtevanju pogojev:
fi(x y(0, t) <0,
in enacbe stanja:
h(x, y(8), t) =0,

kjer pomenijo: f, — ¢asovno odvisno namensko
funkcijo, f; — omejitveno funkcijo, kp — 3tevilo
omejitvenih pogojev, X — vektor konstrukeijskih
spremenljivk (X ¢« R"), y — vektor sistemskih
spremenljivk (y ¢ R™), t — ¢as, T— dolzino &a-
sovnega intervala.

Namenska funkcija max f;, skupaj z operator-
jem min, kaZe zelje kontstrukterja. Omejitvene
funkcije f, oziroma ustrezni omejitveni pogoji, pa
kaZejo razliéne zahteve konstrukterja, od tehno-
loskih do mehanskih. Pri tem je treba poudariti,

te[0, T]

subject to constraints:

I ey 1. WEiih il kA (2]
and the state equation:
h(x, y(0, t) ¢ R™ (3),

where: f; — a time dependent objective function,
f; — a constraint function, k5 — the number of
constraints, ¥ — a vector of design variables
(x ¢ R™), y —a vector of system variables y ¢ R™
t —time, T —the length of the time interval.

The objective function max £, with the ope-
rator min reflects the requirements of the design-
er. The constraints f; reflect different designer
demands and limitations, from technological to
mechanical. The state equation (3) represents the
mathematical model for numerical simulation of
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da enatba stanja (3) v problemu P, podaja zvezo
med konstrukcijskimi in sistemskimi spremenljiv-
kami. To je enatba, ki predstavlja matematiéni
model za numeriéno simuliranje procesov v CFIE
[4]1, [5]. Enacba stanja je potrebna, ker ni mogoce
izraziti omejitvenih pogojev in namenske funkcije
eksplicitno v odvisnosti od samih konstrukeijskih
spremenljivk.

V problemu P, se pojavljata neodvisna spre-
menljivka ¢ in operator max, ki maksimizira vred-
nost £, (x5, ) v izbranem ¢asovnem intervalu
[0, T] Zaradi tega ni mogota neposredna uporaba
gradientnih metod matematiénega programiranja,
ki so verjetno najuspednejse metode za reSevanje
problemov optimiranja mehanskih sistemov.

Operator max se lahko odpravi z uvedbo do-
datne konstrukcijske spremenljivke x,.q [2] in
s transformacijo problema F, v ustreznega z obli-
ko (4) do (6), ki je oznacen kot problem Ppg:

CFIE processes [4], [5]. This equation constitutes
the relationship between the design and the state
variables. The state equation is necessary since
the constraints and objective function can not be
expressed as explicit functions of the design va-
riables only.

Problem P, involves the independent variable
t and the operator max, which maximizes the
value of £, (X y(8), £)in the selected time Inter-
val [0, T] The direct employment of gradient
methods of mathematical programming, which
represent probably the most efficient methods to
solve an optimum design problem of a mechanical
system, is therefore not possible.

Operator max should be eliminated with the
introduction of an artificial design variable x, .
[2] and with the transformation of the problem Py
into the equivalent problem of the form (4) to (6),
which is denoted as problem Pg:

D Xyt (4),

ob upostevanju pogojev: subject to the constraints:
fi(x ¥y, 8) - x,,150, te[0, T] (5,
i (% b0 6)55 831 otee [0,. 77, b s (6)

in enacbe stanja (3).

Ker problem Pg $e vedno vsebuje neodvisno
spremenljivko £, ga je treba ponovno transformi-
rati v ustreznega [3]1, z oblike (7) do (9), ki je
oznacen kot problem Fg:

min
ob upo&tevanju pogojev:
g,(x, y(t)) 50,

in enacbe stanja:

h(x y(t), t)=0

kjer pomenijo: X — vektor konstrukcijskih spre-
menljivk, ki vsebuje tudl dodatno konstrukcijsko
spremenljivko (x ¢ R™*1), t,— ¢as, v katerem do-
seze funkcija g, (pri izbranem X) lokalni maksi-
mum, ke — Stevilo omejitvenih pogojev v trans-
formiranem problemu (k¢ 2 ko + 1).

Problem Fr je primeren za uporabo metod
matemati¢nega programiranja, od katerih so se na
podro¢ju optimiranja mehanskih sistemov najbolj
uveljavile metoda RQP in aproksimacijske metode.
Metoda RQP [1], [6] je edina, ki ima matemati¢no
dokazano globalno konvergenco, kar je bil tudi
razlog za uporabo te metode v predstavljenem delu.

and the state equation (3).
Since the problem Pg still contains the time
independent variable £, this problem has to be trans-

formed further into the equivalent problem [3], of
the form (7) to (9), which is denoted as problem Fg:
Xt (7),
subject to the constraints:
bl sk onodies (8)
and the state equation (3):
(9)

where: X - a vector of design variables, which
also contains the artificial design variable
(x « R™") t, — time, at which the function g,
(at fixed X) achieves a local maximum, ke — the
number of constraints in the transformed problem
(kg 2 ko + 1).

The problem FPe has a form suitable to em-
ploy the standard methods of mathematical pro-
gramming. Among all these methods in the field
of optimization of mechanical systems, RQP and
approximation methods are the most used. The
RQP method [11, [6] is the only one which has a
mathematically proved global convergence. This is
why the RQP method is employed in this work.
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2. PRIMER POSTAVITVE PROBLEMA
OPTIMALNEGA PROJEKTIRANJA CFIE

Pri postavitvi problema optimalnega projekti-
ranja CFIE je treba izbrati konstrukcijske spre-
menljivke, namensko funkcijo in omejitvene pogo-
je. Kot konstrukcijske spremenljivke X smo izbrali
naslednje parametre [4]:

— minimalni krivinski polmer na tangencial-
nem odmikalu rg,.,

— polmer osnovnega kroga T-odmikala ry,

— polmer valjéka rp.q.

— premer bata tlacilke dy,

— premer prelivnih odprtin d, (preddvig bata
tlacilke hy),

— dolzina visokotlacne (HP) cevi L,

— premer izvrtin vbrizgalne Sobe d,,,.

2.1 Namenska funkcija

Proces vbrizgavanja zelo dobro ponazarja ka-
rakteristika vbrizgavanja, ki ima odlo¢ilen vpliv na
proces zgorevanja. Zaradi tega je pomembno, da
novl projektirani sistemi CFIE zagotovijo karakte-
ristiko vbrizgavanja (IR), ki se ¢im manj razlikuje
od Zelene (idealne) karakteristike. Na tej podlagi je
narejena predstavljena optimizacija CFIE. Namen-
ska funkcija je definirana kot najve¢ja razlika (v
tasovnem intervalu [0, T']) med Zeleno in dejansko
karakteristiko vbrizgavanja. Rezultat minimizacije
taksne namenske funkcije po konstrukcijskih
spremenljivkah X, je sistem CFIE z optimalno ka-
rakteristiko vbrizgavanja, ki je najblize Zeleni IR.

2.2 Omejitvenl pogojl

Med postopkom minimiziranja namenske
funkcije vrednosti konstrukcijskih parametrov X
seveda ni mogoc¢e izbirati popolnoma poljubno. S
tem bi bili namre¢ posredno ali neposredno zane-
marjeni drugi parametri procesa vbrizgavanja ali
omejitveni parametri (instalacijska razmerja, itn.)
ki niso v neposredni zvezi s karakteristiko vbriz-
gavanja. Poleg tega je treba upostevati e nekatere
tehnoloske omejitve, ki se najveckrat nanasajo na
postopek izdelave.

Zaradi vsega navedenega je v postopek optimi-
ranja CFIE treba uvesti nekatere pogoje, ki se
imenujejo omejitveni pogoji. V tem pogledu smo
v primeru optimiranja sistema CFIE upostevali
omejitve, ki se nana3ajo na:

— zaostall tlak p, (poznejsi vbrizg goriva),

— teoreti¢no hitrost curka w, (razprsevanje
goriva),

— razmerje srednjega in najvecjega tlaka
vbrizgavanja sq (ekonomiénost sistema),

— omejitve konstrukcijskih spremenljivk
(dejanska mozZnost izdelave in uporabnost).

2. A SAMPLE DEFINITION OF A CFIE
OPTIMUM DESIGN PROBLEM

To define a CFIE optimum design problem, it
is necessary to select the design variables, the
objective function and the constraints. The fol-
lowing parameters have been selected as design
variables X [4]:

- minimum local radius of T-cam profile rg,.

- cam basic radius r,
radius of the pump roller r.,,
pump plunger diameter d
intake and spill port diameter d, (pump
plunger prelift hy)

- length of high pressure (HP) tube L

- nozzle hole diameter d,,.

2.1 Objective function

The injection process is very well illustrated
by the injection rate, which has a decisive in-
fluence on the combustion process. It is therefo-
re very important that the optimum CFIE systems
realize an injection rate (IR) similar to the pro-
jected (idealized) IR. This idea forms the founda-
tion for the presented optimization of CFIE. The
objective function is defined as a maximum diffe-
rence (on the time interval [0, T'1) between the
projected and the actual injection rate. The result
of the minimization of this objective function,
with respect to the design variables X, is the
CFIE system with the optimum injection rate,
which is as close to the projected one as pos-
sible.

2.2 Constraints

Clearly, during minimization of the objective
function, the values of the design parameters X
can not be varied total arbitrarily. This would
mean that other parameters of the injection pro-
cess or some constraining parameters (installation
conditions, etc.), which are not directly connected
with the injection rate, would be ignored.
Furthermore, several technological constraints in
relation to production must also be taken into
account.

For this reason, some constraints have to be
introduced into the procedure of CFIE optimiza-
tion. In the following example, the introduced
constraints refer to the:

— residual pressure p, (after-injection)

— rated loading figure w, (fuel atomization)

— squareness s, (system economy)

— lower and/or upper limits of the design
variables (real possibility of production and appli-
cability).
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2.3 Optimizacijskl model CFIE

Ko so dolo¢eni namenska funkcija in ome-
jitveni pogoji ter izbrane konstrukcijske spremen-
ljivke, lahko problem optimalnega projektiranja
sistema CFIE zapi&emo v matematié¢ni obliki. Za
predstavljen osnovni izbor konstrukeijskih spre-
menljivk, omejitvenih pogojev in namenske funk-
cije veljajo izrazi (10) do (12), seveda pa lahko v
primeru drugaénih zahtev konstrukterja nekatere
pogoje odvzamemo, ali dodamo ali celo spremenimo
namensko funkcijo:

min (mgx |¢" & q|)

ob upodtevanju pogojev:

Terr

ry

Teir, min

Ty, max
p, max
m, max

A A IV

[L\A1"Y

o

Sq, min

in enacbe stanja:

(model mehanskega sistema [4], [3]
kjer sta ¢ in ¢¥ dejanska in Zelena karakteristika
vbrizgavanja, &tevilo omejitvenih pogojev je ks =
= 10. Simboli na desni strani neenacb (11) pomenijo
najvecje oziroma najmanjSe predpisane vrednosti.
Problem (10) do (12) ima obliko P,, zato ga je
treba, v skladu z Ze opisanimi navodili, preobliko-
vati v obliko Fa:

min X ,q

ob upodtevanju pogojev (11) in

fipes (X ¥(8), 4) = |a°() - a(t)

in enacbe stanja (12).

Zaradi lastnosti izracunane krivulje |qp(tj)
-q(t )| katere potek je zelo nazob&an, so se
pcuavill problemi v zvezi s dtevilom in obnasanjem
pogojev (14). Izkazalo se je namrec¢, da veliko ste-
vilo pogojev (14) precej ovira normalen postopek
optimiranja. Ker taksen problem &e ni bil obravna-
van v literaturi, smo problem sku3ali resiti s
transformacijo pogojev (14) v obliko:

¢

([P - 4(8)]) de = %0y s 0,

fj_l

P - g| v izbranih ¢asovnih intervalih [¢_;. ¢].

jer so j= 1, wkpaity =10, 0t T (kp je
Stevilo lntegracljsklh lntervalov). Mnogl numeriéni
primeri so potrdili u¢inkovitost tega nacina.

Eobljeno na podlagi integralnih vrednosti funkcije

X = 0,

2.3 Optimization model of CFIE

After the objective function and constraints
are defined and the design variables are selected,
the problem of optimum design of CFIE can be
expressed in a mathematical form. The terms (10)
to (12) reflect the presented basic selection of
design variables as well as the selected objective
function and constraints. Clearly these expres-
sions can vary in accordance with different de-
signer requirements:

(10),

subject to the constraints:

Peol & Irol, max

dk s dk. max

byt = L (11)

Po = Po, max

Wr z Wr. min
and the state equation: (12),

(mathem. model of the mechanical system, [4], [5]
where the symbols ¢ and gP denote the predicted
and projected injection rate, respectively, the
number of constraints is k5 = 10 and the symbols
on the right side of inequalities (11) denote cor-
responding upper or lower prescribed values.

The problem (10) to (12) has the form F,, so
it must be transformed as already described into
the form FP:

(13),

subject to the constraints:

f=1,.....(kc“kA) (14)

and the state equation (12).

Since the calculated shape of the curve
‘q tj) - q(¢;)| 1s not smooth, specific problems
appear in relatlon to the number and behaviour of
constraints (14). It turns out that a large number
of constraints (14) hinders the normal optimization
procedure. Since such a problem has not been con-
sidered in the literature yet, we tried to solve it
by transforming the constraints (14) into the fol-
lowing form:

(15)

function |¢gP- q| in the selected time Intervals
{tj I tj]. where j= 1, L kp, t,=0, =T

D
(kp is the number of intervals of integration).
Many numerical examples confirmed the efficiency
of this approach.

obtained r;1n the Tasis of the integral values of the
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3. NUMERICNI ZGLED

Za obravnavani primer so nekatere nespre-
menljive vrednosti Kkonstrukcijskih parametrov
CFIE podane v preglednici 1. Optimizacija CFIE je
izvedena na reZimu maksimalne mo¢i.

3. A NUMERICAL EXAMPLE

Some values of CFIE invariable design para-
meters for the discussed example are shown in
Table 1. The optimization of CFIE is performed
under rated conditions.

Preglednica 1: Nespremenljivi parametri CFIE med procesom optimizacije
Table 1: Invariable CFIE parameters through the optimization procedure

dvig bata

plunger lift o
Tlac¢ilka razbremenilni volumen 2
Pump retraction volume
BOSCH PES6P120A premer izvrtine dusilnega ventila o T
snubber valve hole diameter ’
HP cev notranji premer petisn
HP tube inner diameter
premer sedeZa igle
needle seat diameter AT
Vbrizgalna Soba
Injector premer stebla igle 5:0- i
BOSCH KBALE5S/55-270 :ef‘“:’ f“‘de digpeiar
vig igle
needle lift sl

V tem primeru je Zelena IR izbrana glede na
Ze omenjene zahteve po obliki karakteristike vbriz-
gavanja na rezimu maksimalne moéi [7] (Parkerjev
ideal). Po »predpisanih« razmerjih in Zelenem
¢asu vbrizgavanja (¢as vbrizgavanja 1,82 ms, iz-
bran iz povpreénih vrednosti eksperimentalnih
testiranj — RAPIER diagrami) je izra¢unana vbriz-
gana koli¢ina goriva ¢ = 168 mm3/cikel (Zelena q).
Izradunana srednja hitrost vbrizgavanja (MIR) Ze-
lenega CFIE tako zna%a 92,3 mm?3/ms.

Omejitveni pogoji, ki se nana3ajo na konstruk-
cijske spremenljivke in dodatne pogoje, so:

Teir
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o
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IV A TA
=
~
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=

3.1 Rezultati

V prikazanih rezultatih tega primera so upo-
rabljeni izrazi, ki oznatujejo najpomembnejsa
stanja pri postopku optimizacije:

— Zeleno stanje (definirano je z vnaprej pred-
pisano Zeleno karakteristiko vbrizgavanja, ki mu
ustreza Zeleni CFIE);

— zacetno stanje (definirano je z zacetnimi
(izbranimi) vrednostmi konstrukcijskih spremen-
ljivk, ki mu ustreza zacetni CFIE);

In this example, the projected IR is selected
in accordance with already mentioned require-
ments on the IR shape under rated conditions [7]
(»Parker’ s dream«). On the basis of »prescribed«
ratios and projected injection duration (time of
injection 1.82 ms is selected on the base of average
values of the experimental tests —RAPIER dia-
grams) the fuelling ¢ = 168 mm?*/ stroke (projected
q) is calculated. The calculated mean injection rate
(MIR) of the projected CFIE is 92.3 mm?3/ms.

The constraints relating to the design vari-
ables and to other CFIE parameters are as
follows:

r, cesioskl mim
d¢ £ 4mm
L 2 03m
P S 3 MPa
W, 2 730 m/s
3.1 Results

In discussing the results, the following terms
denoting the most important states in the optimi-
zation procedure are used:

— projected state (defined by the projected
injection rate corresponding to the projected
CFIE),

— initial state (defined by the initial (selected)

values of the design variables corresponding to the
initial CFIE),
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— optimirano stanje (definirano je z optimira-
nimi vrednostmi konstrukcijskih spremenljivk, ki
mu ustreza optimiran CFIE ).

V preglednici 2 je podano priporoéeno obmoé-
je, v katerem naj bi bile vrednosti konstrukeijskih
spremenljivk za dizelske motorje vozil. Prav tako
so v tej preglednici podane zatetne in optimirane
vrednosti konstrukcijskih spremenljivk. Optimira-
ne vrednosti so dobljene po 9 iteracijah.

— optimized state (defined by the optimized
values of the design variables corresponding to the
optimized CFIE).

Table 2 shows the recommended intervals
of the design variable values for vehicular diesel
engines as well as the initial and optimized va-
lues of the design variables. The optimized values

of the design variables are obtained after 9 ite-
rations.

Preglednica 2: Priporo¢eno obmocje, zacetne in optimirane vrednosti konstrukcijskih spremenljivk
Table 2: Recommended interval, initial and optimized values of the design variables

priporo¢eno obmotje zacetno optimirano
recommended interval initial optimized
dy mm 10—13 12,00 11,45962
r, mm 1517 16,00 15,93941
rpop MM 1=18 12,00 11,83506
Fopp MM 1,825 2,00 1,90025
d, mm 3.3=87 3,90 3,30000
odvisno od lege tladilke
L m depending on the pump position i e
omejitve glede tlaka in razprsitve
dyy, MM curka 0,375 0,37036

limitation in relation to pressure

and spray atomization

Z izbranimi zacetnimi vrednostmi Konstruk-
cijskih spremenljivk (preglednica 2) so izratunane
zmogljivosti zacetnega CFIE, podane v preglednici
3. Prav tako so v tej preglednici podane tudi zmo-
gljivosti optimiranega CFIE, ki so izratunane z
optimiranimi vrednostmi konstrukcijskih spre-
menljivk. Oznacbe v tej preglednici pomenijo: g —
vbrizgano koli¢ino goriva v enem ciklu, t,,; — tra-
janje vbrizgavanja, MEIP — srednji dejanski tlak
vbrizgavanja, q, ; — vbrizgano koli¢ino goriva v
prvih 0,5 ms vbrizgavanja.

With the selected initial values of the design
variables (table 2) the performance of the initial
CFIE is calculated, which is given in table 3.
In this table, the performance of the opti-
mized CFIE, calculated with optimized values
of the design variables, is also given. The fol-
lowing notation is used: g - fuelling, ¢,,, - In-
jection duration, MEIP - mean effective in-

jection pressure and g, , - fuelling during first
0.5 ms.

Preglednica 3: Izradunane zmozZnosti CFIE

Table 3: CFIE performance data

CFIE zaCetni optimirani zeleni
initial optimized projected
3
ok g 141,44 166,15 168,00
mm’ /stroke
MIR mm®/ms 82,12 86,34 92,30
tiny mMS 172 1,92 1,82
MEIP MPa 41,86 47,47
g5 mm® 25,87 24,65
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Sl. 2. Primerjava karakteristik vbrizgavanja
Fig. 2. Comparison of injection rate histories
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Sl. 3. Primerjava integralnih karakteristik vbrizgavanja
Fig. 3. Cumulative injection rate diagrams

Slika 2 prikazuje rezultat optimizacije. Podana
je karakteristika vbrizgavanja Zelenega, zacetnega
in optimiranega CFIE. Na sliki 3 je podana primer-
java integralnih karakteristik vbrizgavanja.

Poleg izboljsanega poteka Kkarakteristike
vbrizgavanja je pri optimiranem CFIE izboljsana
tudi razprsitev goriva. Teoreti¢na hitrost izteka-
nja goriva iz vbrizgalne %obe zna%a namre¢ w, =
= 750,03 m/s (najmanjsa predpisana vrednost je
750 m/s), medtem ko je pri zatetnem CFIE hitrost
iztekanja le 695 m/s. Razmerje srednjega nasproti
najvecjemu tlaku vbrizgavanja znasa sy = 0,615,
kar je tudi nad najmanjSo »predpisano« vrednostjo.
Prav tako je zaostali tlak optimiranega CFIE v
»dovol jenem obmoé&ju«. »Predpisano« in »dovoljeno
obmocje« se nanasata na omejitvene pogoje.

Dobljeni rezultati kaZejo, da se je mogoce do-
kaj dobro pribliZati Zeleni, Ze tako idealizirani ka-
rakteristiki vbrizgavanja. Dobljen je optimalen
CFIE glede na Zeleno IR, pri ¢emer so vsi ome-
jitvenl pogoji izpolnjeni.

Fig. 2 illustrates the result of the optimiza-
tion. It shows the injection rates of the projec-
ted, initial and optimized CFIE. Fig. 3 offers a si-
milar comparison of cumulative injection rates.

In addition to the improved injection rate
history, the fuel atomization of the optimized
CFIE is also improved. Namely, the rated loading
figure is w, = 750.03 m/s (the minimum prescri-
bed value is 750 m/s), while the rated loading fi-
gure of the initial CFIE is 695 m/s. The square-
ness sg = 0.615 is also somewhat higher than the
minimum »prescribed« value. In addition, the resi-
dual pressure of the optimized CFIE is in the »per-
missible interval«. The terms »prescribed« and
»permissible interval« concern the constraints.

The results show that good agreement was
achieved between the optimized and the projected
(idealized) injection rate, as well as between all
other CFIE performances. Additionally, it should
be pointed out that all of the imposed constraints
have been fulfilled.
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4. SKLEP

Z vpeljavo optimalnega projektiranja na pod-
ro¢je CFIE je torej mogode sistemati®no dolo&iti
tak&no konfiguracijo CFIE, ki je v izbranem pome-
nu optimalna. S tem na¢inom lahko dolo¢imo vred-
nosti konstrukcijskih parametrov CFIE v skladu s
sodobnimi zahtevami motorja, prav tako pa lahko
zmanjSamo obseg dragega eksperimentalnega dela.
Opisani nac¢in je splodno uporaben, saj je izbira
konstrukcijskih spremenljivk, namenske in ome-

jitvenih funkcij odvisna od Zelja in zahtev kon-
strukterja.

Predlagani postopek nakazuje tudi nekatere
smernice za nadaljnje delo:

— vpeljavo diskretnih konstrukcijskih spre-
menljivk za prepreditev nestandardnih dimenzij
(premer bata, premer osnovnega kroga odmikaéa
itn.);

— razdiritev na cikli¢no optimizacijo z upo-
Stevanjem razliénih delovnih rezimov (13 MODE).

4. CONCLUSIONS

By introducing optimal design in the field of
CFIE development, it is possible to determine the
optimum configuration of the CFIE in a systematic
way in accordance with recent engine require-
ments. Expensive experimental work can be es-
sentially reduced. The proposed approach is gene-
rally usable, since the selection of the design va-
riables, the objective function and the constraints
can reflect a wide palette of engineering require-
ments.

The proposed approach also suggests some
directions for further work:

— the introduction of discrete design variables
to prevent non-standard dimensions (plunger dia-
meter, cam base diameter, etc.),

— extension to cyclic optimization by conside-
ring several engine conditions (13-MODE).
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