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Napovednl brezdimenzionalnl enoconski modell za simuliranje zgorevanja v
diesclskem motorju

Predictive Zero-Dimensional Single -Zone Diesel- Combustion
Simulation Models

ZELIMIR DOBOVISEK — ANTON CERNEJ — ALES HRIBERNIK

Clanek obravnava napovedne, brezdimenzijske, enoconske termodinamiéne modele, ki
oplsujejo potek zgorevanja z dokaj preprostimi matemati¢nimi izrazi. Najprej podajamo pregled
skupine modelov karakteristik sprosdanja toplote, ki temeljijo na Vibejevi funkelji, In to po
zaporedju, kakor so se se pojavljali v literaturi.

Sledi kratek pregled druge skupine modelov, ki sicer temeljijo na Vibelevem nadinu,
vendar vkljutujejo uéinek karakteristike vbrizgavanja na sprosdanje toplote.

Modell tretje skupine so obravnavani bolj podrobno. Upogtevajo Janikijev prijem so
izvedent trije izvirni modeli, ki vkljucujejo uéinek spremembe trenutne vrednosti kolldine
in hitrosti vbrizgavanja goriva ter razmernika zrak/gorivo med vhrizgavanjem, vendar je
ohranjena njihova matematicna preprostost,

Podan je opls modelov in primerjava racunskih in eksperimentalnih rezultatov ter sklepi
o primernost] uporabe takénth simulirnih modelov pri resevanju pogostih problemov v
tehnicéni praksi.

Predictive, zero-dimensional, single-zone thermodynamic combustion models based on
simple mathematical descriptions are presented., The category of semi-empirical expressions
bhased on Viebe function iz reviewed first, following the chronological sequence in which the
expresslons appeared In literature,

The second category of modelling expressions concerning essentially Viebe ' s approach
and incorporating the effect of fuel infection on heat release is then surveyed briefly as
well,

Under the third category the models based on Janikiev's approach are presented In
more detall. Three original models have been generated incorporating in the expressions
the effect of change of fuelling, injection rate and air equivalence ratio at any Instant
during the injection and combustion process. but still preserving their mathematical
simplicity.

The models are described and discussed and the comparison of computed and
experimental results is given. The conclusions concerning the suitability of presented
models for routine simulation exercises are given.
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0. Uvon

Pri razvoju termodinamiénih modelov motor-
jev z notranjim zgorevanjem je poglavitni problem,
kako kolikostno pravilno in dovolj natanéno opisati
proces Zgorevanja. RazseZnost In zapletenost ma-
tematiénega opisa fizikalnlh dogodkov dejanske-
ga poteka In kinetike kemi¢nih reakeij med zgore-
vanjem sta naceloma odvisna od namena in uporabe
ratunalnitkega programa prl refevanju sprotnih
problemov razvoja in raziskav all od potreb za lz-
vajanje rutinskih simulirnlh naleg, ko InZenir —
konstrukter potrebuje takine matematiéne modele,
ki zagotavljajo hitro resitev.

V tem prispevku bomo obravnavali napovedne
(predicirne), brezdimenzijske, enoconske, termo-
dinamiéne meoedele (PTM), pri katerih temel]jl pod-
program za opls zporevanja na dokaj preprostem
matemati¢nemn oplsu  karakteristike sproiéanja
toplote. Ta je vodilni ¢len v osnovni energljski
enahl fizikalno-matematiénega modela T = F(8)
in p= f(8), (0.1) (1] za napoved trenutnega ter-
modinamiénega stanja delovne snovi v valju mo-
torja ter notranjih In dejanskih parametrov, kl
dolotajo karakteristike motorja.

Nateloma omogota ta model samo zelo omejen
vpogled v podrobnostl procesa zgorevanja in ga
uporabljamo v primerih, ko nas te pri simuliranju
procesov ne zanimajo. V te namene se Je kot lz-
redno primerna pokazala Vibejeva funkclja [3],04]
In jo pogosto uporabljamo. Daje dovolj informacij,
da lahko napovemo vrsto potrebnih znatilnosti
motor ja.

Brezdimenzionalni nenapovedni (NPTM) mo-
dell so bili podrobno opisani v veé objavah, na pri-
mer (1], (2]. V wvseh modellh temel]l lzvajanje
osnovnih enach na ohranitvi snovl, gibalne kolléine
In energlje ter vsebuje vrsto predpostavk, ki enac-
be matemati¢no poenostavljajo. Take ima npr.
energljska enatba naslednjo obliko:

0. INTRODUCTION

The main problem In developing a predictive
type of thermodynamic meodel for 1.C. engines is
quantitatively to describe combustion phenomena
properly and accurately. The extent and the com-
plexity of the mathematical description of physical
processes, the true mechanism and Kinetics of
chemical reactions during combustion depend ge-
nerally on the purposes of use of a simulation
computer program to solve current engineering
problems in development and research. Moreover,
a design engineer often requires mathematical
models which produce quick solutiens, in order to
accomplish suitable routine simulation exercises
for overall engine performance analyses.

In predictive. zero=-dimensional, single-zone,
thermodynamlc models (PTM), the combustion
submodel should generate a falrly simple mathe-
matical description for the rate of heat release,
incorporated In the maln equation T = F(&) or
p = Fl@), expression (0.1) [1] in order to predict:
the instantaneous theromodynamic state of the
working fluid within the eylinder, indicated and
effective engine data, determining engine output
performance.

Basically, this model offers limited or hardly
any Insight Into combustion events and It Iz used
in cases when they are not of Interest in engine
process simulation. The Viebe function [31. [4], has
been considered very suitable for simulating the
fuel burning rate and it has achieved a broad appli-
cation, because it provides enough data for appro-
priate engine data prediction.

The nonpredictive models (NPTM) have so far
been described In detall In a number of sources
(for example (11, [Z]) and the derivation of basic
equations In all models is founded on equations of
change with several simplifications and assump-
tions. The final energy equation can be presented
in the following form:
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V ¢élanku je nasa pozornost namenjena opisu
¢lena, ki doloa sproicanje toplote med zgoreva-
njemn. ¥V modelu PT skuzamo ta élen izrazitl s
primerno matemati¢no funkeljo all korelacijo, ki
samo globalno simulira proces zgorevanja. Do se-
da) so mnogl avtorji predlagali vrsto 1zrazov za
znatilnico spro&tanja toplote, izhajajot 1z zasnove
koncepta zporevanja z namenom vegraditi v model
posebnostl procesa zgorevanja v dleselskem mo-
torju v ¢im preprostejsi obliki.

In this paper, attention i1s focused on the
combustion term — Fuel Burning Rate or Rate of
Heat Release (ROHR). In a predictive model, this
term Is expressed with some mathematical func-
tion or correlation simulating combustion pheno-
mena In a global form. Several macro-concepts,
generating numerous relationships, have been pro-
posed for ROHR by many authors with the aim of
expressing the specific features of diesel combus-
tion in a mathematically simple form.
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Mamen ¢&lanka je predstaviti modele za spro-
Atanje toplote, ki se dandanes uporabljajo, ter
predloge avtorjev za lzboljgave. Se posebej pa je
nasa pozornost posvelena modelom, ki v svojo
kompozicijo vkljutujejo vpliv karakteristike vbriz-
gavanja goriva [2], [6], [7] na sproscanje toplote.
Pri razlagl bomo upostevall kronologljo objav mo-
delov.

1. MODELI SPROSCANJA TOPLOTE (pregled)
1.1 Vibejeva funkclja

Vibejevo karakteristiko sproscanja toplote bo-
mo samo povzell, saj je bilo njeno lzvajanje podano
ze v mnogih objavah. V nadal jevanju pa bomo pred-
stavill predloge novih modelov.

Vibejeva karakteristika sprostanja toplote [3]
temeljl na teorljl verjetnostl poteka kemlénlh re-
akelj in nastajanja aktivnih centrov (radikalov), ki
spodbujajo prehod molekul goriva v produkte zgo-
revan ja:

x=1- Exp(- fnpdrj

Clen pdt pomeni povpreéno verjetnost, da bo
molekula v ¢asovnem intervalu di reagirala. Za
to predpostavio je Vibe izpeljal zhodidéno funkeljo:

L
rie) = [ npte)de
"]

kier je plt) = kt™ (potenéna funkcija) in je k
koeflclent sorazmernosti.
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The main ohjective of this paper 1s to present
an overview of ROHR models used and to Introdu-
ce the authors' proposals for model improvement.
Moreover, our attention will also be focused on
models including the effect of injection rate [R
[51.[6], [7] on ROHR. The presentation will follow
the chronological sequence In which the models
have appeared In the literature.

1. FBR-MODELS (overview)
1.1 Viebe functlion

The models based on the Viebe functlon are
briefly summarized only, because thelr derivations
have been presented elsewhere.

Viebe's burning law (3] is bazed on the the-
ory of probability, related to the development of
chemical reactions and the formation of active
centers (radicals), initiating the transition of fuel
molecules to combustion products:

(1.1).

0

The term pdt represents a »mean probabi-

lity«, with which the fuel molecule will react
during the time interval df. At this point, Viebe

had to find the governing function:

(1.2),

where pltl=ket™ (potential function) and & Is
the coefficlent of proportionality.

q_...*_ —w

TDC

L

Sl. 1. Povezanost znacilnice vbrizgavanja goriva, sprodcanja toplote in tlaka v valju motorja.
PF = plamen poprej pomesanih reaktantov: DF — difuzijski plamen
Fig. 1. Relationship between IR, ROHR and in-cylinder pressure history.
PF - premixed flame: DF - diffusion flame.

S posploditvijo pojavov, ki potekajo v zgore-
valnem prostoru, Je Vibe izpeljal Izraz za sprodéa-
nje toplote v brezdimenzijskl obliki, znan kot Vi-
bejeva funkcija:

Generalizing the combustion phenomena
occurring in the engine cylinder, Viebe proposed
an expression for ROHR in the following non-
dimensional form, known as the Viebe function.
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kjer so: where:

a — konstanta, odvisna od delefa goriva, ki
zgorl med zgorevanjem, t.j. v ¢asovnem Intervalu
t, oziroma v kotnem Intervalu ¢, (ée predposta-
vimo, da zgorl 99,9 odstotkov goriva, ima konstan-
ta a vrednost 6,908);

m — faktor oblike karakteristike zgorevanja v
motorju, kil oblikuje potek sprodcanja toplote in je
odvisen od vrste dejavnikov, od katerih je odvisno
nastajanje zmesl in potek zgorevanja;

¥— t/t, oziroma y = @/@, — relativnl tas
ZEOrevanja.

V preglednicl 1 so podane nekatere priblizne
vrednostl parametrov m in .. Ki so jlh predlagali
in eksperimentalno potrdili razliéni avtorjl. Zaradi
zapletenostl zgorevanja in raznolikestl nadinov
priprave zmesl so vrednosti, ki jih navajamo v
preglednicl 1, v velikl merl rezultat izkugen).
Mnog! avtorjl (81, [9], [10] so poskusali Vibejeva
pararametra m In ., lzrazitl v obliki korelacijskih
odvisnosti lod wvrtilne hitrosti, tlaka polnjenja,
obremenitve itn.).

& — the degree of fuel burnt during combu-
stion, i.e. In time Interval t, or angle interval ¢,
(If it Is estimated that 99.9% of fuel is burnt, the
constant becomes a = 6.908);

m — the ROHR shape lactor and is a qualita-
tive kinetic characteristic of engine combustion,
depending on several factors Influencing mixture
formation and development of ecombustion pro-
CesSes.

y— t/t, or y = @/w, — dimensionless bur-
ning time.

A great deal of m In ¢, data generated and
proposed by many authors, has been gathered du-
ring the past, welghed and experimentally valida-
ted. Because of the complex nature of the com-
bustion process, and a great variety of mixture
formation models, data presented in Table 1 are
inevitably based on past engineering experience.
Several authors [8], [9], [10] have tried to corre-
late Viebe parameters m in ¢, to satisfy a wide
range of engine operating conditions (speed, load,
boots pressure etc.).

Preglednica 1: Vrednosti m in s, glede na postopek priprave zmesi v dieselskih motorjih (31, [11], [14].
Table 1: m and ., values in relation to mixture formation mode in diesel engines [3], [111, [14].

Vrsta motorja
Type of engine

postopek priprave zmesi
mode of mixture formation

i @, 197

Meposredni vbrizg
goriva
8-12 radialnih curkov
goriva v mirni zrak,

enotni zgorevalni prostor,
osrednja lega vhrizg. %obe,

srednje hitro delujoti motorji

Direct fuel

injection central nozzle location,

8~12 radial fuel sprays in

quiescent air, medium
speed engines

single combustion space,

0.05-0.015 100-150

ggorevalna komora v batu.

inicirano gibanje zraka,

zratni vriinec, usklajen z

vhrizgavanjem gorive.

3-6 radialnih curkov goriva,

hitro delujoti motorji

0.35-0.5 G000

piston combustion chamber,
organized air motion, swirl

matched to spray pattern,

3-8 radial fuel sprays.
high speed engines

M - proces
M - process

0.8-1.2 BO=T5

Posredni vbrize vrtinéna komora

goriva

Indirect fuel
injection

predkomora
prechamber

U Vse stopinje v besedilu so "RG (rofiene gredi).

swirl combustion chamber

0.4-1.0 BO-100

0.3-0.9 60-100

n Dusrnies indicated throughout the text are in"CA (crank
angle).
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1.2 Kombinaclja dveh Vibejevih funkcl]

Osnovna Vibejeva funkeija (1.3) ima samo en
vrh. Tipiéna krivul ja spro&éanja toplote enoconske-
pa modela zgorevanja pa ima s predpostavko, da po-
teka zporevanje v dveh fazah, naceloma dva vrho-
va. Dve fazl zgorevanja razlagamo kot zporeva-
nje kinetskega in difuzijskepa plamena. Da bi obli-
ko korelacljske Krivulje spro3canja toplote prilago-
dili dejanski, so nekater! avtorjl, npr. Watson [12],
Oberg (13], Ghojel (131, Miyvamoto [16] in Craddok
[17], sproscanje toplote z dvema vrhovoma skusall
dosetl s sedtevanjem dveh Vibejevih funkeij. Kot
znatilen primer bomo kratko prikazali model Mi-
yamota in soavtorjev [16], ki je podan z jzrazi (1.3)
do (1.14). Indeks p se nanasa na zgorevanje poprej
pomesanih reaktantov, Indeks d pa na difuzijsko
zgorevanje. Tako sta ¢, In @4 intervala sprosca-
nja toplote, my, In my pa faktorja oblike sprosca-
nja toplote v omenjenih fazah zgorevanja. Tako
oblikevana dvojna Vibejeva funkcija NTP je defi-
nirana & Sestiml parametri, s katerimi jo lahko
ustrezno oblikujemo. Vrednosti teh parametrov
oz. korelacijske enatbe zanje so dolocill tako, da
so ratunsko prilagajall dvojne Vibejeve funkclje za
spro&tanje toplote, izratunane na temelju ekspe-
rimentalno dolofenlh vrednostl tlaka v valju z
uporabo modela NPT in numeritne metode naj-
man j3ih kvadratov.

ROMR

(-9
Ao

1.2 Comblnation of two Viebe functions

The original Viebe function (1.3) has only
a single maximum peak, However, a typical heat
release rate curve from a single zone model ge-
nerally shows two characteristic peaks, and it
iz assumed that diesel combustion exhibits a
two-stage behavior, commonly identified as pre-
mixed and diffusion burning, regardless of ope-
rating conditions, In order to adopt the shape of
the ROHR correlation curve to the shape of the
curve of a real diesel engine, curves with two
maximum peaks have been obtained by combina-
tion of two Viebe functions. This approach has
been used by many authors, such as Watson (121,
Oberg [131, Ghojel [15], Mivamoto [16] Craddock
[17]. A graphic presentation of such a model
function is shown in Fig. 2. As an example of
derivation of an adequate expression of this type,
Miyamoto's model Is summarized and presented
with expressions (2.5) through (2.14). The sub-
scripts p and d refer to the premixed and dif-
fusion phases of burning, respectively @, @4 are
durations of energy release and m anu:? my are
shape factors. Thus this double Viebe function
(VF) contains six adjustable parameters. The
values and dependence correlations of these pa-
rameters have been obtained by adjusting the
double VI to the ROHR computed by using expe-
rimentally determined in-cylinder pressure data
and applving NPT model and the conventional least
square numerical method.

L]

Py

Sl. 2. Primer sproscanja toplote, ki nastane s kembinacijo dveh Vibejevih funkcl).
Fig. 2. Description of ROHR in a diesel engine by two combined Viebe combustion functions.

Miyamotev model:

lzhodi3tna enacba je:

”n (‘F
= 54 qp—{mp*rlj e

p Pp

dlls
de

&y

Miyamoto's model:

Leading equation is:

)" o [ 00 (2)] -

P
(1.41.

e |\ L,
+ 8,8 — (m, +1) (—-) ex I:~ 6.9 (—) ]
£d d 4 2 Pd
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Predpostavke:
Motorjl z neposrednim vbrizgom:

Approximations:
Direct Injection engines:

o
mgy=3, mg= 03, ¢,= 7

@q = 093 Qg + 245 ]
Q,=05Q,

kier so:

Q, — toplota, ki se sprosti z zgorevanjem
goriva vbrizganega v <¢asu  zakasnitve viiga
Q= Mg 1n Hp.

Motorji s posrednim vbrizgon:

(1.3),
(1.6),

where:
@, — heat released from the fuel injected

during 1gnition delay, @, = mg p Hs.

Indirect injection englnes:

my =3, mg=09, g,= 7"

Pq = 0.93 Gd * 'IQ,[] [D]
Q, =085,

Celotna, z gorlvom dovedena energija:

Q= Mg

ﬂdzﬂl—

Ce oznatimo:

M e n

(1.7),
(1.5).

The energy of the total injected fuel Is:
Hyg (1.9).

ﬂp (1.10).

If we designate:
we deslgnate (.

[ /=L

Mee

je (za motorje 2 neposrednim):

then (for direct injection):

h=05u

oziroma (za motorje s posrednim):

(for indirect Injectlion): (1.12)

b = 085 u

in

Q= b Q,; @ = (1-5)Q,

Koll¢ino goriva myg ;, dolocamo na podlagl
znane karakteristike vbrizgavanja In kota zakss-
nitve viiga B]D:

in
PR
=T

1.3 Modell spro&tanja toplote, ki temeljl jo
na karakteristikl vbrizgavanja gorlva

Prvi Je oplsal model sproitanja toplote na
tak natin Shipinskl s soavtorjli [8]. Model so
lzrazill z Vibejevo funkcijo, korelacijske izraze
parametrov pa izpeljall na podlagl eksperimental-
no dolotene karakteristike vbrizgavanja. Avtorjl
Sokotov [18]1, Seleznjov [19] in Somov [20]1 so
predlagali podoben nacin. Z vkljucevanjem zna-
tilnice vbrizganja goriva so sku3all natanéneje
opisatl hitrost zgorevanja, z uporabo razliénih
empiri¢nih In polempiri¢nih korelacij pa uposte-
vati vpliv glavnih konstrukeijskih (zgorevalni
prostor) in obratovalnih dejavnikov na nastajanje
zmesl in zgorevanje. Prikazali bomo samo model

and
(1.13).

The fuel amount mg | Is determined from
the known IR and ignitien delay angle:

qu

g 48

(1.4).
de

1.3 ROHR models based on IR

An Investigation of this kind was first con-
ducted by Shipinski et al [8]. They described the
ROHR with Viebe function and correlated the pa-
rameters with experimentally determined IR. The
authors Shokotov [15], Sleznjov [19) and Somov [20]
proposed almost the same approach. Moreover, they
have sought a more preclse physical description of
the combustion rate. They have therefore Included
in the IR function, emplrical and semi-empirical
correlations aproximating the Influence of main
design and operating factors on diesel mixture for-
mation and combustion. Only Shokotov: s ROHR
model will be briefly distussed here [18]. His lea-
ding equation of ROHR in nondimensional form is
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sprodtanja toplote po Sokotovu [18]. Osnovna lz-
hodiz¢na enatba je podana v brezdimenzijski obliki
z lzrazom (1.15). Sokotov Je predpostavil, da je po-
tek sprostanja toplote proporcionalen vbrizgavanju
goriva z zakasnitvijo enako zakasnitvl vZiga. [zpe-
ljave Izrazov (1.16) do (1.18) so podane v [18], zato
smo jih izpustill. Model Sokotova temeljl na dveh
kritiénih pripombah k delu Vibeja:

= Vibejev parameter oblike spro&tanja toplote,
tj. parameter m, ne more bitl Konstanten med ce-
lotnim procesom zgorevanja, saj je moéno odvisen
od vrate dejavnikov, ki krmilijo potek Kemicénih
reakcl].

— Dolzina trajanja zgorevanja (66 = o, =
150°) ne zadodGa zahtevi, naj v tem casu zgori
999 % goriva, saj se, kakor ugotavlja Sokotov,
zadnja faza zgorevanja oziroma konec sproicanja
toplote razteza globoko v takt ekspanzije. Zato je
po Sokotovu Py = 180°.

Model Sokotova

Relativna koliéina zgorelega goriva:

xr= d(y.—

a {y'} je matemati¢na Kkorelacija kumulativne
(integralne) krivulje znatilnice vbrizganja gorlva
v brezdimenzijski obliki.

Madalje sta:

L B
Pz

Brezdimenzijska zakasnitev vZiga je defini-
rana 2 izrazom:

glven with the relationship (1.12). Shokotov assu-
med that ROHR is proportional to IR and retarded
for ignition delay. Further, only a few basic equa-
tions (1.16) through (1.18), representing the sense
of this approach are given. The entire procedure
of derivation is explained in the literature [18],
The set of correlations to evaluate the parameters
in equation (1.16) is omitted. Shokotov' s model Is
founded on his basic critical remarks In relation
to Viebe's original approach:

— Viebe's ROHR shape parameter m cannot
be kept constant throughout the burning process.
It i= a strong function of several factors contro-
lling the history of chemical reactions.

— The combustion duration (66 3 @, s 150%)
can hardly be estimated, bearing in mind that du-
ring this time of combustion duration 99.9 % of
fuel 1s burnt. Shokotov has pointed out that this
condition could never be met, becausze of the long
period of late burning, stretching far into the ex-
pansion stroke. Thus, Shokotov proposed ., = 180°.

Shokotov's model:

The relative amount of fuel burnt:

o)

(1.15).

d (_'.‘] is a mathematleal correlation of cu-
mulative IR expressed in nondimensional form:

Further:

;@ = 180"

The nondimensional ignition delay Is defined
by the expression:

Yip ® .'r'. i |:1 = eXp nd(y;;[ e ,V|.[;t "-)] (1.18).
Kjer je: where:
e
» 1D
YD "

in so ., my, ®,, parametrl, zapisani s kompleks-
niml kerelacljskimi  funkeijami,
Kon¢na enatha integralnega sproséanja toplote

and m,., my, m™, - are complex functions, corre-
lating several design and operating fmmmelers.
The final equation of cumulative burning

Je: characteristics:
¥ m=+1 m~+1
xm= L[I—exp[a(_}rﬁj -.]'r"i'l )]} (1.17),

diferencialno enatbo pa dobimo z odvajanjem lzra-
za (1.17) po ¢asu (all kotu):

d
dy

: m m+1 m=+1
o cimn s  efa ]

and the ROHH is obtained by differentiating
the expression (1.17) by time (or angle):

(1.18).
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Podobnost lzraza (1.18) z Vibejeve funkcljo
(1.3) je ofitna, sa] prelde lzraz [1.18) z vpeljavo
C=1In y,3=0 v Izraz (1.3). Po mnenju Sokotova
je Vibejeva funkcija samo poseben primer njegove
bolj posplogene formulacije sproifanja toplote.
Uporaba Sokotovega modela zahteva celo vrsto
konstant v korelacljsklih enatbah, ki jih moramo
predpostaviti ali pa dologiti s preizkusi na repre-
zentatlvnem (vzorénem motorjul.

V Janikijev model sproséanja toplote je vbriz-
ganje goriva vkljuteno neposredno. Janikljev model
je 8e vedno enoconskl model, ki pa je v fizikalnem
pogledu doslednejsl In v enatbe vkljuuje manj
empirike, razen v primeru, ko zaradi nepoznavanja
podrobnostl zgorevanja v dieselskem motorju upo-
rabl Vibejevo potentno funkcljo (1.2). Model je ze
vedno ostal matematiéno preprost in povsem oéitno
Je, da ne more popolnoma nadomestitl nadrobnega
aplsa procesov dieselskepa zporevanja, ampak po-
nazarja le splogne vplive znaéilnice vbrizganja go-
riva na proces zgorevanja. V nadaljevanju v skraj-
san! obliki povzemamo Janlkljev model po [3] in
[21). Proces zgorevanja je poenostavljeno obravna-
van kot bimolekularna reakclja, katere kinetiko
predstavija izraz (1.19). Brezdimenzijska hitrost
kemiZne reakclje je lzrazena z relativno kolid¢ino
zgorelega gorlva (1.20), trenutnl koncentraciji O,
In gorlva pa sta deolotenl z enatbama (1.23).

Izvirnl Janikijev model
dCg

dt
kjer je kp — konstanta kemiéne reakeije:

kf CI" r:UE

Here, the similarity between the expression
(1.18) and Viebe's function (1.3) is obvious. By
C=1and yjg = 0 the equation (1.18) obtains the
form of equation (1.3). According to Shokotov, Vie-
be function is only a special case of his more ge-
neral formulation and a more detalled description
of ROHR. The application of Shokotov's predictive
model requires either the estimation of a number
of constants In his correlations or these data must
be obtained by previous experimental research,

applled to arepresentative test engine.
In Janikiev: s model the dominant influence of

IR iz directly Included. His approach of modelling
the combustion phenomena Is still based on a singe
-zone model, but it is more consequent in a phy-
sical sense. In order to overcome the lack of un-
derstanding of the diesel combustion mechanism,
Viebe potential function (1.2) is used again. The
mathematical simplicity of the model is still pre-
served. Obviously Janiklev:s model can still not
describe details of diesel combustion, but it does
reproduee better the overall effects of combustion
enabling predictions of engine performance requi-
red by a design engineer. A summarized version
of JM Is given here, but more can be found in the
literature (5], [21). The combustion process Is
sgimplified with a bimolecular reaction and equa-
tion (1.19) The nondimensional rate of chemical
reactlon expressed with the relative amount of
fuel burnt, is given by equation (1.20). The current
concentrations of O, and fuel are given by equa-
tion (1.23), respectively.

Original Janiklev's model
(1.19),

k¢ — reactlon rate constant

dx -

::ﬁ---k' plt) Cc,z Cp = £,(t) (1.200,
kler Je: plt) — Vibejeva potenfna funkclja In  where p(t) Is Viebe potential function and
k, = ke k. k, = ke k.

Ce definiramo: If we define:
st =l . 8-8, @ 2e hap
e SR R e | e e B I (1.21)
t: Pz Pz 360 n
In and
m_I E.E m & dm,
T mee A7F A dBF g o
S5
potem je: then:
C'Dz = k':’z [.u:»:ﬂ - %) CF = kF.[mF! - x) (1.23).
Uwratimo (1.23) v (1.19), dobimo: Introducing (1.23) into (1.19) we obtain:
d =
X ek T ™ (mg, - ) (- x) (1.24),

kt o kﬂi

kg k

1
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dx= -k, @ (mg, - x) (@ - X)dg = £, (x)F,(x)de (1.25),
kjer je: where:
dx 1 &, - X
frix) -f - In —= (1.96),
(mg, = x) (&, - x) &y~ Mp, mg, - X
k - L
® (0n)™ 6n
in and
Jrixy= -k, [6™ de=-k g™ v C (1.27)
ter velja: while:
et L
{m+1)

Izraza (1.26) In (1.27) uvrstimo v (1.25), After inserting the equations (1.26) and (1.27)
integracijskl konstantl pa dolotimo z uporabo Into (1.25) and calculating the integration con-
robnih pogojev: stants applying boundary conditions:

p=l ; F=0 ;. x=0 (1.98)
P Pl A= Xy

ter tako doblmo Janikijeve enatbo za sproifanje
toplote v konénl obliki:

we obtain the final expression of Janiklev's
ROHR:

& -mg, P i3
iy m+1)LQ, a, —"ﬁ exp (Lﬂu g™ ])

i T & RTTTT L2

[mF exp (LG‘, P ) - I]

]
prl femer je: where:

é @, - X ; @ - Mg

L=In _—:rﬂ{l gy Q. J—w—an_] (1.30).

Integralna oblika Janikijeve enatbe je:

The integral form of Janikiev's equation is:

Xq CEP (L Q. @mﬂ)_ a,
X z, T (1.31).
Mg BXp (L Q, ¢ J -1
Nadaljnja 1zpeljava lzrazov Je neposredno The further derivation s quite straightfor-

podana. Obe funkciji £, (x) in £, (x) integriramo
loteno, integracijski konstanti pa dolo¢imoe z upo-
rabo robnih pogojev (1.28). lzraz (1.28) podaja
hitrost sprostanja toplote, enatba (1.31) pa relativ-
no Koli¢ino zgorelega goriva (komulativno obliko
znatilnice spro&canja toplote). Hitrost sprodéanja
toplote v valju motorja nato dolotamo 2 lzrazom:

da,
J8)s . S FC

ward. Both functions In equation (1.26) and
(1.27) are separately Integrated and constants C
and k are obtained applying boundary conditions
(1.28). The relative ammount of fuel burnt Is gi-
ven by the expression (1.31) and the fuel burning
rate by equation (1.29). The rate of heat release Is
computed by:

dx

He 35 (1.32).
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V lzraza (1.29) in (1.31) vkljutuje izvirni
Janikljev model v potek sproiianja toplote tudi
vpliv vbrizgane koli¢ine goriva mc. Zato moramo
vbrizganje goriva poznatl all v obliki krivulje
(1. 3), v diskretni obliki all pa v oblikil priblizne

funkel je.

As can be seen from expression (1.29) the
original Janiklev's ROHR model Includes also the
effect of fuelling. The cumulative (integral) cha-
racteristics of IR must therefore be glven as In-
put, either as a curve (Fig. 3), In a discretized
form, or as a mathematical correlation,

a5 200
o — o)
s | ! 18
o - - 4 140
0 */ o
e 15 /'/’ - /L— \\- 1m"€r
/ 2 tion] o
10 4 T
F / x"/ il [
[ | Lon
o // "'/-‘ | | ln
o F A 8 B i 12 it ix i X

Sl. 3. Znaclinica vbrizgavanja goriva prelzkusnega motorja, n=1300 min,

grc = 190 mm*/cikel,

trajanje vbrizga = 15.6°.
(Velja za vse rafunske primere v nadaljevanju besedila)
Fig. 3. IR of test engine: under near max. torque conditions, 1300 RPM, qpe~ =190 mm®/cycle,
injection duration = 18.6° In all examples presented).
(Used in all examples presented)

1.4 Izbol Jiava Janlkl)evega modela
Prvi prediog (J-1)

Prl notranjl pripravi heterogene zmesi, kate-
re tlplénl predstavnlk je dleselski motor z di-
rektnim vbrizgavanjem goriva, je sproifanje toplo-
te rezultat procesov, ki jih krmill mesanje zraka
In goriva. Majvefje Ztevilo primerov modelov
zgorevanja vsebuje lzratun procesa oblikovanja
medanice gorive — zrak, od Koder dobljo sprofda-
nje toplote In druge parametre dieselskega mo-
torja. Kakovost zmesl pa je odviesna od rarzpo-
loZljive koli¢ine zraka in goriva, razporeditve In
razpréitve curka, prodorne cone zraka in njegove
Iintenzivnostl glbanja. Proces razpriitve goriva
je odvisen od strukture curka (dolZzina prodiranja
— domet, premer kapljic, kot pri vrhu curka idr.},
na katero vpliva trenutna hitrost curka, ki je
odvlsna od poteka vbrizgavanja In od splofnega
stanja v valju motorja. Prodiranje zraka v curek
goriva in proces mesanja sta posledica velike
gibalne koliégine curka in pibanja zraka v valju
motorja, &e posebej kadar je natrtovano  uvedeno
(zra#nl vrtinfek, preéno gibanje zraka). Na pod-
lagli povedanega lahko predpostavimo, da sledi fazi
Zgorevanja poprej pomesanih reaktantov naslednja
faza zgorevanja, ki jo krmili hitrost meSanja
goriva in zraka, pri ¢emer ima vodilne vlego hi-
trost vbrizgavanja goriva, Zato smo pri dopolnitvi
Janikijevega modela izraz za sprodcanje toplote
(1.29) razdirill z vkljucitvijo hitrosti vbrizgava-
nja_v vsakem Intervalu Agldmg /deg)
= mp, kot novo spremenljivko [EI ed%ust -
gradienta nir, lzratunamo ali razheremu iz
znane znacilnice vbrizgavanja goriva. Pri odvajanju
{1.31) po kotu ¢ dobimo nov izraz za sprodtanje
toplote:

1.4 Further development of Janiklev: s
maodel

Proposal Ne. 1(J-1)

In heterogeneous charge engines, of which
the direct-Injection dlesel engine Is a prime
example, ROHR Is a fuel-alr mixing controlled
process. Maost aproaches are based on a mixture
formation model, enabling the computation of
ROHR and other engine parameterz. The guality
of the mixture preparation can be limited either
by the avallability of fuel or air, location and
atomization of spray, alr entraiment zone and Its
motlon Intensity. The fuel disintegration proces
depends on the spray structure (penetration
length, droplet diameter, zone angle) affected also
by Instant fuel-jet velocity, depending on both
injection time history and the overall state of
ambient gas,

Furthermore, the alr entralment and fuel-alr
mixing process can be predominantly controlled
by either high momentum of fuel jets or some
form of deliberately induced air motion (swirl
and squish). Following this path of thought,
we have assumed that after the premixed
burning period, diesel combustion during the
next phase is essentially a fuel-air mixing-con-
trolled process, with a predominant role of
IR history. The proposal for further Improve-
ment of the Janikiev's model, therefore In-
cludes the injection rate during each Interval

Ag, le. ldmg fdf,:'] = Mg, 85 a new variable
affecting the DHH in lﬁe ROHR expression
(1.28) [6]. The gradient mp, has been com-

puted or obtained from known IR characteristic.

After differentiating (1.31), a new expression
for ROHR has been obtained:
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Izbolj8ava modela J-1

d—x{q:. mg,) = (L a,d ™ exp (LGE T 1] [(

mMpg,

de
& -
% [___mn exp(LQ, ™ "") - 1] -
Fi
(m+D@Q_, @ g, Mg,
= 2 = — —m
P L AR | & anL

WV izvirnem Janikijvem modelu je bil relativni
razmernik zraka o, lzratunan po znanl definielii:

My

ﬂ'n-

in je bll med izratunom sprof¢anja toplote Kon=
stanten.

Drugl prediog (J-2)

Maslednja dopolnitev  Jankljevega modela
uposteva dejstve, da se razmernik zraka med
vbrizgavanjem zaradi spremembe my, od 0 do 1,
spreminja od neskonéno do a:

]}) [mi; exp (L @, ¢™"!)- |]

Mee 1,

JM Improvement J-1
e

In}*l]ﬂu 2 ¢ rhg,
P, @, -1

-7
(1.33).

In the original Janikiev ' & model the air equi-
valence ratlo («,) s computed from the definition:

= const (1.34])

and is kept constant throughout the ROHR com-
putation.

FProposal No. 2 (J-2)

The further development of the Janiklev's
mode]l has respected the fact that the equivalence
air ratio Is changing during fuel Injectlon from
infinity to «,, when according to the mg, defini-
tion in (1.22), mg, Increases from 0 to 1:

Mg (1.35).

a, = a,(g) =

Kontnl lzraz spro&tanja toplote (1.36) ponovno
dobimo 2 odvajanjem enacbe (1.31) po kotu. Vred-
nost & () v kotnem Intervalu A doloéimo po
enafbi ?1.35]. spremembo razmernika zraka In go-
riva &, pa po izrazu (1.41).

mgemg (@)l

The final expression for ROHR (1.36) 1s su-
mmarized below and it begins with a differentlati-
on of the expression (1.31). The value of a,(¢) at
each Interval A« ls determined by equation (1.35)
and the rate of change of the equivalence air/fuel
ratio a is obtained from equation (1.41).

Izbolj5ava modela J-2 JM Improvement J-3
-2
d . @, - mp, cr,: g, E )[ @, J
= = 1-E)+a E—= + == (E - 1) E=1 36),
apiinl B! S Bl Bivvermes = - (1.36)
kier je: where:
E-exp(La@, ™) (137),
: ff;m ¥ - + . = M+
E-E (Lﬂﬂ{m g HLa @M+ L, ¢ 1) (1.38),
Ly il e, T n A o A o L
L maruil i I: 5 (1.39),
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& (Mg - 1)+ g, (1-a,)

ﬂﬂ &, - 1 : a! {ﬂ'u =1]2 (1.40),
d -
=0 . e TR .4 (1.41).
@ Mg, fn Mg,
TretJ! predlog (J-3) Proposal Neo. 3 (J-3):

V zadnjl dopolnityl smo med difuzijskim zgo-
revanjem poskusili s preprostim matematiénim
razmerjemn oplsatl hitrost zdruZevanja kisika Iz
zraka In goriva v ustreznem razmerju. Zato smo
kot parameter izbrali hitrost spremembe razmer-
nika zraka med zgorevanjem, tj. hitrost porabe
kisika in goriva, da bi z njlm simulirall verjetno
hitrost difuzlje obeh reaktantov v cono plamena In
tako oblikevall zadnjl, difuzijskl del krivulje
spro&tanja toplote.

Izboljsava modela J-3
M, +M_+[xte)aM_]-

kjer pomenita: M, — koli¢ino sveze polnitve,
M. — kolitino zaostalih plinov (prejsnjega ciklusa):

We have attempted to describe with a simple
mathematical expression, the rate at which oxygen
from the surrounding alr and fuel are brought
together in a proper proportion during diffusion
burning. The rate of change of the air equivalence
ratlo durlng the combustion process, l.e. the rate
of consumption of fuel and oxygen. was chosen
to simulate the probability of diffusion of both
reactants in the flame zone and to control the
shape of the last part of the ROHR curve,

1

JM Improvement J-3
K Mp, + K [xte) - 1] L, (1.42),
where M, — amount of fresh charge, M, —
amount of residual gases:
xXleg)lL +AM )+ M

- "M = L8 (1.43),
F.s
while:

In s0:
AM_ — razlika med stehlometrijskima koli-
tinama produktov |n reaktantov:

ﬁMs " MP.! &

Mg  — stehiometrijska kolitina produktov
ZEOrevan ja
M_ _ — stehiometrijska koli¢ina zaostallh

produktov zgorevanja:

AM,_ — is the difference between stoichio-
metric mole quantities of products and reactants:
=L, {,uu = 1)

o

(1.44),

Mp s — stoichiometric mole quantity of
products
M, ¢ — stoichiometric mole quantity of resi-

dual preducts

MP.B.#.G Lu
(1.44 a),

Mr.x- T Fl:l Lﬂ'
x{qv}[a'ﬁif,r]'*;:,:,*lj*raq!q:] i
x[qn}[sr,,(rp]*pu—l]+ﬂr.;.l9?]?' =

2
[& (2] (1+7) + a,le) (i, -1)

i (1.46).

)y + x[ﬁ?][ﬁ'ﬂ[ﬁl + - ‘:]
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Desna stran enatbe (1.42) podaja hitrost, s
katero se spreminja sestava produktov zgorevanja,
Prvi ¢len je molski delez stehlometrijskih produk-
tov zgorevanja, drugl ¢len pa je molski delez pre-
sezka zraka. Koeficlent K, je doloten z izrazom
(1.43).

Z uvrstitvijo Izrazov (1.44) in (1.44a) v (1.43)
po preureditvl In okrajgavi dobimo izraz (1.43), v
katerega uvritamo a&,=a,(®), Izratunan po
enatbi (1.35).

Ko uvrstimo enatba (1.45) v (1.42), izpeljemo
okrajtave ter 1z nje dolotimo & = (). dobimo
enatbo (1.46) za spremembo relativnega razmerni-
ka zraka med zporevanjem, ki jo uporabljamo v
enatbah (1.36) do (1.41).

Da bl ovrednotili predstavijene spremembe
spro&tanja toplote Janikijevega modela, smo
za nat testnl motor zanje doloé¢ill optimalne
vrednosti faktorja oblike m In trajanja zporevanja
®,- ¥V ta namen smo uporabill faktorski
natrt 3° warlecije neodvisnih spremenljivk m
In @, In z ratunalnifkim programom za model
PT dolo¢ill odzive, v nafem primeru stopnjo
ujemanja lzmerjenega In lzradunanega Indika-
torskega dlagrama. Umeritev parametrov m
In @, smo nate lzvedll po metodi Webra In
Bormana, opisanl so v [22].

2. OCENA MODELOV

Oplsane modele znatilnice sprotanja toplote
in model PT smo ocenill na podlagl primerjave
lzratunanih In Izmerjenih tlakov v valju motorja.
Posnete indikatorske diagrame smo uporabili tudi
za lzratun dejanske znatllnice sproscanja toplote.
V ta namen smo Indikatorske diagrame poprej
zgladill po metodi kublénih zlepkov. Dele? to-
plote (dQ./d@), ki prehaja na stene valja, smo
dolo¢ili z Woschnljevim korelacijskim 1zrazom
(23], Korak numeritne integracije po metodl

Runge-Kutta 4 je bil 1°.

Testnl motor je bil 4-taktni, tlatno polnjent
(s hladilnikom polnilnega zraka), zratno hlajeni
dieselski motor vozila (D = 125 mm, s = 145 mm,
vrtinéno 2tevilo 1,9, globoka zporevalna komera
v batu, vbrizgalna Zoha s &tirimi Izvrtinami
4x @037 mm, tlacilka BOSCH  S3000,
@ 12 = 11 mm). Relativni razmernlk zraka so
dolofalli z merjenjem pretoka goriva in zraka.
Indikatorske diagrame so posnell z digitalnim
osclloskopomn In jih nato z vmesnikom prenasali
na osebnl ratunainik. Kot zakasnitve viiga
so dolotall na podlagi posnetega  indikatorskega
diagrama [35]. Potek vbrizpavanja gorlvasme iz-
ratunall s preprostim racunalnidkim programom
na podlagl izmerjenih vrednosti tlaka pred vbriz-
galno Zobo In dviga igle vbrizgalne 3Zobe [24],
(23], prav take pa smo z Boschevim indikatorjem
lastne lzdelave vbrizgavanja goriva tudi nepo-
sredno posneli znatilnice vbrizganega goriva.

The right side of the equation (1.42) gives the
rate of change of combustion preduct composition.
The first term is related to a stoichlometric mole
fraction, and the second one to the avallable alr
fraction. The coefficient K| Is defined by equation
(1.43).

After substitution of expressions of Individual
terms (1.44) and (1.44a) Into equation (1.43) and
after some algebraic operations, one gets the ex-
pression for the coefficlent K, where « = .:rﬂl'tp]
is calculated using equation (1.33).

Substituting (1.45) Into (1.42), the expression
(1.46) for the rate of change of the equivalence
ratio at any Instant throughout the eombustion Is
obtained, and It is used now with equations (1.36)
through (1.41).

Having established the three proposals for
improvement of the initial Janikiev's rate of
heat release model, It was necessary to determl-
ne the optimum values of shape parameter m
and apparent combustion duration ¢, for our
experimental engine. A 3% factorial plan has been
used for a combination of setting variable and our
PTM has been required to perform the parameter
calibration to obtain the best match of predicted
cylinder pressure diagrams with those obtained
from measurements. The method of parameter
calibration was similar te that used by Weber
and Borman [22].

2. VALIDATION OF MODELS
The validation of presented ROHR and PT

models was actually carrled out by comparison
of computed cylinder pressures with those ob-
tained from experiments. Experimental cylinder
pressure-time histories have been used to com-
pute the ROHR as well. The pressure curves
were praviously smoothed by applying the cuble-
=gpline analytical technique. The heat transfer
term In equation (1.1.) was computed by using the
Woschnl's [23] correlation. Angle increment was
1° using the Runge-Kutta 4 numerical method.

The test engine was a four stroke DI-TC,
alr cooled vehicular diesel (D = 1235 mm,
s= 145 mm, SR = 1.9, with deep piston bowl
and a nozzle with four holes 4x@0.375% mm,
injection pump BOSCH S300, @ 12 = 11 mm,
IR in Fig. 3). The air and fuel mass flow were
measured and equivalence air ratlo was calcula-
ted. A digital oscilloscope was used to capture
cylinder pressure diagrams and the crank angle
marker. The pressure v.s crank angle diagram
could then be transferred to a professional micro-
computer through an interface. The ID-angle
was also obtained from experimental cylinder
pressure — CA curves, applying the well known
conventional technique [32]. The IR curve was
computed using our computer program, needle 11t
traces and fuel pressure diagrams [241, [25],
Additionally, the IR diagram was also directly
obtained by a home made Bosch tube in test bench
experimeants.



150 STROMNISKI VESTNK — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (39) 1993/5-8

Eksperimentalne podatke in diagrame so lz-
merill prl razllénih rezimih delovanja motorja
v podroéju polnih In delnih obremenitev in jih po-
zneje ratunalnidko obdelali in analizirall. Za obrav-
navo smo izbrall samo nekaj znatilnih primerov.
Lastni rafunalnizki program PTM (sl. 9) smo naj-
prej uporabili za lzratun znatllnice spro3anja to-
plote na podlagi posnetega indikatorskega diagrama,
nato pa smo s programom PTM z uporabo izbrane-
ga modela znaéilnice sprogtanja toplote dolotill e
ratunskl Indikatorskl diagram. Slika 3 prikazuje
potek diferenclalne In Integralne znaéilnice vbriz-
gavanja, ki sta bila lzmerjena pri 1300 mi n!in
poinl obremenitvi. V nadaljevanju bomo ob&irneje
prikazall rezultate samo pri tem rezimu, medtem
ko se ocena modelov, obravnava in sklepl nanaiajo
na vet lzmerjenlh obratovalnlh rezimav.

Preratun visokotlatnega dela indikatorskega
diagrama smo zatell v trenutku zapiranja polniine-
ga ventila. Zacetno stanje v valju smo predpisali
£ lzmerjenim tlakom v trenutku zapiranja ventila
in z maso sveZe polnitve, povedano Za MAaso Za-
ostalih izpu&nih plinov. Maso In znaéilnlco vbriz-
gavanja goriva, kot zakasnitve vZiga in potrebne
parametre uporabljenega modela znatilnice spro-
Ztanja toplote pa smo predpisali kot robne pogoje.
V trenutku odpiranja lzpusnega ventila smo prera-
fun ustavill. Program PTM Je napovedal stanje v
valju motorja (tlak, temperaturoe In maso delovne
snovl) In parametre, kl smo jlh uporablll za ovred-
notenje modela znadllnice spro&éanja toplote. Na=-
povedanl diagram tlaka smo primerjali z lzmerje-
niml vrednostml In lzratunali vsoto kvadratov re-
lativnlh razlik. To smo nato uporabili kot enega
od kvantitativnih rafunskih pokazateljev ujemanja
napovedanih in Izmerjenih vrednosti. (ob njej pa
navajamo 3¢ druge parametre primerjave).

Slika 4 prikazuje rezultate uporabe navadne
Vibejeve funkelje. Zelo dobro ujemanje ratunskih
in eksperimentalnih rezultatov smo dosegli z opti-
miranjem vrednostl obeh parametrov m in ¢.. ki
definirata oblike spro&c¢anja toplote.

Experimental data were collected for several
full and partial load regimes, and a large number
of pressure traces and effective engine data were
generated and subsequently analyzed. Only a small
selection of typical diagrams, Important for the
following discussion and conclusion Is presented
here. Our own PTM computer program (Fig. 9)
was used, either to predict ROHR if cylinder
pressure time history was given, or to predict
pressure curves, when ROHR was given. Flg. 3
shows the experimental differentlal and cumulati-
ve IR curve, at full load and 1300 r.p.m. This ope-
rating reglme has been chosen for comparison of
experimental and computed data here, although the
ROHR medel validation, discussion and conclusion
are drawn on the full results data base.

Computation of selected parts of the engine
thermodynamic cyele was always started at the
same crank angle (1.V.C.) based on a set of mea-
sured Input data (pressure, mass of fresh charge,
mass of fuel Injected, IR, ID-angle, ete.) including
the analytical ROHHR expression related to the
model under consideration, and it ended at E.V.0.
The PTM predicted in-cylinder pressure, tempera-
ture and other data used In model validation. The
predicted pressure diagram was compared with
the measured data within the angle Interval [.V.C.
— E.V.0. and standard deviation was used as a
quantitative eriterion of agreement between mea-
sured and predicted values, A few other quantities

defining the shape of pressure curve are also pre-
sented.

The ROHR curve generated by the original
Viebe function and predicted and measured pres-
sure diagrams are shown on Fig. 4. It must be
pointed out that a good match was achieved by
optimizing both parameters determining the ROHR

shape,
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Sl. 4. Primerjava racunskih in Izmerjenih tlakov v valju fter znadlinica spro&danja toplote.
VF: m=091; ¢,=62.6; d=2836% ReZim obratovanja n=1300 min~'; p =146 MPa;
QID’E.I“; grc = 190 mm?*/cikel; trajanje vbrizgavanja=18.67; = ng? g/’ kWh
f- izmerjene vrednosti: B = izratunane vrednosti
Fig. 4. Comparison of computed and measured cylinder pressure and heat release diagrams.
VF m = 09k @5 = 626, ¢ = 2.836 X. Operating regime: n = 1300 r.p.m.; p, =146 MPa
9|n= 5.4% gpe =190 mm*/cycle ; injection duration = 15.69; g =197 g/kWh
% = experimental values; R = calculated values
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Ma slikl 5 so prikazani rezultat] Izratuna zna-
éllnice spro&tanja toplote z nekateriml drugimi
modeli. Prvl trije so rezlicne kombinacije dveh
Vibejevih funkclj. Med seboj se razlikujejo le po
natinih dolotanja vrednosti parametrov znacilnice
gpro&tanja toplote. Najboljde rezultate smo dosegli
z uporabo Ghojelovega modela, ki podobno kakor
Miyvamoto predpostavlje, da traja feze zgorevanja
poprej pome3sanih reaktantov 7° Ob parametrih zna-
ilnice sprotanja toplote je za dobro ujemanje po-
membna tudl natanéna ocena kota zakasnitve vZiga,
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In Flg. 3, the results of computation and
comparison with measured data for four different
ROHR models are shown. Three models are based
on a combination of two Viebe functions. The best
agreement of predicted and measured data was
achieved with Chojel’ s model. Both Ghojel and
Mivamoto have ergtimﬂted a premixed burning
duration of &, = 7 . The computation or estima-
tion of an accurate value of ignition delay angle
also plays a very Impertant role in the prediction
of the ROHR and pressure diagram.
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Sl 5. Primerjava racunskih in eksperimentalnih diagramov,
Retim obratovanja kakor na sliki 4

E = izmerjene vrednosti: R =

izratunane vrednosti

Fig. 3. Comparison of computed and experimental diagrams.

Engine operating regime, as given in Fig. 4.
E = experimental values: R = caleulated values

V modelu Sokotova je treba predpostaviti ali
eksperimentalno dolo¢itl podatke o strukturi curka
In Inlciranem zratnem vrtintku v valju motorja.
Pomanjkljivo definiranje teh detajlov je po vsej
verjetnost] povzrocilo slab%e ujemanje rezultatov.

Shokotov's model requires the assumption
or experimental determination of a set of data
related to the spraystructure and air swirl of
the investigated engine. The lack of these details
was probably the cause of rather poor agreement.
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Izkazale se je, da je za tlatno polnjene mo-
torje Mlyamotova ocena Koli¢ine toplote IG
0,58, za motorje # neposrednim vbrlzgavnnjum]'
ki se sprosti med zgorevanjem poprej pome&anega
zraka in goriva vbrizganega med zakasnitvijo vii-
ga, prevelika in povzroti previsok vrh znacilnice
sproscanja toplote, s tem pa zelo velik gradient
narai¢anja tlaka v tej fazl zgorevanja. Miyvamoto
je namref svole razlskave omejll le na sesalne
motorje, modeli znatilnice spro&tanja toplote mo-
torjev, projektiranih za velike ochremenitve (npr. s
tlatnim polnjenjem) pa se lahko pomembno razll-
kujejo, kakor sta to v svojih raziskavah pokazala
Craddock [17) in Costlen [26]. Procesl zgorevanja
potekajo namred v prece] drugaénih razmerah.

Ma sliki 6 primerjamo potek znatllnice spro-
stanja toplote izvirnega Janikijevega modela s
predlaganima dopolnjenima modeloma J-1 In J-2.
Slika 7 prikazuje rezultate uporabe dopolnjenega
Janikijevega modela po predlogu J-3. Potek ekviva-
lentnega rezmernika zraka med vbrizgavanjem In
zgorevanjem, kakrien je upoitevan v izvirnem in
dopolnjenih Janikijevih modelih prikazuje slika 5.

A short test has shown that the amount of
heat released durlng premixed burning estimated
by Miyamoto (@, = = 0.3Q, for DI engines) Is
probably too hl.gh for this TC-engine, causing a
very high peak in the ROHR curve and high pres-
sure pradient of this stage of combustion. The
correlations deduced by Miyvamoto for premixed
and diffusion curves of ROHR were obtalned by
performing tests with a natural aspirated (NA)
diesel engine. However the heat release model of
high power output (TC) diesel engines differ sub-
stantlally, as has been pointed out by Craddock [17]
and Costlen [26], because the combustion proces-
ses take place under fairly different conditions.

In Fig. 6, a comparison of ROHR curves pre-
dicted by orlginal Janikiev's model and by the
authors® proposals, J-1 and J-2, Is given. A com-
parison of ROHR curves and pressure diagrams
experimentally obtained and predicted by the model
J-3, 15 shown in Fig. 7. and in Fig. 8, the change
of equivalence air ratios predicted by expresslons
incorporated in the original Janikiev:s model and
in the authors' proposals are also presented.
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Sl. 6. Frimerjava znadilnice 5
s prediaganima
Redim de

sproddcanfa tapio!e Izvirnega Janikl Je- vega modela
J'memmﬂ modeloma J-1 in J-2.
ovanja kakor na sliki 4.

Flg. B. Comparison of ROHR diagrams computed by Janiklev's original and the authors' models,

proposal (J-1) and (J-2),

Engine operating conditions as indicated in Fig. 4.
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Sl. 7. Primerjava izracunanih in izmerjenil sprodéanj toplote ter diagramov tlaka; model J-3 m=0.75;

p,=634°
Rezim delovanja
Fig. 7. Comparison of computed and measured

model (J-3) m =0.75;

o=2353 %,

kakor na =liki 4.

ROHR curves and cylinder pressure diagrams,
?z'&?.dauﬁ.i’jﬂ X,

Engine operating conditions as in Fig. 4.
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Sl. 8. Relativol razmernik zraka med vbrizeavanjem in zgorevanjem,
lzracunan v izvirnem in dopolnjenth modelth J=1, J=2 in J=3.
HeZim obratovanja kakor na sliki 4.

Fig. 8. Variation of equivalence alr ratlo during Injection and combustion predicted by
Janikiev' s original model and the authors' models indicated J-1, J-2 and J-3.
Engine operating conditions az in Fig. 4.

V izvirnem Janikijevern modelu In v dopolnje-
nem modelu J-1 je ekvivalentnl razmernik zraka
konstanten, v modelu J-2 se spreminja samo med
vbrizgavanjemn gorlva, v modelu J-3 pa med zgo-
revanjem.

V preglednicah 2 in 3 so podani nekaterl re-
zultati uporabe modelov Janikijevega modela, J-1,
J-2 In J-3 v razmerah polne in delne obremenitve,
Izbol jtave, dosetene 2 dodatno razdiritvijo izvir-
nega Janikijevega modela, so razmeroma majhne,
velja pa pripomniti, da smo 2z uporabo modela J-3
dosegli boljde ujemanje eksperimentalnih in napo-
vedanth vrednostl na reZimih delne obremenitve.

Preglednica 2: Primerjava glavnih parametrov

eksperimentalnimi podatki. Polna obremenitev n=1300 min~':

trajanje vbrizgavanja=186 " @,5,=54"°.

In the original JM. the equivalence air ratlo
Is constant, in the model J-2 Its rate of change
during injection and in J-3 during combustion are
predicted.

Additionally, mere data of ROHR and pressu-
re curves are presented for comparison in Table 2,
for a simulated engine full load, and in Table 3,
for a partial load engine operating regime. The
Improvements In agreement are minor and it Is
Interesting to note that model J-3 shows a better
agreement of predicted values at partial than at
full load regimes.

izvirnega In  dopolnjenih  Janikijevih modelov z
Po=146 MPa qpe=190 mm’/cikel:

Table Z: Comparison of computed values predicted by original Janikiev:s ROHR model and new proposals
of ROHR, with experimentally obtained data. Full load conditions. n=1300 r.p.m.; p,=1.46 MPa:
dre =190 mm*seyele: injection duration = 15.6% O, = 5.4°.

Preizkus Janikiev lzbolj%an Janikijev model
Experiment model Improved Janikiev's model
11 J-2 1-3
@, e 68,4 R 52.0 67.5 66.0 3.4
m - - 1.2 1.0 1.04 0,75
Rl [MPal 1387 HE 13.138 13,169 13,149 13.151
Sliphduiyal 19 aFACL& 9.4 8.4 8.6 5.6
dp MP
[ﬁ] [—,:,—1 0.5527 ® 0.5108 0.5737 0.6464 0,5653
mEE

W 13 2793.5 R 2671.9 2788.8 2796.0 26311
d %1 - 3.69 177 2,28

235
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Preglednica 3: Enake kaker v preglednici =,

vendar pr! delni abremen!tvi

n =130 min~';

Pe=0.72 MPa: g, =96 mm°®/cikel: trajanje vbrizgavanja=12°% 6, = 7.2°.

Table 3: The same as In Table 2, only under partial load cngme- :;rperazmg conditions: n = 1300 r.p.m.:

pe~ 0.72 MPa: q. . = 96 mm’/cycle: injection duration = 12°: @y, =7.2°

Preizkus Janikiev Izbolj#an Janikijev model

Experiment maodel Improved Janikiev- s model

J=1 J-2 J-3
Py 1) B0 R 46 17 48 43.4
m [=1 - 0.9 0,59 0,88 0,77
i [MPa) 3872 ¥ 8.3815 8,3036 8.3271 8,3025
Bp, Londyie | o & 5.8 8.8 8.8 9.0
dp 08238 B 0.3299 0,3537 0.3694 0.3474
48

W [1] 1533.4 R 1598.8 1607.7 1605.0 1523.5
a %] E 3.878 4,068 4,137 20509

Ma sliki 9 je shematsko podana kompoziclja
nasega ratunalnlikega programa modeloy PT In
NPT. Procesi v valju so modeliranl analogno,
kakor je opisano v [1]. Metoda polnjenje — praz-
njenje je uporabljena za simuliranje procesov v
palnilnem in izpugnem sistemu. Program omogoda
dvoje: lzrafun znacllnlce sproscanja toplote na
podlagl visokotlacnega indikatorskega diagrama ali
izrafun indikatorskega diagrama (nizko- in viso-
kotla®nega) za Izbranl model znatllnice sprostanja
toplote. Modele znacilnice sprostanja toplote,
vkljucene v program, smo v ¢lanku predstavili in
ovrednotili. Za primere dimenzioniranja polnilnih
in Izpusnih slstemov ter za testiranje povezave
motorja s turbokompresorjem smo razvill poscben
podprogram, ki temelji na enodimenzionalnem,
nestaclonarnem, nelzentropnem  toku stsljivega
fluida v razvejanih cevnih sistemih [27] s pripa-
dajo¢imi robnimi pogoji, med Kkaterimi moramo
3e posebej omeniti lasten analitiéni model dvo-
natoéne turbing [25]. Za izracun vstopnih vred-
nostl vbrizgavanja goriva za dani sistem je na
voljo podprogram CFIE (po modelu [251) in pod-
program OPT_IRH za optimiranje vbrizgavanja
gorlva [31]. Za dolotanje toplotne obremenitve,
tj. razporeditev lzoterm v pu2i valja (3D) in batu
(2D) so razvitl posebni podprogrami [32] do [34],
indeks emisije NO, (SUBEINO) pa ratunamo s
preprostim korelacijskim Izrazom.

In Fig. 9, a sketch of the general composl-
tlon of the computer program of our PT and NPT
models Is shown. In-cylinder processes are
modeled similarly as described in the literature
[1]. The =»filling-emptyinge method is used to
treat the process In the Intake and exhaust
manifold. The ROHR may be either calculated
or predicted, depending on whether diagnostic
or predictive engine cycle simulation 1s required.
The ROHR meodels incorporated In the computer
program have already been discussed However,
if an engineer needs more detailed data to design
an intake and exhaust manifold or to match
a turbo-charger to the engine, a separate
submodel for prediction of an one-dimensional,
non-steady, non-homentropic flow of compres-
sible gas [low parameters [(using either the
method of characteristics or the finlte-
=difference method) has been developed [27].
An additional submodel to solve analytically
the complex boundary conditions at the entrance
of a twin-turbine and to simulate the operation
of TC under these conditions has also been
developed [25]. To compute the IR history for
a given configuration, SUB CFIE is used, based
on the original model described In the literature
(251, SUB OPT_IRHI[311 may be Included for
IR optimization. For thermal load computation,
i.e. isotherm distribution within the ecylinder
liner (3D) and piston (2D) the SUB Thermal
Load combined with IDEAS package (models
presented in the literature [32] through [341)
may be applied. The NO, emission Index Is
computed employing a simple empirical cor-
relation — SUB EINO.
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SI. 9. Natelna zasnova nasega racunalnidkega programa za analizo
motorskih pokazateljev [7], [27]1—[34].
CFIE - program numerifnih simuliranj za izratun osnovnih parametrov vbrizgavanja goriva: OPT_IRH =
znatilnica spro&tanja toplote; SUB RGKTA- resevanje sistema diferencialnih enatb:
SUB ODVOD - izratun gradienta iskanih spremenljivk;

SUB PIS = izratun spremenljivk v polnilno izpugnem sistemu l(izvedba sesalna ali s tlaénim polnjenjem):
SUB PP - brezdimenzionalna metoda polnjenje — praznjenje: SUB KR - refevanje ena®b (1D) nestacionarnega,
nehomentropskega toka 2 dvokorafno diferenéno metodo LAX-Wencholl: SUB DNT = izrafun pretoénih Stevil in

izkoristka dvonatofne turbine v pogojih delnega natoka: SUB EINO - izratun emisije NO,:

SUB PRESTOP - izrafun prestopa toplote d@./dE& SUB TEMP — izratun temperature povriin zgorevalnega
prostora (glava, pusa valja, bat, ventili); SUB TOPL = fskanje izoterm v valjevi pugi (3D) in batu (2D);
SUB ZGLID - zglajevanje indikatorskih diagramov: SUB GAUSS - izratun korenov sistema linearnih
algeberskih enach: SUR PLIN — jzrafun termodinami®nih velidin,

Fig. 9. General presentation of our computer program for engine data analysis
based on PT model (71, [27]1—[34],
CFIE = numerical simulation program to compute main parameters of fuel injection: OPT_IRH: injection rate
optimization program: SUB RGKTA - to solve system of differential equations; SUB ODVOD = to determine gradients
of computing variables: SUB PIS — computation of variables of intake and exhaust system (NA and TC engines):
SUB PP - Nondimensional »Filling - Emptying= method: SUB KR — Solving the system of equations describing (1D)
nonsteady nonhomentropic flow with two-step Lax-=Wenchoff method: SUB DNT — Computation of discharge
coefficients and efficiency of TG twin turbine under partial flow conditions: SUB EINO = Computation
of NO,, emission index: SUD PRESTOP - Computation of heat transfer term dQ_/d &:
SUR TEMP - computation of average surface temperatures of combustion space (head. eylinder liner, piston, valves):
SUB TOPL - spatial temperature distribution (isotherms) cylinder liner (3D) and piston (2D);
SUB ZCLID = Smoothing of cylinder pressure acquisition data: SUB GAUSS — Calculation of roots
of the system of lincar algebraic equations: SUB PLIN — to compute thermodynamic state variables.
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3. SKLEPI

V zadnjih 30 letih je veliko itevilo avtorjev
predlagalo modele spro3tanja toplote na podlagl
Vibejeve funkcije iz leta 1960. Nekatere teh mode-
lov smo predstavili v tem ¢lanku. Podall smo
kratko oceno modelov in primerjavo napovedanih
in lzmerjenih indikatorskih disgramov. Uporaba
teh modelov je namenjena le resevanju tistih teh-
nitnih preblemov, pri katerih nadrobno poznavanje
procesoy zgorevanja ni pomembno.

Matematitna preprostost je bila ves fas os-
novno vodile pri razvoju modelov. V vseh modelih
so zato vpeljani empiriéni parametri, ki dolotajo
potek sprodfanja toplote. Te parametre je treba
doloéitl s preucevanjemn posnetih indikatorskih
diagramov ali predpostavitl na podlagi lzkudenj In
obseZne banke zbranih eksperimentalnih podatkov.
Prav tako so se ves ¢as vrstili tudi polzkusl, v
modele znatilnice sproscanja toplote, vkljugiti
dejavnike, ki dolofajo reZlm obratovanja In tiste,
kl krmilljo procese v posameznih fazah zgorevanja.
Frakticna uporaba modelov, kakor tudi predstav-
ljena analiza, pa kaZzeta, da je treba opraviti 3e
vrsto eksperimentalnih raziskav, da bi lahko do-
lotene vplivne parametre natanéneje ocenlll In
talkko dosegll bolj2e ujemanje rezultatov.

Med medell, ki vkljutujejo vpliv vbrizgavanja
goriva, smo izpeljall in ocenill Janikijev model ter
ga dopolnili z lastnimi predlogl (J-1, J-2, J-3). Nasi
predlogi nekoliko podrobneje obravnavajo dieselsko
zgorevanje, seveda pa 3¢ vedno le na makroskopski
ravni. Prednost teh modelov je, da za opis medse-
bojne povezave parametrov vbrizgavanja in spro-
stanja toplote ne potrebujejo empiricnih ali pol-
empliriénih korelacl). Izkazalo se je, da doselemo
najbol jfe ujemanje lzratunanith diagramov tlaka =z

fzmerjenimi vrednostmi z modelom J-3, in to v
Zlrokem podrotju delovnih rezimov, kar je znatilno
za motorje vozil.

Raziskave so tudi pokazale, da bi v modele, ki
vkljutujejo znacilnice vbrizgavanja goriva, kazalo
uvesti (preproste) korelacijske povezave med pa-
rametri vbrizgavanja in trajanjem zgorevanja ..
Tako bl z neposredno metodo lahko omogocill stu-
dij moZnostl zmanj3anja emisije NO, brez poveda-
nja porabe goriva. Maértno krmiljenl proces zna-
¢ilnice vbrizgavanja goriva je namre¢ prvi pogoj za
uéinkovito, okelju prijazno gorevanje v dieselskem
motorju.

Za konec Zelimo poudariti 8e naslednje: dan-
danes obstaja veliko 3tevilo metod ratunalniskega
simuliranja, ki so nedvomno velikega pomena pri
razvoju in projektiranju motorjev. Stopnja. do ka-
tere lahko racunalnizke simuliranje vpliva na ceno,
kakovost In ¢as za lzvedbo lzboljsave, je odvisna
od vrste dejavnikov. Med njimi je zelo pomembna
zmoZnost projektanta, da izbere in uporabl naj-
primernejso metodo, kar pa ni preprosta odlocitev,
Zavedatl se moramo namred, da so zaradl nasega
pomanjkljlvega znanja o procesih zgorevanja v
motorju prav vse, dosle) razvite, simulirne metode
do neke mere nepopolne in netocne [30].

3. CONCLUSIONS

During the last 30 vears, since 1960 when
Viebe* s burning law appeared, a number of
authors have proposed several models of a
similar type. Only a few of them have been
presented here and most of them have found
application In PTM as submodels primarily used
to solve current engineering problems. durlng
the lead-cycle when a deslgn engineer |s searching
for a quick answer, and when the details of
combustion phenomena are not of Interest,

The mathematical simplicity of these mo-
dels has been the greatest challenge for thelr
development, although an estimation of critical
parameters controlling the ROHR is required
in all models. There has been a permanent
trend to Include in the models also factors
determing the engine operating regime and/or
those controlling several stages of dlesel
combustion. The practical application and the
analysiz presented here has shown that more
experimental work s needed In order to estl-
mate more accurately the critical parameters
and to obtain better accuracy in prediction.

Among  models  including  the Influence
of IR we have derived and discussed Janikiev: s
model and our three proposals (J-1, J-2, J-3) con-
gidering In more detall dlesel combustion, although
still on a macroscopic level. The advantage of
these models is that no additional empirical
or/and seml-empirical correlation Is needed
to describe the Interrelationship between fuel
injectlon parameters, amblent alr state and
ROHR. Model J-3 has proved to glve the
best agreement of predicted pressure disgrams
with those obtained from experiments at
the cruclal operating points typical for a
vehicular diesel engine.

However, our Investigation has shown
that it will be worth finding a simple relation-
ship between Injection parameters and com-
bustion duration ¢,. the value of which must
now be estimated, for [urther improvement
of the ROHR model Including IR. This will
enable direct study to decrease NO, emisslon,
without an increase In fuel consumption.
Namely, a well controled IR history Is the
main prerequisite for efficlent diesel combus-
tion.

Finally, let us stress the following Idea [30]:
A large number of engine simulation methods are
available today, and they are, without doubt,
an important step in engine development and de-
sign technology. The degree to which the simula-
tion can affect the time, price and quality of im-
provement depends on a varlety of factors, among
which the designer' s ability to choose and apply
the most appropriate one with regard to his engl-
neering objective at hand, plays a dominant role.
This Is not an easy task, bearing in mind that, be-
cause of our lack of understanding all engine si-
mulations are, so far, to some degree Incomplete

and inexact [301.
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0ZNACBE
a — odstotek goriva, ki zgorl med zgorevanjem
¢ — koncentracije, integracl jska konstanta,
CA — kot zavrtitve rotiéne gredl (RG),
D — premer bata,
EVO— izpusnl ventil odprt,

£ — specifiéna poraba goriva,

h — specifi¢na entalplja,

Hp — spodnja Kurilnost goriva,

IR — znatilnica vbrizgavanja goriva,
IVC — polnilnl ventll zaprt,

J-1 — lanlkiev model, predlog avtorjev &t. 1,
J-2 — Janikiev model, predlog avtorjev &t. 2,
J-3 — lanikiev model, predlog avtorjev 5t. 3,

k — konstanta,

k¢ — konstanta kemi¢ne reakclje,

I, — masno stehiometrijsko razmerje,
L, — molsko stehiometrijsko razmerje,
M — Stevilo molov,

m — masa, faktor oblike zporevanja,

n  — Btevlle vrtljajev,

p — tlak,

Q — toplota,

g = prostorninska kolizina vbrizganega goriva,
R — plinska konstanta,

ROHR = znatilnica sproscanja toplote,

8

= gib bata,
SUB— ratunalnlkl podprogram,
T — temperatura,
TC = tlagéno polnjen,
TDC— zgornja mrtva lega,
1 = (as,
u  — specifiéna notranja energlja,
V  — prostornina,

W = delo, med IVC-EVO,
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NOMENCLATURE
a — degree of fuel burnt during combustion,
{© — concentratlon, Integration constant,
A — crank angle (RG),
D — plston diameter,
EVO— exhaust valve opens.

£y — brake specific fuel consumption,

h  — enthalpy per unit mass,

H¢ — fuel lower heating value (heat of combust.),
IR — rate of Injection,

IVC = intake valve closes,

J-1 — Improvement of JM - authors proposal 1,
J-2 — Improvement of JM - authors proposal 2,
J-3 — Improvement of JM - authors proposal 3,
k — constant,

ky — reactlvate constant,

— stolchlometric mass air-fuel ratlo,
— stoichlometric mole air-fuel ratlo,
— number of moles,

— mass, ROHR shape factor,

— rotational speed,

— pressure,

= heat,

fuelling by volume,

£as constant,

= rate of heat release,

piston lift,

subroutine,

temperature,

turbo-charged,

top dead center,

time,

internal energy per unit mass,
volume,

indicated work during

Loy ] m
EHE L P L

TeE N ggEa g';l:l-ﬁ 0T 3 3 =t
u
| =1

IVC-EVO,
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X — relativna koli¢ina zgorelega goriva:
= thf mpc i
¥ = relativnl ¢as zgorevanja:

y=t't, = @/,
a ()= trenutna vrednost relativnega razmernika
zrak/gorive med zgorevanjem,
@, — povpreéna vrednost relativnega razmerni-
ka za celoten cikel, definicija,
a,l¢)—trenutna vrednost relativnega razmernika
zrak/gorlve med vbrizgavanjem,

¥ — relatlve amount of fuel burnt:
X = mphf mee.
¥ — relative time of burning:

y=Ui, = p/o,

a (@)= equivalence air/fuel ratio - instant
value during combustion,

@, — average equivalence air/fuel ratio during
the whele cyecle,

&,l ¢ )—equivalence air/fuel ratlo, Instant value
during injection perlod,

v — koeflclent zaostalih plinoy, y — coefficient of residual gases,
& — kot zavrtitve rotiéne gredi, & — crank angle,
g, — teoretiéni koeficient molekularne spre- 1, — coefficient of mole quantity change during

membe med Zgorevanjem, combustion,
£ — gostota, g — density
¢ — standardna deviacija, g — standard deviatlon,
¢ — kot rotiéne gredi (samo med zgorevanjem, ® — crank angle (during combustion only,

0295 e 0seosp,)

Subseripts
Indeksi
a = alr,
a — zrak, b — burnt,
b — zgorell, C — per cycle,
C — naclkel, c¢e — combustion end,
ce — konec zgorevanja, cs — combustion start,
cs  — zafetek zgorevan)a, d — diffusion,
d — difuzljski, F = fusl,
F =— gorivo, ID — lgnition delay,
ID =— zakasnitev viiga, IS = injection start,
IS =— zafetek vbrizga, P — combustion products,
P — produkti zgorevanja, p — premixed, reactants,
p — poprej pome&ani reaktant!, r — residual,
r- — zaostall, & = stolchlometric,
g — stehlometriénl, t — total,
t — celoten, Z — combustion.
T — ZEorevanje.
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