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Analiza pogojev zgorevanja v sekundarni komori pilotne
sezigalnice na podlagi ra¢unske dinamike tekocin

An Analysis of the Combustion Conditions in the Secondary Chamber of a Pilot-Scale
Incinerator Based on Computational Fluid Dynamics

Filip Kokalj - Niko Samec - Leopold Skerget

Predstavijena je numericna analiza zgorevanja v sekundarni komori (termoreaktorju) dvostopenjske
pilotne sezigalnice z uporabo racunske dinamike tekocin (RDT-CFD). Z raziskavo smo se osredotocili na
analizo fizikalnih pogojev popolnega zgorevanja, kakor so temperatura, cas zadrzevanja in turbulentno mesanje.
Uporabili smo vec izvedb programov vrste CFX za RDT, ki omogocajo uporabo razlicnih modelov zgorevanja v
odvisnosti od vrste in nacina zgorevanja. Izbira ustreznega modela zgorevanja je potekala na podlagi primerjave
numericnih rezultatov z izmerjenimi vrednostmi nekaterih makroparametrov zgorevanja v termoreaktorju.
Uporabili smo modele na temelju enostopenjske bimolekularne kemijske reakcije in modela vecstopenjskih
reakcij, ki omogocata bolj natancno napoved dogajanja v sekundarni komori pilotne sezigalnice. Z
vecstopenjskima modeloma lahko izracunamo lokalne koncentracije ostankov nepopolnega zgorevanja, kar je
izrednega pomena za primerno oblikovanje in optimiranje kurilnih naprav. Na podlagi izbranega modela
zgorevanja je izvedena temeljna analiza zgorevanja v termoreaktorju z vidika doseganja pogojev popolnega
zgorevanja pri razlicnih obratovalnih razmerah, ki so posledica spremenljive kolicine, sestave in kurilne vrednosti
plinov iz primarne komore. Prisli smo do pomembne ugotovitve, da na kakovost zgorevanja v termoreaktorju v
najvecji meri vplivata nacin dovoda sekundarnega in terciarnega zraka ter njuno razmerje.
© 2005 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: zgorevanje, analize numeri¢ne, modeli zgorevanja, racunska dinamika tekocin)

A numerical analysis of the combustion in the secondary chamber (thermoreactor) of a two-stage
pilot-scale incinerator using computational fluid dynamics (CFD) is presented. The focus of the research
was on those physical conditions that ensure complete combustion, i.e., temperature, residence time and
turbulent mixing. Various versions of the CFD program package CFX were used, they offer different
combustion models for specific types and forms of combustion processes. The selection of an appropriate
combustion model was based on a comparison of the numerical results and experimental values of some
combustion macro parameters in a thermoreactor. Combustion models based on a one-step bimolecular
chemical reaction and models based on multi-step reactions were used, this enabled a more detailed
prediction of the combustion conditions in the secondary chamber of a pilot-scale incinerator. The products
of incomplete combustion that are very important for the designing and optimization of combustion devices
can be predicted by applying multi-step reaction models. An ultimate analysis of the complete combustion
conditions was made based on a selected combustion model by considering those different operating
conditions, causing variations in the quantity, composition and heating values of the gases coming from the
primary chamber. The important conclusions are that the secondary and tertiary air intakes and the
relationship between them have the greatest influence on the combustion quality in the thermoreactor.
© 2005 Journal of Mechanical Engineering. All rights reserved.

(Keywords: combustion, numerical analysis, combustion models, computational fluid dynmics)

0UVOD O0INTRODUCTION
Postopki toplotne obdelave odpadkov, ki Nowadays, thermal waste-treatment tech-
omogocajo energijsko izrabo odpadkov, so dandanes niques and technologies enabling energy recovery
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zelo razvite tehnologije. Ena tak$nih tehnologij je
tudi sezig oziroma zgorevanje odpadkov. Njegova
glavna naloga je toplotni razkroj organskih snovi in
proizvodnja energije iz odpadkov. Pri postopku
seziga lahko pride tudi do nastanka onesnazeval,
katerih koli¢ina v dimnih plinih je v veliki meri odvisna
od kakovosti zgorevanja.

Z vidika navedenega je zelo pomembno
poznavanje fizikalno-kemijskih pojavov v
zgorevalnem prostoru, ki jih je mogoce dokaj
natan¢no simulirati in analizirati z ustreznimi modeli
racunske dinamike tekoc¢in (RDT) ([16], [8] in [7]).
Rezultati numeri¢nih simulacij postopkov zgorevanja
v razli¢nih razmerah obratovanja omogocajo veliko
podporo pri oblikovanju zgorevalnega prostora z
vidika ucinkovitega doseganja pogojev popolnega
zgorevanja [12]. Nadalje zagotavljajo dobro oceno
makroparametrov postopkov zgorevanja, ki jih je
mogoce razmeroma preprosto preveriti na podlagi
meritev [6]. Z numeri¢nimi simulacijami postopkov
zgorevanja lahko ocenimo tudi obratovalno obmocje
sezigalnice, predvsem z vidika razli¢nih koli¢in in
kurilne vrednosti odpadkov, koli¢ine dimnih plinov
in dodanega zraka.

TezisCe prispevka je namenjeno numeric¢ni
analizi pogojev zgorevanja na temelju:

- zagotovitve homogenosti temperaturnega polja
(izogniti se podro¢jem najbolj nizkih in visokih
temperatur, ki pomenijo jedra za mogo¢ nastanek
onesnazeval),

- ucinkovitosti zgorevanja na osnovi koncentracij
produktov zgorevanja in

- dovajanja sekundarnega in terciarnega zraka pod
razli¢nimi pogoji

v sekundarni komori sezigalnice. Na podlagi
modeliranja zgorevanja v sekundarni komori pilotne
sezigalnice je podana primerjava razlicnih modelov
zgorevanja v okviru programa CFX. Nadalje je podana
ocena, kateri model zgorevanja je najbolj natancen,
stabilen in omogoca hiter izracun.

Prakti¢no uporabnost numeri¢nega
modeliranja in simulacij zgorevanja v sezigalnicah
so do sedaj potrdili Stevilni raziskovalci ([5], [7],
[8] in [10]). Skupna ugotovitev vseh je, da je
uporaba numeri¢nih orodij modeliranja in simulacij
zgorevanja lahko zelo koristna in prakti¢no
uporabna, ¢e uporabljeni ustrezni numericni
modeli dovolj natan¢no opisujejo dejanske
fizikalne razmere v zgorevalnem prostoru ([12], [13]
in [4]). S tega vidika je velika pozornost namenjena
prav izbiri ustreznega modela zgorevanja, ki

from waste are highly developed. One of these tech-
niques is incineration, also known as waste com-
bustion. Its aims are the thermal destruction of or-
ganic compounds and the production of energy from
the waste. Some pollutants can be formed during
the incineration process, whose quantity in the flue
gasses depends on the quality of the combustion.

Based on the above facts, it is of key impor-
tance to have the necessary knowledge of the physical
and chemical processes in a combustion chamber in
order to accurately simulate and analyze them using
the appropriate CFD packages ([16], [8] and [7]). Re-
sults from numerical simulations of combustion proc-
esses under various operating conditions provide im-
portant support in the design of a combustion cham-
ber to the stage of complete combustion-condition ful-
filment [ 12]. Furthermore, they ensure good estimations
regarding some macro parameters of combustion proc-
esses and can be fairly easily examined by measure-
ments [6]. A numerical simulation of the combustion
process also enables a review of an incinerator’s oper-
ating conditions, especially the amounts and calorific
values of the input waste stream, the amount of flue
gases and the quantity of added combustion air.

The main concern of this paper is focused
on the numerical analyses of combustion conditions
based on:

- assurance of a homogenous temperature field
(to avoid low and high peak temperature areas
presenting cores of possible pollutant formation),

- combustion efficiency when considering com-
bustion products’ compositions,

- various intake conditions of secondary and ter-
tiary combustion air,

in the secondary chamber of an incinerator. A com-
parison of different combustion models involved in
the CFX program was done based on combustion
simulation in the secondary chamber of the pilot-
scale incinerator. Furthermore, an assessment will
be presented as to which of the combustion models
is the most accurate, stable and fast.

The practical values of combustion modelling
and incineration simulation have so far been confirmed
by many investigators ([5], [7], [8] and [10]). The com-
mon denominator of their findings is that the application
of numerical modelling tools and combustion simulation
can be very useful and have practical applications if the
chosen numerical models closely resemble, in physical
terms, the actual conditions in the combustion chamber
([12], [13] and [4]). From this point of view, great atten-
tion was placed on the selection of an adequate com-

Analiza pogojev zgorevanja - An Analysis of the Combustion Conditions 281
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omogoca najbolj natancno analizo seziga v
termoreaktorju.

1 OPIS PILOTNE PREIZKUSNE
SEZIGALNICE

V nasi raziskavi je uporabljena pilotna
sezigalnica (sl. 1), katere tehnologija zgorevanja sodi
v skupino dvostopenjskih oziroma dvokomornih
sezigalnic, ki so bile prvotno razvite za sezig
industrijskih, bolniSni¢nih in drugih nevarnih
odpadkov. Takrat je zakonodaja za sezig teh
odpadkov predpisovala strozja merila obratovanja
kakor za sezig komunalnega (gospodinjskega)
odpada. Glavni namen uporabe sekundarne komore
je bil izboljsati kakovost zgorevanja in kolikor je le
mogoce zmanj$ati emisije strupenih onesnazeval [1].

Delovanje tovrstnih sezigalnic temelji na
primanjkljaju zraka v primarni komori in na presezku
zraka v sekundarni komori. To zagotavlja dobro
zgorevanje, majhne emisije in manjSo porabo
dodatnega goriva, ¢e je kurilna vrednost odpadkov
prenizka za samostojno zgorevanje [13].

Postopek zgorevanja dvokomornih sezigalnic
je zasnovan na dveh fizikalno-kemijskih pojavih:

- segrevanju, suSenju in semipiroliticnem
uplinjanju odpadkov v primarni komori in

bustion model, which would enable the most accurate
analyses of incineration in the thermoreactor.

1 DESCRIPTION OF AN EXPERIMENTAL PILOT-
SCALE INCINERATOR

This study was conducted on a pilot-scale in-
cinerator (Figure 1); its combustion technology belongs
to the group of two-stage or two-chamber incinerators,
originally developed for the incineration of industrial, hos-
pital and other hazardous waste. At that time the legisla-
tion demanded that the treatment of such waste was stricter
than for municipal (household) waste incineration. The
main purpose of the secondary chamber was to improve
the combustion quality in order to reduce emissions of
toxic pollutants as much as possible [1].

The function of these incinerators is based
on primary-chamber starved-air and secondary-cham-
ber excess-air conditions. This enables good com-
bustion, low emissions and lower consumption of
additional fuel when the calorific value of the waste
is too low to enable self-combustion [13].

The combustion process in two-chamber
incinerators is based on two groups of physical—
chemical processes:
warming, drying, semi-pyrolitic gasification of the
waste in the primary chamber,

‘ Gorilnik Gorilnik
\ Burner —tt Burn
[ \“\-\ 1 ! Sckundarni
‘ Sy | 1 i dovod zraka
\ Primarna komora = | | Secondary
‘ Primary chamber 7 ‘ air inlef
‘ /, f’» /I)V ‘ Terciarni
| [ * — // /[ dovod
o SN
:’; = / |: " Sekundamna tiary
fff Dovod odpada | // komora - air inlet
Priprava Waste feed | // termoreaktor
odpada | / Secondary
Waste / / chamber -
pre-treatment Resetka Hlapni plini 5 [Thermoreactor =
Grate system Volatile gases

Dimni plini — ‘
Flue gases T

Sl. 1. Shema pilotne dvostopenjske sezigalnice
Fig. 1. Schematic representation of a two-stage pilot-scale incinerator
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- mesanju gorljivih plinov z zrakom, vzig in
popolno zgorevanje v sekundarni zgorevalni
komori.

Nepopolno zgorevanje v primarni komori
predstavlja piroliticno uplinjevalne postopke, ki
potekajo v razmerah pomanjkanja zraka. Koli¢ina
dovedenega zraka znaSa okrog 70% stehiometri¢no
potrebnega zraka. Temperatura v primarni komori je
odvisna od sestave odpada in se spreminja med 650
°Cin 850 °C. Vi§je temperature kazejo na to, da zgori
v primarni komori vec plinov, zato pa gredo potem v
sekundarno komoro plini z nizjo kurilno vrednostjo.
Zagotavljanje stabilnih obratovalnih razmer v celotni
sezigalnici je vezano na strukturo odpadkov, ki
prihajajo v primarno komoro. Sestava odpadkov v
veliki meri vpliva tudi na koli¢ino in kakovost plinov,
ki se sprosc¢ajo v primarni komori.

Termoreaktor je fizicno locen od primarne
komore. Opremljen je z gorilnikom, ki zagotavlja
zagon in stabilno obratovanje tudi v primeru nizjih
kurilnih vrednosti plinov iz primarne komore. Na
postopke v termoreaktorju v veliki meri vplivata
koli¢ina in smer dovoda sekundarnega in
terciarnega zraka. Ta mora zagotoviti ustrezno
mesanje plinov in u¢inkovito zgorevanje. Predvsem
je pomembno doseganje velike homogenosti zmesi
reaktantov in temperaturnega polja, da ne pride do
nastanka nezelenih produktov nepopolnega
zgorevanja.

2MODELIRANJE TURBULENTNEGA
REAKTIVNEGA TOKA

Zgorevanje v termoreaktorju je dokaj
natan¢no popisano s sistemom diferencialnih enacb
(Navier Stokesove enacbe - NSE) reaktivnega toka.
Sistem enacb sestavljajo zakon o ohranitvi snovi,
gibalne koli¢ine in energije. NSE lahko resimo
neposredno za laminarni kakor tudi za turbulentni
reaktivni tok, za kar pa porabimo veliko racunske
moci in Casa. Zato se je uveljavila Reynoldsova
zamisel o dekompoziciji trenutne vrednosti poljubne
makroskopske veli¢ine toka na casovno povprecno
vrednost in njej pripadajoci oscilirajoci del za
simulacijo turbulentnih reaktivnih tokov:

- mixing of the volatile gases with air, ignition and
complete combustion in the secondary combus-
tion chamber.

Incomplete combustion in the primary cham-
ber represents the pyrolitic and gasification processes
and takes place during air shortage. The quantity of air
added is around 70% of the stoichiometric air needed.
The temperature in the primary chamber depends on
the waste’s composition and varies from 650 to 850°C.
Higher temperatures indicate that more gases have been
burnt in the primary chamber and consequently lower-
calorific-value gases then pass to the secondary cham-
ber. Stable operating conditions for the whole incinera-
tor depend on the waste composition introduced into
the primary chamber. Waste composition greatly influ-
ences the quantity and quality of the volatile gases
released in the primary chamber.

The thermoreactor is physically separated
from the primary chamber. It is equipped with a burner
that ensures start-up and stable operation, even in the
case of lower calorific gas values coming from the pri-
mary chamber. The amount and direction of the sec-
ondary- and tertiary-air induction in the thermoreactor
play an important role in the thermoreactor processes.
It has to ensure proper mixing of the gases and efficient
combustion. Crucially, it is important to achieve a high
homogeneity of the reactant mixture and the tempera-
ture field to prevent the formation of undesirable prod-
ucts due to incomplete combustion.

2 TURBULENT-REACTING FLOW MODEL-
LING

The combustion in a thermoreactor is de-
scribed quite accurately by a system of differential
equations (Navier Stokes equations — NSEs) of the
reacting flow. It is composed of continuity-, momen-
tum- and energy-conservation equations. The NSEs
can be solved directly for laminar, as well as for tur-
bulent reacting flow, by spending a lot of computa-
tional power and time. Therefore, the Reynolds idea
of the arbitrary macroscopic value of fluid flow de-
composition being on the time-averaged value and
its variable part, has been widely used for turbulent
reacting flow simulations:

¢(xi’t):¢7(‘xi)+¢'(xi’t) (1),
kjerje: which is:
)=, [olsk @.
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To povprecenje je dalo Reynoldsove
povprecene NSE (RPNS), predstavljene v naslednji
obliki:

This transformation produces the
Reynolds’ averaged NSEs (RANS), as presented in
the following form:

@+i 77.):0

a ox, ©)
O (__ 0 (__ _ o — 0 ([ —
5 Uj)"'gj(pujui):_li"'fui_axj (Ti/+pU/Ui) @)
O (_— 0 (—_—\ O 0 (. —\ — —
5(/0}’)+§j(loujh)_§+gj(qj+pUjh):IT+IR ©)

p, hin u_j so srednje vrednosti gostote, entalpije in
hitrosti tekoCine, f, je vsota vseh prostorninskih
sil, p je tlak, I_T zgorevalni in E sevalni izvirni/
ponorni ¢len, 7, in ¢, sta viskozni napetostni tenzor
in toplotni tok. Z uporabo RPNS nastanejo dodatni
¢leni, ki jih imenujemo Reynoldsove napetosti
(pv';v') in tokovi (pv';¢"). Modelirani so z
uvajanjem turbulentne viskoznosti 77. Reynoldsov
napetostni tenzor je doloCen z Boussinesqovim
modelom turbulentne viskoznosti 7,:

2
puL; = 3517[pk +1,

Turbulentno viskoznost lahko izra¢unamo z
uporabo razli¢nih turbulentnih modelov za sklenitev
sistema Reynoldsovih enacb. Za potrebe modeliranja
predstavljenega reaktivnega toka smo uporabili
dvoenacbni turbulentni model k£ - €. Uporabo
turbulentnega modela k - € je v primerih modeliranja
reaktivnih tokov pokazalo ve¢ avtorjev ([5], [7], [8],
[10]in[16]) kot zelo uspesno. Turbulentna viskoznost
se izra¢una z uporabo:

p, h and u_] are the mean values of density, enthalpy
and fluid velocity, f;. is the sum of all the volume
forces, p is the pressure, Z is the combustion and
I, is the radiation source/sink terms. 7, and g, are
the viscous stress tensor and the heat flux, respec-
tively. Applying RANS, some additional terms have
been produced named the Reynolds’ stresses
(pv';v',) and fluxes (pv'; ¢'). They are modelled
by the introduction of the turbulent viscosity 7.
The Reynolds’ stress tensor is expressed with the
Boussinesq model of turbulent viscosity 7;:

a“’fj—n{a”f +a“f] ©.
X

Ox; Ox,

Turbulent viscosity can be determined us-
ing various turbulent models to closedown the sys-
tem of Reynolds’ equations. The two-equation & - €
turbulent model is used for the purpose of the pre-
sented reacting flow modelling. The application of
the k - € turbulent model in the modelling of reacting
flows has already been proven by many authors ([5],
[71, 8], [10] and [16]) as a very successful one. The
turbulent viscosity is computed using:

k2

; :pcqi (7)’
&

kjer je k turbulentna kineti¢na energija— k = 05(@)
in € njeno razsipanje (nepovracljiva sprememba
kineti¢ne energije v notranjo energijo).

Lokalne vrednosti & in € se izracunajo z
uporabo naslednjih prenosnih enacb:

o Ox ;
0 -
—(pe)+—\0e)-
= (2) o ©¢)
izvirna ¢lena sta modelirana kot:
oD,
1 K= 771[ :
Oox f

% (k) (o)~

1, | %k
) l:(n " U,(J ox ; :‘
»Hm(’j’];ﬂ:a O,

where £ is turbulent kinetic energy — & = 05(@)
and ¢ is its dissipation (irreversible transformation
of kinetic energy into internal energy).

Local values of k and € are computed using
the following transport equations:

I, ®)

the source terms are modelled as:

oV, | oD,
N U’Jau’—p«f (10)
Ox;

6xj
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[E:CIE ’71‘ an +
k Ox;

Reynoldsov entalpijski tok pv’h’ venacbi
(5) je prav tako dolocen s turbulentno viskoznostjo:

kjer je Pr, turbulentno Prandtlovo Stevilo. C,, C,, C,,
o, in o so stalnice, katerih vrednosti, ki smo jih
uporabili v naSem delu, so: C,7:0,09; C=1,44;
C=1,92; 0=1inc=1,3.

Konvektivno-difuzivna enacba masnega
deleza (&) komponente k ima zaradi Reynoldsovega
povprecenja dodatni ¢len, ki ga imenujemo
turbulentni tok masnega deleza:

PE)

in ga lahko modeliramo s turbulentno viskoznostjo z
uporabo modela k-¢. Celotna konvektivno-difuzivna
enacba za masni delez je:

L6E) ZGoE) L[

kjer je Sc, turbulentno Schmidtovo §tev1lo in D, je
molekularna snovska difuzivnost sestavine k. Z
novim ¢lenom:

r -

lahko enacbo (14) ponovno zapisemo kot:

s

Izvorni ¢len energijske enacbe (E ) inenacbe
masnega deleza (7, ) izratunamo z naslednjima
enaCbama, pri cemer je @, izraCunana s turbulentnim
modelom zgorevanja:

. N
I, ==> AH} @,
k=

15 [

kjer sta AH®, standardna tvorbena entalpija in M,
molska masa sestavme k. V enacbah (17) in (18)
predstavlja @, stopnjo nastanka/porabe
komponente k in je definiran z naslednjim izrazom:

_ 1 9¢
Sc, ox;

o0&,
) j(PUka) 8x][ keffax] [ga

= (V/: -V )Ek

oo

v, |00, &’
— S| C p=
ax,}axj P

1.

The Reynolds’ enthalpy flux pv’h" inequa-
tion (5) is also defined with turbulent viscosity:

(12),

where Pr, is the turbulent Prandtl number. C,, C, C,,
o, and o, are constants, and their values used in the
presented work are: C,]:0.09; C=144,C=1.92;6=1
and =1.3.

The convection—diffusive equation of mass
species (&) of the component & has, due to Reynolds’
averaging, an additional term called the turbulent

mass species flux:

(13)

and can be modelled with turbulent viscosity using
the k-& model. The complete advection—diffusive
mass species equation is:

77t aé:k — T
Sk
Sc, ) ox;

where Sc, is the turbulent Schmidt number and D,
the molecular diffusion coefficient of component 4.
With the new term:

(14),

Ui Ui
LT 4
se, *Tse (15)
equation (14) can be rewritten as:
(16).

The source terms of the energy (Z ) and
mass species (/, ) transport equations are computed
by the following two equations, where @, is com-
puted by the turbulent combustion model:

(17)
=M o (1 8),
where AH° is the standard formation heat and M,

the molecular mass of the component & . In equa-
tions (17) and (18) the @, stands for the formation/
consumption rate of component k and is defined by
the following expression:

(19),
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ki je zapisan za splo$no obliko kemijske reakcije:

which is written for the general form of the chemical
reaction:

N N
’ TN "
ZVka - ZVka (20)’
k=1 k=1

kjer v’ in v”, oznaCujeta stehiometricne koeficiente
komponente & za reaktante oziroma produkte. Hitrost
kemijske reakcije R, v enacbi (19) raunamo z
ustreznimi modeli zgorevanja. Izpostaviti velja, da je
dandanes v prakti¢ni uporabi veliko Stevilo
turbulentnih modelov zgorevanja. Njihova uporabnost
je odvisna od tipa zgorevanja (difuzijski, kineti¢ni,
meSani), vrste goriva (trdno, kapljevito, plinasto) in
kurilne naprave (peci, kotli, motorji). Ve¢ina modelov
vsebuje razlicne empiri¢ne stalnice in jih je treba
dolociti za vsak primer posebej. Pri tem pa je treba
poudariti, da zaradi velike nelinearnosti povprecna
vrednost hitrosti kemijske reakcije ni enaka vrednosti,
katerih osnova so povprecne vrednosti temperature
in koncentracije sestavin reaktivnega toka:

R =R(T.E)

ki jih dobimo z reSevanjem RPNS. Uporaba
povpre¢nih vrednosti lahko v posameznih primerih
vodi do napacnih izra¢unov reakcijskih hitrosti [9].
V takih primerih je treba uporabiti primernejse
statisticne modele zgorevanja na podlagi
porazdelitvenih verjetnostnih funkcij (PVF). V
primerih modeliranja postopkov zgorevanja z nizjimi
oscilacijami temperature v zgorevalnem prostoru, kar
je znacilno tudi za na$ predstavljen primer, dajejo
empiri¢ni modeli sprejemljive rezultate ([8] in [10]).
Izvorni sevalni ¢len 7, modeliramo z
razlicnimi sevalnimi modeli, ki pomenijo
poenostavitev sevalne prenosne enacbe [4]. [zvirni
¢len je divergenca skupnega sevalnega toplotnega
toka ¢*, ki ga dobimo z integracijo spektralnega
sevalnega toplotnega toka ¢, po celotnem spektru:

J— a R
1, =—I|q;
R axj (q/

kjer je spektralni sevalni toplotni tok ¢,® enak:

where v’, and v”, designate the stoichiometric coeffi-
cients of component k for the reactants and products,
respectively. The chemical reaction rate R, in equation
(19) is calculated using appropriate combustion models.
It has to be pointed out that nowadays many turbulent
combustion models are in practical use. Their applica-
tion depends on the type of combustion (diffusion, ki-
netic, mixed), fuel type (solid, liquid, gaseous) and com-
bustion device (furnace, boiler, engine). Most of the
models include various empirical constants that need to
be individually determined case by case. It needs to be
pointed out that, due to the high non-linearity of the
problem, the average value of the chemical reaction rate
is not equal to the reaction-rate value based on the aver-
age values of the temperature and mass species

k=1,.,N (1),

that are achieved by solving the RANS equations.
The use of the average values in certain instances
can lead to false computation results of the reaction
rate [9]. In such instances it is reasonable to apply
more appropriate statistical combustion models
based on probability density functions (PDFs). In
the case of combustion modelling at lower tempera-
ture oscillations in the combustion chamber, as in
the presented case, the empirical models provide
acceptable results ([8] and [10]).

The radiation source term 7, is modelled
with different radiation models that represent a sim-
plification of the Radiation Transport Equation [4].
The source term is a divergence of the total radiative
heat flux ¢®, obtained by integrating the spectral
radiative heat flux ¢, over the spectrum:

)= [a v @)

where the spectral radiative heat flux ¢, is:

g,k (r,n;) = jsjnj.lv (r;,5,)dQ, (23).

V enacbi (23) r oznacuje vektor lokacije, n.
normalni vektor, s, smerni vektor in /7, je spektralni
sevalni prenos v dolo€eni smeri, prostoru in spektru
na temelju emisije, absorbcije in razprsitve po
prenosnem sredstvu.

In Equation (23) r designates the vector
location, n, is the normal vector, s, is the direction
vector and /, is the spectral radiative transfer in a
fixed direction, location and spectrum based on emit-
ting, absorbing and medium scattering.
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Obravnavali smo tudi sevalni model za bolj
natancen popis fizikalnega dogajanja, ki se odvija v
termoreaktorju. Kratka analiza razli¢nih sevalnih
modelov je pokazala le manjSe razlike v numeri¢nih
rezultatih ob uporabi privzetih nastavitev
programskega paketa. Zato je sevalni model vpet v
rac¢unsko analizo, vendar ne bo predmet podrobnejse
razprave v tem prispevku.

V naSem predstavljenem primeru gre za
difuzijsko obliko zgorevanja plinov (zmes CO in CH,)
v valjastem zgorevalnem prostoru (sl. 1) s
protitocnim vplivom vzgona. Gre za specifi¢en
primer, znacilen za sezigalnice z lo¢eno sekundarno
komoro, za katerega ni na voljo splosno uporabnega
modela zgorevanja. V ta namen smo preizkusili in
ovrednotili razlicne modele zgorevanja, ki so na
voljo v programu CFX: mesalni (imenovan MIB),
vrtinéni (im. EBU), vrtin¢no-disipacijski model
(im. EDC), model kon¢ne hitrosti kemijskih reakcij
(im. FRC) in kombiniran model slednjih dveh
(im. COMBINED). Nekateri modeli dodatno
omogocajo tudi izraCun vecstopenjske kemijske
kinetike, ki omogoca podrobnejso analizo pogojev
nastanka Skodljivih snovi.

3 MODELI TURBULENTNEGA ZGOREVANJA
3.1 MeSalni model (MIB)

Model zgorevanja MIB predpostavlja hitre
kemijske reakcije zgorevanja. To pomenti, da pride do
trenutne reakcije, ¢e so na istem mestu navzoci
reaktanti in ob tem nastanejo produkti zgorevanja.
Predpostavimo, da se gorivo in oksidant vezeta pri
stalnem razmerju 7, ki ga imenujemo stehiometri¢no
razmerje, tako da je:

The radiation model was also considered
for describing more accurately the physical events
presented in a thermoreactor. A brief analysis of dif-
ferent available radiation models showed only mi-
nor differences in terms of the achieved numerical
results, using the program package’s default settings.
Thus the radiation model is included in computa-
tional analysis but will not be discussed in more
detail in this paper.

In the presented case there is a diffusion
type of gaseous combustion (CO and CH, mixture) in
the cylindrical combustion chamber (Figure 1), with a
cross flow buoyancy influence. It is a specific case
problem, common for incinerators with a separated
secondary chamber for which there is no available
combustion model, in general. For this purpose dif-
ferent combustion models available in the CFX pro-
gram: Mixed is burnt (MIB), Eddy break up (EBU),
Eddy dissipation combustion (EDC), Finite rate chem-
istry (FRC) model and the combined (COMBINED)
model of the last two, were tested and evaluated. Some
models additionally enable the computation of multi-
step chemical kinetics, providing more detailed nu-
merical analyses of the pollutant formation conditions.

3 TURBULENT COMBUSTION MODELS
3.1 Mixed IS Burnt Model (MIB)

The MIB combustion model presumes infi-
nitely fast chemical reactions of combustion. Thus,
if reactants are present at the same place and time,
instantaneous reaction occurs and produces com-
bustion products. Assuming that the fuel and oxi-
dant react at a constant ratio i, also called the “stoi-
chiometric ratio”, such that:

1 kg goriva + i kg oksidanta — (1 + i) kg produktov

1 kg fuel + i kg oxidant = (1 + i) kg products

potem lahko delez zmesi f (reakcijska koordinata) za
reakcijo definiramo kot [4]:

(24),

then the mixture fraction f for the reaction can be
defined as[4]:

f — Z B Z()
X = Xo 25),
kjerje: where:
X=8&— L (26)

in £je masni delez in indeksa F'in O pomenita gorivo
in oksidant. Tako sta y,, in y, uporabljena v enacbi
(25)enaka y,=-1/iin y, =1.

i

and £ is the mass fraction and the indices F and O
stand for the fuel and the oxidant. The y, and y,
applied in equation (25) are ¥, =—1/i and y, =1,
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Srednja vrednost deleza zmesi fje oznacena
kot F in jo racunamo z naslednjo obliko prenosne
enacbe [4]:

o

° pF+
Ox;

ot

kjer so pgostota tekocine, v srednja hitrost tekocine,

7 in 77, sta molekularna in turbulentna viskoznost

tekoCine in Pr, je ekvivalentno turbulentno
Prandtlovo $tevilo.

Stopnja nastanka/porabe @, komponente

kv enacbi (19) se izraCuna na podlagi deleza zmesi:

e je/if F > F,, potem/then:&,. =

Ce je/if F < F;, potem/then:&, =1-—,¢&,

kjer je Fsr = L (#=0) in &, oznacuje masni deleZ
produktov zgorevanja.

Ta model je pogosto uporabljen za
modeliranje Cistega difuzijskega plamena, za kar sta
potrebna dva lo¢ena vhodna tokova reaktantov.
Pomanjkljivost modela je v enostopen;jski neskoncno
hitri kemijski reakciji, kar onemogoca napovedovanje
ostankov nepopolnega zgorevanja in vmesnih
radikalov.

3.2 Vrtin¢ni model (EBU)

Model zgorevanja EBU se uspesno
uporablja za modeliranje odprtega plamena in
modeliranja v industrijskih peceh in zgorevalnih
napravah [4] z razli¢nimi gorivi.

Pri simulacijah zuporabo modela zgorevanja
EBU se resuje prenosna enacba za srednji delez zmesi
in masni delez goriva. Masna deleza oksidanta in
ostankov se izracunata z uporabo algebrai¢nih in ne
diferencialnih enacb. Vsota vseh teh treh masnih
delezev (gorivo, oksidant, ostanki) je v vsaki
posamezni kon¢ni prostornini enaka ena. To
omogoca socasni obstoj goriva, oksidanta in
produktov v zmesi, kar je blizu dejanskim razmeram
zgorevanja v vecjih kurilnih napravah s stalnim
dovodom goriva.

Hitrost kemijske reakcije je sorazmerna:

pri Cemer je ¢ odvisen od turbulentnega polja in pomeni
dobo trajanja vrtincka oziroma ¢as njegovega razpada:
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(pvF )—a%((m

The mean value of the mixture fraction f'is
designated with F and is computed with the follow-
ing form of transport Equation [4]:

i] aF]:o
Pr,

ox,
where pis the fluid density, vis the mean velocity of
the fluid, 7 and 7, are the molecular and turbulent
viscosities of the fluid and Pr, is the equivalent tur-
bulent Prandt] number.
The formation/consumption rate @, of the
component k in Equation (19) is based on the mix-
ture fraction:

F-F,
1-F,
F

@,

160 =0,6p =1-G;
(28),
=0,8, =1-¢,
ST 1
where Fy, = 13 (#=0) and &, designates the com-
bustion products’ mass fraction.

This model is frequently used for mod-
elling a pure diffusion flame requiring two sepa-
rate intakes of reactants. The deficiency of the
model is in its one-step infinitely fast chemical
reaction that prevents products of incomplete
combustion and intermediate radical predic-
tions.

3.2 Eddy Break-up Model (EBU)

The EBU combustion model is successfully
applied for open-fire modelling and industrial-fur-
nace and combustion-device modelling [4] for vari-
ous fuels.

The transport equation for mean-mixture
fraction and fuel-mass fraction is solved by apply-
ing the EBU combustion model. The mass fractions
of the oxidant and the products are computed using
algebraic equations instead of differential equations.
The sum of all three mass fractions (fuel, oxidant
and products) equals one in every single finite vol-
ume. This enables the simultaneous existence of fuel,
oxidant and products in a mixture that is close to
combustion conditions, in larger combustion devices
with a continuous fuel supply.

The chemical reaction rate is proportional to:

29),

where ¢ depends on the turbulent field and repre-
sents the eddy lifetime or its decay time:
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kjer sta k turbulentna kineti¢na energija in & njeno
razsipanje. Hitrost kemijske reakcije je skladno s
hipotezo tega modela tudi sorazmerna oscilacijam
masnega deleza sestavin:

Nazadnje lahko zapiSemo tudi formulacijo
hitrosti kemijske reakcije [4]:

R =-

Stalnico C,,,, je treba skladno s priporocili
in izkuSnjami prilagoditi specifi¢ni simulaciji
zgorevanja. V okviru nase raziskave je imela stalnica
vrednost C,, =4.

Model je primeren le za simulacije, kjer ima
mesSanje oziroma tokovno dogajanje odlocilno vlogo
pri zgorevanju. Ne vkljucuje pa tudi ¢lenov, ki v
tokovnem smislu pomenijo omejitve zgorevanja (npr.
ugasnitev plamena, hladne cone, slabo meSanje).
Model tudi ne omogoca napovedi koncentracij
produktov nepopolnega zgorevanja.

3.3 Vrtinéno disipacijski model (EDC)

Model EDC temelji na predpostavki, da
so kemijske reakcije hitrejse od difuzijskih pojavov
v reaktivnem tokovnem polju. Ko se reaktanti
premesajo na molekularnem nivoju, dobimo
produkte zgorevanja. Pri turbulentnih tokovih je
¢as meSanja v glavnem odvisen od karakteristik
vrtincev. Zato je hitrost reakcije sorazmerna casu
mesanja:

hitrost reakcij

V modelu EDC je hitrost kemijske reakcije
doloc¢ena z manjSo vrednostjo naslednjih izrazov z
upostevanjem [4]:
reaktantov:

R =42

min|
k [

kjer je [X ] molska koncentracija komponente &
in vkljucuje samo reaktante, 4 pa je stalnica
modela, katere vrednost se razlikuje od primera
do primera; v naSem primeru je bila 4=4;
produktov:

Analiza pogojev zgorevanja - An

1

- (30)
t, k ’
where £ is the turbulent kinetic energy and ¢ its dis-
sipation. According to the hypothesis of this model
the chemical reaction rate is also proportional to the
oscillations of the component mass fraction:
P
i = Si @31).
Finally, the formulation of the chemical re-
action rate can be written as [4]:

Een
CEBU:D ; é:kz (32).

The constant C,, needs to be adjusted
for a specific combustion simulation, in accordance
with recommendations and experience. In our inves-
tigation the constant value was C,, =4.

The model is convenient for simulations
where mixing or flow conditions are crucial for com-
bustion. It does not include terms limiting combus-
tion in the case of flow disturbances (i.e., flame ex-
tinguishing, cold zones, improper mixing). Product
concentrations of incomplete combustion cannot be
predicted using this model.

3.3. Eddy-Dissipation Model (EDC)

The EDC model is based on an assumption
that chemical reactions are faster than diffusion proc-
esses in a reacting flow field. The products of com-
bustion are produced when reactants are mixed at
the molecular level. In turbulent flows the mixing
time basically depends on the eddy’s properties. The
reaction velocity is, therefore, proportional to the
mixing time:

e / reaction rate oc % (33).
The chemical reaction rate in the EDC model

is determined by the lower value of the following

expressions by considering [4]:

reactants:

[Xk]j

V'
where [X,] is the molar concentration of compo-
nent k, including only the components of the
reactants, 4 i1s a constant and its value varies
from case to case, and in this case it was A=4;
products:

(34),
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R, = AB

kjer P obsega vse sestavine produktov v
elementarni reakciji (enacba 20), B pa je dodatna
stalnica modela (v nasem primeru B=-1). Pri
vecstopenjskih reakcijah (2 ali 5 reakcijskih
stopenj) je v uporabi samo izraz (34).

Podobno kakor drugi modeli tudi ta vsebuje
stalnice, ki jih je treba dolociti na podlagi preizkusov
in priporocil. Hitrost kemijske reakcije je odvisna od
jakosti tokovnega polja (f(k)). Uporaba
vecstopenjske kinetike omogoca napoved
koncentracij pomembnej$ih vmesnih produktov
zgorevanja (radikalov) in koncentracij produktov
nepopolnega zgorevanja.

3.4 Model kon¢ne hitrosti kemijskih reakceij (FRC)

Model FRC predstavlja kineticni model
zgorevanja, ki se vecinoma uporablja za simulacijo
laminarnega zgorevanja. Splosno je uporaben tudi za
turbulentno zgorevanje v primeru reSevanja NSE z
neposrednim simuliranjem. V nekaterih primerih, ko
nihanja temperatur niso prevelika, pa je uporaben tudi
v primeru re§evanja RPNS. Se posebno je uporaben v
primeru sestavljenih modelov z reSevanjem podrocij
Sibke turbulence reaktivnih tokov. Hitrost kemijske
reakcije lahko zapiSemo za nasprotujoco kemijsko
reakcijo (20) na podlagi zakona o delovanju mas v
naslednji obliki [4]:

B N ) N ;
Rk:k‘fH[Xk]v,‘ - bl_[[)(k]vA
k=1 k=1

kjer je [X,] molska koncentracija komponente £, kf in
k, pa stalnici hitrosti kemijskih reakeij (naprej in
nazaj), ki jih izracunamo z Arheniusovo enacbo:

E
k,,=AT" exp| ——%
b & p( R Tj

kjer so:

Ay e predeksponencialni faktor,

[S AR temperaturni eksponent (brezrazsezni),
E, .. energija aktiviranja,

T..... temperatura,

R .. splosna plinska stalnica.

Vrednosti koeficientov 4,, B, in E, so
podane v preglednicah [2], [3] in [11] za razli¢ne tipe
kemijske reakcije v smeri naprej in nazaj.
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P

k=1

XM,

=

r
dVIM,
k=1

(35),

where P includes all the components of the prod-
ucts in the elementary reaction (Equation 20) and
B is an additional model constant (B =-1 for our
application). Applying multi-step reactions (2 or
5 reaction steps) only expression (34) is in use.
Like others, this model includes constants
that have to be determined based on experiments
and recommendations. The chemical kinetic rate de-
pends on the flow-field intensity (f{(k)). The use of
multi-step kinetics enables the prediction of impor-
tant intermediate combustion products (radicals) and
the concentrations of incomplete combustion prod-
ucts.

3.4 Finite-Rate Chemistry Model (FRC)

The FRC model represents a kinetic com-
bustion model applied mostly for a laminar combus-
tion simulation. In the general case of turbulent com-
bustion it is applicable for solving NSE by a direct
simulation method. In specific circumstances when
the temperature oscillations are not too high it can
also be used in the case of RANS equations. It is
especially applicable for the case of combined mod-
els solving low turbulence issues regarding react-
ing flows. The chemical reaction rate can be written
for the opposite chemical reaction (20) based on the
law of mass interaction in the following form [4]:

(30),
where [X ] is the molar concentration of component 4,

kf and k, are chemical reaction rate constants (forward
and backward) computed by the Arrhenius equation:

G,
where
Ay e pre-exponential factor,
S temperature exponent (dimensionless),
E, .. activation energy,
T..... temperature,

R ... general gas constant.

The values of the coefficients 4,, f, and E,
are listed in Tables [2], [3] and [ 1 1], for different types
of chemical reactions for forward and backward rates,
separately.
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Model FRC je uporaben predvsem za
podrocja reaktivnega toka, kjer ima kemijska kinetika
zgorevanja prevladujo¢ vpliv v primerjavi s
turbulentnim meSanjem. S tega vidika za celotno
podrocje reaktivnega toka model samostojno ni
uporaben, ampak skupaj z nekaterimi drugimi modeli,
obicajno EDC.

3.5 Sestavljeni model (COMBINED)

V okviru programa CFX prestavlja model
COMBINED sestavo modelov EDCin FRC. V primeru
uporabe tega modela se loceno racunajo reakcijske
hitrosti po obeh modelih. V modelu EDC je hitrost
kemijske reakcije povezana s turbulenco in v primeru
Sibke turbulence bo vrednost reakcijske hitrosti velika
zaradi majhne vrednosti turbulentne kineti¢ne energije
(enacbi (34) in (35)), medtem ko bo vrednost reakcijske
hitrosti po modelu FRC manjsa. V primeru mocne
turbulence so razmere nasprotne, zato za nadaljnji
izraun uporabimo manjso vrednost reakcijske hitrosti,
izratunane z obema modeloma, kar bolje opisuje
dejanske razmere. Enak postopek se odvija v vsakem
racunskem koraku. Tako je lahko v prvem koraku
zgorevanje omejeno s kemijsko kinetiko, v drugem pa
s turbulentnim meSanjem na istem kraju.

Model je uporaben za razli¢ne tipe turbulentnega
reaktivnega toka s Sirokim obmocjem Damkdhlerjevih
Stevil, ki podaja razmerje med hitrostjo kemijske kinetike in
jakostjo turbulence. Pomanjkljivost modela je daljsi ¢as
raCunanja, ki je potreben zaradi dvojnega racunanja
izvomih ¢lenov zrazlinima modeloma zgorevanja.

4ROBNIPOGOJI IN NUMERICNI
MODEL

Robne pogoje termoreaktorja (sl. 2) smo

dolo¢ili na podlagi dejanskih obratovalnih razmer v

pilotni sezigalni napravi:

- hitrost plinov iz primarne komore: 0,25 m/s (= 30
m’/h),

- temperatura plinov iz primarne komore: 700 °C,

- hitrost zraka skozi sekundarne dovode: 6 m/s pri
60 % skupne dovedene koli¢ine zraka,

- hitrost zraka skozi terciarne dovode: 4 m/s pri 40
% skupne dovedene kolicine zraka,

- temperatura dovedenega zraka: temperatura
okolice sezigalnice (= 25 °C),

- smer dovedenega zraka za vsak dovod posebe;j
po nacrtu sezigalnice

The FRC model is primarily applicable for
reacting flow where combustible chemical kinetics
holds a dominant role compared to turbulent mix-
ing. The model is inapplicable itself for a complete
range of turbulent reacting flows so it is usually in
combination with other models, mostly with the EDC
model.

3.5 Combined Model (COMBINED)

The COMBINED model in CFX is composed
ofthe EDC and FRC models. In the application of this
model the reaction rates are calculated separately with
both models. In the EDC model the reaction rate is
linked to turbulence and, in the case of low turbu-
lence, the reaction rate is high due to the low turbu-
lent kinetic energy (Equations (34) and (35)), while
the value of the FRC model is lower. In the case of
higher turbulence intensity, the conditions are
inversed and for further calculation the lower value of
both models is used, reflecting the real physical cir-
cumstances better. The same procedure is consid-
ered at every calculation step. Therefore, the first step
can be limited by chemical kinetics and the second
step by turbulent mixing at the same place.

This model seems to be applicable for vari-
ous types of turbulent reacting flows with a wide range
of Damkdhler numbers that define the relationship
between the chemical reaction rate and the turbulence
intensity. The model’s weakness is a longer computa-
tional time because of the double computation of
source terms with different combustion models.

4 BOUNDARY CONDITIONS AND NUMERICAL
MODEL

The real operating parameters of the pilot-scale
incinerator were considered for prescribing the correspond-
ing boundary conditions of the thermoreactor (Figure 2):
- velocity of volatile gases from the primary cham-
ber: 0.25 m/s (= 30 m’/h),

- temperature of volatile gases from the primary
chamber: 700°C,

- velocity of air through the secondary air inlets: 6
m/s at 60 % of total air inflow,

- velocity of air through the tertiary air inlets: 4 m/s
at 40% of'total air inflow,

- temperature of added air: incinerator surround-
ing temperature (= 25°C),

- air directions for every single inlet, based on the
blueprint;
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Preglednica 1: Prostorninska sestava plinov na vstopu v termoreaktor
Table 1: Volume gas composition at the thermoreactor inlet

Komponenta / Component

CO

CH4 CO, H,O N,

Pros. vrednost [%] / [%)] by vol.

14

50 4

29

in jih ohranili nespremenjene ves Cas izbire modela
zgorevanja.

Preizkus smo izvedli z industrijskim
gorivom, proizvedenim iz komunalnih odpadkov
(GTO-SRF). Sestava plinov na vstopu v termoreaktor
je podana v preglednici 1.

Da bi ugotovili relativni vpliv posameznega
obratovalnega parametra na doseganje pogojev
popolnega zgorevanja, smo za izracune z izbranim
modelom zgorevanja kasneje spremenili mnogo
robnih pogojev (npr. koli¢ino plina in njegovo
sestavo, kurilno vrednost, vstopne hitrosti in
koli¢ine zraka).

Za izdelavo diskretnega modela in
zamrezitve geometrijske oblike termoreaktorja smo
uporabili dva programska paketa. Programski paket
CFX 4.4, ki vsebuje modela zgorevanja MIB in EBU,
omogoca izdelavo le strukturirane zamrezitve.
Programski paket CFX 5.7, ki vsebuje preostale
modele zgorevanja (EDC, FRC in COMBINED), pa

Dovod sekundarnega zraka:

- koli¢ina —

- smer T RER)
§ e aFaran

- temperatura AR

b B,
Secondary air inlets: ;"‘%:‘m”‘
o

- amount

- direction

- temperature

Dovod terciarnega zraka:

keeping them unchanged during the combustion
model selection.

The experiment was conducted on indus-
trial fuel produced from municipal solid-waste (SRF-
solid-recovered fuel). The composition of the gas
entering the thermoreactor is shown in Table 1.

In order to find the relative influence of the
operating parameters on achieving complete com-
bustion conditions, many of the boundary condi-
tions (i.e., amount and composition of the gas, calo-
rific value, air inlet velocities and quantities) changed
for the calculations to be done later by the selected
combustion model.

The geometry modelling and its meshing
were performed using two program packages. The
CFX 4.4 program package, involving the MIB and
EBU combustion models, enables structured mesh-
ing only. The CFX 5.7 program package, which in-
cludes other combustion models (EDC, FRC and
COMBINED), also enables unstructured meshing of

/_Hlapni plini iz primarne komore:
- koli¢ina
- sestava
- temperatura
Volatile gases from primary chamber:
- amount
- composition
- temperature
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Sl. 2. Robni pogoji in zamreZitev termoreaktorja
Fig. 2. Thermoreactor boundary conditions and meshing
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omogoca tudi nestrukturirano zamrezevanje
geometrijske oblike. Test gostote strukturirane mreze
je pokazal, da mreze, ki so bolj grobe od 275.674 kon¢nih
prostornin, izracunajo rezultate, ki niso dovolj natancni
v primerjavi z izmerjenimi vrednostmi (temperatura in
sestava dimnih plinov). Bolj gosta zamrezitev pa
omogoca prakticno enako natancen rezultat kakor z
275.674 konénimi prostorninami, pri éemer se je za izracun
porabilo veliko ve¢ racunskega ¢asa. To Stevilo kon¢nih
prostornin je omogocilo dobro natan¢nost in veliko
hitrost izraCuna in je bilo osnova za nadaljnje delo. Enak
test gostote zamrezitve geometrijske oblike je bil
ponovljen za nestrukturirano zamrezitev in zamrezitev
s 123.273 kon¢nimi prostorninami (sl. 2) je bila izbrana
za nadaljnje delo. Za izbiro primernega modela
zgorevanja smo uporabili oba programska paketa CFX.

51ZBIRAMODELA ZGOREVANIJA

Opravili smo kakovostno analizo in
primerjavo rezultatov, dobljenih z razli¢nimi modeli
zgorevanja. Model FRC je bil preizkusen v kombinaciji

35

the geometry. The mesh dependency testing of the
structured geometry meshing showed that meshes
coarser than 275,674 finite volumes did not produce
results that were accurate enough, compared with
the measured ones (i.e., temperature and flue-gas
composition). Denser meshes produced results prac-
tically the same compared to the 275,674 finite vol-
umes but took up much more computational time.
This number of structured finite volumes offered
good accuracy and high computational speed, and
it was the basis for further work. The same mesh-
dependency testing was repeated for unstructured
mesh, and the meshing with 123,273 finite volumes
(Figure 2) was chosen for further work. Both CFX
program packages have been used to select the ap-
propriate combustion model.

5 COMBUSTION MODEL SELECTION

Qualitative analyses and a results compari-
son obtained using different combustion models were
performed. The FRC model was tested in combination

N
13

—EDCM (1 stopenjski - 1 step)
—EDCM (2 stopenjski - 2 step)
——EDCM (5 stopenjski - 5 step)
— COMBINED {1 stopenjski - 1 step)
—— COMBINED (2 stopenjski - 2 step)
— COMBINED (5 stopenjski - 5 step)

MiB

Hitrost - Velocity [m/s]

Povprecna vrednost ind vzdolimi ds

-25

T \l«?b % A
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Sl. 3. Primerjava rezultatov povprecnih hitrosti
Fig. 3. Average velocity results comparison
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z modelom EDC (model COMBINED). Zgorevalna
modela EBU in MIB sta bila preizkuSena z uporabo
programskega paketa CFX 4.4. Zaradi velikega Stevila
izracunanih rezultatov, ki so posledica izbranih mrez,
smo se pri analizi omejili na vzdolzno sredinsko
ravnino termoreaktorja. Vse izracunane vrednosti
reaktivnega tokovnega polja v tej ravnini smo
povprecili na dolo€eni visini termoreaktorja, da bi
lahko nato primerjali vse rezultate ne glede na gostoto
in obliko zamrezitve (strukturirana, nestrukturirana)
v enem grafu.

Slika 3 prikazuje primerjavo povpre¢nih
hitrosti vzdolz termoreaktorja, kjer so razvidne o€itne
razlike med rezultati razlicnih modelov zgorevanja.
Razlik med rezultati modelov EDC in COMBINED
prakticno ni. Prav tako ni razlik rezultatov pri uporabi
enostopenjskih in vecstopenjskih modelov. Na sliki
3 je dobro viden vpliv dovoda sekundarnega in
terciarnega zraka.

Na sliki 4 je podana primerjava temperatur,
izracunanih z razli¢nimi modeli zgorevanja. Z
modeloma zgorevanja EDC in COMBINED smo
izracunali temperature, katerih vrednosti so v
obmocju med vrednostmi, dobljenimi z modeloma
zgorevanja MIB in EBU. Modela EDC in COMBINED
izraCunata povprecne temperature v termoreaktorju
okrog 1300 K. To se ujema s povprec¢no obratovalno
temperaturo v termoreaktorju ob pogojih
obratovanja, ki so enaki robnim pogojem pri
numeri¢nem izra¢unu in po nasih meritvah znaSajo
okrog 1273 K (sl. 5). Ugotovili smo, da razli¢no Stevilo
stopenj kemijskih reakcij posameznega modela
izracuna prakti¢no enake temperature, kar pomeni,

2100

with the EDC model (COMBINED model). The EBU
and MIB combustion models were compared applying
the CFX 4.4 program package. The analyses were re-
duced to the longitudinal middle plane of the
thermoreactor because of the large number of results
produced by the selected meshes. All the computed
results of the reacting flow field at this plane were aver-
aged on the single height of the thermoreactor, in order
to compare all the results in one graph, regardless of
mesh thickness and type (structured, unstructured).
Figure 3 presents a comparison of the aver-
age velocities alongside the thermoreactor, show-
ing great differences in the results obtained by dif-
ferent combustion models. However, there are al-
most no differences between the EDC model and the
COMBINED combustion model. There are also no
differences between the various single or multi-step
reaction models. The secondary and tertiary air in-
lets and their influences are clearly seen in Figure 3.
Figure 4 shows the temperature values,
computed using various combustion models. The
temperature results obtained by the EDC and COM-
BINED combustion models are in a range between
the values of the MIB and EBU combustion models.
The average temperature values computed by the
EDC and the COMBINED combustion models in the
thermoreactor are around 1300 K. This is consistent
with the measured average values of temperature in
the thermoreactor (Figure 5) under operating condi-
tions equivalent to the prescribed boundary condi-
tions applied in the numerical calculations. It was
found that single and multi-step chemical reaction
models produced practically the same temperature

MIB
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—EDCM (1 stopenjski - 1 step)
—EDCM (2 stopenjski - 2 step)
——EDCM (5 stopenjski - 5 step)
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-15 -2 -25
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Sl. 4. Primerjava rezultatov povprecnih temperatur
Fig. 4. Average temperature results comparison
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Temperaturna zaznavala
Temperature sensors

Temperatura
Temperature
(Plane 1)

1350 K
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vrednosti
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values
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1.570e+003
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1.510e+003
1335 K
Izra¢unane
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values

— 1.480e+003

—1.450e+003

1320 K

CeExey

S

Sl. 5. Temperaturna tipala na pilotni sezigalnici in rezultati simulacije
Fig. 5. The positions of temperature sensors in the thermoreactor, and the comparison of temperature values

da dodajanje reakcijskih stopenj ne vpliva bistveno
na kakovost rezultatov temperaturnega in tokovnega
polja. To pomeni, da je za izraCun temperaturnega
polja popolnoma zadovoljivo uporabiti enostopenjski
model, s ¢imer prihranimo nekaj racunskega Casa.

Slika 6 prikazuje vrednosti masnega deleza
goriva vzdolz termoreaktorja. Vidimo lahko, da so si
rezultati vseh modelov precej podobni. Menimo, da
je to posledica majhnih koncentracij produktov
nepopolnega zgorevanja, ki tako samo neznatno
vplivajo na izraCunani masni delez goriva v postopku
zgorevanja.

Glavna prednost vecstopenjskih modelov
se izkaze v primeru izracuna nekaterih produktov
nepopolnega zgorevanja, kar je prikazano na sliki 7,

06

results, meaning that the additional reaction steps do
not significantly influence the qualities of the tem-
perature and flow-field results. It means that for the
temperature-field calculation, it is sufficient to use sin-
gle-step models, thus also saving computational time.

Figure 6 shows the values for the fuel mass-
fraction along the thermoreactor. It can be seen that
the results are quite similar for all the models. It seems
to be the consequence of low concentrations of in-
complete combustion products insignificantly influ-
encing the computed fuel mass-flow fraction during
the combustion process.

The computation ability of the incomplete
combustion products’ concentrations presents the
key advantage of multi-step models, which can be

—EDCM (1 stopenjski - 1 step)
—EDCM (2 stopenjski - 2 step)
——EDCM (5 stopenjski - 5 step)
— COMBINED (1 stopenjski - 1 step)
—— COMBINED (2 stopenjski - 2 step)
— COMBINED (5 stopenjski - 5 step)

Meritev - Measurement

Masni delez goriva - Fuel mass fraction

0 -05 -1
Vzdolzna os termoreaktorja - Longitudinal axle of thermoreactor [m]

15 -2 -25

Sl. 6. Primerjava rezultatov povprecnega masnega deleza goriva
Fig. 6. Average fuirel mass-fraction results comparison
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Sl. 7. Primerjava rezultatov masnega dele\a ogljikovega monoksida
Fig. 7. Carbon monoxide mass fraction results comparison

kjer so predstavljene izraCunane koncentracije
ogljikovega monoksida.

Rezultati kazejo razliko med dvo- in
petstopenjskima modeloma, ne kazejo pa razlike med
obema modeloma zgorevanja. Petstopenjski model
naj bi izracunal vrednosti blizje izmerjenim
povprecnim vrednostim (slika 7) vendar so le-te
razmeroma vecje od rezultatov, dobljenih z
dvostopenjskim modelom. Razlika je verjetno
posledica nepravilnega kemijskega mehanizma
vecstopenjskih modelov glede na specifi¢no sestavo
plina na vhodu v termoreaktor z velikim delezem
ogljikovega monoksida.

Modele zgorevanja smo ocenili na podlagi
primerjave izracunanih in izmerjenih vrednosti
temperature in sestave glavnih komponent plina v
termoreaktorju. Meritve temperature je bilo mogoce
izvesti le v dveh toCkah zaradi omejenih moznosti
merilnih mest (sl. 5), medtem ko smo sestavo plina
merili samo na izhodu iz termoreaktorja. Dodaten
kriterij za izbiro modela zgorevanja je bila numericna
stabilnost modelov zgorevanja oziroma hitrost
konvergence. V teh razmerah se je model EDC izkazal
kot najprimerne;jsi za izbrano uporabo. Vecstopenjski
modeli, vkljuceni v nekatere modele, omogocajo
izraCun produktov nepopolnega zgorevanja, na
primer ogljikovega monoksida. Zaradi majhnih
koncentracij ogljikovega monoksida pa nima
pomembnega vpliva na makroparametre zgorevanja.
V nadaljnji numeric¢ni analizi smo obravnavali in
analizirali samo pogoje popolnega zgorevanja
(temperatura, turbulenca, ¢as — 3T parametri) pri
razli¢nih obratovalnih pogojih pilotne sezigalnice.

clearly seen in Figure 7 where the calculated carbon
monoxide concentrations are presented.

The results demonstrate differences between
the two- and five-step models but there is almost no
difference between both combustion models. The five-
step models should produce results closer to the meas-
ured average value (Figure 7), but they are relatively
higher than those results obtained by two-step mod-
els. The difference seems to be due to the improper
kinetic mechanism of the higher-step models regarding
the specific gas composition at the thermoreactor inlet,
with a high carbon-monoxide fraction.

The combustion models were assessed based
on a comparison of the computed and measured values of
the temperatures, and the main gas composition in the
thermoreactor. However, measurement of the temperature
was possible at two points only, because of the limited
possibilities regarding measurement locations (Figure 5),
while the gas composition was tested at the outlet of the
thermoreactor only. An additional criterion regarding the
selection of the combustion model was the numerical sta-
bility of the combustion models when mainly considering
the convergence speed. In these criteria, the EDC model
was found to be the most useful for the presented applica-
tion. The multi-step models included in some models ena-
bled the computation of incomplete combustion prod-
ucts’ concentrations, such as carbon monoxide. How-
ever, due to its low concentration, it does not significantly
influence the combustion macro parameters. In further
numerical simulations, just the complete combustion con-
ditions (temperature, turbulence, time — 3T parameters),
were considered, and analyzed under different operating
conditions for the pilot-scale incinerator.
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6 ANALIZA OBRATOVALNIH POGOJEV
SEZIGALNICE

Pri dejanskih pogojih obratovanja
sezigalnice se koli¢ina, sestava in vzro¢no kurilna
vrednost plinov na vstopu v termoreaktor
spreminjajo, kar je posledica spremenljive
strukture odpadkov v primarni komori. Razli¢no
koli¢ino plinov smo, ¢e upoStevamo
kontinuitetno enacbo, simulirali s spreminjanjem
vstopne hitrosti plinov. Kurilno vrednost plinov
smo simulirali s spreminjanjem sestave meSanice
metana in duSika. Preverili smo tudi, kako koli¢ina,
mesto in smer dovajanja sekundarnega in
terciarnega zraka vplivajo na dosego 3T
parametrov. Vsi nadaljnji izracuni so bili opravljeni
z izbranim modelom EDC.

6.1 Spreminjanje kurilne vrednosti plina iz
primarne komore

Splosno gledano kurilna vrednost

hlapnih plinov mo¢no vpliva na temperaturo v
sekundarni komori. Spremembo kurilne vrednosti
plinov iz primarne komore smo simulirali z razli¢no
koli¢ino metana (35%, 55% in 75%), medtem ko
so vrednosti preostalih robnih pogojev ostale
nespremenjene. Opazili smo samo manj
pomembne spremembe. To pomeni, da sprememba
kurilne vrednosti ne vpliva pomembno na
tokovno polje, ¢e ostane koli¢ina zraka stalna.
To je razlog, da povecan delez metana ni povzrocil
3

6 ANALY SIS OF THE INCINERATOR’S
OPERATING CONDITIONS

Under real operating conditions of the incin-
erator the amount, composition and, consequently, heat-
ing value of the gas entering the thermoreactor always
varies because of the waste structure differences in the
primary chamber. The gas amount differences were simu-
lated by changing the intake gas velocity, by consider-
ing the equation of continuity. The heating value of the
gas with a different composition was simulated with the
corresponding methane/nitrogen mixture. Additionally,
the secondary and tertiary air amounts, their intake posi-
tions and the directions into thermoreactor were exam-
ined in terms of how they influenced the achievement of
the 3T parameters. All further calculations were per-
formed by the selected EDC model.

6.1 Variation in the Primary-Chamber Gas Heat-
ing Value

In general, the volatile gases’ heating value
strongly influences the temperature in the secondary
chamber. The primary-chamber gas heating value vari-
ation was simulated with various amount of methane
(35%, 55% and 75%), while other boundary-condition
values remained unchanged. The velocity field struc-
ture for all three tested cases (Figure 8) is almost the
same. Only differences of minor importance were no-
ticed. In turn, this means that the heating value varia-
tion does not essentially influence the flow field, if the
amount of combustion air stays constant. For this rea-
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Vzdolzna os termoreaktorja - Longitudinal axle of thermoreactor [m]

Sl. 8. Vpliv spreminjanja kurilne vrednosti na tokovno in temperaturno polje
Fig. 8. Influence of calorific value on the velocity and temperature
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pricakovanega zviSanja temperature Vv
termoreaktorju. Da bi se izognili temu problemu
v praksi, je treba izvesti krmiljenje zraka za
zgorevanje glede na kurilno vrednost kot
podporo obic¢ajnem krmiljenju sezigalnic, ki
temelji na koliCini kisika v dimnih plinih, da se
zagotovi stalno razmerje zrak/gorivo.

Koli¢ino nastalega ogljikovega dioksida za
posamezen primer zmesi prikazuje slika 9. Imamo
prakti¢no enake vrednosti koncentracije ogljikovega
dioksida, dobljene z zgorevanjem hlapnih plinov z
razli¢no kurilno vrednostjo. To se ujema z
ugotovitvami na temelju rezultatov hitrosti in
temperature. V takSnih primerih se zveca
koncentracija nezgorelega metana na izstopu iz
termoreaktorja (sl. 9). Slednje kaze na nepopolno
zgorevanje v termoreaktorju zaradi primanjkljaja zraka
za zgorevanje.

6.2 Spreminjanje koli¢ine plinov iz primarne
komore

Spremenljiva koli¢ina plinov iz primarne
komore ima poleg drugega vpliv tudi na cas
zadrzevanja plinov v zgorevalnem prostoru. Razmere
smo simulirali s spremenljivo hitrostjo dotoka plinov
v termoreaktor, kar ima neposredni vpliv na stopnjo
masnega pretoka prek kontinuitetne enacbe: 0,25
m/s (30 m*/h), 0,38 m/s (45 m*/h) in 0,5 m/s (60 m*/h).

S povecanim dovodom plinov pri stalnem
masnem delezu metana (55%) iz primarne komore
vstopi v termoreaktor tudi vecja koli¢ina metana.

0,16

son, a higher methane fraction does not produce the
expected temperature rise in the thermoreactor. In or-
der to avoid this problem in practice the combustion air
control regarding the gas heating value must be per-
formed to ensure a constant air/fuel ratio as a support
to the conventional control of the incinerator based
on the oxygen concentration in the flue gases.

The amount of carbon dioxide produced for
particular mixtures is shown in Figure 9. There are
practically the same values of carbon dioxide concen-
tration produced by the combustion of volatile gases
with different calorific values. This is consistent with
conclusions made from the velocity and temperature
computation results. In such a case the concentra-
tions of unburned methane rise at the thermoreactor
exit (Fig. 9). This indicates that undesired, incomplete
combustion is present in the thermoreactor because
of a shortage of combustion air.

6.2 Primary-Chamber Gas Amount Variation

The gas quantity, in addition to other fac-
tors, strongly influences the residence time of the
gases in the combustion chamber. The conditions
were simulated by changing the intake-gas velocity
into the thermoreactor influencing directly on the
gas mass-flow rate via the equation of continuity:
0.25 m/s (30 m*/h), 0.38 m/s (45 m*h) and 0.5 m/s (60
m’/h).

More methane enters into the thermoreactor
by increasing the gas amount to a constant methane
mass fraction (55%) from the primary chamber. It does
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S1. 9. Vpliv spreminjanja kurilne vrednosti na porabo metana in nastanek CO,
Fig. 9. Calorific-value influencing methane consumption and CO, formation
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S1. 10. Vpliv kolicine plinov iz primarne komore na temperaturo in hitrostno polje
Fig. 10. Primary-chamber gas amounts influencing temperature and flow field

To pa ne povzro¢i povecanja najvecje ali
povpreéne temperature, temvec jo celo zniza (sl.
10). Povecanje koli¢ine hlapnih plinov je povecalo
nekatere lokalne hitrosti v termoreaktorju, medtem
ko so se povpreéne hitrosti vzdolz termoreaktorja
le malo spremenile, kar lahko vidimo na sliki 10. To
je posledica zmanjSanja zadrZevalnega ¢asa zaradi
povecane koli¢ine plinov in zato nepopolnega
zgorevanja v termoreaktorju. Tako se zvecuje delez
metana v dimnih plinih in manjsa koli¢ina
ogljikovega dioksida, kakor je prikazano na sliki
11. V praksi moramo s tega zornega kota za

not produce any rise in maximum temperature, or in the
average temperature, and even lowers it (Figure 10).
The increase of volatile gas amount increased some
local velocities in the thermoreactor, while the average
velocities along the thermoreactor were only slightly
changed, as can be seen form Figure 10. This is a result
of a shorter residence time caused by the amount of
gas increase and, consequently, incomplete combus-
tion in the thermoreactor. In turn, this increases the
amount of methane in the flue gases and the amount of
carbon dioxide falls, as demonstrated in Figure 11. This
explains the practical experience of maintaining a con-
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0,5
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0,25 m/s
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Jres—— 0,5m/s

Carbon dioxide mass concentration
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Methane mass concentration

Masna koncentracija ogljikovega dioksida

0,1
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Vzdolzna os termoreaktorja - Longitudinal axle of thermoreactor [m]

T T 0
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SL. 11. Vpliv koli¢ine plinov iz primarne komore na porabo metana in nastanek CO,
Fig. 11. Primary chamber gas amount influencing fuel consumption and CO, production
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doseganje pogojev popolnega zgorevanja
ohranjati stalno koli¢ino hlapnih plinov iz primarne
komore. Sicer je treba meriti koli¢ino plinov na
vstopu v termoreaktor in jih povezati s krmiljenjem
zraka za zgorevanje.

6.3 Sprememba smeri in hitrosti dovajanja zraka

Z nacinom dovoda in razmerjem
sekundarnega in terciarnega zraka lahko pomembno
vplivamo na kakovost zgorevanja. S spremembo lege
dovodov zraka glede na projektirano stanje smo
spreminjali smer in hitrost dovoda zraka. Slika 12
prikazuje mesto dovodov sekundarnega in terciarnega
zraka s tlorisa termoreaktorja (prerez A-A in prerez B-
B glede na sliko 5). Namen analize je bil ugotoviti
ucinkovitost projektne resitve pilotne sezigalnice.
Spremenjene hitrosti in smeri dovoda sekundarnega
in terciarnega zraka so podane v preglednici 2.

Analizirali smo vpliv spremenjenih smeri in
hitrosti dovajanja sekundarnega in terciarnega zraka
na temperaturo in kakovost zgorevanja. S slike 13 je
razvidno, da se dosezejo najvisje temperature vzdolz
celotnega termoreaktorja s projektiranimi vrednostmi
dovoda zraka, kar potrjuje projektno resitev.

Enake ugotovitve lahko vidimo tudi na sliki
14, ki prikazuje vrednost koncentracij ogljikovega
dioksida. Skoraj enake rezultate, kakor so
projektirani, smo dobili s spremembo razmerja med
sekundarnim in terciarnim zrakom, pri ¢emer je ostala
skupna koli¢ina zraka stalna.

Po predstavljenih analizah obratovalnih
pogojev pilotne sezigalnice lahko ugotovimo, da ima
na popolnost zgorevanja najvecji vpliv predvsem
primerna smer dovajanja sekundarnega in
terciarnega zraka v termoreaktor, medtem ko njuno
razmerje ni tako pomembno. Vendar pa lahko razmerje
med sekundarnim in terciarnim zrakom vpliva na

stant volatile gas amount from the primary chamber to
establish complete combustion conditions from this
point of view. Otherwise, the measurement of gas quan-
tity at the thermoreactor intake should be performed
and linked with the combustion air control.

6.3 Air Inlet Directions and Velocity Variation

The intake path and ratio of secondary and
tertiary air can significantly influence the combustion
quality. The air direction and velocity values were al-
tered by changing the air-inlet position with respect to
the projected state. Figure 12 represents the positions
of the secondary and tertiary air intakes from the top
side of the thermoreactor (cut A-A and cut B-B in Fig-
ure 5). The aim of this analysis was to find the effi-
ciency of the pilot-scale incinerator air-intake project-
ing solution. The variation of velocity and direction of
the secondary and tertiary air is listed in Table 2.

The influence of various directions and
velocities of secondary and tertiary air inlets on the
temperature and combustion quality was analyzed.
Figure 13 shows that the highest temperatures along
the whole thermoreactor were produced with the
projected values of air intakes confirming the pro-
jected solution as correct.

The same findings can be seen in Figure
14, showing carbon dioxide concentration values.
Similar results to the projected solution were ob-
tained by varying the ratio of secondary and tertiary
air, keeping the total amount of air constant.

Based on the presented analysis of the pi-
lot-scale incinerator’s operating conditions, it can
be concluded that the most significant influence on
the complete combustion conditions is the appro-
priate direction of the secondary and tertiary air into
the thermoreactor, while their ratio is not as impor-
tant. However, the secondary/tertiary air ratio can

Preglednica 2. Projektirane in spremenjene hitrosti in smeri zraka
Table 2. Projected and changed air-inlet velocities and directions

Veli¢ina | Dovod sekundarnega zraka | Dovod terciarnega zraka
Quantity Secondary air inlets Tertiary air inlets
hitrost projektirana = 6 m/s projektirana =4 m/s
velocity projected = 6 nv/s projected = 4 nv/s
4 m/s 6 m/s
5m/s 5m/s
smer projektirana (proj) projektirana (proj)
direction projected (proj) projected (proj)
proj + 10° proj + 10°
proj + 20° proj + 20°
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Sl. 12. Projektirane in spremenjene smeri dovoda sekundarnega in terciarnega zraka
Fig. 12. Projected and altered directions of secondary and tertiary air inlets
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Sl. 13. Vpliv smeri in hitrosti dovajanja zraka na povprecno temperaturo
Fig. 13. Air-intake direction and velocity influence on average temperature

pogoje nastanka doloCenih onesnazeval, kakor so
na primer dusikovi oksidi, kar pa nismo raziskovali v
okviru nasega dela.

7SKLEP

Na podlagi dejanskih pogojev obratovanja
pilotne dvokomorne pilotne sezigalnice smo preverili
in analizirali uporabnost razli¢nih modelov
zgorevanja. Primerjava rezultatov je pokazala, da je
model EDC izredno zanesljiv in dokaj natancen pri
modeliranju specifi¢nega zgorevanja v termoreaktorju
pilotne sezigalnice. Vecstopenjski modeli so v tak§nih
primerih uporabni le za izra¢un koncentracij
produktov nepopolnega zgorevanja, denimo
ogljikovega monoksida ali drugih. Omogocajo pa tudi
iskanje podrocij nepopolnega zgorevanja v

influence the conditions of some specific pollutant
formations such as nitric oxides, but this was not
investigated during the presented work.

7CONCLUSION

The applicability of various combustion
models was examined and analyzed, based on the real
operating conditions of a two-stage pilot-scale incin-
erator. The comparison of results demonstrates that
the EDC model is very reliable and quite accurate for
modelling the specific combustion processes present
in the thermoreactor of the pilot-scale incinerator.
Multi-step combustion models are applicable in such
cases for the computation of incomplete combustion
products’ concentrations, such as carbon monoxide,
etc. They offer the possibility of locating the regions

Analiza pogojev zgorevanja - An Analysis of the Combustion Conditions 301



Strojniski vestnik - Journal of Mechanical Engineering 51(2005)6, 280-303

8, 4 m/s; proj

0,14

0,12

0,1

6, 4 m/s; proj+20°
5, 5 m/s; proj+20° 0.06
| el i SR 3

4, 6 m/s; proj+20°

0,08

0,04

Carbon dioxide mass concentration

0,02

Masna koncentracija ogljikovega dioksida

0 -0,5 -1

15 -2 -25

Vzdolzna os termoreaktorja - Longitudinal axle of thermoreactor [m]

SL. 14. Vpliv smeri in hitrosti dovajanja zraka na povprecen nastanek CO,
Fig. 14. Adir-intake direction and velocity influence on average CO, formation

zgorevalnem prostoru. Vendar pa morajo kineti¢ni
mehanizmi vecstopenjskih modelov zgorevanja
natan¢no odsevati lastnosti in sestavo goriva, saj
sicer lahko povzrocijo slabsi izracun rezultatov kakor
enostopenjski modeli.

V okviru predstavljene raziskave smo
ugotovili, da je enostopenjski model EDC najbolj
uporaben, Se posebej za hitro numeri¢no analizo
pogojev obratovanja industrijske zgorevalne
naprave, kakor je sezigalnica. Numeri¢na analiza
pogojev popolnega zgorevanja ima velik pomen v
fazi nacrtovanja oblike nove sezigalnice, kakor tudi
za nadzor obratovanja Ze zgrajenih naprav. V naSem
primeru smo z numeric¢no raziskavo ugotovili, da na
pogoje popolnega zgorevanja v najvecji meri vpliva
smer dovoda sekundarnega in terciarnega zraka. Smer
dovoda sekundarnega in terciarnega zraka ima
neposredni vpliv na jakost mesanja v reaktivni coni
plamena.

Povecanje nastale koli¢ine plinov v primarni
komori, kakor tudi njihove kurilne vrednosti skupaj z
nespremenjenim dovodom koli¢ine zraka, vodi v
nepopolno zgorevanje in nastanek vecje koliCine
produktov nepopolnega zgorevanja. V izogib temu,
v praksi pogostemu problemu, bi morale sezigalnice
imeti poleg obicajnega kisikovega krmiljenja Se
krmiljenje koli¢ine zraka za zgorevanje, ki bi temeljila
na koli¢ini in kurilni vrednosti plinov.

of incomplete combustion in the combustion cham-
ber. However, the kinetic mechanisms of multi-step
combustion models should strongly reflect the fuel
properties and composition, otherwise they can pro-
duce worse results than single-step models.

During the presented investigation it was found
that a single-step EDC model seems to be the most use-
ful, especially for a quick numerical analysis of the oper-
ating conditions of industrial burning devices, such as
incinerators. A numerical analysis of the complete com-
bustion conditions is of great importance for the plan-
ning stage of a new incinerator’s design, as well as for
the operating control of existing devices. In the presented
case, using a numerical investigation, it was found that
the directions of the secondary and tertiary air inlets
present the most important influence on the complete
combustion conditions. Secondary and tertiary air-inlet
directions have a direct impact on the intensity of the
reactant mixing in the flame reaction zone.

The greater amount of gases generated in the
primary chamber, as well as their higher calorific value,
together with the same amount of air led to incomplete
combustion producing a greater amount of incomplete
combustion products. To avoid this, which in practise
is very often a problem, incinerators should be, be-
sides the standard oxygen control, additionally
equipped with combustion-air amount control, depend-
ing on the gas amount and its calorific value.
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Ugotavljanje in izkoriS¢anje skritih logisti¢cnih zmoZnosti
podjetja

Finding and Exploiting the Hidden Logistic Potentials in a Company
Janez Kusar - Tomaz Berlec - JoZze Duhovnik - Janez Grum - Marko Starbek

Podjetja se dandanes soocajo z novimi izzivi. Hkrati imajo opravka z globalizacijo poslovanja in
lokalizacijo delovanja, standardizacijo in individualizacijo izdelkov “razvajenim” kupcem in povecano
konkurenco.

V tem polozaju se izkazejo za uspesna le tista podjetja, ki so v stanju ¢im hitreje se odzvati na
spremembe trga oziroma izkazujejo najkrajsi reakcijski cas izpolnjevanja zahtev kupcev (cena in kakovost
izdelka ter kratek cas in zanesljivost dobave).

Dosledna redukcija srednjega stanja, zaloZenosti in pretocnega casa delovnih sistemov podjetja je
vedno bolj razsirjena strategija, ki zagotavija zadovoljstvo kupca ter povecanje rasti in dobicka podjetja.

V prispevku je prikazano, kako je mogoce z orodji za modeliranje pretoka narocil preko delovnih
sistemov ugotoviti in izkoristiti skrite logisticne zmozosti delovnih sistemov podjetja.

Prikazani so rezultati ugotavljanja in izkorisc¢anja skritih logisticnih zmoznosti delovnih sistemov
podjetia ETI d.d. Izlake — enota ORODJARNA.
© 2005 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: sistemi delovni, ¢asi preto¢ni, stanja, u¢inki, zmoznosti logisti¢ne)

Companies are nowadays confronted with new challenges: simultaneously they are dealing with the
globalization of business and acting on local markets, the standardization and customization of products
for fastidious customers and increased competition.

In these circumstances the only successful companies are those which can respond quickly to
market changes, i.e., they have a short response time for the fulfilment of customer requirements (a short
delivery time and reliable delivery in addition to a competitive price and high quality).

Consequently, a reduction of the mean inventory, the range and the lead time of the working
systems in the company is an ever increasing strategy that ensures the customer s satisfaction and an
increase in growth and profit for the company.

The article shows how the tools for modelling the flow of orders through working systems can be
used to find and exploit the hidden logistic potentials of working systems in a company.

Here we present the results of finding and exploiting the hidden logistic potentials of working
systems in the tool-production department of the “ETI Ltd.” company from Izlake, Slovenia.
© 2005 Journal of Mechanical Engineering. All rights reserved.

(Keywords: working systems, lead times, inventory systems, performance, logistic potentials)

0UVOD

Da bi lahko ugotovili in izkoristili skrite
logisticne zmoznosti delovnih sistemov podjetja,
kamor $tejemo skrite logistiéne zmoznosti srednjega
stanja naro€il, srednje zalozenosti z narocili in
srednjega pretocnega ¢asa delovnih sistemov, moramo
predhodno zajeti pretok narocil prek delovnih
sistemov podjetja v izbranem ¢asovnem obdobju.
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0INTRODUCTION

In order to find and exploit hidden logistic
potentials (hidden logistic potentials of mean in-
ventory of orders, mean range and mean lead time
of working systems) of working systems in a com-
pany, we have to obtain the data on the order-flow
through working systems in the selected time in-
terval.
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7. orodje: Layout delovnih sSist.
podjetja in 1Z/V karta toka naro¢il

1! tool: Layout of the company
working systems and the order-
flow /O card

2. orodje: Modeli lijakov
delovnih sistemov podjetja
2 tool: Funnel models of the
company working systems

3. orodje: Model lijaka posameznega
delovnega sistema podjetja

3" tool: Funnel model of the
particular company working system

4. orodje: Diagram pretoka narogil preko
posameznega delovnega sistema

4" tool: Order-flow diagram of the particular
working system

5. orodje: Diagram proizvodnih karakteristik
posameznega delovnega sistema

5" tool: Production characteristic diagram of
the particular working system
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Sl. 1. Orodja za modeliranje pretoka narocil prek delovnih sistemov
Fig. 1. Tools for modelling the flow of orders through working systems

Analiza rezultatov predhodnih raziskav
stanja narocil, u¢inka, zalozenosti in preto¢nih ¢asov
delovnih sistemov ([1] do [5]) je pokazala, da so za
zbiranje pretoka narocil prek delovnih sistemov
podjetja potrebna orodja, prikazana na sliki 1.

Nacért delovnih sistemov podjetja da
informacijo o lokaciji delovnih sistemov v podjetju,
izstopno/vstopna (IZ/V) karta pa o jakosti toka
naroCil med delovnimi sistemi.

Na podlagi znanega nacrta delovnih
sistemov in 1Z/V karte toka naro¢il med delovnimi
sistemi je mogoce nacrtati modele lijakov delovnih
sistemov in vrisati jakost toka naro¢il med delovnimi
sistemi podjetja.

Na vsakem delovnem sistemu oziroma
modelu lijaka je mogoce v opazovanem Casovnem
obdobju P zbrati podatke o rokih prihoda oziroma
odhoda narocil na/z delovnega sistema in vsebinah
dela narocil.

Zbrani podatki o pretoku narocil prek
posameznega delovnega sistema omogocajo
konstruiranje diagrama pretoka narocil, ki pokaze,
kaksni so, v dejanski tocki obratovanja delovnega
sistema, dejansko srednje stanje narodil, dejanski
srednji ucinek, dejanska srednja zalozenost in
dejanski srednji preto¢ni ¢as delovnega sistema.
Diagram pretoka opisuje dinamiéno obnasanje
delovnega sistema, kar kazeta kumulativna
histograma prihoda in odhoda naro¢il na delovni
sistem in iz njega.

Nazadnje se za vsak delovni sistem podjetja
nari$e diagram proizvodnih karakteristik, katerega cilj
je pokazati, kako sprememba srednjega stanja narocil
na delovnem sistemu vpliva na spremembo
srednjega ucinka, zaloZenosti in pretocnega Casa

Ugotavljanje in izkorisc¢anje skritih logisticnih - Finding and Exploiting the Hidden Logistic

An analysis of research results regarding the
inventory of orders, performance, range and lead time
of working systems ([ 1] to [5]) has shown that the tools
presented in Figure 1 should be used to model the flow
of orders through the company working systems.

The layout of company working systems pro-
vides information on the company working system lo-
cations, while the I/O card provides information on the
order-flow intensity between the working systems.

On the basis of the known layout of the
working systems and the order-flow I/O card be-
tween working systems it is possible to design fun-
nel models of the working systems and to graphi-
cally present the order-flow intensity between the
working systems in the company.

In every working system (funnel model) it
is possible to obtain dates of order arrivals to a work-
ing system (and dates of order departures from a
working system) and the data on the contents of the
work in each reference period, P.

The data obtained on the flow of orders
through a particular working system make it possi-
ble to design a diagram of order flow that shows the
actual mean inventory of orders, the actual mean
performance, the actual mean range and the actual
mean lead time of a working system at a particular
operating point of a working system. The flow dia-
gram describes the dynamic response of a working
system (shown by the cumulative histograms of ar-
rival at and departure from the working system).

Finally, for each working system in the com-
pany a diagram of production characteristics is drawn.
The purpose of drawing a diagram is to reveal how a
change in the mean inventory of orders in a working
system influences the change of the mean performance,
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delovnega sistema in kakSne so skrite logisticne
zmoznosti delovnega sistema.

1 PREGLED OBJAV

Srednje stanje narocil in srednji pretocni
Casi ter srednja zalozenost in srednji ucinek delovnih
sistemov so osnovni podatki (logisticne zmoznosti)
za ocenjevanje zmoznosti podjetij za pojavljanje na
svetovnem trgu. Skrite zmoznosti je treba odkriti, jih
analizirati in z ustreznimi ukrepi izkoristiti.

Raziskave na podrocju ugotavljanja preto¢nih
Casov narocil [1] so pokazale, da pretocnih ¢asov ni
mogoce racunati, temve¢ le meriti. KasnejSe raziskave
([2] do [4]) so pokazale, da je s stalnim belezenjem
pretoka naro€il prek delovnih sistemov mogoce natancno
ugotavljati vrednosti preto¢nih ¢asov in stanja naro€il v
izbranem ¢asovnem obdobju, ki se spreminjajo v
odvisnosti od spremembe vrste naro€il in uporabljenih
tehnoloskih postopkov. Rezultati raziskav so pokazali,
daje pridelovanju delovnih sistemov e veliko neodkritih
in neizkoris¢enih logistinih zmoznosti. Nyhuis in
Wiendahl [5] sta proizvodne karakteristike delovnega
sistema opisala z matemati¢nimi enacbami, ki smo jih tudi
mi uporabili pri doloCanju dejanske in ciljne tocke
obratovanja delovnih sistemov.

Problem srednjega stanja in srednjega
pretocnega Casa naro€il je mo¢no povezan z optimizacijo
toka materiala prek delovnih sistemov [6] Se posebno
so dejanski pretocni ¢asi pomembni pri razporejanju
naro€il oziroma opravil na delovne sisteme ([ 7] do [9]).

2 UGOTAVLIJANJE SKRITIH LOGISTICNIH
ZMOZNOSTIDELOVNIH SISTEMOV

Z meritvami pretoka naro€il prek poljubnega j-
tega delovnega sistema WC} (1< j < m) v opazovanem
¢asovnem obdobju P in risanjem diagrama pretoka
ugotovimo ““dejansko tocko obratovanja j-tega delovnega
sistema” ([1] in [5]), ki pove, kaksno je dejansko srednje
stanje narocil ter dejanski srednji u€inek, srednja zalozenost
in srednji pretocni cas delovnega sistema.

Na j-tem delovnem sistemu pa lahko pride
do:

- podobremenitve delovnega sistema (majhno
srednje stanje narocil),

- obicajne obremenitve delovnega sistema (srednje
veliko srednje stanje narocil) ali

- nadobremenitve delovnega sistema (veliko srednje
stanje narocil), kar ponazarjajo diagrami pretoka,
prikazani na sliki 2.

range and lead time of a working system and what are
the hidden logistic potentials of the working system.

I LITERATURE REVIEW

The mean inventory of orders, the mean
lead time, the mean range and the mean performance
of working systems are the basic data (logistic
potentials) for an assessment of a company’s ability
to be competitive on the global market. Hidden
potentials need to be found, analysed and exploited
with appropriate measures.

Research on the lead time of orders [1] has
established that lead times can not be calculated -
they can only be measured. Further investigations
([2] to [4]) established the possibility of finding the
exact values of lead times and the inventory of the
orders in a selected time interval by continuous
monitoring of order-flow through working systems.
The data changes with the order type and the used
technology. Research results have shown a lot of
hidden and unexploited logistic potentials. Nyhuis
and Wiendahl [5] have circumscribed the produc-
tion characteristics with mathematical equations,
which we used for finding the actual and target op-
erating points of working systems.

The issue of the mean inventory and the
mean lead time of orders is closely linked with mate-
rial flow optimization [6]. The data of real lead times
is important for the feasible scheduling of orders
(operations) in working systems ([7] to [9]).

2 FINDING THE HIDDEN LOGISTIC
POTENTIALS OF WORKING SYSTEMS

By measuring the flow of orders through
the j-th working system WCJ (1 <j < m)in the inter-
val P and by drawing a flow diagram, the “actual
operating point of the j-th working system” is found
([17 and [5]); it shows the actual mean inventory of
orders, the actual mean performance, the mean range
and the mean lead time of a working system.

The following events are possible in the
Jj-th working system:

- underload of a working system (small mean in-
ventory of orders),

- normal load of a working system (average mean
inventory of orders) or

- overload of a working system (high mean inven-
tory of orders), as shown in the flow diagrams in
Figure 2.
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histogram odhoda narodil
higtogram of departures of arders

stanje naroil
inventory of orders

RRSNNN

Sl. 2. Diagrami pretoka treh tipicnih stanj narocil
Fig. 2. Flow diagrams of three typical inventories of orders

Diagrami pretoka treh tipicnih stanj narocil
na j-tem delovnem sistemu omogocajo dolocitev treh
mogocih dejanskih toCk obratovanja j-tega
delovnega sistema oziroma dejanskim tockam
obratovanja pripadajo¢ih vrednosti srednjega ucinka,
srednje zalozenosti in srednjega pretocnega ¢asa
delovnega sistema, kar prikazuje slika 3.

Ce bi narisali diagrame pretoka narogil prek
J-tega delovnega sistema za vsa mozna stanja naro¢il,
bi prisli do vseh moznih tock dejanskega obratovanja
j-tega delovnega sistema oziroma tockam

Sredniji u€inek
[Nh/Dd]
Mean performance 4
[NhAWd]
PEmj

>

PODOBREMENITEV

UNDERLOAD |
OBICAJNA OBREMENITEV
NORMAL LOAD

NADOBREMENITEV
OVERLOAD

Flow diagrams of three typical inventories
of the j-th working system enable the definition of
three possible operating points of the j-th working
system; i.e., the actual values of mean performance,
the mean range and the mean lead time of a working
system in these particular operating points can be
found, as shown in Figure 3.

By drawing order-flow diagrams of the j-th
working system for all possible inventories of or-
ders one can obtain all possible actual operating
points of the j-th working system, i.e., the actual

Srednja zaloZenost [Dd]
Mean range [Wd]
A Rmy
Srednji preto¢ni ¢as [Dd]
Mean lead time [Wd]
TLm;

LEGENDA:

LEGEND:

e - dejanski srednji u€inek
- actual mean performance

A - dejanska srednja zaloZenost
- actual mean range

& - dejanski srednji preto¢ni ¢as
- actual mean lead time

Srednje stanje /
Mean inventory
Im; [Nh]

Sl. 3. Tri znacilne tocke obratovanja j-tega delovnega sistema
Fig. 3. Three typical operating points of the j-th working system
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Sredniji u€inek Srednja zaloZenost [Dd]

[Nh/Dd] Mean range [Wd]
Mean performance A R
[Nh/Wd] A Sredniji preto¢ni ¢as [Dd]
PEm, Mean lead time [Wd]
TLmJ-
— LEGENDA:
LEGEND:
oLy - karakteristika srednjega ucinka
’,.", * - mean performance characteristic
,a"; < ©©®e===® _karakteristika srednje zaloZenosti
'_.;'_ s - mean range characteristic
_,."_‘¢ ° T ° T °T  _karakteristika srednjega pretoénega ¢asa
bfoon==®"_ & - mean lead time characteristic
cameo ="
o J—— Srednje stanje /

Najmanjse srednje stanje
Minimal mean inventory

Najvecje srednje stanje
Maximal mean inventory

Mean inventory
Im; [Nh]

Dejanska tocka obratovanja
Actual operating point

Sl. 4. Diagram proizvodnih karakteristik j-tega delovnega sistema
Fig. 4. Production characteristic diagram of the j-th working system

pripadajocih vrednosti srednjega ucinka, srednje
zalozenosti in srednjega pretocnega ¢asa delovnega
sistema, ki sestavljajo diagram proizvodnih
karakteristik, kar prikazuje slika 4.

Dejanska tocka obratovanja j-tega
delovnega sistema lezi nekje med najmanj$im in
najvecjim srednjim stanjem.

Iz razumljivih vzrokov (preveliki stroski) se
v praksi proizvodniih karakteristik delovnih sistemov
ne doloca s preizkusi, temve¢ po enacbah [5]:

- srednje stanje narocil kot funkcijo tekoce
spremenljivke ¢ dolo¢imo po enacbi

mean performance, the mean range and the mean
lead time of a working system at particular points
that form the production characteristic diagram, as
shown in Figure 4.

The actual operating point of the j-th work-
ing system is somewhere between the minimum and
the maximum mean inventory.

In practice (due to too high costs) the produc-
tion characteristics of working systems are not defined
experimentally, they are calculated using Equations [5]:
- mean inventory of orders as a function of the vari-

able ¢

1m(t) = Ly, [ ~(1=30) +1 ] 4.0, Ly, 1 ),
Im(#) srednje stanje narocil kot funkcija tekoce Im(f) mean inventory of orders as a function of the
spremenljivke ¢ [Nh] variable ¢ [Nh]
. idealno najmanjSe stanje naroCil [Nh] . ideal minimum inventory of orders [Nh]
a, faktor raztezanja [-] Q, extension factor [-]
t tekoca spremenjivka (0 < ¢ < 1) t variable (0 < ¢ < 1)

- relativno srednje stanje naro¢il kot funkcijo tekoce
spremenljivke ¢ dolo¢imo po enacbi:

Im, (1)

Im (#) relativno srednje stanje narocil kot funkcija
tekoce spremenljivke 7 [%]
- srednji ucinek kot funkcijo tekoce spremenljivke ¢
dolo¢imo po enacbi:

_Im@®

- relative mean inventory of orders as a function of
the variable ¢

-100 ),
Im(#) relative mean inventory of orders as a func-

tion of the variable # [%]
- mean performance as a function of the variable ¢

PEm(t) = PE,, [—(1 — 4yt + 1} ©)
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PEm(f)srednji ucinek kot funkcija tekocCe
spremenljivke 7 [Nh/Dd]
PE_ najvecji mogoci uinek delavnega sistema
~ [NW/Dd]
- srednjo izkorisc¢enost delovnega sistema kot
funkcijo tekoce spremenljivke ¢ dolocimo po enacbi

Um(t) srednja izkoriscenost delovnega sistema kot
funkcija tekoce spremenljivke t [%)]
- srednjo zalozenost kot funkcijo tekoce
spremenljivke t dolo¢imo po enacbi:

Rt = e

Rm(t) srednja zalozenost kot funkcija tekoce
spremenljivke 7 [Dd]
- srednji pretocni cas kot funkcijo tekoce
spremenljivke ¢ dolo¢imo po enacbi

TLm(t) = Rm(t)— TOPm- 1;,,,

TLm(t)srednji pretocni Cas delovnega sistema kot
funkcija tekoce spremenljivke ¢ [Dd]

TOPm srednji Cas izvedbe narocil na delovnem

sistemu [Dd]

variacijski koeficient ¢asov izvedbe narocil

[-]

Enacbe (1) do (6) povedo, da so za izracun

proizvodnih karakteristik j-tega delovnega sistema

potrebne informacije o:

- idealnem najmanjSem stanju naroCil na j-tem
delovnem sistemu

H TOP

¢as za i-to naroCilo na j-tem delovnem
sistemu, ki je v opazovanem ¢asovnem
obdobju odslo z delovnega sistema [Nh]
n Stevilo narocil, ki so v opazovanem ¢asovnem
obdobju odsla z j-tega delovnega sistema [-]
- najve¢jem moznem ucinku na j-tem delovnem
sistemu

(PE._ ) =CDAY,

(PEmM)j najvecji mogoci ucinek j-tega delovnega
sistema [Nh/Dd]

CDAYJ. razpolozljive kapacitete j-tega delovnega
sistema [Nh/Dd]
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Unm(t) = I;E];"(’)

PEm(f)mean performance as a function of the vari-
able # [Nh/Wd]
PE_  maximum possible performance of a working
' system [Nh/Wd]
- mean utilization of a working system as a function
of the variable ¢

‘100 @,

Um(t) mean utilization of a working system as a
function of the variable 7 [%]
- mean range as a function of the variable ¢

m@® ).

Rm(t) mean range as a function of the variable ¢

[Wd]

- mean lead time as a function of the variable ¢

(6),

TLm(t) mean lead time of a working system as a func-
tion of the variable 7 [ Wd]

TOPm mean order-processing time of a working sys-

tem [ Wd]

coefficient of variation of order-processing

times [-]

Equations (1) to (6) reveal that the following

data are needed in order to calculate the production

characteristics of the j-th working system:

- ideal minimum inventory of orders in the j-th work-
ing system

‘uTOP

J

>(r0,)

(1_[)min ==

0 ),
270,
i=1

T0..

B

time of the i-th order that departed from the j-
th working system during the interval P [Nh]
n number of orders which have departed from
the j-th working system during that interval
[-]
— maximum possible performance of the j-th work-
ing system

®),

(PE

max

)j maximum possible performance of the j-th
working system [Nh/Wd]

CDAYj available capacities of the j-th working sys-

tem [Nh/Wd]
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- faktorju raztezanja —obicajno: , = 10;
- srednjem Casu izvedbe narocil na j-tem delovnem
sistemu:

Sror,

- extension factor —usually: &, =10

- mean order-processing time in the j-th working

_ system
70,

270 1om, O,

TOPm, ==
’ n.
J

TOPm, srednji Cas izvedbe naroCil na j-tem delovnem
~ sistemu [Wd]

T OPI.J. Cas izvedbe i-tega narocila na j-tem delovnem
sistemu [Dd]
TOm. srednji ¢as za naroCilo na j-tem delovnem

J

sistemu [Wd]
- variacijskem koeficientu ¢asov izvedbe naro¢il na
j-tem delovnem sistemu

" n,-CDAY,  CDAY,

TOPm, mean processing time in the j-th working sys-
tem [Wd]

T OPI.J. processing time of the i-th order in the j-th
working system [Wd]

T Omj mean time of order in the j-th working system
[Wd]

- coefficient of variation of order-processing times

in the j-th working system

- (T0Pm, ~TOP,, )

i=1

TOm; 70, ;
CDAY; — CDAY,

2]

i=

(u ):(U"’P)f: Y = " = (10),
"l TOPm, TOPm, TOm,
CDAY,
J

(,uTOP)J. variacijski koeficient ¢asov izvedbe narocil
na j-tem delovnem sistemu [-]
)J. standardno odstopanje ¢asov izvedbe narocil
na j-tem delovnem sistemu
Da bi prisli do podatkov o skritih logisticnih
zmoznostih delovnih sistemov podjetja, bo treba, na
podlagi rezultatov izvedenih meritev pretoka narocil
prek delovnih sistemov v opazovanem ¢asovnem

(O-TOP

Srednji u€inek

(4, P)J. coefficient of variation of order-processing
times in the j-th working system [-]
(o, P)j standard deviation of order-processing times
in the j-th working system
In order to obtain the data on the hidden logis-
tic potentials of working systems in a company it will be
necessary (on the basis of the measured results on the
order-flow through working systems in the interval P) to

Srednja zaloZenost [Dd]
Mean range [Wd]

[Nh/Dd] m;
Mean Performa"fe ASrednji pretogni &as [Dd]
[Nh/Wd] 4 Mean lead time [Wd]
PEm, TLm;
= O .
(PEM))act g < LEGENDA:
(PEM))ear 5= LEGEND:
] g - karakteristika srednjega ucinka
®E © - mean performance characteristic
4 22 g o
-’_.' £= = £  cecsssscses - karakteristika srednje zaloZenosti
(RM)ac o ) g ° 3 'E - mean range characteristic
& = @ 2] -
i s "’d’% B g £p st i & &
e Lo £ 2 ko] o0 § g Smcmcmom - karakteristika srednjega preto¢nega ¢asa
Lo ol ¥ S NS Bo - mean lead time characteristic
oo® .2 o~ E c g0 23
(RM)ear Le® _. (TLM;)act 08 m,é 5
........ - - to 838
- * WaTE
=
== TLi
(TLMr Srednje stanje / Mean inventory
¢ < > Im; [Nh]
(I )ar (IMy)act

—=—)

Dejanska tocka obratovanja
delovnega sistema

Cilina tocka obratovanja
delovnega sistema
Target operating point

£ Actual operating point of the
of the working system

working system

E

Skrite zmozZnosti srednjega stanja
Hidden potentials of the mean inventory

SL. 5. Skrite logisticne zmoznosti j-tega delovnega sistema
Fig. 5. Hidden logistic potentials of the j-th working system
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obdobju P, za vsak delovni sistem podjetja dolociti:

- dejansko toc¢ko obratovanja delovnega sistema,
ki pomeni dejansko srednje stanje narocil in stanju
pripadajocih dejanskih vrednosti srednjega ucinka,
srednje zalozenosti in srednjega pretocnega Casa
delovnega sistema,

- ciljno tocko obratovanja delovnega sistema, ki
pomeni ciljno srednje stanje narocil in stanju
pripadajocih ciljnih vrednosti srednjega ucinka,
srednje zalozenosti in srednjega pretocnega Casa
delovnega sistema (slika 5).

Dejansko srednje stanje narocil na j-tem
delovnem sistemu pa je lahko vecje, manjse ali enako
ciljnemu srednjemu stanju:

<> (Im)

(Im),, <>

dejansko srednje stanje naro€il na j-tem
delovnem sistemu [Nh]

(Imj)m ciljno srednje stanje naro€il na j-tem delovnem
sistemu [Nh]

act

(Im))

2.1 Dolocanje dejanske tocke obratovanja delovnega
sistema

Da bi dolo¢ili dejansko tocko obratovanja
j-tega delovnega sistema ([1] in [5]), je treba izvesti
belezenje casov prihoda/odhoda narocil na delovni
sistem in z njega ter ugotoviti naroc¢ilom pripadajoce
vsebine dela.

Zbrani podatki o pretoku narocil prek j-tega
delovnega sistema v opazovanem casovnem
obdobju P omogocajo konstruiranje diagrama
pretoka narocil (sl. 6).

Vsebina dela
Contents of work &

Tl

define for each working system of the company:

- the actual operating point of a working system
that represents the actual mean inventory of or-
ders and the corresponding actual values of mean
performance, mean range and mean lead time of
the working system,

- the target operating point of a working system
that represents the target mean inventory of or-
ders and the corresponding target values of mean
performance, mean range and mean lead time of
the working system (Figure 5).

Actual mean inventory of orders in the j-th
working system can be larger or smaller than, or equal
to, the target mean inventory:

e (11)

(Im),_, actual mean inventory of orders in the j-th

working system [Nh]

(Imj)mr target mean inventory of orders in the j-th

working system [Nh]

2.1 Finding the actual operating point of the work-
ing system

In order to find the actual operating point of
the j-th working system ([1] and [5]) it is necessary to
obtain arrival times of orders at a working system (and
the departure times of orders from a working system)
and the data on the respective contents of the orders.

Using the data obtained on the flow of or-
ders through a particular working system in the in-
terval P it is possible to draw an order-flow diagram

(Figure 6).

Nh]

=

Ca;'Dd]

Time [Wd]

Sl. 6. Diagram pretoka narocil prek j-tega delovnega sistema
Fig. 6. Order-flow diagram of the j-th working system
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Podatki, zbrani v diagramu pretoka, omogocajo
dolocitev dejanske tocke obratovanja j-tega delovnega
sistema oziroma tocki obratovanja pripadajocih vrednosti:
- dejanskega srednjega stanja naroc¢il na j-tem

The data in the flow diagram enable the
definition of the actual operating point of the j-th
working system and its corresponding values:

- actual mean inventory of orders in the j-th work-

delovnem sistemu ing system
Al
(m,),, = (12),
(Imj)m dejansko srednje stanje narocil na j-tem (Imj)m actual mean inventory of orders in the j-th
delovnem sistemu [Nh] working system [Nh]
AIJ. ploskev stanja narocil na j-tem delovnem A]j area of the inventory of orders in the j-th
sistemu [Nh Dd] working system [Nh/Wd]
P opazovano ¢asovno obdobje [Dd] P interval [Wd]

- relativnega dejanskega srednjega stanja narocil
na j-tem delovnem sistemu

(Im’ h )uct -

(Im’rj)act relativno dejansko srednje stanje narocil na
Jj-tem delovnem sistemu [%]
(Ij)min idealno najmanjSe stanje narocil na j-tem
delovnem sistemu [Nh]
- dejanskega srednjega ucinka j-tega delovnega
sistema

(PEmj)

(PEmj)m dejanski srednji u€inek j-tega delovnega
sistema [Nh/Dd]

Cas na i-to narocilo [Nh]

Stevilo naro€il, ki so v opazovanem casovnem
obdobju odsla z j-tega delovnega sistema

- dejanske srednje izkoriSCenosti j-tega delovnega sistema

(Umj

(Um)) dejanska srednja izkoriS¢enost j-tega
J act
delovnega sistema [%]
CDAYj i razpolozljive kapacitete j-tega delovnega
sistema [Nh/Dd]

- dejanske srednje zalozenosti j-tega delovnega sistema

(Imj )acr .100

)Y

m,)
J Jact  _

- relative actual mean inventory of orders in the j-th
working system

1) (13),

(Im,ri)m relative actual mean inventory of orders in

the j-th working system [%]

ideal minimum inventory of orders in the j-th

working system [Nh]

- actual mean performance of the j-th working sys-
tem

z TOI 5]

i=1
P

(PEmj)m actual mean performance of the j-th work-
ing system [Nh/Wd]

T OiJ. time of the i~th order in the j-th working system [Nh]

n, number of orders that have departed from

the j-th working system during that interval

- actual mean utilization of the j-th working system

Emj)

([')min

J

(14),

coir (15),
( Umj)m actual mean utilization of the j-th working
system [%]
CDAYJ, available capacities of the j-th working sys-
tem [Nh/Wd]
- actual mean range of the j-th working system

Al

Rm = (I
(7). =7

(Rm)  dejanska srednja zalozenost j-tega
J7act .
delovnega sistema [Dd]
- dejanskega srednjega pretocnega Casa j-tega
delovnega sistema

(TLm ; )

312

PEmj )QC, nz, TOi,j
-1

(16),

(ij)m actual mean range of the j-th working sys-
tem [Wd]

- actual mean lead time of the j-th working system

j

k (TLA/ ' TOI‘J)
i=1

u 17),

Z TO!',/'

i=1
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(TLmj)m dejanski srednji preto¢ni Cas j-tega
delovnega sistema [Dd]

pretocni Cas i-tega naro€ila na j-tem delovnem
sistemu [Dd]

TL .
ij

2.2 Dolocanje ciljne to¢ke obratovanja delovnega
sistema

Ciljna tocka obratovanja j-tega delovnega
sistema pomeni tisto ciljno srednje stanje narocil na
delovnem sistemu, pri katerem se dosezejo ciljne
vrednosti srednjega ucinka, srednje zalozZenosti in
srednjega pretocnega Casa.

Osnovo za dolocitev ciljnega srednjega
stanja naro€il na j-tem delovnem sistemu pomeni
enacba (2). Ce v enacbi (2) nadomestimo Im(t) z
(Im,rj) inIm(t) z (Imj)m dobimo, da je:

tar

(Im.r,), =

oziroma, da je:

Im}.

(im,),, =

Ob predpostavki, da se odlo¢imo za 95-
odstotno ciljno srednjo izkoris¢enost delovnega
sistema, lahko iz diagrama normiranih proizvodnih
karakteristik [5] beremo, da je zahtevano srednjo
izkori$¢enost mogoce doseci pri relativnem ciljnem
srednjem stanju (Im,rj)m =180 odstotkov.

Z vstavitvijo dobljene vrednosti (Im,rj)lar in
enacbe (7), ki definira najmanjSe srednje stanje
naro¢il, v enacbo (19), dobimo kon¢no obliko enacbe
za dolocitev ciljnega srednjega stanja narocil na j-
tem delovnem sistemu:

n

(Im,) =1.8-2

Osnovo za dolocitev ciljnega srednjegai:]
ucinka j-tega delovnega sistema pomeni enacba (4).

>(r0,)

(TLm.),,, actual mean lead time of the j-th working
~ system [Wd]

TLU lead time of the i-th order [Wd]

2.2 Defining the target operating point of the work-
ing system

The target operating point of the j-th work-
ing system represents the target mean inventory of
orders in the working system where the target val-
ues of mean performance, mean range and mean lead
time are achieved.

The definition of the target mean inventory of
orders in the j-th working system is based on Equation
(2). If Im (1) is substituted by (Im,),  and Im(?) by (Im)
in Equation (2), the following relation is established:

(Imf )W

tar

—.100 (18)
(Ij )min
and:

(Im’ r/ )rar ) ([/ )min (19).

100

If 95 % target mean utilization of the work-
ing system is chosen, it can be found from the stand-
ard production characteristic diagram [5] that it is pos-
sible to achieve the required mean utilization if the
relative target mean inventory is (Im,rj)m’, =180 %.

By inserting the obtained value of (Im,rj)m,
and by using equation (7), which defines the mini-
mum mean inventory of orders, into Equation (19),
the final form of the equation for the definition of the
target mean inventory of orders in the j-th working
system is derived:

1.8+(1, )mm (20).
10,

The definition of the target mean performance
of the j-th working system is based on Equation (4). If

Ce v enacbi (4) nadomestimo Um(t) z (Um/.)mr in Um(t) is substituted by ( Um/.)mr and PEm(f) by (PEmj)W
PEm(t) s (PEmj)m, dobimo, da je: ‘ in Equation (4), the following relation is established:
(P Lm, )
(Om,), =gy 190 @y
(PE/ )max
oziroma, da je: and:
Um.) -|PE,
(PEm,) = GG 22)

(PEmj)W ciljni srednji ucinek j-tega delovnega
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sistema [Nh/Dd]
( Umj)mr ciljna srednja izkoriscenost j-tega delovnega

sistema [%]
(PEJ.)W najvecji mogoci ucinek j-tega delovnega

sistema [Nh/Dd].

Ker smo se ze poprej odlocili za (Um )mr

95% in ker je najvecji mogoci ucinek delovnega
sistema enak razpolozljivim kapacitetam delovnega
sistema, je konéno ciljni srednji ucinek j-tega
delovnega sistema:

(PEm),, =095+ CDAY,

Osnovo za dolocitev ciljne srednje
zalozenosti j-tega delovnega sistema pomeni enacba
(5). Ce v enacbi (5) nadomestimo Im(7) s (Im)
PEm(t)s (PEm )., dobimo, da je:

tar

(Rm ; )mr =

(ij)mrciljna srednja zalozenost j-tega delovnega
sitema [Dd]
Ce nadalje v enacbi (24) nadomestimo (Im,,)
z izrazom enacbe (20) in (PEmj)mr 7 izrazom enacbe
(23), dobimo konéno enacbo za dolocitev ciljne
srednje zaloZenosti j-tega delovnega sistema.

tar

(Rm/.)m =19~

Osnovo za dolocitev ciljnega srednjega
preto¢nega Casa j-tega delovnega sistema pomeni
enacba (6). Ce v enacbi (6) nadomestimo TLm(?) s
(T Lmj)m in Rm(t) z (ij)mw dobimo, da je:

(7Lm;)

(TLm i)tar ciljni srednji pretocni Cas j-tega delovnega
sitema [Dd].

Ker pa vemo, da pomenijo osnovne podatke
o narocilih ¢asi za narocila 7¢ OJ in ne casi izvedbe
naroCil TOP, , moramo v enacbi (26) izraziti TOP N
10, (zveza med T OP in 70, Je podana z enacho
(9)) V primeru, ko 1ma J-ti delovm sistem stalen
najvecji mogociucinek, lahko vzamemo, da je:

('uTOP)j -

ki ga dolo¢imo po enacbi (10).
Ce v enacbi (26) nadomestimo (Rm )mr
izrazom, podanim z enacbo (25), T OPm Z izrazom

314

ZTO -CDAY,

= RmA)
J Jtar ( I tar

ing system [Nh/Wd]

(Umj)w target mean utilization of the j-th working
system [%]

(PEJ,)W maximum possible performance of the j-th
working system [Nh/Wd]

As (Umj)m =95 % was previously selected
and as the maximum possible performance of the
working system is equal to the available capacities
of the working system, the target mean performance
of the j-th working system is defined as:

23).

The definition of the target mean range of
the j-th working system is based on Equation (5). If
Im(?) is substituted by (Imj)mr and PEm(t) by (PEmj)m
in Equation (5), the following relation is established:

(Imf )lur
(PEm, )
(ij)mtarget mean range of the j-th working system
[Wd]

By substituting (Imj)mr from Equation (24)
with the expression from Equation (20) and (PEmj)m
with the expression from Equation (23), the final form
of the equation for the definition of the target mean
range of the j-th working system is derived.

> (10,)

i=1

@4

tar

25).

The definition of the target mean lead time
of the j-th working system is based on Equation (6). If
TLm(t) is substituted by (77 Lmj)m and Rm(t) by (ij)m
in Equation (6), the following relation is established:

2

~10Pm, [ (#y0r), | (26)

(T Lmj)m target mean lead time of the j-th working

system [Wd]

As the basic data on orders are the order times

T O and not the order-processing times 7OP,, " , itis neces-

sary to express 7OP,, by 10. g, in Equation (26). The rela-

tion between 7 OP and T O 1s defined by Equation (9). If

the j-th working system has constant maximum possible
performance, the following assumption can be made:

(), @7,

It is defined in Equation (10).
By substituting (ij)m in Equation (26) with
the expression defined by Equation (25), and T Oij,
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enacbe (9) in (,ump)j z izrazom enacbe (10), dobimo
konéno enacbo za doloditev ciljnega srednjega
pretocnega Casa j-tega delovnega sistema:

n

>(r0,)

&

Z‘ 7O, p

with the expression from Equation (9) and (z,,, P)j with
expression from Equation (10), the final form of the
equation for the definition of the target mean lead

time of the j-th working system is derived:
r -2

(TLm;) =1,9- -
YTO,,-CDAY,
i=1

2.3 Postopek ugotavljanja skritih logisti¢nih
zmoZnosti delovnih sistemov

Skrite logisticne zmoznosti delovnih
sistemov podjetja ugotavljamo le na delovnih sistemih,
na katerih je relativno dejansko srednje stanje narocil
(Im,rl)w > 180 %, saj vemo, da pri tem stanju dosezemo
zeleno 95-odstotno izkoris¢enost delovnih sistemov.

Postopek ugotavljanja skritih logisti¢nih
zmoznosti delovnih sistemov lahko opiSemo z
naslednjimi koraki [5]:

1. korak: Izvedba meritev pretoka narocil prek
delovnih sistemov
Na poljubnem j-tem delovnem sistemu je
treba v opazovanem casovnem obdobju P zapisovati:
- Stevilke narocil, ki so priSla/odsla na delovni sistem
inznjega,
- rok prihoda/odhoda narocil na delovni sistem in z
njega,
- vsebino dela narocil, ki so prisla/odsla na delovni
sistem in z njega,
- Stevilo narocil, ki so odsla z delovnega sistema.

2. korak: Konstruiranje diagramov pretoka narocil
prek delovnih sistemov ter dolocitev dejanskih tock
obratovanja delovnih sistemov
Za poljubni j-ti delovni sistem je treba
konstruirati diagram pretoka narocil in dolo¢iti:
- dejansko srednje stanje naro¢il (Im), - enacba
(12),
- relativno dejansko srednje stanje narocil (Im, rj)m
- enacba (13),
- dejanski srednji ucinek delovnega sistema
(PEm),,, - enacba (14),
- dejansko srednjo zalozenost delovnega sistema

h n,-CDAY, ’ ) (28).

2.3 Procedure for finding the hidden logistic
potentials of working systems

The hidden logistic potentials of working
systems in a company are only calculated for work-
ing systems whose relative actual mean inventory
of orders is (Im,rj)m > 180 %, as in this case a work-
ing system is used 95 %.

The procedure for finding the hidden lo-
gistic potentials of working systems can be de-
scribed by the following steps [5]:

Step 1: Order-flow measurements through working
systems
In any j-th working system it is necessary

to record in the interval P:

- order numbers that arrived at the working system
or departed from it,

- the time of order arrival at and departure from the
working system,

- contents of the orders that arrived at the working
system or departed from it,

- number of orders that departed from the working system.

Step 2: Design of order-flow diagrams for working
systems and the definition of actual operating
points of working systems
In any j-th working system it is necessary
to design the order flow diagram and to define:
- actual mean inventory of orders (Imj) - Equa-
tion (12),
- relative actual mean inventory of orders (Im,rj)m
- Equation (13),
- actual mean performance of the working system
(PEm),, - Equation (14),
- actual mean range of the working system (ij)

act

act
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(Rm),,, - enacba (16),
- dejanski srednji pretocni cas delovnega sistema
(TLm),,, - enacba (17).
3. korak: Dolocitev dejanske srednje zalozenosti
in srednjega pretocnega casa izvedbe vseh narocil
na j-tem delovnem sistemu
- dejanska srednja zalozenost izvedbe vseh narocil
na j-tem delovnem sistemu:

(Rm ) »

(Rm ; )Za dejanska srednja zalozenost izvedbe vseh
naro¢il na j-tem delovnem sistemu [Dd]
n, Stevilo naro€il, ki so v opazovanem casovnem
obdobju P odsla z j-tega delovnega sistema
[-]
- dejanski srednji pretocni ¢as izvedbe vseh naocil
naj-tem delovnem sistemu:

(TLm, ),

(TLm ; ):a dejanski srednji pretocni cas izvedbe vseh
naocil na j-tem delovnem sistemu [Dd]

4. korak: Dolocitev dejanskega srednjega stanja,
srednje zalozenosti in srednjega pretocnega casa
izvedbe vseh narocil na vseh delovnih sistemih

- dejansko srednje stanje na vseh delovnih sistemih:

= i ( Im, )au

(Im)_, dejansko srednje stanje na vseh delovnih
sistemih [Nh]
m Stevilo delovnih sitemov [-]
- dejanska srednja zalozenost izvedbe vseh narocil
na vseh delovnih sistemih:

) = 2 (o

J=1

(Rm)  dejanska srednja zaloZenost izvedbe vseh
narocil na vseh delovnih sistemih [Dd]
- dejanski srednji pretocni ¢as izvedbe vseh narocil
na vseh delovnih sistemih

T Lm w

(TLm),,, dejanski srednji pretocni Cas izvedbe vseh
narocil na vseh delovnih sistemih [Dd].

316

= (ij )m Ny

=(TLm;) -n,

- Equation (16),
- actual mean lead time of the working system
(TLm),, - Equation (17).
Step 3: Calculation of the actual mean range and
the mean lead time for processing all orders in the
J-th working system
- actual mean range for processing all orders in the
Jj-th working system

29)

(Rm ) actual mean range for processing all orders
in the Jj-th working system [Wd]
n, number of orders that have departed from
the j-th working system during the interval P
-]
- actual mean lead time for processing all orders in
the j-th working system

act J (30)
(TLm ) actual mean lead time for processing all
orders in the j-th working system [Wd]

Step 4: Calculation of the actual mean inventory,
the mean range and the mean lead time for process-
ing all orders in all working systems

- actual mean inventory in all working systems:

G,

J=1

(Im)_, actual mean inventory in all working systems
[Nh]
m number of working systems [-]

- actual mean range for processing all orders in all
working systems

)ant

(Rm)  actual mean range for processing all orders
in all working systems [Wd]
- actual mean lead time for processing all orders in
all working systems

(32),

m

=2 (1Lm;),,

j=

(33),

(TLm),,, actual mean lead time for processing all or-
ders in all working systems [Wd]
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5. korak: Konstruiranje diagramov proizvodnih
karakteristik delovnih sistemov ter dolocitev
relativnega ciljnega srednjega stanja in ciljnega
srednjega stanja narocil.

Za poljubni j-ti delovni sistem je treba z
uporabo enacb (1), (3), (5) in (6) dolo€iti proizvodne
karakteristike in narisati diagram proizvodnih
karakteristik ter dolociti:

- relativno ciljno srednje stanje narocil (Im,rj)mr >
enacba (18)
- ciljno srednje stanje narocil (Imj)mr - enacba (19).

6. korak: Dolocitev ciljne srednje zaloZenosti in
ciljnega srednjega pretocnega casa delovnih sistemov
Za delovne sisteme, na katerih je bilo v 2.
koraku ugotovljeno relativno dejansko srednje stanje
narocil (Im,rj)m > 180 %, dolociti:
- ciljno srednjo zaloZenost (ij)m - enacba (25),
- ciljni srednji pretocni cas (TLmj)m - enacba (28).
Za delovne sisteme, na katerih je bilo v 2.
koraku ugotovljeno relativno dejansko srednje stanje
narocil (Im,rj)m >180% vzeti, da je:
- ciljna srednja zalozenost enaka dejanski srednji
zalozenosti (ij)W = (ij)m,
- ciljni srednji pretocni ¢as enak dejanskemu
srednjemu pretocnemu ¢asu (7 Lmj)m = (T Lmj)m.
7. korak: Dolocitev ciljne srednje zalozenosti in
cilinega srednjega pretocnega casa izvedbe vseh
narocil na j-tem delovnem sistemu
- ciljna srednja zalozenost izvedbe vseh narocil na
Jj-tem delovnem sistemu

Step 5: Designing production-characteristic dia-
grams of working systems and the definition of the
relative target mean inventory and the target mean
inventory of orders
In any j-th working system it is necessary
to define the production characteristics using Equa-
tions (1), (3), (5) and (6), draw a diagram of the pro-
duction characteristics and define:
- therelative target mean inventory of orders (Im,rj)
-> Equation (18)
- thetargetmean inventory oforders (Im),, - Equation(19)

tar

Step 6: Calculation of the target mean range and
the target mean lead time of working systems
For working systems whose relative actual
mean inventory of orders of (Im,rj)m > 180 % was
established in step 2, it is necessary to calculate:
- the target mean range (ij)my - Equation (25)
- the target mean lead time (77 Lmj)m -> Equation (28)
For working systems whose relative actual
mean inventory of orders of (Im”"j)m > 180 % was
established in step 2, it is supposed that:
- the target mean range is equal to the actual mean
range (ij)m = (ij)m,
- the target mean lead time is equal to the actual
mean lead time (77 Lmj)mr =(T. Lmj)w.
Step 7: Calculation of the target mean range and
the target mean lead time for processing all orders
in the j-th working system
- target mean range for processing all orders in the
Jj-th working system

(Rm,), =(Rm,), -n, (34,

(ij );r ciljna srednja zalozenost izvedbe vseh
narocil na j-tem delovnem sistemu [Dd]
- ciljni srednji pretocni Cas izvedbe vseh narocil na
Jj-tem delovnem sistemu

(Rm ; );r target mean range for processing all orders
in the j-th working system [Wd]
- target mean lead time for processing all orders in
the j-th working system

(71m, . =(7m,),

(TLm ; ):ar ciljni srednji pretocni Cas izvedbe vseh
naro€il na j-tem delovnem sistemu [Dd].

8. korak: Dolocitev ciljnega srednjega stanja,
srednje zaloZenosti in srednjega pretocnega casa
izvedbe vseh narocil na vseh delovnih sistemih

- ciljno srednje stanje na vseh delovnih sistemih

" (35).

(TLmj )t target mean lead time for processing all

a

orders in the Jj-th working system [Wd]

Step 8: Calculation of the target mean inventory,
the mean range and the mean lead time for process-
ing all orders in all working systems

- target mean inventory in all working systems

(im),, = (Im,) (36),
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(Im) = ciljno srednje stanje na vseh delovnih
sistemih [Nh]
- ciljna srednja zalozenost izvedbe vseh narocil na

vseh delovnih sistemih

ar

(Rm),, = i (Rm/' )m

(Rm), ciljna srednja zaloZenost izvedbe vseh narocil
na vseh delovnih sistemih [Dd]
- ciljni srednji pretocni €as izvedbe vseh narocil na
vseh delovnih sistemih

(TLm)tar
(TLm),,. ciljni srednji pretocni Cas izvedbe vseh
narocil na vseh delovnih sistemih [Dd]

9. korak: Dolocitev skritih logisticnih zmoznosti j-
tega delovnega sistema
- skrite logisticne zmoznosti srednjega stanja

Alm, = (Im"

Alm, skrite logisticne zmoznosti srednjega stanja
na j-tem delovnem sistemu [%]
- skrite logistiéne zmoznosti srednje zaloZenosti

ARm .

J

ARm,  skrite logisticne zmoznosti srednje zaloZenosti
izvedbe vseh narocil na j-tem delovnem
sistemu [%]

- skrite logisticne zmoznosti srednjega pretocnega casa

ATLm, =

zticl B (Imf )tar . 100
m

- (ij

(Rm

(TLm;) —(7Lm,)

(Im), =~ target mean inventory in all working systems

[Nh]

- target mean range for processing all orders in all
working systems

*

G,

~
N

(Rm),, target mean range for processing all orders in
all working systems [Wd]
- target mean lead time for processing all orders in
all working systems

*

=3 (1Lm,) (38),

tar
=1

~.

(TLm),,. target mean lead time for processing all or-
ders in all working systems [Wd]

Step 9: Calculation of the hidden logistic potentials
in the j-th working system
- hidden logistic potential of the mean inventory

(39,
7 ) act
Alm, hidden logistic potential of the mean inven-
tory in the j-th working system [%)]
- hidden logistic potential of the mean range
tar . 100 (40)’
I Jact
ARm; hidden logistic potential of the mean range
when processing all orders in the j-th work-
ing system [%]
- hidden logistic potential of the mean lead time

tar | 1 00

ATLm, skrite logisticne zmoZnosti srednjega
* preto¢nega Casa izvedbe vseh narodil na j-
tem delovnem sistemu [%]

10. korak: Dolocitev skritih logisticnih zmoznosti
vseh delovnih sistemov
- skrite logisticne zmoznosti srednjega stanja

Alm=
Alm  skrite logisticne zmoznosti srednjega stanja
na vseh delovnih sistemih [%]
- skrite logistiéne zmoznosti srednje zaloZenosti

R —(R
ARm—M-IOO
(Rm

318

fm) (I
( m)aé’t ( m)[ﬂr .100

(Lm,) 1,
ATLm, hidden logistic potential of the mean lead time
for processing all orders in the j-th working

system [%]

Step 10: Calculation of the hidden logistic
potentials of all working systems
- hidden logistic potentials of the mean inventory

(42),

Im),,

AlIm  hidden logistic potentials of the mean inven-
tory in all working systems [%)]
- hidden logistic potentials of the mean range

43),

act
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ARm  skrite logistiCne zmoznosti srednje zalozenosti
izvedbe vseh narocil na vseh delovnih
sistemih [%];

- skrite logisticne zmoznosti srednjega preto¢nega Casa

ATLm =

ATLm - skrite logisticne zmoznosti srednjega
pretocnega €asa izvedbe vseh narocil na vseh
delovnih sistemih [%].

Skrite logistiéne zmoznosti delovnih
sistemov podjetja povedo, za koliko odstotkov je
mogoce znizati srednje stanje naroCil ter skrajSati
srednjo zalozenost in srednji pretocni Cas izvedbe
vseh narocil na vseh delovnih sistemih, ¢e bi presli
iz dejanskih na ciljne tocke obratovanja delovnih
sistemov.

11. korak: Izbira ukrepov za izkoriscéanje
logisticnih zmoznosti delovnih sistemov
Bistveni indikator za izbiro ukrepov, s
katerimi bi izkoristili logisticne zmoznosti delovnega
sistema oziroma delovnih sistemov podjetja, pomeni
razmerje med relativnim dejanskim srednjim stanjem
narocil na delovnem sistemu (Im,rj)m in relativnim
ciljnim srczdnjim stanjem narocil (Im,rj)m.
Ce je na delovnem sistemu ugotovljeno, da
je (Im,rj)m > (Im,rj)mr, potem obstajajo razpolozljive
skrite logisticne zmoznosti delovnega sistema, ki jih
je mogoce izkoristiti z enim od naslednjih ukrepov:
- Casovno omejeno povecanje kapacitet delovnega
sistema ali

- Casovno zadrzevanje prihoda narocil na delovni
sistem ali

- Casovna ali krajevna premaknitev dela obremenitve
delovnega sistema na tehnoloSko podoben
delovni sistem.

Ukrep ¢asovno omejenega povecanja
zmogljivosti delovnega sistema se izvede v primeru,
ko stanje narocil sestavljajo narocila, ki ze zamujajo.

V primeru, ko na delovnem sistemu ni
omembe vrednega zamujanja narocil, ni primeren ukrep
povecanja zmogljivosti, temve¢ ukrep ¢asovnega
zadrzevanja prihoda narocil (narocila se zadrzujejo
toliko Casa, dokler je to terminsko dopustno).

Ce ¢asovno omejeno povetanje zmogljivosti
delovnega mesta ni potrebno ali ni mogoce (dosezena
mejna vrednost), se izvede ukrep ¢asovne ali krajevne
premaknitve dela obremenitve delovnega sistema na
tehnolosko podoben sistem, ki v ¢asovni tocki
premaknitve izkazuje proste zmogljivosti.

(TLm) —(TLm)

(TLm)

ARm hidden logistic potentials of the mean range
for processing all orders in all working sys-
tems [%]

- hidden logistic potentials of the mean lead time

100 (44),

ATLm —hidden logistic potentials of the mean lead
time when processing all orders in all work-
ing systems [%]

The hidden logistic potentials of working
systems in a company reveal how much it is possi-
ble to reduce the mean inventory of orders, the mean
range and the mean lead time for processing all or-
ders in all working systems if a transition from actual
to target operating points of working systems is
done.

Step 11: Selection of the measures for exploiting

logistic potentials of working systems

The main indicator for the selection of meas-
ures for the efficient use of logistic potentials of
working systems in a company is a relation between
the relative actual mean inventory of orders in the
working system (Im,rj)m and the relative target mean
inventory of orders (Im,rj)m.

Ifitis found in a working system that (Im,ff/_)ad
> (Im,rj)m, then available hidden logistic potentials
exist in a working system, and they can be exploited
by implementing one of the following measures:

- increasing the working system capacities for a lim-
ited time frame,

- stopping the arrival of orders to a working system
for a limited time frame,

- transferring (in time or space) a part of the work-
ing system’s load to another working system of
similar technology.

An increase of the working system capaci-
ties for a limited time frame is used when the inven-
tory of orders consists of late orders.

When there are no late orders in the work-
ing system the arrival of orders can be stopped for a
limited time frame; its duration depends on the dead-
line.

If there is no need or it is not possible to
increase the capacity of a working system for a lim-
ited time frame (i.e., the upper limit has already been
reached), part of the load of a working system is
transferred (in time or space) to a system of similar
technology that has free capacities in that particular
time frame.
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Ce je na delovnem sistemu ugotovljeno, da
je (Im,rj)m < (Im,rj)m, potem na delovnem sistemu ni
skritih logisticnih zmoznosti in je treba pred redukceijo
stanja narocil odkriti nove logisticne zmoznosti, in
to z enim od naslednjih ukrepov:

- harmonizacija ¢asov za naroc¢ila TO ali,
- skréenje ¢asov za narocila TO ali
- skréenje ¢asov prehoda TIO.

Ukrep harmonizacije casov za narocila se izvede
na delovnem sistemu, na katerem je bil ugotovljen velik
variacijski koeficient Casov za narocila s, > 1.

Na delovnem sistemu, na katerem je bil
ugotovljen majhen variacijski koeficient ¢asov za
narocila 42, <1, pa je mogocCe priti do novih logisti¢nih
zmoznosti z ukrepom skréenja ¢asov za narocila, kar pa
je mogoce doseci z uvedbo novih tehnologij ali z
metodo SMED —krajSanja pripravljalno sklepnih ¢asov.

Na delovnem sistemu, na katerem je bilo
ugotovljeno, da je srednji ¢as prehoda TIOm daljsi
od srednjega asa za naro¢ilo TOm: TIOm > Tom, je
mogoce priti do novih logisticnih zmoZnosti z
ukrepom skréenja ¢asa prehoda. Ce &as prehoda
sestavljajo pretezno Casi prenosa, je mogoce cas
prehoda skrciti z ukrepom uvedbe novega
prenosnega sistema ali ukrepom optimizacije LAY-
OUT delovnih sistemov podjetja. Ce pa ¢as prehoda
sestavljajo pretezno Casi ¢akanja pred izvedbo in po
izvedbi narocil, je mogoce Cas prehoda skrciti z
ukrepom uvedbe novega sistema PPC.

2.4 Racunalnisko podprto ugotavljanje logisti¢nih
zmoZnosti delovnih sistemov podjetja

Ker je ro¢no ra¢unanje in konstruiranje
diagramov pretoka in proizvodnih karakteristik ter
ugotavljanje logisticnih zmoznosti delovnih sistemov
podjetja zamudno, je bil napisan racunalniski program
DIAGRAM za racunalnisko podprto racunanje in
konstruiranje diagramov pretoka in proizvodnih
karakteristik delovnih sistemov ter izracun logisticnih
zmoznosti delovnih sistemov.

Program je napisan v programskem jeziku
Java in deluje na osebnem racunalniku ter ga je
mogoce dograditi v poljubnem sistemu ERP.

S programom DIAGRAM je mogoce za
poljubni delovni sistem podjetja, na osnovi zbranih
podatkov o pretoku naro€il v opazovanem casovnem
obdobju P, narisati oziroma izracunati:

- diagram pretoka narocil prek poljubnega j-tega
delovnega sistema,
- dejansko srednje stanje narocil na j-tem delovnem

Ifitis found in a working system that (Im,rj)m
< (Im,rj)mr, then there are no hidden logistic potentials
for that particular working system; before reducing the
inventory of orders it is necessary to find new logistic
potentials by using one of the following measures:

- harmonization of order times 70,
- reduction of order times 70,
- reduction of the interoperation times 770.

Harmonization of the order times is carried
out in a working system where a high coefficient of
the variation of order times 4, > 1 was found.

For a working system where a low coeffi-
cient of variation of the order times 4, <1 was found,
new logistic potentials can be found by reducing
the order times, which can be achieved by imple-
menting new technologies or by the SMED method
(reduction of the setup time).

For working systems where it was estab-
lished that the mean interoperation time 7/0m is
longer than the mean order time 7Om: TIOm > TOm,
it is possible to find new logistic potentials by re-
ducing the interoperation time. If the interoperation
time consists mainly of transport time, it can be re-
duced by implementing a new transport system or
by optimizing the layout of the working systems in a
company. If the interoperation time consists mainly
of queue time (before and after processing the or-
ders) it is possible to reduce the interoperation time
by implementing of a new PPC system.

2.4 Computer-aided finding of the hidden logistic
potentials of working systems in the company

The manual calculation and drawing of
flow diagrams and production characteristics and
determining the hidden logistic potentials of work-
ing systems is rather time consuming, so the “Dia-
gram” computer software was developed for this
purpose.

The software was written in the Java pro-
gramming language, it runs on a PC and it can be
added to any ERP system.

Using the Diagram software (on the basis
of the data obtained on the flow of orders in the
interval P) it is possible to draw or calculate for any
working system of the company:

- order-flow diagram of any j-th working system,

- actual mean inventory of orders in the j-th work-
ing system (Im))_,

- actual mean performance of the j-th working sys-
tem (PEmj)

act’
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sistemu (Imj)m,

- dejanski srednji u¢inek j-tega delovnega sistema (PEmj)m,

- dejansko srednjo izkoris¢enost j-tega delovnega
sistema (Umj)m,

- dejansko srednjo zalozenost j-tega delovnega
sistema (ij)m in

- dejanski srednji preto¢ni Cas j-tega delovnega
sistema (77 Lmj,)m,

- diagram karakteristik j-tega delovnega sistema,

- ciljno srednje stanje naroCil na j-tem delovnem
sistemu (Imj)m,

- ciljni srednji ucinek j-tega delovnega sistema
(P Em,) tar’

- ciljnosrednjo zaloienostj—tegadelovnegasis‘rema(Rm,,)m,

- ciljni srednji pretocni as j-tega delovnega sistema
(TLmj)tar’

- logisti¢ne zmoznosti j-tega delovnega sistema
Alm,, ARm., ATLm..

Za vse delovne sisteme podjetja pa:

- logisti¢ne zmoznosti vseh delovnih sistemov
podjetja Alm, ARm, ATLm.

3PRIMER

Postopek dolocanja skritih logisti¢énih
zmoznosti delovnih sistemov je bil testiran v enoti
ORODJARNA druzbe ETI d.d. Izlake.

Poslovna enota orodjarna zaposluje 120
delavcev. Proizvodni program orodjarne obsega
izdelavo orodij za preoblikovanje in prebijanje,
brizganje termoplastov, brizganje in stiskanje
duroplastov ter izdelavo avtomatiziranih naprav za
montazo izdelkov.

Orodjarna dosega najkrajsi ¢as izvedbe
narocil en mesec, povprecni ¢as izvedbe narocil pa
je dva do tri mesece.

Na narocilih je treba izvesti eno do 20
opravil, v povprecju pa tri opravila na narocilo.

Orodjarna ima trenutno 38 delovnih
sistemov.

Vodstvo orodjarne se je odlocilo za
ugotavljanje skritih logisti¢nih zmoznosti delovnih
sistemov orodjarne, in to v opazovanem ¢asovhem
obdobju od 15.10.2003 do 17.12.2003 oziroma od
291 Dd do 350 Dd.

Koraki ugotavljanja skritih logisti¢nih
zmoznosti delovnih sistemov orodjarne:

1. korak: Izvedba meritev pretoka narocil prek
delovnih sistemov orodjarne

- actual mean utilization of the j-th working system

(Um/)aa’

- actual mean range of the j-th working system
(ij)act’

- actual mean lead time of the j-th working system
(TLm j)act’

- production characteristic diagram of the j-th work-
ing system,

- target mean inventory of orders in the j-th work-
ing system (Imj)mr,

- target mean performance of the j-th working sys-
tem (PEm j)W,

- target mean range of the j-th working system
(Rm),.

- target mean lead time of the j-th working system
(TLm/’)tar’

- logistic potentials of the j-th working system Alm,,
ARm,,, AT Lmj.

For all working systems of the company:

- logistic potentials of all working systems in a com-

pany Alm, ARm, ATLm.
3CASESTUDY

The procedure for determining the hidden
logistic potentials of working systems was tested in
a tool-production department of the ETT Ltd. com-
pany from Izlake, Slovenia.

There are 120 employees in the tool-pro-
duction department. It produces tools for transform-
ing and cutting, jet machines for thermoplastic ma-
terials, jet and press machines for duroplastic mate-
rials, and automated assembly appliances.

The minimum time for processing an order
in this department is 1 month, and the average time
is 2 to 3 months.

Orders consist of 1 to 20 operations; on
average there are 3 operations per order.

There are 38 working systems in the tool-
production department.

The management decided that the hidden
logistic potentials of the working systems in this
department should be found out in the interval from
October 15,2003 to December 17,2003, i.e., from Wd
291 to WD 350.

The steps for finding the hidden logistic
potentials of working systems in the tool-produc-
tion department:

Step 1: Measurement of the flow of orders through the
working systems in the tool-production department
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Na vsakem delovnem sistemu so sodelavci

orodjarne zapisovali:

- Stevilke naro¢il, ki so pri§la/odsla na delovne
sisteme in z njih,

- Case prihoda/odhoda narocil na delovne sisteme
in znjih,

- vsebine dela prihoda/odhoda naroc€il na delovne
sisteme in z njih in

- Stevilo narocil, ki so odsla z delovnih sistemov.

Zajetih in izvrednotenih je bilo 2011 narocil
$ 3883 opravili.

Preglednica 1 prikazuje del rezultatov
merjenja pretoka naro€il prek delovnega sistema §t.17
“rezkalni stroj ALG200” v opazovanem ¢asovnem
obdobju od 291 Dd do 350 Dd.

In each working system the company em-
ployees recorded:

- the order numbers that arrived at the working sys-
tems and departed from them,

- the dates of order arrival at and departure from the
working systems,

- the contents of orders arriving at and departing
from the working systems,

- the number of orders that departed from the work-
ing systems.

There were 2011 orders with 3883 working
operations processed.

Table 1 presents some results of the order
flow measurement through the “Milling machine
ALG200” (working system No. 17) in the interval
from Wd 291 to Wd 350.

Preglednica 1. Rezultati merjenja pretoka narocil “Rezkalni stroj ALG200”
Table 1. Results of the order flow measurement through the “Milling machine ALG200”

Delovni sistem / “ . Cas prihoda Cas odhoda Vsebina dela - Vsebina dela -
. Stevilka prihodi / odhodi /
Working " Dd Dd
narocila / . . . Contents of orders | Contents of orders —
system Order number Arrival time Departure time arrival departur
WC. er numbe wd wd \% eparture
! Nh Eh
17 224200 41 291 291 1,33 1,33
17 2242 00 34 291 291 0,75 0,75
17 2242 00 20 291 291 3,25 3,25
17 2242 00 39 291 291 1,75 1,75
17 232100 02 349 350 8,00 8,00
VSOTA / SUM 479,75 479,75

2. korak: Konstruiranje diagrama pretoka narocil
preko delovnih sistemov orodjarne ter dolocitev
dejanskih tock obratovanja delovnih sistemov
Za vsak delovni sistem orodjarne smo s
programom DIAGRAM narisali diagram pretoka in
izraCunali (Im) , (Im,r) , (PEm) , (Rm) _in
Jjact jlact i Jact
(TLm/.)

act®

act”

Slika 7 prikazuje rezultate konstruiranja
diagrama pretoka narocil prek “rezkalnega stroja
ALG200” in izracuna dejanske tocke obratovanja.

3. in 4. korak: Dolocitev dejanske srednje
zalozZenosti in srednjega pretocnega casa izvedbe
vseh narocil na posameznem j-tem delovnem sistemu
orodjarne ter dejanskega srednjega stanja, srednje
zalozZenosti in srednjega pretocnega casa izvedbe
vseh narocil na vseh delovnih sistemih orodjarne

Za izracun smo uporabili enacbe (29), (30)
ter (31),(32) in (33). Rezultati izracuna so prikazani v
preglednici 2.

Step 2: Design of the order-flow diagram for working
systems in the tool-production department and the defi-
nition of the actual operating points of working systems

The Diagram software was used to draw
the flow diagram and to calculate (Im/.)ac , (Im,;f/_)act,
(PEmj)m.,s (ij)m and (TLm/_)m for each working sys-
tem of the tool-production department.

Figure 7 presents the results of designing the
order-flow diagram for the “Milling machine ALG200”
and the calculation of the actual operating point.

Steps 3 and 4: Calculation of the actual mean range
and the mean lead time for processing all orders in a
particular j-th working system of the tool-produc-
tion department, and the definition of the actual mean
inventory, the mean range and the mean lead time

for processing all orders in all working systems.

Equations (29), (30), (31), (32) and (33) were
used in the calculation. The results of the calcula-
tion are shown in Table 2.
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Sl. 7. Rezultati konstruiranja diagrama pretoka “rezkalni sroj ALG200” in izracuna dejanske tocke
obratovanja
Fig. 7. Results of designing the order-flow diagram for the “Milling machine ALG200” and the calcula-
tion of the actual operating point

5. korak: Dolocitev relativnega ciljnega srednjega
stanja in ciljnega srednjega stanja narocil ter
konstruiranje diagramov proizvodnih
karakteristik delovnih sistemov orodjarne

Za vsak delovni sistem orodjarne smo s
programom DIAGRAM dolo¢ili relativno ciljno
srednje stanje (Im,r),, in ciljno srednje stanje (Im)
ter narisali diagram proizvodnih karakteristik.

Slika 8 prikazuje rezultate izracuna (Im, "D
in (Imj)m ter diagram proizvodnih karakteristik
“rezkalni stroj ALG200”.

tar

6., 7. in 8. korak: Dolocitev ciljne srednje
zalozenosti in ciljnega srednjega pretocnega casa
delovnih sistemov, ciljne srednje zaloZenosti in
cilinega srednjega pretocnega casa izvedbe vseh
narocil na posameznem delovnem sistemu ter
ciljnega srednjega stanja, ciljne srednje zalozenosti
in ciljnega srednjega pretocnega casa izvedbe vseh
narocil na vseh delovnih sistemih orodjarne.

Za delovne sisteme, na katerih je bilo
ugotovljeno relativno dejansko srednje stanje narocil
(Im,r),,, > 180%, smo izraCunali ciljno srednjo

Ugotavljanje in izkorisc¢anje skritih logisticnih - Finding and Exploiting the Hidden Logistic

Step 5: Definition of the relative target mean inventory
and the target mean inventory of the orders and draw-
ing the production-characteristic diagrams of the work-
ing systems in the tool-production department

The Diagram software was used to define
the relative target mean inventory (Im,r),, and the
target mean inventory (Imj)m and to draw the produc-
tion characteristics diagram for each working system.

Figure 8 presents the results of calculating
(Im,;f/,)m and (Imj)m and drawing the production char-
acteristic diagram for the “Milling machine ALG 200"

Steps 6, 7 and 8: Calculation of the target mean
range and the target mean lead time of working
systems, the target mean range and the target mean
lead time for processing all orders in a particular
working system, as well as the target mean range
and the target mean lead time for processing all
orders in all working systems of the tool-produc-
tion department.

For working systems where the relative ac-
tual mean inventory of orders of (Im,r),, > 180 %
was established the target mean range (Rm/.)w was
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Preglednica 2. Rezultati izracuna (Im),, (Rm), in (TLm)_,

Table 2. Results of calculating (Im),, (Rm) ., and (TLm) ,
Dejanska srednja Deiansk dnii pretocni
o Dejansko Dejanska . . .. |zaloZenost izvedbe vseh| - o o1 STECL pretoent
. | Stevilo . . . Dejanski srednji o Cas izvedbe vseh narocil
Delovni .. srednje stanje srednja o naro¢il Dd
. narocil / .. . pretocni ¢as Dd . Dd
sistem / narocil / zalozenost Dd Actual mean inventory .
. Number Actual mean lead Actual mean lead time of
Working Actual mean | Actual mean . of all ordes Wd
of orders . time Wd all orders Wd
system 0 inventory range Wd (LTm) ( Rm )* _ ( Rm ) n .
WG i (Imy)ace (RM)act Pact Haa =N e 0\ (TLmy) = (TLm,) on,
Nh
1 21 12,87 9,53 9,53 200,15 200,15
2 128 144,84 9,99 9,99 1278,46 1278.,46
17 159 48,45 6,06 6,06 963,37 963,37
38 48 3,27 5,80 5,80 278,31 278,31
38
Mact = ,21:('”‘1 | 1335,19
J:
Dejanska srednja zalozenost izvedbe vseh 38
naro¢il na vseh delovnih sistemih *
Actual mean range for processing all orders Mace Z:'( " )art 21253,66
in all working systems ~
Dejanski srednji pretocni ¢as izvedbe vseh narocil na
vseh delovnih sistemih 38 *
Actual mean lead time for processing all orders in all yy me = z (T Lm} j )act = 2125366
working systems Jj=1

zalozenost (ij)m po enacbi (25) ter ciljni srednji
pretocni Cas (TLm,),, po enacbi (28).

Za delovne sisteme, na katerih je bilo
ugotovljeno, da je (Im,rj)m < 180% , smo vzeli, da je:

calculated using Equation (25), and the target mean
lead time (7Lm) using Equation (28).
J’ tar
For the working systems where it was es-
tablished that (Im,rj)M , < 180 % it was supposed that:

(Rm)
(T Lm].)

= (Rm/)acz
=(Ti Lm].)

tar

tar act.

Ciljno srednjo zaloZenost izvedbe vseh
narocil na j-tem delovnem sistemu smo izracunali
po enacbi (34), ciljni srednji pretocni ¢as izvedbe
vseh narocil na j-tem delovnem sistemu pa po enacbi
(35).

Ciljno srednje stanje na vseh delovnih
sistemih smo dolocili po enacbi (36), ciljno srednjo
zalozenost izvedbe vseh narocil na vseh delovnih
sistemih po enacbi (37) in ciljni srednji pretocni Cas
izvedbe vseh narocil na vseh delovnih sistemih po
enacbi (38).

Rezultati ra¢unanja so vidni v preglednici
3.

324

The target mean range for processing all
orders in the j-th working system was calculated
using Equation (34), while the target mean lead time
for processing all orders in the j-th working system
was calculated using Equation (35).

The target mean inventory in all working sys-
tems was calculated using Equation (36), the target
mean range for processing all orders in all working sys-
tems was calculated using Equation (37), and the tar-
get mean lead time for processing all orders in all work-
ing systems was calculated using Equation (38).

The results of the calculation are presented
in Table 3.
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Srednji u€inek [Nh/Dd]
Mean performance [Nh/Wd]

Srednja zaloZenost [Dd]
Mean range [Wd]

PEm; 4 * Rm;
Sredniji preto¢ni ¢as [Dd]
Mean lead time [Wd]
] TLmy
10 10
9 9
8 8 Ciljna tocka obratovanja
»Rezkalni stroj ALG200« /
7 7 Target operating point for the
»Milling machine ALG200«
6 6 (Im,1)er =180 %
5 5 (IM))ar= 14.43 Nh
4 4
3 3
2 2
1 / e ' 1
0 — g _Srednje stanje / Mean inventory

0 5
Ciljna to¢ka obratovanja
Target operating point

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Dejanska tocka obratovanja
Actual operating point

Im; [Nh]

S1. 8. Rezultati izracuna ciljne tocke obratovanja “rezkalni stroj ALG200” in konstruiranja diagrama
proizvodnih karakteristik
Fig. 8. Results of calculating the target operating point and drawing the production characteristic dia-
gram for the “Milling machine ALG200”

9. korak: Dolocitev skritih logisticnih zmoznosti
J-tega delovnega sistema orodjarne
Na podlagi rezultatov dolo¢anja dejanskega
in ciljnega srednjega stanja, srednje zaloZenosti in
srednjega pretocnega Casa izvedbe vseh narocil na
j-tem delovnem sistemu lahko dolo¢imo skrite
logisti¢ne zmoznosti j-tega delovnega sistema Alm,
ARm, ATLm, in to z uporabo enacb (39), (40) in (41).
Skrite logistiéne zmoznosti “rezkalnega
stroja ALG200” (delovni sistem §t. 17) so:
- skrite logisticne zmoznosti srednjega stanja

(hn” )act _(Im
(Imw)m

- skrite logisticne zmoznosti srednje zaloZenosti

Alm,; =

A16’”17 -
(Rm,;)
- skrite logisti¢ne zmoznosti srednjega pretoénega
casa

TL —(TLm
ATLm” :( m17)act (

)tm 100

_ (Rm17)act _(Rm17)mr .100 =

)mr . OO —

Step 9: Calculation of the hidden logistic potentials of the
J-th working system in the tool-production department

On the basis of the results defining the ac-
tual and target mean inventory, the mean range and
the mean lead time for processing all orders in the j-
th working system, the hidden logistic potentials of
the j-th working system Alm,, ARm, ATLm, can be
defined using Equations (39) (40) and (41)

The hidden logistic potentials of the “Mill-
ing machine ALG 200 (working system No. 17) are:
- hidden logistic potential of the mean inventory

48,45-14,43

-100=70,22%

48,45
- hidden logistic potential of the mean range
6,061,901 60— 68.65%

>

- hidden logistic potential of the mean lead time

6,06-1,27

(TLm,,)

act

10. korak: Dolocitev skritih logisticnih zmoznosti
vseh delovnih sistemov orodjarne

-100=79,04%
Step 10: Calculation of the hidden logistic

potentials of all working systems in the tool-pro-
duction department
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tar

Table 3. Results of calculating (Im) ., (Rm), and (TLm),
3 . e s Ciljna srednja Ciljni srednji pretocni Cas|
.| Stevilo . Relativno . | Ciljno srednje [Ciljna srednjal Clljmvsr?(éml zalozenost izvedbe |izvedbe vseh narocil, Dd
Delovni .1 , |dejansko srednje . o . pretocni Cas . .
. narocil / . .. stanje narocil / [zalozenost Dd vseh naro¢il, Dd | Target mean lead time of]
sistem / Number stanje narocil / Target mean | Target mean Dd T f 11 orders Wd
Working of orders Relative actual ingentor ra§ e Wd Target mean arngt m((:ian r%r/lge 0 a . orders
system N mean inventory (Im) y ( R%n ) lead time Wd a N orders (TLm] )mr = (TLmj )m n;
e | P | o |y (R, = (),
0
1 21 270,35 8,57 1,13 1,01 23,67 21,30
2 128 1177,89 22,13 2,91 2,22 372,78 284,79
17 159 604,42 14,43 1,90 1,27 301,84 202,50
38 48 208,14 2,83 0,37 0,26 17,88 12,67
38
IMear = > (m; )tar = 404,73
=1
Ciljna srednja zalozenost izvedbe vseh narocil na 38
vseh delovnih sistemih _ to_
Target mean range for processing all orders in all Rm,, = Zl(ij )m - 6684,35
working systems ’~
Ciljni srednji pretocni Cas izvedbe vseh narocil na vseh 18
delovnih sistemih )
. . . . TL = TL =
Target mean lead time for processing all orders in all working Miar Z_I:( " )zar 5237,34
systems ~

Na podlagi rezultatov dolocanja dejanskega
in ciljnega srednjega stanja, srednje zalozenosti in
srednjega preto¢nega Casa izvedbe vseh narocil na
vseh delovnih sistemih lahko dolo¢imo skrite
logisticne zmoznosti vseh delovnih sistemov
orodjarne Alm, ARm, ATLm in to z uporabo enacb
(42),(43)in (44).

Skrite logistiéne zmoznosti vseh delovnih
sistemov orodjarne so:

- skrite logisticne zmoznosti srednjega stanja
L (m) (), 13

(Im),,

- skrite logisti¢ne zmoznosti srednje zalozenosti

ARm

5,19-404,73

Rm) —(R -
_(Rm),, —( m)tar.100:21253,66 6684,35

On the basis of the results defining the ac-
tual and target mean inventory, the mean range and
the mean lead time for processing all orders in all
working systems, the hidden logistic potentials of
all working systems in a tool-production department
Alm, ARm, ATLm can be defined using Equations
(42), (43) and (44).

The hidden logistic potentials of all work-
ing systems in a tool-production department are:

- hidden logistic potentials of the mean inventory

-100 = 69,69%
1335,19

- hidden logistic potentials of the mean range

-100 = 68,55%

(=)
- skrite logisti¢ne zmoznosti srednjega pretocnega
Casa

act

—(TLm) 21

tar .100:

21253,66
- hidden logistic potentials of the mean lead time

253,66—-5237,34

Skrite logisti¢ne zmoznosti delovnih sistemov
orodjarne povedo, da bi bilo mogoce v orodjarni s
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-100=75,36%
21253,66

The hidden logistic potentials of working sys-
tems in the tool-production department reveal that by a

J. - Grum J. - Starbek M.
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prehodom iz dejanskih na ciljne to¢ke obratovanja
delovnih sistemov doseci 69,69% znizanje srednjega
stanja narocil, 68,55% zmanjSanje srednje zaloZenosti
delovnih sistemov in 75,36% skrajSanje srednjega
pretocnega Casa delovnih sistemov.

11. korak: Izbira ukrepov za izkorisc¢anje skritih
logisticnih zmozZnosti delovnih sistemov
orodjarne

Ce je na delovnem mestu ugotovljeno
relativno dejansko srednje stanje narocil vecje od
relativnega ciljnega srednjega stanja (Im,rj,)m >
(Imr),,,

potem je mogoce izkoristiti skrite logisti¢ne
zmoznosti delovnega sistema z ukrepom casovno
omejenega povecanja zmogljivosti ali ¢asovnega
zadrzevanja prihoda narocil ali ¢asovno oziroma
krajevno premaknitvijo dela obremenitve delovnega
sistema na tehnolosko podoben sistem.

Ce pa je na delovnem sistemu ugotovljeno,
daje relativno dejansko srednje stanje naro¢il manjse
ali enako relativnemu ciljnemu srednjemu stanju
(Im’ rj)act < (IIII, rj)tar’

potem je treba z ukrepom harmonizacije
Casov za narocila ali skréenje ¢asov za narocila ali
skréenje casov prehoda, odkriti nove logisti¢ne
zmoznosti delovnega sistema.

Rezultati skupinskega izbire ukrepov za
izkori$canje skritih logisticnih zmoznosti delovnih
sistemov orodjarne oziroma ukrepov za odkritje novih
logisticnih zmoznosti delovnih sistemov so vidni v
preglednici 4.

4 SKLEP

Vse vecéje domace in mednarodno
tekmovanje podjetij ter prehod od trga prodajalcev k
trgu kupcev zahteva od podjetij neprekinjeno
povecevanje gospodarnosti, ki pa je v veliki meri
odvisna od stanja narocil, zalozenosti in preto¢nih
¢asov delovnih sistemov podjetja [6].

V prispevku predlagamo postopek
ugotavljanja in izkoris¢anja skritih logisticnih zmoznosti
delovnih sistemov podjetja, do katerih je mogoce priti
edino le z izvedbo nenehnega nadzora stanja narocil
ter zalozenosti in pretocnih ¢asov delovnih sistemov.
Izvedba nadzora omogoca nepretrgano spremljanje
dejanskih in ciljnih vrednosti stanja, zalozenosti in
preto¢nih casov delovnih sistemov in na temelju
ugotovljenih odstopanj uvedbo primernih ukrepov za
priblizevanje ciljnim vrednostim. Sele takrat, ko so skrite

transition from the actual to the target operating points
of working systems it would be possible to reduce the
mean inventory of orders by 69.69 %, to reduce mean
range of the working systems by 68.55 %, and to reduce
the mean lead time of the working systems by 75.36 %.

Step 11: Selection of the measures for exploiting
the hidden logistic potentials of working systems
in the tool-production department

If it was found in a particular working sys-
tem that the relative actual mean inventory of orders
is larger than the target mean inventory (Im,rj)m >
(Im’rj)rar

then it is possible to exploit the hidden lo-
gistic potentials of the working system either by tem-
porarily increasing the capacities of the working sys-
tem, or by temporarily stopping the arrival of orders,
or by a time- or space transfer of a part of a working-
system load to a system of similar technology.

If it was found in a particular working sys-
tem that the relative actual mean inventory of orders
is less than or equal to the target mean inventory
(Im,ry),, < (Im,r),,

then it is necessary (by harmonizing or re-
ducing the order times or by reducing the
interoperation times) to find new logistic potentials
of the working system.

The results of selected measures for ex-
ploiting the hidden logistic potentials of working
systems in the tool-production department and meas-
ures for finding new logistic potentials of working
systems are presented in Table 4.

4 CONCLUSION

Because of the increasing domestic and inter-
national competition between companies, and the tran-
sition from a market of sellers to a market of customers,
companies have to become more economic, which largely
depends on the inventory of orders, and the range and
lead times of the companies’ working systems [6].

This paper proposes a procedure for find-
ing and exploiting the hidden logistic potentials of
working systems in a company; these can be found
only by continuously monitoring the inventory of
orders, and the range and lead times of the working
systems. Controlling allows for a continuous moni-
toring of the actual values of the inventory, the range
and the lead times of working systems. If these val-
ues deviate from the target values, measures can be
taken in order to bring the actual values closer to the
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Preglednica 4. Ukrepi za izkorisc¢anje skritih in odkrivanje novih logisticnih zmoznosti delovnih sistemov

orodjarne

Table 4. Measures for exploiting the hidden (and finding new) logistic potentials of working systems in the

tool-production department

UIm,7)aee > 180 % (Im,rj)ee < 180 %
Relativno Casovnal
dejansk i’ 3 > 1 <1 |TOm<TIOmy
s?:élj'eo ¢asovno lokacijska srednji srednji a . - -
Delovni stan'Je meien Casovno |premaknitev . zj cas
sistem / naroéil / OMEIENS 2 adrzeva- dela Variaciiski Casv.? prehoda| harmoni-
Workin . povecane nje  |obremenitve S I NAroCtio =y 4 zacija |redukcija| redukcija
Relative | kapacitet / . . ~lkoeficient /| Dd % < < hod
& actual | increasin; prihoda |/ transferring Coefficient| Mean Mean | Casoy za | Casoy za | asa prehoda
system e y g narogil / | (in time or of variation d interope narocilo /| naro¢ilo /|/ reduction of]
WG |. ¢ ca}l)vam 15 | stopping space) a part (i.r T | _ration | harmoni- | reduction the
I?I\I’zr;;)ry ; Iﬁit:d the arrival|  of the Hro \I;In; time | zation of | of order | interoperatio
‘%J act o, of orders | working TOm: wd Qrder times n times
system’s V| TIOm; | times
load
1 270,25
2 1177,89 X X
17 604,42 X X X
29 54,99 1,24 1,14 1,69 X
38 208,14 X

logisticne zmoznosti delovnih sistemov izCrpane, je
treba, z dodatnim ukrepom harmonizacije ¢asov za
narocila ali skréenje Casov prehoda ali izdelave s
prekrivanjem ali povecevanjem prilagodljivosti
delovnih sistemov, odstraniti pregrade, ki ovirajo
nadaljnje skréenje srednjega stanja, srednje zalozenosti
in srednjega pretocnega Casa delovnih sistemov.

Izvedeni preizkus wugotavljanja in
izkori$Canja skritih logisti¢nih zmoznosti delovnih
sistemov enote ORODJARNA druzbe ET1 d.d. Izlake
je pokazal, da v orodjarni obstajajo znatne skrite
logisti¢ne zmoznosti delovnih sistemov, ki jih bo
treba v prihodnosti z izvedbo predlaganih ukrepov
¢im bolj izkoristiti.

target ones. Only after the hidden logistic potentials
of working systems have been exhausted is it neces-
sary to remove the barriers (by additional harmoniza-
tion of the order times, or by a reduction of the
interoperation times, or manufacturing by overlap-
ping, or increasing the flexibility of working systems)
that prevent a further reduction of the mean inven-
tory, the range and the lead time of working systems.

A case study of finding and exploiting the
hidden logistic potentials of working systems in the
tool-production department of the ETI Ltd. company
from Izlake has shown that there are considerable
logistic potentials that should be exploited in future
by the realization of the suggested measures.
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Nova metoda za dolocevanje krivulje mejnih deformacij
v digitalnem okolju

An Improved Method for Determining a Forming Limit Diagram
in the Digital Environment

Ales Petek - Tomaz Pepelnjak - Karl Kuzman

Deformacijske meje plocevine, opredeljene z lokalizacijo in trganjem materiala, so pomemben
parameter pri analizi preoblikovalnih postopkov. Meje dopustnih deformacij plocevine pri razlicnih
deformacijskih stanjih najbolje prikazemo v diagramu mejnih deformacij. Za preizkusno dolocitev diagrama
so potrebni obsezni in dragi preizkusi. Alternativna metoda za dolocitev krivulje mejnih deformacij (KMD)
je analiza trganja materiala z numericnimi simulacijami.

V prispevku je predstavljena metoda dolocevanja krivulje mejnih deformacij za celotno podrocje.
Z uporabo programskega paketa ABAQUS je bila izvedena simulacija MKE po Marciniaku preizkusa
vroce cinkane jeklene plocevine. Opisan je kriterij za dolocitev KMD z numericno simulacijo in na koncu se
primerjava numericno in preizkusno dobljene KMD.
© 2005 Strojniski vestnik. Vse pravice pridrzane.
(Kljué¢ne besede: preoblikovanje plocevine, krivulje mejnih deformacij, metode kon¢nih elementov, simuliranje
numericno)

The deformation limits of sheet metals, which are determined with localization and fracture, repre-
sent an important parameter for the analyses of sheet-metal forming processes. The forming limits of sheet
metal are represented by a forming limit diagram (FLD), which shows the various deformation states. For
an experimental determination of a FLD extensive and expensive tests are necessary. An alternative method
for determining the forming limit curve (FLC) is an analysis performed using numerical simulations.

This paper introduces a method for determining the forming limit curve for the whole range of the
FLD for sheet metal. A simulation of the Marciniak test with the finite element method (FEM) was performed
for hot-galvanized steel using the ABAQUS program. The criterion for determining the FLD with a numeri-
cal simulation is presented. Finally, the numerically obtained forming limit curve is compared with an
experimental curve.
© 2005 Journal of Mechanical Engineering. All rights reserved.

(Keywords: sheet metal forming, forming limit curves, finite element methods, numerical simulations)

0UVOD

Krivulja mejnih deformacij (KMD)
plocevine predstavlja mejo, do katere lahko doloc¢en
material preoblikujemo — deformiramo, ne da bi pri
tem prislo do porusitve. Opredelimo jo v odvisnosti
od dveh glavnih plasti¢nih deformacij ¢, (ve¢ja na
ravnini ploCevine) in ¢, (manj$a na ravnini ploCevine),
kakor prikazuje slika 1.

V industrijski praksi nas velikokrat zanima,
kako bo potekal preoblikovalni postopek, kje so
kriticna podroc¢ja — moznost porusitev in napak.

330

O0INTRODUCTION

The forming limit curve (FLC) for sheet
metal indicates the point to which a material can be
formed before cracks occur on the specimen. The
curve is defined as a correlation between the first
principal strain ¢,, which is major in the plane of the
sheet metal, and the second principal strain ¢,, which
is minor in the plane of the sheet metal (Figure 1).

In industrial practice it is often important
how the forming process is performed; it is neces-
sary to define where the critical areas of necking and
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Zaradi prihranka €asa in stroskov je nujno potrebno
analizirati tehnologijo preoblikovanja Se preden
izdelamo orodja in izvedemo preizkuse. V ta namen
se v zadnjem Casu vse bolj uporabljajo sodobne
numeri¢ne simulacije, ki v t. i. “racunalniskem okolju”
prikazejo potek preoblikovalnega postopka. Ce
ugotovimo, do katere meje lahko preoblikujemo
dolocen izdelek, lahko postopek optimiramo, s tem
prihranimo cas, znizamo stroske in izboljSamo
kakovost.

Zacetek analize mejne deformacije izhaja iz
leta 1940. Prvi diagram, ki je bil podoben tipicnemu
diagramu mejnih deformacij (DMD), je objavil
Gansamer leta 1946, kot opisujeta Geiger in Merklein
[1]. Leta 1965 je Keeler [2] razvil zasnovo DMD, kakor
je poznana dandanes. Keeler je s preizkusi ugotovil,
da je krivuljo mejne deformljivosti za plocevino
mogoce prikazati v koordinatnem sistemu dveh
glavnih deformacij, vendar le za podrocje ¢,>0. Ob
koncu 60. let je to zamisel razsiril Goodwin [3], ki je
dopolnil diagram za obmocje ¢,<0. Zadnjih 40 let je
diagram mejnih deformacij vzbudil pomemben vtis
na raziskovalne ustanove in industrijo predvsem pri
vprasanju, kako dolociti najvecje deformacije pri
katerih §e ne bo prislo do porusitve materiala med
preoblikovanjem. Zaradi povecane uporabe
numeric¢nih simulacij plocevinskih postopkov, ki so
posledica razvoja zmogljivejSih racunalniskih
sistemov, je bil razvoj na podro¢ju KMD Se bolj
pospesen.

Razvoj dolo¢evanja KMD je usmerjen v tri
glavna podrocja: teoreticno, preizkusno in numeric¢no
doloc¢evanje.

Krivulja mejnih deformacij
(KMD)

Forming limit curve
(FLC)
S

(P1 e _(P2 ww

fracture are. The forming technology can be ana-
lysed before the tool is manufactured, which leads
to savings in costs and time. For this purpose nu-
merical simulations have recently been used to show
the course of the forming process in a ‘digital envi-
ronment’. If the forming limit for a particular product
is known the process can be optimized. In this way
time is saved, costs are reduced and the quality of
products is improved.

The analysis of forming limits began in the
1940s. The first diagram, which was similar to the typi-
cal FLD, was published by Gansamer in 1946, as was
described by Geiger and Merklein [1]. In 1965 Keeler
[2] developed the concept of the nowadays known
FLD. By using experiments Keeler realised that it was
possible to show a FLC for a sheet metal in a coordi-
nate system of two main strains, but only for the right-
hand side of the contemporary known FLD (¢,>0).
This idea was extended by Goodwin [3] at the end of
the 1960s when the diagram was completed for left-
hand side with deformations of ¢,<0. Over the past 40
years, the concept of the forming limit diagram has
created a significant impact in both academia and in-
dustry on how we determine the maximum deforma-
tion that a material can withstand, without necking or
tearing, during a sheet metal process. Since the en-
hanced use of numerical simulations in the sheet metal
forming stimulated due to the immense increase in
computer power, the necessity on research work in
the field of FLD has also intensified.

The development of determining FLDs is
oriented in three main fields: theoretical, experimental
and numerical determination.

Podroéje raztrosa
Scatter band

Py —b

Sl. 1. Diagram mejnih deformacij (Hasek) [1]
Fig. 1. Forming limit diagram (according to Hasek) [1]
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Po razvoju zamisli diagrama (Keeler [2],
Goodwin [3]) se je raziskovanje preoblikovalnosti
materiala usmerilo predvsem na razvoj matematicnih
modelov za teoreticno dolo€evanje krivulje mejnih
deformacij. Prva, ki sta predlagala kriterij lokalizacije
na tanki plocevini za ravninsko napetostno stanje,
sta bila Hill [4] in Swift [5]. Njuna analiza napove
lokalizirano plasti¢no deformacijo v podrocju ¢,<0,
pri ¢emer je model temeljil na homogenih lastnostih
plocevine. Prvi matemati¢ni model za teoreticno
dolocevanje krivulje, ki temelji na nehomogeni
plocevini z vidika geometrije in sestave, sta razvila
Marciniak in Kuzinsky, in je danes bolje poznan
kot model M-K [6]. Eden najboljsih teoreti¢nih
modelov, ki se zelo dobro ujema s preizkusnimi
podatki, je na konferenci IDDRG predstavil
Cayssials leta 1998 [7]. Zaradi velike natanc¢nosti
se Cayssials model uporablja v sodobnih
racunalniskih programih za analizo preoblikovanja
plo¢evine v digitalnem okolju.

Zgoraj omenjeni teoreti¢ni modeli so zelo
zapleteni in zahtevajo temeljito predznanje mehanike
in matematike. Izracunane KMD Zzal niso vedno
primerljive z preizkusnimi rezultati, zato so v zadnjih
letih razvili tudi delno empiri¢ne modele. Prvi avtor
delno empiri¢nega modela je bil Keeler.

Potreba po zmanjSanju obseznega
analiti¢nega izracunavanja in moznosti hitrega
dolo¢evanja KMD tudi v industrijskem okolju je
privedla do proucevanja natan¢nosti in u¢inkovitosti
opredelitve krivulj mejnih deformacij s preizkusi [8].
Za dolocitev razlicnih deformacijskih stanj so bile
med preoblikovalnim postopkom zahtevane razlicne
geometrijske oblike orodja. Predstavljene so bile
posebne metode za dolocitev razli¢nih napetostnih
stanj z eno geometrijsko obliko orodja in razli¢no
oblikovanimi preizkusSanci.

Prvo Siroko uporabljeno metodo je leta 1971
predlagal Nakazima [9], ki je za dolocitev vseh
deformacijskih stanj na DMD uporabljal eno orodje.
Uporabljeno je bilo preoblikovalno orodje,
sestavljeno iz polkroznega pestica, matrice in drzala.
Za dolocitev razliénih deformacijskih stanj so
uporabljeni pravokotni preizkusanci razli¢nih Sirin.
Slaba stran te metode je merjenje deformacij na
polkroznem preizkusancu, za kar sta potrebni najmanj
dve kameri.

Leta 1973 je Marciniak [10] predstavil
podobno metodo za dolocevanje KMD (sl. 2). V
nasprotju s prejSnjo metodo ostaja pri
Marciniakovem preizkusu analizirano podrocje med

After the evolution of the concept of FLDs
(Keeler [2], Goodwin [3]), the research on material
formability was focused mainly on the development
of mathematical models for theoretical determination
of FLDs. Hill [4] and Swift [5] were the first to propose
a general criterion for localized necking in thin sheets
under a plane stress state. Their analyses predicted
localized plastic deformation in the negative minor
strain region (¢,<0). The model assumed homogeneity
of the sheet metal. Marciniak and Kuzinsky have
proposed the first realistic mathematical model for a
theoretical determination of FLDs taking into account
the non-homogeneous material behaviour of the
analysed sheet metals from the geometrical and
structural points of view. This model is nowadays
known as the M-K model [6]. One of the best
theoretical model, which fits to the experimental data,
was introduced by Cayssials at the IDDRG conference
in 1998 [7]. Because of its high precision the majority
of computer programs use the Cayssials model for
sheet-metal analyses in the digital environment.

The above-mentioned theoretical models
are rather complex and need a profound knowledge
of the continuum mechanism and mathematics. Theo-
retically calculated FLCs are not always in agree-
ment with the experimental data. Therefore, some
semi-empirical models have been developed. The
first author of a semi-empirical model was Keeler.

The necessity to reduce the extensive ana-
lytical calculations and the possibility of a fast de-
termination of the FLC in the industrial environment
led to a study of the precision and efficiency of defi-
nition of the FLC with experiments [8]. To obtain
various strain states during the forming process dis-
similar tool geometries are required. Special meth-
ods for determining different stress states with only
one tool geometry and various shaped tests are pro-
posed.

The first widely applied method was intro-
duced by Nakazima in 1971 [9]. He used a single tool
to determine all the strain states of the FLD. The tool
composed of a hemispherical punch, a die and a blank
holder. Rectangular test pieces with various widths
for a definition different deformation states are used.
The drawback of this method is the necessity for at
least two cameras for strain measurements on the
hemispherical test piece.

A similar method for determining FLCs (Fig-
ure 2) was introduced by Marciniak in 1973 [10]. In
contrast to Nakazima method the investigated region
in the Marciniak test remains flat during the experiment.
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Sl. 2. Orodje Marciniak metode
Fig. 2. Tool for the Marciniak method

preoblikovanjem ravno. Merjenje deformacij lahko,
zaradi 2D - problema, izvedemo z eno kamero, kar je
bistvena prednost te metode. Zaradi moznosti
nastanka porusitve preizkuSanca na polmeru pestic¢a
uporabljamo vodilni obro¢, ki tak$no trganje prepreci.
Uspesnost metode je odvisna od natancne
geometrijske oblike vodilnega obroca in trenja med
preizkusancem in vodilno plocevino.

Za analizo deformacij plocevine
potrebujemo pri obeh metodah na povrsini
analiziranega preizkuSanca natisnjeno mrezo.
Deformacija mreze je bila véasih merjena s posebnimi
mikroskopi, medtem ko se v novejSem Casu
uporabljajo opti¢ni merilni sistemi s CCD kamerami.

Geiger in Merklein sta na vsakoletnem
srecanju CIRP leta 2003 predstavila zanimivo zamisel
o povezavi med lokalizacijo in gradientom glavne
deformacije [1] pri Nakazima metodi.

Poleg zgoraj omenjenih metod doloéevanja
KMD je bilo v zadnjih desetih letih predstavljenih se
veliko drugih metod, kakor so enoosni natezni
preizkus, s katerim lahko dolo¢imo KMD le za
podroc¢je ¢,<0, hidravli¢en izboCitveni test, Keeler
test, Hecker test, Hasek test in druge [11].

V zadnjih letih se zaradi potrebe po
zmanjsanju stroskov in Stevilu preizkusov za
dolocevanje KMD vse ve¢ uporabljajo simulacije
MKE. Brun [12] predstavlja zamisel o analizi
lokalizacije z drugim odvodom debeline po casu z
Nakazima metodo, medtem ko Ozturk analizira trganje
materiala s kriterijem zilave porusitve na isti
preizkusni metodi [13].

Podrocje lokalizacije in kasneje zloma na
preizkusancu je z uporabo numeri¢ne simulacije tezko

Therefore, because this case is a 2D-application, strains
can be measured with only one camera, an important
advantage of this method. Due to the danger of fracture,
which can appear outside the observed specimen area, a
guiding blank is used. This prevents such a failure. The
effectiveness of this method depends on the geometri-
cal precision of the guiding blank and the friction be-
tween the test piece and the guiding blank.

The deformation analysis in both methods
requires a grid system printed on sheet-metal sur-
face. Originally, the deformed grids were measured
with special microscopes, but nowadays optical
measuring systems with CCD cameras are used.

At the annual CIRP meeting in 2003 an idea
about the correlation between the materials’ neck-
ing and the gradient of major strain versus time dur-
ing the Nakazima method was presented by Geiger
and Merklein [1].

In addition to the above-mentioned meth-
ods for determining the FLC, many other methods
were introduced in the past ten years, e.g., the uniaxial
tensile test, which defines only the left part of the
FLD (¢,<0); the hydraulic bulge test; the Keeler test;
the Hecker test; and the Hasek test [11].

In recent years demands on cost reduction
and decreased number of tests necessary for defini-
tion of the FLC have intensified the use of finite-ele-
ment simulations. Brun [12] introduced the idea that
the onset of necking can be predicted by the second
time derivative of thinning by the Nakazima method,
whereas Ozturk analysed the material failure using the
ductile fracture criteria applied in the same test [13].

The onset of necking and the subsequent
fracture of the specimen are hard to predict with
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napovedati. V prispevku je predstavljen inovativen
postopek o iskanju kriterija za reSitev zgoraj
omenjenega problema.

Razli¢na deformacijska stanja v plocevini
dosezemo z razlicnimi preizkusi. V praksi zelimo
uporabiti ¢im manj preizkusnih orodij, zato zelimo
KMD izdelati s preizkusi, pri katerih se spreminja
oblika preizkuSanca in ne oblika orodja. Iz
omenjenega razloga smo tako pri preizkusnem, kakor
pri numeri¢nem dolocanju KMD uporabili
Marciniakov izbo¢itveni preizkus.

Tipi€ni popis diagrama mejnih deformacij se
izvede s Stirimi razlicnimi deformacijskimi stanji
(globoki vlek, natezni preizkus, enoosno deformacijsko
stanje in enakomerno izbo¢evanje), pri katerih v dani
plocevini povzro¢imo lokalno stisnjenje in nato
porusitev materiala. Pojav zacetka lokalnega stisnjenja
se Steje kot indikator porusitve preoblikovalnega
postopka za plocevino. V tem trenutku se na kriticnem
obmocju preizkusanca pojavijo deformacije, ki
definirajo tocke krivulje mejnih deformacij na diagramu
@, v odvisnosti od ¢,. Deformacijo na mestu porusitve
pri preizkuSanju izmerimo z uporabo grafometricne
analize ([8] in [14]). Analiza temelji na ugotavljanju
velikosti in smeri deformacij na posameznem obmocju
plocevine na osnovi spremembe koordinatne merilne
mreze, ki jo pred preoblikovanjem nanesemo na
preizkusanec. Pri numeri¢nem dolocanju pa
deformacijo na mestu porusitve dolo¢imo z uporabo
algoritma, opisanega v tem prispevku.

1 OPISNUMERICNEGA
MODELA

Model za simulacijo Marciniakovega
preizkusa je sestavljen iz togih delov orodja, kakor so
valjasto oblikovan pesti¢ z ravnim poglobljenim ¢elom,
zgornja plosca (drzalo) in spodaj odprta matrica z
zavorno letvijo in deformljivih delov, kakrSna sta
preizkusanec in vodilni obro€ (sl. 3). Pri Marciniakovi
metodi uporabljamo ze omenjen vodilni obro¢, prikazan
na sliki 3, ki preprecuje nastanek najvecjih deformacij
preizkuSanca v blizini polmera pestica. Ta obro€ se
deformira skupaj s preizkuSancem, pri ¢emer premesti
deformacije preizkusanca iz polmera pesti¢a na ravno
povrsino pod pesti¢em. Geometrijska oblika orodja je
bila izbrana glede na objave tujih raziskav.

Marciniakov preizkus zahteva uporabo
razlicnih geometrijskih oblik preizkusancev za
dolocitev razli¢nih deformacijskih stanj in napetosti.
Simulacijski postopek je potekal na sedmih

numerical simulations. This paper presents an inno-
vative approach to finding alternative criteria to solve
the above-described problem.

Different strain states in sheet metal are
reached with various tests. In practice it is desirable
to minimise the number of used forming tools. We
want to define the FLC using tests where the
specimens’ shapes change and the tool geometry
remains unchanged. For this reason the Marciniak
test was selected for the experimental as well as for
the numerical determination of the FLC.

A typical description of the FLD is executed
with four characteristic deformation states (deep
drawing, uniaxial tension, uniform tension and biax-
ial balanced stretch forming), by which the localiza-
tion and the subsequent material fracture in the sheet
metal is caused. The onset of necking is considered
as a fracture indicator of the forming process for
sheet metal. At this point limit strains on the critical
area of the specimen appear, which define the points
for the limit curve on the diagram ¢, versus ¢,. De-
formation, where the fracture occurs, is measured
using graphometric analyses ([8] and [14]). This
analysis is based on size and direction investigation
of the major strains of the particular sheet metal area
by changing the coordinate measure grid, which is
printed on the specimens before the forming proc-
ess. However, with a numerical simulation the frac-
ture strain is determined using the methodology
described in this paper.

1 DESCRIPTION OF THE FINITE-ELEMENT
MODEL

The finite-element model for the Marciniak
test consists of rigid tool parts: a cylindrical punch
with a flat bottom, a blank holder and a die with
drawbead and deformable parts, like the specimen
and the guiding blank (Figure 3). The guiding blank
used in the Marciniak method, as shown in Figure 3,
prevents the appearance of maximal strains in the
vicinity of the punch radius. This blank is deformed
together with the specimen and helps to reposition
the critical strains from the punch radius to the flat
surface under the punch. The tool geometry was
chosen after consulting the publications from
international research work.

The Marciniak test requires the application
of various specimens’ geometries for a determination
of the different strain states and stresses. The
simulation process was achieved with seven different
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Fig. 3. Finite element model of Marciniak test

preizkusancih razli¢nih oblik (sl. 4). Prvi preizkusSanec
ima obliko kroga premera 200 mm (rondela), preostalih
Sest pa ima obliko traku (platina), ki je bil izrezan iz
kroga s premerom 200 mm, s Sirinami 165 mm, 150
mm, 135 mm, 130 mm, 95 mm in 60 mm. Vsak od
vzorcev pomeni na diagramu mejnih deformacij eno
specificno deformacijsko pot. Za numeri¢no
simuliranje omenjenega preoblikovalnega postopka
smo uporabili programski paket ABAQUS, ki temelji
na metodi kon¢nih elementov (MKE). Izbrali smo 3D
lupinske elemente z ve¢ integracijskimi tockami po
debelini lupine. Zaradi velikega Stevila objektov
simulacije, ki so v medsebojnem kontaktu, smo se v
izogib kontaktnim problemom pri implicitnem nacinu
rac¢unanja odlocili za eksplicitni na¢in racunanja.
Mehanske lastnosti preizkusanca (vroce
cinkana jeklena plocevina), ki jih potrebujemo za
popis elasto—plasti¢nega obnasanja materiala, smo
dobili z neprekinjenim enoosnim nateznim preizkusom
v Laboratoriju za preoblikovanje na Fakulteti za

specimen geometries (Figure 4). The first specimen
is a blank with a 200 mm diameter; the other six are
strip-shaped cut from the same blank with a diameter
0f 200 mm. The widths of the strips are 165 mm, 150
mm 135 mm, 130 mm, 95 mm and 60 mm. Each sample
corresponds to a specific strain path on the FLD.
For the simulations of the Marciniak method, the
commercially available finite-element program
ABAQUS was used. Three-dimensional shell
elements with five integration points across the
thickness were selected. Due to the large number of
simulation objects in contact, solver convergence
problems can occur during the simulation. An explicit
solver was selected to alleviate this problem.

The material properties of hot-galvanized
low-carbon steel necessary to define the elasto-
plastic material behaviour were obtained using a uni-
axial tensile test in the Forming Laboratory of the
Faculty of Mechanical Engineering in Ljubljana ([15]
and [16]). The stress-strain curve was approximated

130 mm L 95mm | 60 mm

i @ 200 mm o 165 mm L 150 mm . 135 mm . | ,
i i i i i i i

Sl. 4. Razlicne oblike preizkusancev
Fig. 4. Different shapes of test pieces
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Preglednica 1: Mehanske lastnosti vroce cinkane jeklene plocevine

Table 1: Material property of hot galvanized steel

C=719,2 MPa

n=0,153

ro=0,948

V45 = 0,793

rop = 1,003

E =210 GPa
p=7850 kg/m’
v=20,3
tp=0,64 mm

pri cemer so:

...konstanta utrjevanja materiala [MPa]
...eksponent utrjevanja [1]

.. koeficient normalne anizotropije [1]
...modul elasti¢nosti [MPa]

...gostota [kg/m’]

...Poissonovo stevilo [1]

tp.....zacetna debelina preizkusanca

=P EISA

strojnistvo v Ljubljani ([ 15] in [16]). Preracun priblizka
krivulje plasti¢nosti smo izvedli po Hollomonovem
potenc¢nem zakonu. Mehanske lastnosti so prikazane
v preglednici 1.

Material je bil popisan z elasto—plasticnim
snovnim zakonom. Upostevali smo anizotropno
obnasanje materiala, ki smo jo popisali s Hill-ovim
kvadrati¢nim kriterijem teCenja. Menimo, da model
MKE ni odvisen od hitrosti preoblikovanja.
Simulacijski postopek je bil razdeljen na dva koraka.
V prvem koraku se drzalo giblje v smeri z in pritisne
vodilno ploc¢evino ter preizkusanec ob matrico. Zob
matrice deformira material in preprecuje drsenje
preoblikovanca med drzalom in matrico. Matrica in
pesti¢ ostajata v tem koraku nepremicna. Sila drzala
je med celotnim postopkom simuliranja priblizno 150
kN. V drugem koraku preoblikovalnega postopka se
pesti¢ giblje v smeri z, dokler ne doseze zahtevane
oddaljenosti.

Trenje med dotikalnimi povrSinami
posameznih delov Marciniakovega modela je
definirano s Coulombovim zakonom. Vrednosti
koeficientov trenja y med posameznimi telesi
simulacije v dotiku, dobljene iz preizkusov, so:

- pesti¢ — vodilna plocevina: z= 0,08,

- drzalo — vodilna plocevina: ¢ = 0,25,

- vodilna ploc¢evina — preizkusanec: x= 0,3,
- preizkuSanec — zob matrice: ¢ = 0,25,

- preizkuSanec — polmer matrice: = 0,08.

where the parameters are:

C.....strength coefficient [MPa]
n.....strain hardening coefficient [1]
....material anisotropy [1]

....Young’s modulus of elasticity [MPa]
...density [kg/m’]

...Poisson’s ratio [1]

0.....initial specimen thickness

=D &>

~

by the Hollomon potential law. The material
properties are shown in Table 1.

In the FE simulations the elasto—plastic
material behaviour was modelled. The anisotropic
material properties were considered, which were
described with the Hill quadratic yield criterion. The
model was assumed to be rate independent. The
simulation processes were performed in two steps.
In the first step the blank holder moves down in the
‘z’-direction and presses the guiding blank and the
sheet-metal specimen onto the die. The die drawbead
deforms the material and prevents the specimen
sliding between the blank holder and the die. The
cylindrical punch and the die remain fixed in this
step. The blank-holder force is approximately 150
kN during the whole simulation process. In the
second simulation step the punch moves with a
constant speed in ‘z’-direction until the prescribed
displacements are achieved.

The contact interaction between the
surfaces in the FE model is defined with the Coulomb
friction law. The friction coefficients, , among the
simulation objects in contact have the following
values, obtained from the experiments:

- Punch — guiding blank: zz= 0.08,

- Blank holder — guiding blank: x= 0.25,
- Guiding blank — blank: #£=0.3,

- Blank — die drawbead: = 0.25,

- Blank — die radius: = 0.08.
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Sl. 5. Model koncnih elementov (1/4)
Fig. 5. Finite element model (1/4)

Mreza in robni pogoji MKE
Marciniakovega modela so prikazani na sliki 5.
Posebno pozornost smo posvetili mrezi
preizkusanca. Zaradi pricakovanega nastanka
lokalizacije oziroma zloma preizkuSanca v
podrocju pod pesti¢em, to podro¢je omrezimo na
zelo majhne kvadratne elemente mreze velikosti
1,5 x 1,5 mm?. S tem zmanj$amo vpliv velikosti in
oblike mreze na natan¢nost numeri¢no dobljene
KMD [17], medtem ko se Cas racunanja
numeri¢ne simulacije poveca. Velikost
pravokotnega podrocja je pri preizkusancih, $ir§ih
od 120 mm, veliko 120 x 120 mm?. Pri ozjih
preizkusancih pa se to podroc¢je primerno zozi.

2 OPISKRITERIJA ZA
DOLOCEVANJEKMD

Pri analizi KMD preiskujemo nastanek
lokalizacije oziroma porusitve na preizkusancu med
postopkom preoblikovanja. Dolociti je potrebno
obmocje ter ¢as nastanka lokalizacije in kasneje
porusitve. Zamisel o kriteriju za dolo¢evanje KMD z
numeri¢no simulacijo smo dobili iz teoreticnega
modela Marciniaka—Kuckzinskega (M-K), ki temelji
na dolo¢evanju lokalizacije na podrocju vnesene
geometrijske napake. Kratek opis modela M-K je
predstavljen v naslednjem poglavju. Prav tako je bila
koristno uporabljena Geigerjeva gradientna metoda

The mesh and boundary condition of the
Marciniak finite-element method are presented as one
quarter of the entire model - Figure 5. Special attention
was given to the specimen’s mesh. Due to the
expectation of localized necking and sample fracture
under the punch this area was meshed with a very
small squared mesh with a size of 1.5 x 1.5 mm?.
Implementing a so small grid size, the influence of the
mesh size and its shape on the accuracy of the
numerically obtained FLC [17] decreases; however, the
calculation time of the numerical simulation increases.
Specimens wider than 120 mm have a mapped mesh
area of 120 x 120 mm?. When using narrow specimens
this area is correspondingly narrower.

2METHODOLOGY DESCRIPTION FOR DETER-
MINATION OF THEFLC

The onset of necking or fracture of the
formed specimen is investigated when the numeri-
cal FLC is analysed. The time and area of the onset
of necking and subsequent fracture is defined. Sev-
eral ideas about the criterion for the determination
of the numerical FLC are obtained from the theoreti-
cal Marciniak—Kuckzinsky (M-K) model. The model
describes the localization in the area with the in-
serted geometrical defect. A brief description of the
M-K model is presented in the following section.
Geiger’s and Merklein’s gradient method [ 1] was also
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[1]. S preizkusnim postopkom je ugotovil, da se gra-
dient deformacije med preoblikovalnim postopkom
naglo spremeni v trenutku nastanka lokalizacije.
Podobno zamisel o uporabi drugega odvoda
deformacije debeline po casu, kot kriterij
lokalizacije, je v racunalniSkem okolju predstavil
Brun [12]. Metoda napove, kdaj se pojavi lokalizacija
in ni primerna za analiziranje, kje in kako se je le ta
pojavila.

2.1 Kratek opis teoreti¢nega modela Marciniaka —
Kuckzinskega

Z uporabo modela M-K analiziramo
plasti¢no nestabilnost v materialu. Pri tem
uposStevamo plasticni model z izotropnim
utrjevanjem materiala in ravninsko napetostno
stanje.

Model temelji na povecevanju zacetne
napake v obliki ozkega utora, nagnjenega pod
kotom y, glede na os y (sl. 6). ZaCetna velikost
geometrijske napake je karakterizirana z razmerjem
el /el , Kjer je ¢! zaGetna debelina podrodja in e}
debelina utora. Osi x, y in z ustrezajo vzdolzni,
precni in pravokotni smeri glede na smer valjanja
plocevine, medtem ko 1 in 2 predstavljata glavni
osi napetosti in deformacij v homogenem
podrocju.

Smeri na utoru so predstavljene z osmi 7, ¢,
z, kjer je ‘#’ vzdolzna os. Obe podro¢ji materiala sta
izpostavljeni plasti¢ni deformaciji, pri ¢emer
upostevamo stalno raztegovanje homogenega dela.
Plasti¢na deformacija se pri obremenitvi pojavi v
obeh podro¢jih. Njena velikost pa je odvisna od
precnega prereza podroc¢ja. Ob dosegu kriticne

found to be useful. They established with their ex-
perimental work that the strain gradient during the
forming process changes rapidly at the instant when
the localization occurs. A similar idea, analysed in the
digital environment, about the usage of the second
temporal derivation of the thickness strain as locali-
zation criteria is presented by Brun [12]. The method
predicts when the onset of necking occurs but it is
not suitable for analysing where and how it appears.

2.1 Brief description of theoretical Marciniak—
Kuckzinsky model

The simulation of the plastic instability is
performed using the M-K analysis. The rigid
plasticity, the plane stress condition and the isotropic
work hardening of the material are assumed.

The model is based on the growth of an
initial defect in the form of a narrow band inclined at
an angle w, with respect to the principle axis. The
initial value of the geometrical defect is characterized
by the ratio ¢/ /e; , where ¢/ and ¢! are the initial
thicknesses in the homogeneous region and the
groove, respectively. The x, y and z axes correspond
to the rolling, transverse and normal directions of
the sheet, whereas the 1 and 2 axes represent the
principal stress and strain directions in the
homogeneous region, respectively.

The set of axes bound to the groove is rep-
resented by the n, ¢ and z axes, where ‘¢’ is oriented
in the longitudinal direction. This two-zone material
is subjected to plastic deformation by applying a
constant incremental stretching of the homogene-
ous part. The plastic flow occurs in both regions,
but the evolution of the strain rates is different in

S,

- N

Sl. 6. Zacetna napaka M-K modela [18]
Fig. 6. Initial defect of the M-K model [18]
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deformacije v utoru se v njem pojavi lokalizacija. Pri
tem je dosezena mejna deformacija plocevine. Za lazjo
izpeljavo ravnoteznih ena¢b modela M-K se
predpostavi, da se deformacija (¢,) pojavi v smeri
081 x.

Natancen opis teoreticne analize M-K,
shematsko prikazane na sliki 6, lahko zasledimo v
razli¢nih virih ([6],[ 18] do [20]).

2.2 Opis numeri¢nega kriterija za dololitev
KMD

Pri iskanju kriterija za dolo¢itev numeri¢no
dobljene krivulje mejnih deformacij smo najprej
analizirali diagram preoblikovalne sile, ki ga dobimo
z numericno simulacijo za vsako izmero vzorca
posebe;j.

V splosnem prikazuje preoblikovalna sila
narascajoco pot do dosega njene najvecje
vrednosti in nenadno zmanjSanje ob pojavu
porusitve plocevine, kakor se to zgodi pri
preizkusu. Pri Marciniakovi metodi uporabljamo
vodilno plocevino, ki se zaradi boljsih
preoblikovalnih lastnosti in ve¢je debeline porusi
kasneje kakor preizkuSanec. Kasnej$a porusitev
vodilne plos¢e pri simulaciji z MKE zadrzuje
nenadno zmanjsanje sile, ki se pojavi pri porusitvi
preizkuSanca. PoruS$itev skupine vzorcev, ki
popisujejo levo stran KMD, se pojavi po celotni
drsni ravnini, pri ¢emer se le-ti razpolovijo. Ta
celoten zlom preizkuSancev vpliva na pojav
nenadnega zmanjsanja sile preoblikovanja kljub
uporabi vodilne ploc¢evine. Zato je mogoce pojav
nenadnega zmanjSanja sile pri Marciniakovi
metodi opazovati le pri preizkuSancih, s katerimi
popisemo levo stran KMD.

Ce vrisemo deformacijsko stanje
posameznih preizkuSancev v trenutku, ko se
preoblikovalna sila zmanjsa, in ¢e upostevamo samo
najvi§je tocke posameznih preizkuSancev, je
natan¢nost narisane KMD zelo majhna. 1z tega lahko
sklepamo, da je preoblikovalna sila prevec sploSen
parameter in zato ni najbolj primerna za opredelitev
meje porusitve plocevine.

Za dolocitev pojava lokalnega stisnjenja
potrebujemo manj sploSen parameter, kakor je
preoblikovalna sila, ki mora biti povezan s
posameznim elementom oz. vozlis§¢em. Iz narave
lokalnega stisnjenja debeline plocevine ter ob
upostevanju analize M-K, bi lahko za parameter izbrali
plasti¢no deformacijo debeline najtanjSega vozlisca.

two zones. When the flow localization occurs in the
groove at a critical strain in the homogeneous re-
gion, the limiting strain of the sheet metal is reached.
Furthermore, the major strain is assumed to occur
along the x axis.

A detailed description of the theoretical
M-K analysis, schematically illustrated in Figure 6,
can be found in several publications ([6],[ 18] to [20]).

2.2 Description of the numerical criterion for the
determination of the FLC

The first attempt made by an investigation
of the criterion for the determination of the
numerically achieved FLC was the analysis of the
forming force versus time for all the simulated
specimen dimensions.

The stamping force obtained by the FEM
shows an increasing ranking until its maximum value is
reached and abruptly decreases as soon as failure
appears on the sheet, as also happens with the experiment.
The guiding blank, which has better forming properties
and/or greater thickness, is used by the Marciniak method
and fails later than the specimen. The subsequent
fracture of the guiding blank by the FEM simulation
delays the sudden decrease of the forming force
appearing as a result of material fracture. The fracture of
all the specimens describing the left part of the forming
limit diagram (¢p,<0) is appears on the whole slide plane.
In these cases the samples are divided into two
approximately equal parts. This specimens rupture results
in a suddenly decrease in the forming force, despite the
use of a guiding blank. Therefore, the appearance of an
abrupt decrease of the forming force during the Marciniak
method can only be seen for samples defining the left-
hand side of the FLD.

If the strain state of the particular specimens
at the moment when the forming force drops down is
plotted, and only the highest points of several
specimens are considered, the drawn FLC is not
accurate enough. It can be concluded that the forming
force is a too general parameter and is therefore
probably not the most suitable one to describe the
deformation behaviour of the sheet metal.

For the determination of the phenomenon
of localized necking, a criterion related to the single
node or element is needed. This is a less general
parameter than the forming force. With consideration
of the M-K analysis and the nature of the local
contraction of sheet thickness, the plastic thickness
strain of the thinnest node can be chosen. When
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Sl. 7. Tanjsanje najtanjsega vozlisca v odvisnosti od casa (platina 95 mm)
Fig.7. Thinning as a function of time for the critical node (platinum 95 mm)

Ob pojavu lokalnega stisnjenja moramo zaznati ostro
spremembo v deformacijskem obnasanju izbranega
vozlis¢a. Na krivulji, ki prikazuje logaritemsko
deformacijo v smeri debeline ploc¢evine ¢ v
odvisnosti od ¢asa (sl. 7), vidimo koleno, ki poudarja
skokovito spremembo deformacije.

Ce predvidevamo, da je zadetek lokalne
kontrakcije povezan z znacilno spremembo hitrosti
deformacije debeline v odvisnosti od ¢asa, potem
ima drugi ¢asovni odvod deformacije ¢, (¢) v tem
trenutku najvecji ekstrem funkcije. Slika 8 prikazuje
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-200+

-400+

S~ -600-
-800+

-1000+

-1200 : .
0 0.002 0.004 0.006 0.008
Cas simulacije

Simulation time

Prvi odvod |
First derivation
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necking appears, a sharp change in the strain
behaviour of the selected node should be noted. On
the curve which shows the true principal strain in
the sheet thickness direction ¢, versus time (Figure
7), a knee can be observed. This underlines a bigger
variation of strain against time.

If we consider that the onset of necking
can be connected with a significant variation in the
strain thickness velocity versus time, then the
second temporal derivation of strain ¢, (¢) has at
this moment maximal extreme function. The first and

;
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Sl. 8. Zacetek lokalizacije in njena lega na preizkusancu
Fig. 8. Onset of necking and its location on the analysed specimen
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prvi in drugi odvod deformacije debeline v odvisnosti
od ¢asa. Drugi odvod prikazuje lokaliziran vrh v casu.
V tem trenutku lahko pricakujemo pricetek lokalnega
stisnjenja na vzorcu.

Ovrednotenje stanj glavnih deformacij (¢,
in ¢@,) razli¢nih geometrijskih preizkuSancev,
analiziranih glede na ekstreme funkcije ¢, (¢) kriticnih
vozliS¢ posameznega preizkusanca, daje tocke za
doloc¢itev KMD z uporabo numeri¢nega postopka.

2.3 Opis metodologije

Pri proucevanju kriterijev za dolo¢itev KMD
z uporabo numeri¢nih simulacij se je kot najboljsa
izkazala analiza debelinske deformacije. Pri vrednotenju
numeri¢no opredeljene KMD smo uporabili sedem
razli¢nih geometrijskih oblik preizkusancev.

Uporabljena metodologija pri doloCanju
KMD s pomoc¢jo numeri¢nih simulacij je povzeta v
naslednjih sedmih korakih:
1 — Iskanje najtanjSega vozlis¢a. Na analiziranem
modelu MKE i§¢emo najtanjsa vozlis¢a preizkusanca
za celoten Cas preoblikovanja, ki ga diskretiziramo
na Casovne korake ¢,
2 — Doloc¢anje deformacije debeline. Najtanjsa
vozli§¢a vseh casovnih korakov so oznacena in
vnesena v program za MKE analize ABAQUS.
Omenjenim vozlis§¢em zapiSemo pripadajoce
deformacije debeline med celotnim postopkom
preoblikovanja.
3 —Izracun prvega in drugega ¢asovnega odvoda
deformacije debeline. Predvidevamo, da je zacetek
lokalne kontrakcije povezan z znacilnim povecanjem
deformacije debeline v odvisnosti od ¢asa. Skokovito
spremembo ¢, najbolje prikazuje drugi casovni odvod
deformacije, ki ga izraCunamo in analiziramo za vsako
najtanjSe vozliS¢e. Drugi odvod deformacije
opredelimo kot:

b,

4 — Oznacevanje najvecje vrednosti drugega
¢asovnega odvoda za posamezno vozlisce. Izracunana
sta prvi in drugi ¢asovni odvod plasticne deformacije.
Oba imata vrh strogo lokaliziran v ¢asu, okoli
katerega se pojavi tudi koleno deformacijske krivulje.
Vrh drugega odvoda, ki pomeni precej$no razliko v
hitrosti deformacije, prikaze ¢as, pri katerem naj bi se
pojavila numeri¢no dobljena lokalna kontrakcija.

5-—Izbiranje najvecje vrednosti drugega ¢asovnega
odvoda med vsemi vozlis¢i. Napisemo algoritem, ki

second derivatives of thickness strain versus time
are shown in Figure 8. The later one represents a
localized peak in time. At this moment we can expect
the onset of necking in the specimen.

An evaluation of the main strain states (¢,
and ¢)) for different specimen geometries, analysed
according to the function extremes ¢, (¢) of the critical
nodes on a particular specimen, gives the points for a
determination of the FLD by a numerical approach.

2.3 Methodology description

The thickness strain proved to be the best
parameter for an analysis of the numerically
obtained FLC. Seven different specimen geometries
were used by evaluating the numerically defined
FLC.

The methodology used for a determination
of the FLC with numerical simulations can be
summarised in the following seven steps:

1 — Searching the most thinned node. On the
analysed FEM model the most thinned nodes of the
specimen for the whole forming time, which is
separated into time intervals of 7, are searched.

2 — Defining the thickness strain. The most
thinned nodes of all the time increments are
indicated and entered in program for the FEM
analyses (ABAQUS). For that, nodes
corresponding to the thickness strain during the
whole forming process are recorded.

3 — Calculation of the first and second temporal
derivatives of thickness strain. It is supposed that
the onset of necking is related with a typical increase
of thickness strain versus time. A sharp variation of
@, is best represented by a second temporal
derivative, which is calculated and analysed for each
of the most thinned nodes. The second strain
derivative is defined as:

. do
_ s 1).
" Q)

4—Indicating the maximal value of the second temporal
derivative for an individual node. The first and second
temporal derivatives of plastic strain are calculated. Both
have a peak that is rigorously localized in time, around
which the knee of the strain curve appears. The peak of
the second derivative, which acts as a large variation in
the deformation velocity, represents the time in which
the numerically defined necking is supposed to appear.
5 —Selecting the largest value of second temporal
derivative among all the nodes. The algorithm was
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primerja ¢ase nastankov najvecjih vrednosti drugega
odvoda posameznih vozlis¢ preizkuSanca in zapise
Cas nastanka ter Stevilko vozlis¢a, pri katerem se je
najvecja vrednost drugega odvoda najhitreje
pojavila.

6—Zapis glavnih deformacij v precni (¢,) in vzdolzni
(,) smeri vozli§¢a. ZapiSemo glavni deformaciji v
precni in vzdolzni smeri vozlisca, ki ga je shranil
algoritem, opisan v koraku 5.

7 —Risanje numeri¢no dobljene KMD. Koraki 1 do
6 se ponavljajo za vseh sedem geometrijskih oblik
preizkusanca, s ¢imer ovrednotimo razli¢na podrocja
v diagramu deformacijskih stan;.

Med analiziranjem nastanka lokalizacije oz.
zloma na posameznem preizkuSancu po zgoraj opisani
metodi se lahko pri razli¢nih vozliscih v enakem
trenutku pojavi izrazita sprememba @, . Pri nadaljnji
analizi ugotovimo, da so to sosednja vozlis¢a, ki se
nahajajo v podroc¢ju nastanka lokalizacije oz.
porusitve preizkusanca. Zato je na sliki 9 pri doloceni
geometrijski obliki vzorca prikazanih ve¢ kriticnih
tock.

3 PRIMERJAVA PREIZKUSNO IN NUMERICNO
DOBLJENE KRIVULJE MEJNIH DEFORMACIJ

Za dolocanje numericne krivulje mejnih
deformacij, smo uporabili enak material preizkusanca
kakor pri preizkusnem dolo¢anju KMD. Preizkusni
del je bil izveden na orodju za Marciniakov preizkus,
opremljen z opti¢nim sistemom za vrednotenje
podatkov v Laboratoriju za preoblikovanje na
Fakulteti za strojniStvo v Ljubljani.

Slika 9 prikazuje preizkusno in numeri¢no
dobljene tocke KMD za vroco cinkano jekleno
plo¢evino. Spodnja ¢rta na diagramu predstavlja
lokalizacijo, zgornja pa porusitev preizkusanca pri
preizkusnem dolocanju KMD.

Z opisanim numeri¢nim kriterijem za
doloc¢evanje KMD napovedujemo zacetek
lokalnega stisnjenja na preizkuSancu. Pri analizi
diagrama ugotovimo, da se leva stran numeri¢no
dobljenih tock, v primerjavi s preizkusom, nagiba k
napovedovanju pretrga preizkuSanca. Iz
omenjenega lahko ugotovimo, da z numeri¢nim
kriterijem ne moremo natan¢no dolociti zacetka
lokalizacije na preizku$ancu pri vseh geometrijskih
oblikah vzorcev. Problem bi resili s pogostejSim
shranjevanjem tanjSanja posameznih vozliS¢ na
preizkuSancu, predvsem v trenutku nastanka
lokalizacije.

written that compare the origin times of maximal value
of the second derivative for particular specimen
nodes and then write down the origin time and the
node number at which the maximal value of the
second derivative first appeared (at minimum time).
6 — Recording the main strains in the transversal
(¢,) and the longitudinal (¢,) direction of the node.
The main strains are written down in transversal and
longitudinal directions for the node, and saved with
the algorithm described in step 5.
7—Plotting the numerical FL.C. Steps 1 to 6 are repeated
for each of the seven specimens’ dimensions in order to
evaluate the different areas in the FLD diagram.
During the analysis the onset of necking
and fracture in the particular specimens by the meth-
odology described above can appear at different
nodes at the same moment expressive variation of
the ¢, . However, with further analysis this node was
determined as adjacent nodes, that are in the area,
where the necking or failure on the specimen origi-
nates. Therefore, more critical points for the defined
specimen geometry are shown in Figure 9.

3 COMPARISON OF THE EXPERIMENTAL AND
NUMERICALLY OBTAINED FLC

The numerical and experimental
determinations of the FLC were performed with the
same material properties. The experiments were
carried out on the Marciniak test tool and optical
data-acquisition equipment in the Forming
Laboratory, Faculty of Mechanical Engineering,
Ljubljana.

The experimental and numerically obtained
points of the FLC for hot-galvanized steel are shown in
the Figure 9. The lower line on the diagram represents
the localization, whereas the upper line represents
specimen failure by the experimentally defined FLC.

With this numerical approach for the
determination of the FLC the onset of necking on
the specimen is predicted. Furthermore, it is evident
from the diagram that the left side of the numerically
obtained points tends to predict specimen fracture
in comparison with the experimental test. However,
it could be established that it is not possible to
accurately determine the onset of necking on the
specimen for all the analysed geometries using the
numerical criterion. The problem could be solved
with a higher frequency of data saving for all the
nodes on the specimen, especially at the moment
when the necking occurs.

342 Petek A. - Pepelnjak T. - Kuzman K.



Strojniski vestnik - Journal of Mechanical Engineering 51(2005)6, 330-345

0,7 ‘
0.6 —— porusSitev / fracture ||
’ B --- lokalizacija / necking
Nl
0,5
A

. \Q\
0,4 A

: oy —
A’/

0,2

§ %A\ 4
0.3 ~
4

o

0,1

0
-0,4 -0,2

0 0,2 ¥, 04

® numericni rezultati / numerical results

& eksperimentalni rezultati - zaCetek lokalizacije / experimental results - onset of necking
A eksperimentalni rezultati - porusitev / experimental results - fracture

SL. 9. Primerjava numericno in preizkusno dobljene KMD
Fig. 9. Comparison of numerical and experimental obtained FLD

Numeri¢no dobljene tocke mejnih deformacij se
pojavljajo med podro¢jem, ki ga zajemata KMD
lokalizacije in zloma preizkuSancev pri preizkusu. Ker
se podroc¢je numericne krivulje nahaja v kriticnem
podroc¢ju preizkusne krivulje, jo lahko vsekakor
uporabimo za oceno preoblikovalnosti materiala.

Do odstopanj med numeri¢no in preizkusno
dobljenimi tockami mejnih deformacij lahko pride
zaradi vizualnega pregleda posnetkov zacetka
lokalizacije in kasneje zloma na preizkuSancu pri
preizkusnem dolocanju tock, kar ima lahko
pristransko naravo. Z uporabo pogostejSega
shranjevanja posnetkov bi lahko omenjeni pristranski
vpliv zanemarili.

Pri dolocevanju KMD z numeri¢no
simulacijo pa se izognemo pristranskemu vplivu
dolocitve lokalizacije na preizkusancu. V tem primeru
je natan¢nost numericno analizirane lokalizacije na
preizkuSancu odvisna od gostote shranjevanja
podatkov med simulacijskim postopkom.

Primerjava med preizkusno in numeri¢no
dobljeno KMD je bila izvedena na podlagi treh
razli¢nih oblik vzorcev (na diagramu slika 9: levo -
platina Sirine 90 mm, sredina — platina Sirine 130 mm
in desno — rondela). Zaradi natan¢nejSega poteka
numericne KMD so v diagram (sl. 9) vnesene tudi
mejne deformacije preostalih numeri¢no analiziranih
preizkusSancev (platina Sirine: 95 mm, 135 mm, 150

Numerically obtained points of the strain limits appear
between the area that is limited with necking and the
fracture limit curve by an experimental determination
of the FLC. Since the numerical curve is placed in a
critical area of the experimental curve it can be anyway
used for the estimation of the material formability.

The deviation between the numerically and
experimentally obtained strain limit points can be
related to a visual data evaluation of the onset of
necking and the later fracture in the specimen by an
experimental determination of the points, which can
have a subjective nature. The above-mentioned
subjective influence can be neglected by using
repeated data saving.

The subjective influence of the necking
definition on the specimen is negligible for a
numerical determination of the FLC. In this case the
accuracy of the numerically analysed necking on
the specimens depends on the frequency of the
saved data.

The comparison between the experimen-
tally and numerically obtained FLC is based on three
different test geometries (Figure 9: left — specimen
width of 90 mm, middle — specimen width of 130 mm
and right — blank of 200 mm in diameter). The limit
strains of the other numerically analysed specimens
with widths 0f 95 mm, 135 mm, 150 mm and 165 mm
are also entered in the diagram (Figure 9) for an ac-
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mm in 165 mm). Za natan¢nejso dolocitev lege KMD
bi bilo potrebno analizirati vecje Stevilo
preizkusancev s Sirinami okoli 130 mm, saj Se tako
majhna sprememba geometrijske oblike vzorca
vpliva na spremembo poteka deformacije v
odvisnosti od Casa.

4SKLEP

Najvecja prednost predstavljene metode je
moznost avtomatizacije in vrednotenje velikega
Stevila razli¢nih geometrijskih oblik preizkusancev.
Zato je metoda zmozna hitro in zanesljivo napovedati
krivuljo mejnih deformacij.

Kljub temu, da prihaja do razlik med
numeri¢no in preizkusno dobljenimi tockami,
lahko rezultate Stejemo kot dobre, saj se
numeri¢no dobljena KMD dobro prilega
preizkusni KMD na celotnem obmocju diagrama
mejnih deformacij.

Dobljeni so zadovoljivi rezultati z nizjimi
stroski in v krajSem c¢asu kakor pri preizkusu. Z
natan¢nejSim vnosom materialnih podatkov v
numeric¢ni program bi dosegli popolnejso krivuljo
mejnih deformacij.

V nadaljevanju raziskovalnega dela
bomo z opisano metodo dolo€ili e KMD za
materiale, ki imajo druga¢ne mehanske lastnosti
(aluminij, titan, nerjavece jeklo itn.). S tem bomo
dobili potrditev o splosni veljavnosti tako
dobljenih krivulj mejnih deformacij, v primeru
odstopanj pa bomo skusali ugotoviti vzroke za
njihov nastanek.

curate definition of the numerical FLC. A large number
of specimens with widths around 130 mm would be
needed to analyse the accurate position of the FLC,
because a small difference in the specimen geom-
etry can have an enormous influence on changes to
the strain path against time.

4 CONCLUSION

The most important advantage of the
presented numerical method is its potential for
automation and the evaluation of a large number of
different specimen geometries. Therefore, the method
is able to quickly and reliably predict the forming
limit curve.

In spite of the differences between the
numerically and experimentally obtained points the
final results are acceptable, because the numerically
obtained FLC is in good agreement with the
experimentally obtained curve over the whole range
of'the forming limit diagram.

Satisfactory results are obtained with less
cost and in a shorter time than with experiment. Of
course, the more accurate are the material data for
the input of the numerical program, the better is the
obtained forming limit curve.

In future research work we will determine, with
the above-mentioned numerical approach, the FLCs
for other materials with diverse mechanical properties
(aluminium, titanium, stainless steel, etc.). In this way
the general validity of the presented methodology will
be confirmed. In the case of deviations the reasons for
these anomalies will be analysed as well.
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Simulacija bo¢nega nihanja potniSkih vagonov

Simulating the Lateral Vibrations of Passenger Wagons
Zilvinas Bazaras — Mindaugas Leonaviéius

V tej raziskavi sva se posvetila dinamiki zelezniskih potniskih vagonov, metodam za resevanje
problemov s tega podrocja in dinamicnim pojavom v vagonu. S programskim paketom ADAMS/Rail sva
ustvarila matematicni model, ki omogoca izracun precno vsiljenega nihanja vagona. V postopku izdelave
tega modela sva ocenila geometrijske in mahanske znacilnosti vagona. Poleg tega sva predstavila funkcije,
ki opisujejo sinusoidne nepravilnosti zelezniske proge v ravnini, in sicer za primere, ko sinusoidna valovna
dolzina znasa 10 m, 20 m, 30 m in 40 m in je valovna amplituda 0,0025 m, 0,0035 m, 0,0050 m in 0,0065 m.
Z uporabo teh funkcij sva opisala vpliv vzbujanja na dinamicni sistem.
© 2005 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: vagoni potniski, dinamika, nihanja bo¢na, modeli matematicni)

In this investigation we look at the dynamics of railway passenger wagons, the methods of providing
solutions and the dynamic processes of a carriage. Using the program package ADAMS/Rail, a mathematical
model is created to calculate the transversally forced oscillations of the carriage. During the creation of
this model the geometrical and mechanical characteristics of the carriage are estimated. In addition, the
functions describing the sinusoidal irregularities of the road in the plane are presented for cases when the
sinusoidal wavelength is 10 m, 20 m, 30 m and 40 m, and the wave amplitude is 0.0025 m, 0.0035 m, 0.0050
m and 0.0065 m. With the help of these functions the excitation influence on the dynamic system is described.

© 2005 Journal of Mechanical Engineering. All rights reserved.
(Keywords: railway passenger cars, dynamics, lateral vibrations, mathematical models)

0UVOD

Zaradi izboljsav na lokomotivah,
povecanih hitrosti in strozjih zahtevah prometne
varnosti postajajo raziskave dinamike pojavov
celotne vlakovne kompozicije ter analize
medsebojnega delovanja sil koles in tirnic vse bolj
pomembne. Mnogi znanstveniki na razli¢nih koncih
sveta so delovali, in v mnogih primerih Se vedno
delujejo, na podroc¢ju raziskovanj vlakovnih
kompozicij. Mednje spadajo Rao V. Dukkipati, S.
Narayana Swamy ([1] in [2]), C. Andersson, P.
Carlbom, J. Forstberg [3], M.F .Verigo, A.J. Kogan
[4], V.E. Uskalov [5], W.O. Shiehlen [6], VerSinskij
[7]. Veliko stevilo drzav, v katerih potekajo raziskave
vlakovnih kompozicij, dokazuje, da problemi vezani
na dinamiko vlakovne kompozicije ostajajo nereseni
in pomenijo izziv za posamezne drzave. Ti problemi
so zelo pomembni tudi za Litvo, saj se je tu stanje
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O0INTRODUCTION

With the improvements in traction devices,
the increased speeds and the stricter traffic-safety
requirements, research into the dynamic processes of
rolling stock as well as analyses of the interaction forces
between the wheel and the rail becomes more and more
important. A lot of scientists from all around the world
have worked, and in many cases continue to work, in
the area of rolling stock. These include Rao V. Dukkipati,
S. Narayana Swamy ([1] and [2]), C. Andersson, P.
Carlbom, J. Forstberg [3], MLF. Verigo, A.J. Kogan [4],
VE. Uskalov [5], W.O. Shichlen [6], Vershinsky [7]. The
large number of countries where the dynamics of rolling
stock is being investigated shows that the problems
related to rollingstock dynamics remain unsolved and
represent a challenge on the national level. These
problems are also very important in Lithuania because
the condition of the trains and the railways has
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vlakov in zeleznic poslabsalo in je zato potnikom
tezko ponuditi udobno voznjo.

Prispevek obravnava problem dinamike
vodoravnih dinamic¢nih procesov, ki se pojavlja
ob gibanju vagona po progi z bocnimi
nepravilnostmi.

Vodoravni dinami¢ni pojavi mo¢no vplivajo
na stabilnost gibanja, tj. na zmoznost elasti¢ne zveze
vlakovne kompozicije, da ohrani precno nihanje v
mejah, potrebnih za zagotavljanje udobja in varnosti
potnikov. Eden glavnih kazalnikov, ki doloca
enakomernost gibanja, upoSteva amplitudo in
pospesek nihanja. Prispevek predstavlja odvisnosti
teh kazalnikov od hitrosti gibanja in nepravilnosti
tira.

1 NEPRAVILNOSTIZELEZNISKEGA TIRA
NajpogostejSa je skoraj sinusoidna

nagubanost tirnic, obravnavana v virih [1] do [3] in
prikazana na sliki 1,

n(t)zwsin(zlnx

kjer je / valovna dolzina sinusoidnih nepravilnosti, a
amplituda sinusoidnih nepravilnosti, v hitrost in ¢
cas.

Analiza dolgoro¢nih opazovanj zelezniske
proge [7] je pokazala, da je imelo 55 do 65 odstotkov
odsekov zeleznice, narejene iz zelezobetonskih tirov,
nepravilnosti v vodoravni smeri in v obliki pravilne
sinusoide. Poleg tega je imelo 20 do 30 odstotkov
teh tirov Se nepravilnosti v obliki nepravilne
sinusoide, ki pa jo v dobrem priblizku lahko vpisSemo
s pravilno sinusoido.

Glavne povprecne vrednosti vodoravnih
nepravilnosti so podane v preglednici 1 [5].

worsened, making it difficult to provide passengers
with acceptable levels of comfort.

This paper discusses one of the problems
of the dynamics of wagons’ horizontal dynamic
processes that occurs while a wagon moves along
lateral road irregularities.

Horizontal dynamic processes have a great
impact on the stability of movement, i.e., on the capability
of the elastic lug of the rolling stock to maintain transversal
oscillations within the limits of the requirements for
providing comfort and safety for passengers. One of the
main indicators that determines the evenness of movement
involves the amplitudes and accelerations of oscillations.
This paper discusses the dependences of these indicators
on movement speed and road irregularities.

1 RAILWAY-TRACK IRREGULARITIES
Nearly sinusoidal rail corrugations, like

those described in [1] to [3], (Fig. 1) are the most
commonly encountered

):a-sin(znvt) (1),
[

where / is the wavelength of the sinusoidal
irregularities, a is the amplitude of the sinusoidal
irregularities, v is the velocity and ¢ is the time.

In an analysis of the long-term conditions
ofarailway [7], 55 to 65 % of the pieces of the railway
track with ferro-concrete rails were found to have
irregularities in the horizontal direction in the form
of a correct sine wave. In addition, 20 to 30 % of
these pieces were found to have irregularities in the
form of an incorrect sine-wave form that would not
be difficult to approximate to a correct sine wave.

The major average values of the horizontal
irregularities are given in Table 1 [5].

leva tirnica

v

n() a e
esna tirnica
Right rail
y
X,
; x
|

al

Sl. 1. Osnovna shema sinusoidnih nepravilnosti zelezniske proge
Fig. 1. Principal scheme of the sinusoidal irregularities of the railway
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Sl. 2. Poenostavljeni, dinamicni model potniskega vagona
Fig. 2. Simplified, dynamical model of a passenger wagon

Preglednica 1. Nepravilnosti priblizno sinusoidne oblike
Table 1. Characteristics of practically sinusoidal irregularities

Oblika bocnih Parametri boénih sinusoidnih nepravilnosti n(t)
nepravilnosti Parameters of lateral sinusoidal irregularities 1(t)
Shape form of the
lateral irregularities a [m] [ [m]
pravilna sinusoida 0,001 do/to 0,003 10 do/to 25
correct sine wave
nepravilna sinusoida 0,002 do/to 0,004 10 do/to 20
incorrect sine wave
2 OPIS MODELA POTNISKEGA 2 DESCRIPTION OF THE PASSENGER-WAGON
VAGONA MODEL

Raziskave razli¢nih vrst ZelezniSkega
prevoza vkljucujejo:

- analize sil, ki se pojavljajo med kolesom in
tirom;

- vpliv koles, podvozja in drugih delov konstrukcije
na dinamiko vagona;

- analize gibanja vagona po nepravilnem tiru;

- analize obcutljivosti Zelezniskega vagona;

- dolocitev amplitudno-frekvenénih znaéilnosti
elementov vagona.

Raziskovalna simulacija, ki je bila del
programa ADAMS/Rail, je potekala na
potniskem vagonu s podvozjem tipa KVZ CNII
([81in [9]).

Slika 2 prikazuje dinami¢ni model
preuCevanega vagona.

Vagon je oblikovan kot toga karoserija,
vezana na okvir z vzmetjo in dusilniki (k, in c,), ki
imajo linearne znacilnosti. Okvir je prav tako
oblikovan kot togo telo, povezano s dvojicama
koles (k, in c¢,) prek vzmetno-duSilne enote.

Research into various types of railway
transport includes:

- analyses of the forces that appear between the
wheel and the rail;

- the influence of the wheels, bogies and other parts
of'the construction on the dynamics of the carriage;

- analyses of the carriage’s movement along an
irregular track;

- analyses of the railway carriage’s sensitivity;

- the determination of the amplitude/frequency
characteristics for the elements of a carriage.

In this work a passenger wagon with the KVZ
CNII-type bogies ([8] and [9]) was used in the simulation
research as part of the ADAMS/Rail program.

The dynamical model of the research wagon
is shown in Figure 2.

The wagon is modelled as a rigid body,
which is connected via a spring and truck dampers
(k, and c,) that have linear characteristics. The bogie
frame is also modelled as a rigid body, which is
connected to the wheel sets (k, and c,) by the
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Preglednica 2. Tehnicni podatki potniskega vagona s podvozjem tipa KVZ CNII
Table 2. Technical data of the passenger wagon with the KVZ CNII-type bogies

Parameter Vrednost / Value
masa karoserije, kg
Mass of a wagon body, kg 43400
masa okvirja, {cg 2615
Mass of a bogie frame, kg
masa podvozja, kg 7100
Mass of a wagon bogie, kg
masa kolesne dvojice, kg 1500
Mass of a wheelset, kg
masa lezajnika osi, kg 155
Mass of an axle box, kg
premer koles, m 0.92
Diameter of the wheels, m ’
nosilo medosne razdalje, mm

. . 1520
Tape circle distance, mm
nosilo kolesne dvojice, m 24
Wheelset base, m ’
razdalja med dvema podvozjema, m 17
Distance between two bogies, m
primarna bocna togost vzmetenja, kN/m 860
Primary lateral suspension stiffness, kN/m
sekundarna bocna togost vzmetenja, kN/m 385
Secondary lateral suspension stiffness, kN/m
sekundarno bocno dusenje vzmetenja, kNs/m 100
Secondary lateral suspension damping, kNs/m

Povezava je linearna. Izbrani parametri modelnega
vagona in njegovo gibanje so predstavljeni v
preglednici 2.

Da bi povzeli znacilnosti modela, moramo
vse linearne enacbe, ki dolo€ajo vsiljeno nihanje
modela, ki ga povzro€ajo motnje, povezane z
neenakomernostjo proge, izraziti z matrikami [ 7]:

spring—damper unit. The connection is a linear type.
The parameters chosen for the modelled wagon and
its movement are presented in Table 2.

In order to summarize the model, all the linear
equations defining the forced oscillations of the model,
and which are caused by disturbances due to the road
roughness, should be expressed by matrices [7]:

P11 K15 = 811 o

kjer so {y} krajevni vektor, {u} vektor motenj,
[M] matrika vztrajnosti, [ C] matrika duSenja, [K]
matrika togosti in [B] matrika porazdelitve
motenj.

Ko izberemo nacin izracuna, lahko
dinamicne enacbe nihanja opiSemo z Lagrangevimi
enacbami drugega reda, ali z D’Alembertovim
nacelom (Ce silam, ki delujejo na tocke sistema,
dodamo sile vztrajnosti, dobimo uravnotezen sistem
sil) [4]. Diferencialne enacbe morajo upostevati
geometrijske, fizikalne in stati¢ne odvisnosti.

Na temelju geometrijskih razmerij lahko
dolo¢imo odvisnosti sprememb (tj. deformacij)

where {y} is a position vector, {u} is a vector of
disturbances, [M] is inertial matrix, [ C] is a damping matrix,
[K] is arigidity matrix, and [ B] is matrix representing the
distribution of disturbances.

After selecting the calculation scheme, the
dynamic equations of the oscillations can be described
by Lagrange’s type-II equations or by D’Alembert’s
principle (by adding the inertial forces to the forces acting
on the system points, a balanced system of forces is
obtained) [4]. The differential equations should take into
account geometric, physical and static dependencies.

On the basis of the geometric relations we can
determine the dependencies of the changes (i.e., the
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povezav komponentnih vozlis¢ konstrukcije v
dolo¢enem koordinatnem sistemu. Ob
upostevanju fizikalnih zakonov, reakcije povezav,
vztrajnostne sile analiziranih komponent in
momente vztrajnostnih sil izrazimo kot deformacije
ter zapiSemo enacbe za izracun hitrosti in
pospeskov vozlis¢. Dobljene odvisnosti vstavimo
v sistem diferencialnih enac¢b dinamicnega
sistema. Ko resimo sistem, dobimo razmerje med
prozilnimi silami in spremembami komponent
vagona.

3METODA SIMULACIJE

Simulacijo casovnega poteka smo izvedli v
pogojih sinusoidne boc¢ne nepravilnosti leve in
desne tracnice (sl. 1).

Ko se vlakovna kompozicija giblje po progi
zboc¢nimi nepravilnostmi, je karoserija izpostavljena
vodoravnemu nihanju z razli¢nimi amplitudami in
frekvencami, katerih vrednosti so odvisne od
naslednjih dejavnikov [10]:

- hitrosti vagona;

mehanskih lastnosti komponent jeklene

konstrukcije;

vodoravnih odstopanj tracnic;

porazdeljenosti nepravilnosti na obeh straneh.
Za potrebe preucevanja dinamicnih

karakteristik vagona smo analizirali bo¢ne vibracije

vagona pri razli¢nih hitrostih, od 10 km/h do 160 kim/

h, v obmocju sinusoidnih nepravilnosti in v ravnini

razli¢nih parametrov (valovna dolzina /je:10 m, 20 m,

30 m in40 m; valovna amplituda a je: 0,0025 m, 0,0035

m, 0,005 min 0,0065 m).

deformations) of the connections of the structural
component nodes in the specified coordinate system. By
applying physical laws, the reactions of the connections,
the inertial forces of the analysed components and the
moments of the inertial forces are expressed as
deformations, and the equations for calculating the speeds
and accelerations of the nodes are compiled. The obtained
dependencies are put into the system of differential
equations of the dynamic system. After the system is
solved, a relation between the actuation forces and the
changes of the wagon’s components is obtained.

3 THE METHOD OF SIMULATION

Time-history simulations were performed
under the conditions of sinusoidal lateral irregularity
on both the left- and right-hand rails (Fig. 1).

When the rolling stock moves along the
lateral road irregularities, the body acquires horizontal
oscillations with different amplitudes and
frequencies, the values of which depend on the
following factors [10]:

- the speed of the wagon,;

- the mechanical properties of the structural
components;

the horizontal deviations of the rails;

the distribution of the irregularities on both rails.

For the study of the dynamic characteristics
of the truck the body’s lateral vibrations were
analyzed at different speeds, from 10 km/h to 160
km/h, on the sinusoidal irregularities in the plane of
different parameters (the wavelength /is 10 m, 20 m,
30 m and 40 m; the wave amplitude a is 0.0025 m,
0.0035 m, 0.005 m and 0.0065 m).

0.01
m | —— 4 =0.0025m
——-a=0.0035m
. 0.005] ———-a =0.0050 m
;% —.— a =0.0065 m
00 ; T
s S
o
£ 0005
%« i 1=20m
-0.01
0 1.0 S 2.0
¢as / time

Sl. 3. Funkcije, ki dolocajo zelezniske tire pri hitrosti 40 km/h
Fig. 3. Railway rails-defining functions when the speed is 40 km/h
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Sl. 4. Spremembe premikov zaradi bocnih vibracij karoserije potniskega vagona, ki se giblje s hitrostjo
40 km/h na padajocem delu sinusoidne oblike, [ =20 m
Fig. 4. Changes of lateral vibration displacements of the body of a passenger wagon that moves with a
speed of 40 km/h on the slump | =20 m, of sinusoid shape

Predpostavljali smo, da je proga popolnoma
toga; v najinih izraCunih nismo upostevali deformacij
tirov.

Slika 3 prikazuje funkcije sinusoidnih
nepravilnosti (valovna dolzina / =20 m; valovna
amplituda @ je: 0,0025 m, 0,0035 m, 0,005 m in 0,0065
m), katerih ¢asovna odvisnost ustreza prozenju pri
hitrosti vagona 40 km/h.

Po opisu prozilnega u¢inka na dinamicni
model, izvedenega s funkcijami, ki dolocajo
nepravilnosti proge, je bilo mogoce analizirati
vrednosti amplitude in pospeska nihanj vozlisca
karoserije. [zbrana tocka vozlis¢a je na sredini okvirja
nad prvim podvozjem. Visina vozlis¢a je v visini
¢loveskih ramen.

Ko proga sprozi gibanje preucevanega
dinami¢nega modela in s tem dolo¢i sinusoidno
funkcijo, z uposStevanjem razli¢nih hitrosti vagona,
lahko dobimo amplitudne vrednosti sprememb in
pospeske preucevane karoserije potniskega
vagona.

Za dolocitev odvisnosti najvecjih
amplitudnih vrednosti sprememb in pospeskov na
izbranih tockah karoserije od hitrosti vagona,
izrazenih s sinusoidno funkcijo, ki jo doloca proga,
je bilo treba izdelati diagrame, ki predstavljajo te
odvisnosti (gl. sliki 5 in 6).

Ce analiziramo sosledje sprememb
vrednosti precnega nihanja karoserije, prikazanega
na sliki 5, razumemo, da je karoserija, ki se giblje po
vzdolznih nepravilnostih v obliki sinusoide razli¢nih
amplitudnih vrednosti in valovnih dolzin,
izpostavljena najve¢jemu vzdolznemu nihanju, ko je

We assume that the track is absolutely rigid
and deformations of the rail were not taken into
account in our calculations.

Figure 3 shows the graphs of the sinusoidal
irregularity functions (wavelength /=20 m; the wave
amplitude a is 0.0025 m, 0.0035 m, 0.005 m and 0.0065
m), the variation dependencies of which, with respect
to time, correspond to the actuation when the speed
of the wagon is 40 km/h.

After the actuation impact on the created
dynamic model of the calculation was described by the
functions defining the road irregularities, the amplitudes
and accelerations of the oscillations of the body node
were analysed. The chosen point of the node is in the
middle of the frame above the first carriage. The node
height is the same level as a human shoulder.

When the analysed dynamic model is
actuated by the road, defining the sinusoidal function,
the amplitude values of the changes and accelerations
of the analysed passenger-wagon body are obtained
by applying different speeds of the wagon.

In order to determine the dependencies of
the maximum amplitude values of the changes and
accelerations of the analysed wagon-body points
on the speed of the wagon, with the road-defined
sinusoidal function, some diagrams were made to
represent the dependencies (see Figs. 5 and 6).

By analyzing the schedules of the changes of
the values of the cross-section oscillations of the carriage
body shown in Figure 5, it is clear that the car body,
moving through longitudinal irregularities with a sine-
wave form of different amplitudes and wavelengths,
reaches the largest longitudinal fluctuations when the
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Sl. 5. Odvisnosti najvecjih vrednosti bocnih premikov potniskega vagona s podvozjem tipa KVZ CNII od
hitrosti, ko na potniski vagon vplivajo bocne nepravilnosti sinusoidne oblike v ravnini
Fig. 5. Dependencies of the maximum values of lateral displacements of the passenger wagon with the
KVZ CNII-type bogies on speed when a passenger wagon is affected by the lateral irregularities of the
sinusoidal shape in the plane

valovna dolzina sinusoidnega pre¢nega nihanja / =
10 m (sl. 5 a). Vagon se giblje s hitrostjo 20 km/h (pri
razliénih amplitudnih vrednostih nepravilnosti). Ko
paje dolzina /=20 m, 30 m in 40 m (sl. 5 b do d), se
vagon giblje s hitrostjo 30 km/h (pri razli¢nih
amplitudnih vrednostih nepravilnosti).

Ce primerjamo najvedje vrednosti premikov,
ki jih povzroca nihanje in so prikazane s krivuljami
slike 5, z nastavljenimi zneski nepravilnosti, ki imajo
amplitudne vrednosti sinusoide, lahko vidimo, da
so pri valovni dolzini sinusoide / = 10 m (sl. 5 a)
najvecje vrednosti premika povzro¢enega z nihanjem
za 54 do 60 % manjSe od vrednosti amplitude
povrsine vzbujanja (pri hitrosti vagona 20 km/h).
Kadar je valovna dolzina sinusoide /=20 m (sl. 5b),
lahko najvecje vrednosti premika nihajocega vagona
primerjamo z vrednostmi amplitude nepravilnosti (pri
hitrosti vagona 30 km/h). Kadar je valovna dolzina

352

wavelength of the sine-wave cross-section oscillations
is/=10m (Fig. 5 a). The car moves with a speed of 20 km/
h (at different values of the amplitudes of irregularities).
Asthelengthis/=20m, 30 mand 40 m (Fig. 5 b to d), the
car moves with a speed of 30 km/h (at different values of
the amplitudes of irregularities).

Comparing the maximum displacement values of
the oscillations shown in the curves in Figure 5 with the
preset values of the irregularities with sine-wave amplitudes,
we can see that at a wavelength of the sinusoid of /=10 m
(Fig. 5 a), the maximum values of the displacement of the
oscillations are 54-60 % less than the values of the
amplitudes of the excitation surface (when the car moves
with a speed of 20 km/h). When the wavelength of the
sinusoid is equal to /=20 m (Fig. 5 b), the maximum values
of the displacement of the body oscillations are comparable
to the values of the irregularity amplitudes (as the carmoves
with a speed of 30 km/h). When the wavelength of the
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sinusoide / = 30 m (sl. 5 ¢), najvecje vrednosti
amplitude nihanja presezejo vrednosti amplitude
nepravilnosti za 12 do 15 %.

Kadar valovna dolzina sinusoide doseze
[=40m (sl. 5 d), se vrednosti premikov pre¢nih nihanj
vagona povecajo, nakar se te vrednosti pri¢nejo
rahlo znizevati. Vrednost najvecjega premika nihanja
(pri hitrosti vagona 30 km/h) doseze 71 % do 73 %
nastavljenih iznosov amplitude nepravilnosti
vzbujanja. To manjSo spremembo vrednosti
najvecjega premika (v primeru, ko je hitrost vagona
spremenjena zaradi nepravilnosti z nastavljenimi
zneski) lahko razlozimo z dejstvom, da pri prekoracitvi
dolzine vzdolzne sinusoide nepravilnosti, / =40 m,
(pri nastavljenih zneskih amplitude sinusoide)
sinusoida izzveni v ravno ¢rto.

Kakor kazejo odvisnosti na sliki 5, se pri
vagonu, ki se giblje s hitrostjo 10 in 50 km/h, nihanje, ki
ga povzroci prozilni ucinek, pribliza prostemu nihanju
in se zato vrednosti amplitude povecujejo. Kot posledica
prozilnega ucinka se amplitude sprememb zac¢nejo
zmanjsevati, ko je presezena hitrost 60 km/h.

sinusoid is equal to /=30 m (Fig. 5 ¢), themaximum values of
the oscillation amplitudes exceed the values of the irregularity
amplitudes by 12 to 15 %.

When the wavelength of the sinusoid reaches
/=40 m (Fig. 5 d) the displacement values of the cross-
section oscillations of the car increase, after which they
start to decrease insignificantly. The value of the maximum
displacement of oscillations (as the car moves with a speed
of 30 knvh) reaches 71-73 % of the preset values of the
amplitudes of the excitation irregularities. This minor change
in the values of maximum displacement (when the speed of
the wagon is different due to irregularities with the preset
values) can be explained by the fact that when exceeding
the length of the longitudinal sine wave of irregularities of /
=40 m (at preset values of amplitudes of the wave) the
sinusoid practically turns into a straight line.

As the dependencies in Figure 5 show, when the
wagon moves at speeds of 10 and 50 knvh, the oscillations
caused by the actuation impact are close to the free oscilla-
tions, and therefore the amplitudes are increasing. As a
result of this actuation impact, the amplitudes of the changes
start to decrease when a speed of 60 knvh is exceeded.
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Sl. 6. Odvisnosti najvecjih vrednosti bocnih pospeskov potniskega vagona s podvozjem tipa KVZ CNII od
hitrosti v primeru, ko na vagon vpliva bocna nepravilnost sinusoidne oblike v ravnini
Fig. 6. Dependencies of the maximum values of lateral accelerations of the passenger wagon with the
KVZ CNII-type bogies on speed when a passenger wagon is affected by the lateral irregularities of the
sinusoidal shape in the plane
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Ce analiziramo krivulje pospeskov bo¢nih
nihanj, prikazanih na sliki 6, vidimo, da se najvecji
pospeski nihanja pojavijo, ko sta dolzini sinusoid
vzdolznih nepravilnosti naslednji: /=10 m (sl. 6 a)
in /=20 m (sl. 6 b); pri tem pa je sinusna amplituda
nepravilnosti: @ = 0,0065 m. V obeh primerih je
najvedja vrednost pospeska priblizno 0,04 m/s? pri
hitrosti vagona 130 km/h (sl. 6 a) in 150 km/h (sl. 6
b).

Omeniti je treba, da se v vseh primerih,
prikazanih na sliki 6, najvecja vrednost pospeskov
vzdolznega nihanja vagona z amplitudo a = 0,0025
m in s = 0,0035 m povecuje postopno. Ob
povecanju amplitude a do vrednosti 0,005 m in
0,0065 m opazimo precejSnje povecanje najvecjih
pospeskov, kadar vagon preseze hitrost 100 do
110 km/h.

4 SKLEPI

V prispevku sva analizirala boc¢ne
dinamicne pojave v vagonu, ki se giblje po tracnicah
z nepravilnostmi sinusoidne oblike. Ocenila sva
vpliv parametrov bo¢nih nepravilnosti sinusoidne
oblike (valovna dolzina /je 10 m, 20 m, 30 m, in 40 m;
valovna amplituda @ je 0,0025 m, 0,0035 m, 0,0050 m,
in 0,0065 m) in hitrosti vagona 10 do 160 km/h na
bocno vibriranje karoserije. Nato sva ustvarila
simulacijo interaktivne dinamike med progo in
vagonom.

Po izvedbi racunalniske analize je mogoce
dolociti optimalne hitrosti vagona in le te hitrosti
smejo biti uporabljene na predelu prevladujocega
gubanja posameznih segmentov.

Izsledki raziskave bodo pomagali izboljsati
dinamicne znacilnosti vagona, tj. zmanjsati skodljivi
vpliv gibanja vagona na udobje potnikov.

Med analizo zelezniske proge z uporabo
vagonskega modela sva med nakljucno
porazdeljenostjo nepravilnosti opazila tudi nekatere
pravilnosti.

Izvedena analiza naju je vodila do naslednjih
sklepov:

1. Izbrani model lahko, celo v poenostavljeni obliki,
omogoc¢i natancne rezultate in ga zato lahko
uporabimo za reSevanje problemov, ki nastajajo
v zapletenih razmerah zunanjih vplivov.

2. Kadar hitrost vagona preseze 100 km/h, se
amplituda pospeska poveca.

Having analysed the curves of the
accelerations of the longitudinal oscillations shown in
Figure 6 we see that the maximum accelerations of the
oscillations are reached when the lengths of the sine
waves of the longitudinal irregularities are equal to /=10
m (Fig. 6 a) and /=20 m (Fig. 6 b), while the sine-wave
amplitude of the irregularities is equal to «=0.0065 m. In
both cases the maximum values of the accelerations reach
about 0.04 m/s> when the car moves with speeds of 130
km/h (Fig. 6 a) and 150 knvh (Fig. 6 b).

It should be mentioned that in all the cases shown
in Fig. 6 the maximum values of the accelerations of the
longitudinal oscillations of the carriage body at amplitudes
ofa=0.0025 mand =0.0035 mincrease gradually. Withan
increase in the amplitude a up to 0.005 m and 0.0065 m, a
substantial growth in the maximum accelerations is observed
when the car exceeds speeds of 100 to 110 km/h.

4 CONCLUSIONS

In this paper we have analysed the lateral dy-
namical processes when a wagon moves along irregu-
larities of a sinusoidal shape on both the left- and right-
hand rails. We evaluated the influence of the parameters
of the lateral irregularities of the sinusoidal shape (wave-
length / equal to 10 m, 20 m, 30 m, and 40 m; wave ampli-
tude a equal to 0.0025 m, 0.0035 m, 0.0050 m, and 0.0065
m) and wagon speeds of 10 km/h to 160 km/h on the
lateral vibrations of the body. Then the interaction dy-
namics of the road and the wagon was modelled.

After performing the computational analy-
ses it is possible to determine the optimum speeds
of the wagon movement, and only these speeds
should be the allowed subject to the dominated cor-
rugations in the particular segments.

This would allow us to improve the dynamic
properties of a wagon; thereby, reducing the harmful
impact of the wagon on the passenger’s comfort.

When analysing lanes of road - measuring
wagon, among random distribution of irregularities
some regularities were noticed.

The performed analysis led to the following
conclusions:

1. The used model, even in its simplified form, can
provide accurate results, and therefore may be
applied to solve tasks with complex conditions
of external impact;

2. When the speed of a wagon exceeds 100 km/h,
the amplitudes of the acceleration increase.

354 Bazaras Z. - Leonavicius M.
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Ocena knjige - Book Review

M. PozZenel: Trojezi¢ni strojniski slovar

Zal.: TehniSka zalozba Slovenije, 2005.
Obseg: format 17 x 24 cm,
trije deli: 223 strani, 214 strani in 215 strani
Cena: 20.000 SIT

Delo je sestavljeno iz treh samostojnih knjig:
slovensko-anglesko-nemski slovar, anglesko-
nemsko-slovenski slovar in nemsko-anglesko-
slovenski slovar. Na zacetku vsakega dela je vec
pregledenic: napisani so avtorji, ki so opravili pregled
slovarja po posameznih podroéjih, sledijo
preglednice z veli¢inami in enotami SI in nato
preglednica s podrocji uporabe slovarja. Na koncu
vsakega dela je dodana Se preglednica z uporabljeno
tehnicno literaturo: napisani so trije slovenski in tuj
avtor, vecji del uporabljene literature pa predstavljajo
razli¢ni tehni¢ni standardi. Oc¢itno je avtor
trojezicnega slovarja ¢rpal slovenske izraze predvsem
iz teh standardov. Posledica tega je, da je slovar zelo
enostranski in ga tezko imenujem “strojniski”.

Manjkajo besede iz obdelovalne tehnike,
predvsem pa izrazi iz energetske in procesne tehnike,
ki jih je zbral prof. Cernigoj v svojih slovarjih, Geprav
so njegova dela v trojezi¢nem slovarju omenjena pri

strokovni literaturi. Iz tega strojniskega podrocja
skoraj ni gesel, zastopani so le motorji z notranjim
zgorevanjem. Manjkajo na primer osnovni pojmi:
anergija, eksergija (izraza, ki jih je v svetovno
zakladnico znanja prispeval prav nas prof. Rant),
entalpija, entropija. Nadalje klasi¢ni izrazi: energetika,
procesna tehnika, potencialna, kineti¢na, notranja
energija, prevod in prenos toplote, parni kotel,
zgorevalna toplota, dimni plini, toplotni tok, toplotna
mo¢. Manjkajo besede: batni (volumenski) in
turbinski stroji (na primer: parna, plinska, vodna
turbina, vetrnica, propeler), energetski, delovni in
pogonski stroji, toplotni in hidravli¢ni itd.

Trojezi¢ni strojniski slovar je tako postal
neuravnotezen, ceprav obsega priblizno 10.000 gesel.
Tudi sama zgradba slovarja je neobicajna, saj ni
grajen na osnovi pomenskih gnezd.

Kljub nastetih pomanjklivostim je pricujoci
trojezicni slovar dobrodosla pomo¢ strokovnjakom
in osnova za nadaljnje delo. Upam, da bo avtor tega
slovarja svoje delo nadaljeval, razsiril izrazoslovaje
na vsa podrocja strojnistva in delo prilagodil sodobni
zgradbi slovarjev.

prof.dr. Matija Tuma

Nove knjige - New books

AIAA - American Institute of Aeronautics and
Astronautics, Reston

Pamadi B.: Performance, stability, dynamics, and
control of airplanes, Second Ed., 780 str.,
11695$

Zipfel P.: Fundamentals of six degrees of freedom
aerospace simulation and analysis in Fortran
and C++, 265,00 $

Colgren R.: Applications of robust control to
nonlinear systems, 185 str., 61,50 $

Chernyi G.G., etal.: Physical and chemical processes
in gas dynamics - Vol. 2 (Physical and chemical
kinetics and thermodynamics of gases and
plasmas), 300 str., 65,50 $
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Chernyi G.G., et al. (ur.): Physical and chemical
processes in gas dynamics (Cross sections
and rate constants), 320 str., 65,50 $

EE - Edward Elgar Publishing, Cheltenham

Meier P., Munasinghe M.: Sustainable energy in
developing countries (Policy analysis and
case studies), 304 str., 69,95 L

Schrattenholzer L., Miketa A., Riahi K., Roehrl R.A..:
Achieving a sustainable global energy
system (Identifying possibilities using long-
term energy scenarios), 240 str., 59,95 L.

Green K., Miozzo M., Dewick P. (ur.): Technology,
knowledge and the firm (Implications for strategy
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and industrial change), 336 str., 69,95 £

Chen C.-H., Shih H.-T.: High-tech industries in China,
160 str., 39,951

Takeyama L., Gordon W., Towse R. (ur.):
Developments in the economics of copyright
(research and Analysis), 256 str., 55,00 L

Boyer R.: The future of the economic growth (As
new becomes old), 192 str., 55,00 L

Joskow P. L., Waterson M. (ur.): Empirical industrial
organization, 1072 str., 250,00 L

Becattini G.: Industrial district (A new approach to
industrial change), 224 str., 49,95 £

Geels F. W.: Technological transitions and system
innovations (A co-evolutionary and socio-
technical analysis), 352 str., 79,95 £

Georghiou L., Rigby J., Cameron H. (ur.): Evaluating
the impact of technology and research (The
theory nad practice of socio-economic
assessment), 208 str., 49,95 L.

Hirooka M.: Innovation dynamism and economic
growth (A nonlinear perspective), 256 str.
55,00L

Aichholzer G., Burkert H. (ur.): Public sector
information in the digital age (Between
markets, public management and citizens’
rights), 320 str., 69,95 L.

Clark R., Ma J. (ur.): Recruiting, retention and
retirement in higher education (Building and
managing the faculty of the future), 224 str.,
49951

Mulder P.: The economics of technology diffusion
and energy efficiency, 304 str., 65,00 L

John Wiley & Sons, Chichester

Li W.: Risk assessment for power systems (Models,
methods and applications), 300 str., 58,95 £

Allen S. M., Balluffi R. W., Carter W. C.: Kinetic
processes in materials, 500 str., 47,50 £

Bhatti M. A.: Fundamental finite element analysis
(with  Mathematica and MatLab
computations), 800 str., 71,95 1.

Miiller J.: Controlling with SIMATIC (Practice book
for SIMATIC S7 and SIMATIC PCS7 control
systems), 165 str., 32,50 L

Lehr J. H.: Water encyclopedia (Four volume set),

4080 str., 585,00 L

Staszewski W. J.: Wavelets for mechanical
engineering applications, 450 str., 60,00 L

Soong T.T.: Handbook of structural control (Active,
hybrid and semiactive control), 416 str., 75,00 L.

McBride G. B.: Using statistical methods for water
quality management (Issues, problems and
solutions), 352 str., 55,95 L.

Manring N.: Hydraulic control systems, 464 str., 75,50 &

Banerjee S.: Dynamics for engineers, 320 str., 75,00 L

Farrell Y. A., Polycarpou M. M.: Approximation based
control (Unifying neural, fuzzy and traditional
adaptive approximation approaches), 500 str.,
48951

Pigan R., Metter M.: Automating with PROFINET
(Industrial communication based on
industrial ethernet), 200 str., 32,50 L

Varadan V. K., Vinoy K. J., Gopalakrishnan S.: Smart
material systems and MEMS (Design and
development methodologies), 512 str., 75,00 L

SMEITS - Savez masSinskih i elektrotehnickih
inZenjera i tehnicara Srbije, Beograd

Zivkovié B., Staji¢ Z.: Mali termotehnicki priruénik,
450,00d

Zari¢ S.: Prirucnik iz industrijske pneumatike, 300 d

Zari¢ S.: Priru¢nik iz industrijske hidraulike, 300 d

Grahovac N.: Priru¢nik za vlazan I komprimovani
vazduh, 250 d

Bogner M. (ur.): Termotehnicar (I, IT)

Springer, Berlin

Petkov V.: Relativity and the nature spacetime, 280
str.,39,95€

Scott-Sabic V.: Logistik-Worterbuch/Dictionary of
logistics (Deutsch-Englisch/ Englisch-
Deutsch), 480 str., 49,95 €

Wassermann O.: Das intelligente Unternehmen
(Prozesse beschleunigen, Menschen
begeistern), 281 str., 39,95 €

Heillingrath B., Gehr F. (ur.): Logistik in der
Automobilzulieferindustrie, 200 str., 69,95 €

Oertel H.: Prandtl’s essentials of fluid mechanics,
723 str., 79,95 €
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80. obletnica prof.dr. Janeza Dekleve - 80th Anniversary of Prof.Dr. Janez Dekleva

Nedavno je profesor dr.
Janez Dekleva, dolgoletni
profesor Fakultete za strojniStvo
v Ljubljani izpolnil osemdeset
zelo razgibanih, pa tudi viharnih
let. Rodil se je v Ljubljani v druzini
oceta (gradbenega inZenirja) iz
Vremskega  Britofa na
Primorskem in  matere
(gospodinje) iz Ribnice na
Dolenjskem. Osnovno $olo je
koncal na Vadnici in maturiral na
Prvi drzavni realni gimnaziji v
Ljubljani. Bil je odlicen ucenec.
V prostem casu je hodil k
telovadbi v Narodni dom. Vse
pocitnice je prezivljal v krogu
materinega sorodstva v zanj zelo priljubljeni Ribnici
na Dolenjskem.

Leto njegove mature je bilo 1943, t. j. vojno
leto. Ker je odras¢al v narodnostno zavedni in
socialno cuteci druzini, se je po maturi pridruzil
narodno—osvobodilnemu gibanju. Najpre;j je bil borec
Tomsiceve brigade, kasneje organizator in eden od
vodij partizanskega gibanja v Juznoprimorskem
okrozju, kjer je zmagovito koncal svoj boj za
osvoboditev Primorske.

Leta 1945 se je vpisal na Tehni¢no fakulteto
— oddelek za elektrotehniko — Sibki tok Univerze v
Ljubljani. Leta 1949 je diplomiral z odli¢nim uspehom
z nalogo: Paralelno vzbujana antena. Ze med
Studijem ga je k sodelovanju povabil njegov mentor
prof. dr. Mirjan Gruden, kasneje pa tudi akademik
prof. dr. Anton Peterlin, ki je vodil gradnjo novega
fizikalnega Instituta Jozef Stefan in navdusil mladega
diplomanta zanj. Odlocil se je za svojega mentorja,
kateremu je najprej obljubil sodelovanje. Tako je bil
po opravljeni diplomi izbran za asistenta pri prof. dr.
Mirjanu Grudnu na Oddelku za §ibki tok Tehni¢ne
fakultete — Oddelka za elektrotehniko Univerze v
Ljubljani.

Po kratkem asistentskem stazu je na zahtevo
republiskih in zveznih vladnih organov odsel v
Beograd na zvezno UDB-o, kot specialist za antene.
Tam ga je presenetila z nicemer utemeljena aretacija
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30. decembra 1949. Sledil je
osemmesecni zapor v znani
Beograjski jeci Glavnjaci (od 30.
dec. 1949 do avg. 1950), nato pa
je prezivel Se leto dni (od avg.
1950 do avg. 1951) na Golem
otoku.

Po povratku v Ljubljano
se je proti koncu leta 1951 zaposlil
na Institutu Jozef Stefan (1JS),
kjer je vodil Laboratorij za masno
spektrometrijo. Njegova prva
naloga je bila povezana s
problematiko radiofrekvencnih
masnih spektrometrov, ki so se
prav v tistem casu pojavili v
strokovni literaturi in kjer so
iskali nacine za izboljSavo njihove resolucije. Ker pa
so kemiki na IJS rabili masne spektrometre z visoko
resolucijo, je laboratorij izdelal klasi¢ni magnetni
masni spektrometer za njihove potrebe. Izgradnja
tega masnega spektrometra je bila uspesna, tako da
so nekaj primerkov te aparature izdelali tudi za druge
raziskovalne institute v Jugoslaviji. Zal pa trud, da
bi industrija prevzela nadaljnjo izdelavo klasi¢nih
magnetnih masnih spektrometrov, ni uspel. Ob 40.
obletnici 1JS je septembra 1994 za svoje pionirsko
delo pri razvoju spektrometrije v Sloveniji prejel
zahvalno listino instituta.

Problematika resolucije radiofrekvencnih
masnih spektrometrov je bila tudi tema njegove
doktorske disertacije, ki jo je uspesno obranil leta
1956.

Leta 1955 je bil ¢lan jugoslovanske
delegacije na Prvi konferenci za miroljubno uporabo
jedrske energije v Zenevi. V letih 1956 do 1960 je bil
znanstveni sodelavec fizikalnega oddelka Univerze
Harvard in Tehnoloskega instituta v Massachusetts-
u (MIT, Cambridge, Mass, USA). Bil je ¢lan
znanstvenega koordinacijskega odbora za raziskave
in razvoj elektronskega sinhrotrona za 6BeV za
potrebe obeh omenjenih univerz, ki ga je vodil prof.
M. S. Livingston. Ta pospesevalnik je bil uspesno
zgrajen. V ZDA je tudi predaval klasi¢no
elektrodinamiko. Leta 1957 je bil izvoljen za
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znanstvenega sodelavca, leta 1960 pa za viSjega
znanstvenega sodelavca NIJS. Tam je v letih 1960 in
1963 vodil oddelek za pospeSevalnike in
elektrofizikalne instrumente.

Odhod akademika A. Peterlina z1JS je vplival
tudi na jubilanta, tako da je sprejel povabilo
Elektrotehnicne fakultete v Splitu, kjer je bil izvoljen
za izrednega profesorja. V Splitu je v letih 1963 do
leta 1968 predaval teoretsko elektrotehniko in se
ukvarjal z raziskavami pasivnih in aktivnih
mikrovalovnih elementov. V letih 1964 do 1966 je bil
tudi dekan fakultete.

Njegovo delo v Splitu je bilo zelo uspesno,
kar kazeta dve priznanji vodstva te fakultete. Ob
deseti obletnici ustanovitve fakultete leta 1970 mu je
njen predsednik sveta prof. Antun Hru$§ podelil
svecano diplomo, kot priznanje za dosezene uspehe
in napore za njen razvoj. Trideset let kasneje, leta
2000, pa mu je dekan fakultete prof. dr. Igor Duplanci¢
podelil zahvalnico v znak priznanja za dolgoletno
predano delo in prispevek k razvoju fakultete, ki se
je takrat ze imenovala Fakulteta za elektrotehniko,
strojnistvo in ladjedelnistvo.

Kot profesor Elektrotehnicne fakultete v
Splitu je imel pogoste stike z Zagrebom. Na podlagi
priznanj, ki jih je dobil za delo na ETF v Splitu in
sodelovanja s profesorji iz Zagreba, si je med njimi
pridobil velik ugled. Sledilo je povabilo na Visoko
tehnic¢no Solo Kopenskih sil JLA v Zagrebu, ki ga je
sprejel in kjer je vodil katedro za elektroniko in
podiplomski studij iz operacijskih raziskav. Leta 1969
je bil imenovan za ¢lana znanstvenega sveta
oborozenih sil JLA.

V tem casu je dobil novo povabilo, da
postane direktor Prometnega instituta v Ljubljani.
Ker ga je vleklo domov, se je vrnil v Slovenijo. Leta
1970 je postal direktor Prometnega instituta, kjer je
vodil raziskave problemov, povezanih s prometom v

slovenskem prostoru ter z gradnjo prometnih
informacijskih sistemov, posebej za zeleznico. Ker
ga je pri tem vodila zelja, da bi institut oblikoval v
strokovno visoko kvalificirano organizacijo, je k
sodelovanju povabil skupino univerzitetnih
profesorjev s podro¢ja matematike, elektrotehnike
in ekonomije.

V letih 1968 do 1970 je predaval Operacijske
raziskave na podiplomskem $tudiju Elektrotehni¢ne
fakultete v Zagrebu, od leta 1972 pa tudi na Fakulteti
za strojnis$tvo v Ljubljani, kjer je bil 1.1973 izvoljen za
rednega profesorja. Od takrat do upokojitve januarja
1993 je vodil pedagosko in raziskovalno delo na
podrocju upravljanja proizvodnje. To delo je
odlikovalo tesno sodelovanje z mnogimi slovenskimi
uspesnimi industrijskimi organizacijami, kar je
omogocilo temeljito raziskovanje in poznavanje
stanja v nasi industriji. O tem je nastala obsezna
znanstvena literatura.

Razen v raziskovalni in pedagoski sferi je
vlozil nemalo naporov tudi v organih in organizacijah,
ki so resevali pomembna druzbena in druzbeno-
strokovna vprasanja.

Prof. dr. Janez Dekleva je bil ves ¢as svojega
raziskovalnega in pedagoskega obdobja skrben,
odgovoren in dobrohoten do vseh, ki smo z njim
sodelovali. Ves Cas ga je navdajala skrb za
pravocasno, kakovostno in ucinkovito znanstveno
raziskovalno delo za razvoj in razcvet nase industrije
in ljudi. Kot izpostavljen ¢lovek ni vedno naletel na
naklonjenost, je pa vseskozi ostal zvest svojim
nacelom.

Ob visokem jubileju mu zelimo mnogo
zdravja in veselja, posebej ob raziskovalnem delu.

prof.dr. Marko Starbek
doc.dr. Zoran Kariz

Doktorati, magisteriji in diplome - Doctor’s, Master’s and Diploma Degrees

DOKTORATI

Na Fakulteti za strojnistvo Univerze v Ljubljani
sta z uspehom zagovarjala svoji doktorski disertaciji:

dne 27. maja 2005: mag. Simon Muhi¢, z
naslovom: “Porazdelitev in kakovost zraka pri lokalni
klimatizaciji” in mag. Tom Bajcar, z naslovom:
“Modeliranje tokovnih karakteristik v rotirajocem
difuzorju”.

Na Fakulteti za strojnistvo Univerze v
Mariboru so z uspehom zagovarjali svoje doktorske
disertacije:

dne 17. maja 2005: mag. Tatjana Fulder, z
naslovom: “Model razvoja sposobnosti Vv
industrijskih grozdih”,

dne 19. maja 2005: mag. JoZef Predan, z
naslovom: “Gonilna sila razvoja razpoke v
nehomogenem materialu” in
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dne 31. maja 2005: mag. Gorazd Bombek,
z naslovom: “Merjenje hitrosti abrazivnih delcev v
dvofaznih tokovih”.

S tem so navedeni kandidati dosegli
akademsko stopnjo doktorja znanosti.

MAGISTERUI

Na Fakulteti za strojniS§tvo Univerze v
Ljubljani je z uspehom zagovarjal svoje magistrsko
delo:

dne 30. maja 2005: Vojko Leskovar, z
naslovom: “Analiza tehnoloSkih parametrov
utopnega kovanja skupine geometrijsko podobnih
izkovkov”.

Na Fakulteti za strojniStvo Univerze v
Mariboru je z uspehom zagovarjal svoje magistrsko
delo:

dne 18. maja 2005: Mihael Hamersak, z
naslovom: “Razvoj modela avtomatskega zajemanja
podatkov pri vzdrzevanju”.

S tem sta navedena kandidata dosegla
akademsko stopnjo magistra znanosti.

DIPLOMIRALISO

Na Fakulteti za strojniS§tvo Univerze v
Ljubljani so pridobili naziv univerzitetni diplomirani
inzenir strojniStva:

dne 30. maja 2005: Pavel FURLAN, Franci
STUPICA, Andrej TOMINEC, Albert TRNOVSEK.

Na Fakulteti za strojniS§tvo Univerze v
Mariboru je pridobil naziv univerzitetni diplomirani
inzenir strojniStva:

dne 26. maja 2005: Denis KOVAC.

*

Na Fakulteti za strojnistvo Univerze v Ljubljani
so pridobili naziv diplomirani inzenir strojnistva:

dne 12. maja 2005: Tomo DUKARIC, Franc
GOMBAC, Mitja KAMIN, Tomaz KOVACIC, Andraz
KRZISNIK, Klemen PENKO, Rok REMIC.

Na Fakulteti za strojniStvo Univerze v Mariboru
so pridobili naziv diplomirani inzenir strojnistva:

dne 26. maja 2005 1ztok CESTNIK, David
EKART, Marko GRASIC, Simon HAMONAJEC,
Bostjan KRAJNC, Marko LOBE, Stanislav
MARKOJA, Dusan MURGELJ, Matej ROBLEK,
Bojan SPES.
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Navodila avtorjem - Instructions for Authors

Clanki morajo vsebovati:

- naslov, povzetek, besedilo ¢lanka in podnaslove slik v
slovenskem in angleskem jeziku,

- dvojezi¢ne preglednice in slike (diagrami, risbe ali
fotografije),

- seznam literature in

- podatke o avtorjih.

Strojniski vestnik izhaja od leta 1992 v dveh jezikih,
tj. v slovenséini in angles¢ini, zato je obvezen prevod v
anglescino. Obe besedili morata biti strokovno in jezikovno
med seboj usklajeni. Clanki naj bodo kratki in naj obsegajo
priblizno 8 strani. Izjemoma so strokovni ¢lanki, na zeljo
avtorja, lahko tudi samo v slovenscini, vsebovati pa morajo
angleski povzetek.

Za c¢lanke iz tujine (v primeru, da so vsi avtorji
tujci) morajo prevod v slovens§¢ino priskrbeti avtorji.
Prevajanje lahko proti placilu organizira urednistvo. Ce je
¢lanek ocenjen kot znanstveni, je lahko objavljen tudi samo
v angleséini s slovenskim povzetkom, ki ga pripravi
urednistvo.

VSEBINA CLANKA

Clanek naj bo napisan v naslednji obliki:

- Naslov, ki primerno opisuje vsebino ¢lanka.

- Povzetek, ki naj bo skrajsana oblika ¢lanka in naj ne
presega 250 besed. Povzetek mora vsebovati osnove, jedro
in cilje raziskave, uporabljeno metodologijo dela,povzetek
rezulatov in osnovne sklepe.

- Uvod, v katerem naj bo pregled novej$ega stanja in zadostne
informacije za razumevanje ter pregled rezultatov dela,
predstavljenih v ¢lanku.

- Teorija.

- Eksperimentalni del, ki naj vsebuje podatke o postavitvi
preskusa in metode, uporabljene pri pridobitvi rezultatov.

- Rezultati, ki naj bodo jasno prikazani, po potrebi v obliki
slik in preglednic.

- Razprava, v kateri naj bodo prikazane povezave in
posplositve, uporabljene za pridobitev rezultatov.
Prikazana naj bo tudi pomembnost rezultatov in
primerjava s poprej objavljenimi deli. (Zaradi narave
posameznih raziskav so lahko rezultati in razprava, za
jasnost in preprostejSe bralcevo razumevanje, zdruzeni
v eno poglavje.)

- Sklepi, v katerih naj bo prikazan en ali ve¢ sklepov, ki
izhajajo iz rezultatov in razprave.

- Literatura, ki mora biti v besedilu oStevil¢ena
zaporedno in oznacena z oglatimi oklepaji [1] ter na
koncu ¢lanka zbrana v seznamu literature. Vse opombe
naj bodo oznaene z uporabo dvignjene Stevilke'.

OBLIKA CLANKA

Besedilo ¢lanka naj bo pripravljeno v urejevalnilku
Microsoft Word. Clanek nam dostavite v elektronski obliki.

Ne uporabljajte urejevalnika LaTeX, saj program, s
katerim pripravljamo Strojniski vestnik, ne uporablja
njegovega formata.

Enacbe naj bodo v besedilu postavljene v locene
vrstice in na desnem robu oznacene s tekoco Stevilko v
okroglih oklepajih

Papers submitted for publication should comprise:

- Title, Abstract, Main Body of Text and Figure Captions
in Slovene and English,

- Bilingual Tables and Figures (graphs, drawings or photo-
graphs),

- List of references and

- Information about the authors.

Since 1992, the Journal of Mechanical Engineering
has been published bilingually, in Slovenian and English. The
two texts must be compatible both in terms of technical con-
tent and language. Papers should be as short as possible and
should on average comprise 8 pages. In exceptional cases, at
the request of the authors, speciality papers may be written
only in Slovene, but must include an English abstract.

For papers from abroad (in case that none of
authors is Slovene) authors should provide Slovenian trans-
lation. Translation could be organised by editorial, but the
authors have to pay for it. If the paper is reviewed as scien-
tific, it can be published only in English language with
Slovenian abstract, that is prepared by the editorial board.

THE FORMAT OF THE PAPER

The paper should be written in the following format:

- A Title, which adequately describes the content of the paper.

- An Abstract, which should be viewed as a mini version of
the paper and should not exceed 250 words. The Abstract
should state the principal objectives and the scope of the
investigation, the methodology employed, summarize the
results and state the principal conclusions.

- An Introduction, which should provide a review of recent
literature and sufficient background information to allow
the results of the paper to be understood and evaluated.

- A Theory

- An Experimental section, which should provide details of
the experimental set-up and the methods used for obtain-
ing the results.

- A Results section, which should clearly and concisely present
the data using figures and tables where appropriate.

- A Discussion section, which should describe the relation-
ships and generalisations shown by the results and discuss
the significance of the results making comparisons with
previously published work. (Because of the nature of some
studies it may be appropriate to combine the Results and
Discussion sections into a single section to improve the
clarity and make it easier for the reader.)

- Conclusions, which should present one or more conclu-
sions that have been drawn from the results and subse-
quent discussion.

- References, which must be numbered consecutively in the
text using square brackets [1] and collected together in a
reference list at the end of the paper. Any footnotes
should be indicated by the use of a superscript'.

THE LAYOUT OF THE TEXT

Texts should be written in Microsoft Word format.
Paper must be submitted in electronic version.

Do not use a LaTeX text editor, since this is not
compatible with the publishing procedure of the Journal of
Mechanical Engineering.

Equations should be on a separate line in the main
body of the text and marked on the right-hand side of the
page with numbers in round brackets.
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Enote in okrajsave

V besedilu, preglednicah in slikah uporabljajte le
standardne oznacbe in okraj$ave SI. Simbole fizikalnih veli¢in
v besedilu pisite posevno (kurzivno), (npr. v, 7, nitn.). Simbole
enot, ki sestojijo iz ¢rk, pa pokonéno (npr. ms”, K, min,
mm itn.).

Vse okrajsave naj bodo, ko se prvi¢ pojavijo,
napisane v celoti v slovenskem jeziku, npr. Casovno
spremenljiva geometrija (CSG).

Slike

Slike morajo biti zaporedno ostevil¢ene in oznacene,
v besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete naj bodo
v locljivosti, primerni za tisk, v kateremkoli od razsirjenih
formatov, npr. BMP, JPG, GIF. Diagrami in risbe morajo biti
pripravljeni v vektorskem formatu.

Pri oznacevanju osi v diagramih, kadar je le mogoce,
uporabite oznacbe veliCin (npr. ¢ v, m itn.), da ni potrebno
dvojezi¢no oznacevanje. V diagramih z ve¢ krivuljami, mora
biti vsaka krivulja oznacena. Pomen oznake mora biti
pojasnjen v podnapisu slike.

Vse oznacbe na slikah morajo biti dvojezi¢ne.

Preglednice

Preglednice morajo biti zaporedno ostevilcene in
oznacene, v besedilu in podnaslovu, kot preglednica 1,
preglednica 2 itn. V preglednicah ne uporabljajte izpisanih
imen veli¢in, ampak samo ustrezne simbole, da se izognemo
dvojezicni podvojitvi imen. K fizikalnim veli¢inam, npr. ¢
(pisano posevno), pripisite enote (pisano pokon¢no) v novo
vrsto brez oklepajev.

Vsi podnaslovi preglednic morajo biti dvojezicni.

Seznam literature

Vsa literatura mora biti navedena v seznamu na
koncu ¢lanka v prikazani obliki po vrsti za revije, zbornike
in knjige:

[1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controller
for constant turning force. Int J Adv Manuf Technol
9(1994) London, pp. 211-216.

[2] Cus, F., J. Bali¢ (1996) Rationale Gestaltung der
organisatorischen Ablaufe im Werkzeugwesen. Proceed-
ings of International Conference on Computer Integra-
tion Manufacturing, Zakopane, 14.-17. maj 1996.

[3] Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.
Carl Hanser Verlag, Miinchen.

Podatki o avtorjih

Clanku prilozite tudi podatke o avtorjih: imena,
nazive, popolne postne naslove in naslove elektronske poste.

SPREJEM CLANKOYV IN AVTORSKE PRAVICE

Urednistvo Strojniskega vestnika si pridrzuje
pravico do odlo¢anja o sprejemu ¢lanka za objavo,
strokovno oceno recenzentov in morebitnem predlogu za
krajSanje ali izpopolnitev ter terminoloske in jezikovne
korekture.

Avtor mora predloziti pisno izjavo, da je besedilo
njegovo izvirno delo in ni bilo v dani obliki Se nikjer
objavljeno. Z objavo preidejo avtorske pravice na Strojniski
vestnik. Pri morebitnih kasnejsih objavah mora biti SV
naveden kot vir.

Units and abbreviations

Only standard SI symbols and abbreviations should
be used in the text, tables and figures. Symbols for physical
quantities in the text should be written in italics (e.g. v, T, n,
etc.). Symbols for units that consist of letters should be in
plain text (e.g. ms', K, min, mm, etc.).

All abbreviations should be spelt out in full on
first appearance, e.g., variable time geometry (VTG).

Figures

Figures must be cited in consecutive numerical
order in the text and referred to in both the text and the
caption as Fig. 1, Fig. 2, etc. Pictures may be saved in
resolution good enough for printing in any common format,
e.g. BMP, GIF, JPG. However, graphs and line drawings sholud
be prepared as vector images.

When labelling axes, physical quantities, e.g. ¢, v, m,
etc. should be used whenever possible to minimise the need to
label the axes in two languages. Multi-curve graphs should have
individual curves marked with a symbol, the meaning of the
symbol should be explained in the figure caption.

All figure captions must be bilingual.

Tables

Tables must be cited in consecutive numerical order in
the text and referred to in both the text and the caption as Table 1,
Table 2, etc. The use of names for quantities in tables should be
avoided if possible: corresponding symbols are preferred to minimise
the need to use both Slovenian and English names. In addition to
the physical quantity, e.g. ¢ (in italics), units (normal text), should
be added in new line without brackets.

All table captions must be bilingual.

The list of references

References should be collected at the end of the
paper in the following styles for journals, proceedings and
books, respectively:

[1] Tarng, Y.S., Y.S. Wang (1994) A new adaptive controller
for constant turning force. Int J Adv Manuf Technol
9(1994) London, pp. 211-216.

[2] Cus, F., J. Bali¢ (1996) Rationale Gestaltung der
organisatorischen Ablaufe im Werkzeugwesen. Proceed-
ings of International Conference on Computer Integra-
tion Manufacturing, Zakopane, 14.-17. maj 1996.

[3] Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.
Carl Hanser Verlag, Miinchen.

Author information

The information about the authors should be enclosed
with the paper: names, complete postal and e-mail addresses.

ACCEPTANCE OF PAPERS AND COPYRIGHT

The Editorial Committee of the Journal of
Mechanical Engineering reserves the right to decide whether
a paper is acceptable for publication, obtain professional
reviews for submitted papers, and if necessary, require changes
to the content, length or language.

Authors must also enclose a written statement that
the paper is original unpublished work, and not under consideration
for publication elsewhere. On publication, copyright for the paper
shall pass to the Journal of Mechanical Engineering. The IME
must be stated as a source in all later publications.
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