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Kako zagotoviti konkurenénost majhnega

podjetja

How to Achieve a Competitive Position with a Small Company

Marko Starbek - Joze Duhovnik - Janez Grum - Janez Kusar

Osamosvojitev Slovenije v letu 1991 je za slovenska podjetia pomenila dramaticno zmanjsanje
domacega trzisca. Velika podjetja, ki se niso prilagodila na nove trzne razmere, so bila obsojena na propad.
Ustanovljenih je bilo vecje Stevilo manjsih podjetij, ki so imela vecjo moznost za prilagajanje novim trznim
razmeram. Pri vstopu na svetovni trg so se ta podjetja srecevala z razlicnimi problemi, najvecji problem pa so
bili predolgi casi uvajanja izdelkov.

V prispevku je prikazano nacelo istocasne izvedbe postopka uvajanja izdelkov. Ker trg sili majhna
podjetja k prehodu iz zaporednega na istocasni inzeniring in ker je temelj istocasnega inZeniringa skupinsko
delo, je posebna pozornost namenjena nacrtovanju timov in delovnih skupin v zankah postopka istocasovnega
uvajanja izdelkov v majhnih podjetjih.

Pregled objavijenih del s podrocja nacrtovanja timov v velikih podjetjih ([1]in [2]) je pokazal, da se
za velika podjetja priporoca tronivojska struktura timov in delovna skupina, sestavljena iz Stirih osnovnih
timov. Kriticna ocena tronivojske strukture nas je pripeljala do sklepa, da predlagamo za majhna podjetja le
dvonivojsko strukturo timov in delovno skupino, sestavijeno iz dveh osnovnih timov.

Prikazani so rezultati nacrtovanja dvonivojske strukture timov in postopka izvedbe istocasovnega
inZeniringa v majhnem podjetju, ki izdeluje mini-nakladalnike.
© 2003 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: inZeniring simultani, zanke, delo skupinsko, timi projektni)

In 1991 the independence of Slovenia resulted in an enormous decrease in the domestic market for
Slovenian companies. Big companies that did not adapt to the new conditions were destined to collapse.
Several smaller companies were established, and they were more easily able to adapt to the new market
conditions. When these companies entered the global market they encountered several difficulties, the most
important of which was an excessively long time for product development.

This paper presents the principle of the concurrent product development process. The market forces
small companies to switch from sequential to concurrent engineering, and as team work is the basic element
of concurrent engineering, special attention has to be paid to forming workgroups in the loops of the
concurrent product development process in small companies.

A survey of the published works in the field of planning teams in big companies ([1] and [2]) has
revealed that in big companies a three-level team structure is recommended, as well as a workgroup consist-
ing of four basic teams. An analysis of the three-level structure has led us to the conclusion that in small
companies a two-level team structure and a workgroup consisting of two basic teams is to be preferred.

The results of planning a two-level team structure and the implementation of concurrent engineering
in a small company that produces mini-loaders are presented.
© 2003 Journal of Mechanical Engineering. All rights reserved.

(Keywords: concurrent engineering, loops, team work, project teams)

0UVOD O0INTRODUCTION
Ce analiziramo svetovni trg, lahko An analysis of the global market has shown
ugotovimo, da zahteve kupcev glede na that customer requirements regarding the function-
funkcionalnost in kakovost izdelkov stalno ality and the quality of products are continuously
nara$c¢ajo, hkrati pa se zmanjsuje pripravljenost increasing — but the customers are not willing to pay
kupcev, da bi za boljse izdelke placali ve¢ in da bi more for better products and neither do they accept
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dovolili podaljSanje rokov dobave izdelkov. Kupci
postajajo ¢edalje bolj zahtevni in njihove zahteve
se nenehno spreminjajo. Vse bolj se uveljavlja izrek
»kupec je kralj« [3].

V tem polozaju imajo moznost prezivetja na
trgu le tista podjetja, ki lahko ponudijo kupcem glede
na zahtevano funkcionalnost in kakovost prave
izdelke, ob pravem ¢asu, v pravi kakovosti in po pravi
ceni.

Sodelavei Labortorija za proizvodne
sisteme smo izvedli anketo, ki se je nanaSala na
problematiko neizpolnjevanja Zelja kupcev in
predolgih ¢asov uvajanja izdelkov, na katero je
odgovorilo 23 majhnih podjetij z posamezno in
maloserijsko proizvodnjo. Rezultati ankete so
pokazali, da je v podjetjih zelo poudarjen problem
neizpolnjevanja zahtev kupcev ter problem
predolgih ¢asov uvajanja izdelkov.

postopna graditev informacij

prolonged delivery terms. Customers are becoming
more and more demanding and their requirements are
changing all the time. “The customer is king” is be-
coming the motto of today [3].

In these circumstances only those companies
that offer their customers the right products in terms
of functionality and quality, and products that are
produced at the right time, quality and price, can ex-
pect to succeed.

The members of the Production Systems Labo-
ratory compiled a questionnaire about the unfulfilled
wishes of customers and excessive product-devel-
opment times. Responses were obtained from 23 small
companies with individual and small-series produc-
tion. The results of the questionnaire showed that
these companies had definite problems with the un-
fulfilled requirements of customers and excessive
product-development times.

4 gradually collected data

A
A/

enkratni prenos informacij

single data transfer

Stopnja postopka osvajanja izdelka
Product development stage

PRENOS INFORMACIJ - zaporedno osvajanje izdelka
DATA TRANSFER - sequential product development

v

Cas osvajanja izdelka
Product development time

Dolocanje ciljev
Goals

Projektiranje
Product planning

Stopnja postopka osvajanja izdelka
Product development stage

Konstruiranje
Design

Nacrtovanje postopkov
Production planning

Priprava proizvodnje
Production prepare

Izdelava in montaza
Manufacturing and assembly

Dostava

Delivery :|

A 4

Cas osvajanja izdelka
Product development time

Sl. 1. Zaporedno uvajanje izdelka
Fig. 1. Sequential product development
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Izkazalo se je, da imajo v vseh podjetjih
organizirano zaporedno uvajanje izdelkov, kar je
vzrok dolgih, za trg nesprejemljivih ¢asov uvajanja
izdelkov.

Z rezultati ankete smo seznanili vsa v anketi
sodelujoca podjetja in jih skuSali zainteresirati za
sodelovanje pri projektu postopnega prehoda iz
zaporednega na istocasovno uvajanje izdelkov.

Od anketiranih podjetij se je za takoj$nje
sodelovanje pri projektu odlocilo podjetje, ki je
izdelovalec majhnih serij mini nakladalnikov, s katerimi
se pojavlja na domaéem in tujem trgu.

1 ZAPOREDNI IN ISTOCASOVNI INZENIRING
Zaporedni inZeniring karakterizira zaporedno

izvajanje stopenj postopka uvajanja izdelka.
Opazovana stopnja postopka se lahko pri¢ne, ko je

It became evident that all the companies were
using a sequential product development
process,which caused excessive and unacceptable
times for product development.

The results of the questionnaire analysis were
sent to all the participating companies and we tried
to arouse their interest in cooperating in a project
involving the gradual transition from the sequential
to the concurrent development of products.

Of all the companies, a company that produces
mini-loaders in small series for domestic and international
markets immediately decided to participate in the project.

1 SEQUENTIAL AND CONCURRENT ENGINEERING
The main feature of sequential engineering is

the sequential implementation of stages in the product
development process. The treated process stage can

A delno grajena informacija

e

>

partially collected data

veckratni prenos informacij

multiple data transfer

Stopnja postopka osvajanja izdelka
Product development stage

PRENOS INFORMACII - isto¢asovno osvajanje izdelka
DATA TRANSFER - concurrent product development

v

Cas osvajanja izdelka
Product development time

A

:I Dolocanje ciljev
Goals

Production prepare

Product development stage

Izdelava in montaza

Stopnja postopka osvajanja izdelka

Priprava proizvodnje

Manufacturing and assembly

] poerion
Product planning
I:I Konstruiranje
Design
|:| Nacrtovanje postopkov
Production planning

L]
Dost
Delivery L]

[
>

Cas osvajanja izdelka
Product development time

S1. 2. Istocasovno uvajanje izdelka
Fig. 2. Concurrent product development
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predhodna stopnja v celoti koncana. Informacije o
opazovani stopnji postopka se postopno gradijo in
so ob koncu stopnje popolnoma zgrajene ter
posredovane naslednji stopnji.

Slika 1 prikazuje nacelo zaporednega uvajanja
izdelka[1].

V nasprotju z zaporednim inZeniringom pa
istoCasovni inzZeniring karakterizira vzporedno
izvajanje stopenj postopka uvajanja izdelka. Tu se
opazovana stopnja postopka lahko pricne ze pred
konéanjem njej predhodne stopnje.

Informacije o opazovani stopnji postopka se
postopno gradijo in se ze med gradnjo posredujejo
naslednji stopnji. Serija medsebojnih prenosov
informacij med opazovano in naslednjo stopnjo
postopka se konca v trenutku, ko je graditev informacij
opazovane stopnje koncana.

Slika 2 prikazuje nacelo istoCasovnega
uvajanjaizdelka[1].

Pri istoasnem uvajanju izdelka obstajajo
interakcije med posameznimi stopnjami postopka
uvajanja izdelka in za izvedbo vplivov je bila razvita
stezno zankasta tehnologija [1]. S tipom zanke je
popisan tip sodelovanja med prekrivajoc¢imi se
stopnjami postopkov. Winner [4] predlaga uporabo
3-T zank, kjer obstaja medsebojni vpliv med tremi
stopnjami postopka uvajanja izdelka.

V primeru uporabe 3-T zank (slika 3) se
postopek uvajanja izdelka sestoji iz pet 3-T zank.

V vsaki zanki se na podlagi zahtev in omejitev
izvede sprememba vstopkov v iztopke [2], kar
prikazuje diagram toka informacij v stezno-zankastem
postopku uvajanja izdelka (sl. 4).

Analiza na sliki 3 in 4 prikazanega stezno-
zankastega postopka uvajanja izdelkov kaze, da
istoCasovnega inzeniringa ni brez dobro
organiziranega timskega dela.

D

| Doloéitev ciljev

—
—

begin after the preceding stage has been completed.
Data on the treated process stage are collected gradu-
ally and they are completed when the stage is finished.
After which the data are forwarded to the next stage.

Figure 1 presents the principle of sequential
product development [1].

The main feature of concurrent engineering is
the concurrent implementation of stages in the prod-
uct development process. In this case the treated
stage can begin before its preceding stage has been
completed.

Data on the treated process stage are collected
gradually and forwarded continuously to the next
stage. The series of data exchange between the treated
process stage and the next process stage ends when
the data on the treated stage has been completed.

Figure 2 presents the principle of concurrent
product development [1].

In concurrent product development there are in-
teractions between the individual steps of the product-
development process. Track-and-loop technology was
developed for the implementation of interactions [ 1]. The
type of loop defines the type of cooperation between
overlapping process steps. Winner [4] proposes the use
of 3-T loops, where interactions exist between three lev-
els of the product-development process.

When 3-T loops are used (Figure 3) the prod-
uct-development process consists of five 3-T loops.

On the basis of the requirements and the re-
strictions, the input is transformed into the output
[2] in each loop, as shown in the diagram of informa-
tion flow in the track-and-loop process of the prod-
uct development (Fig. 4).

Analysis of the track-and-loop process of
product development, as shown in Figures 3 and 4,
reveals that concurrent engineering is not possible
without well-organised team work.
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Product development loop

Sl. 3. Stezno-zankasti postopek uvajanja izdelka
Fig. 3. Track-and-loop process in product development
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FEASIBILITY loop
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Have requirements and restrictions

of the loop been met? Zahteve in omejitve konstrukcijske
da[yes zanke
Requirements and restrictions of
I design loop

Povratna informacija
Teedback information

KONSTRUKCIJSKA zanka
DESIGN loop

streza zahtevam in omejitvam zanke?
Have requirements and restrictions
of the loop been met?

Zahteve in omejitve zanke planiranja
postopkov

dafyes ﬁ Requirements and restrictions of
ion planning loop

Zanka PLANIRANJA
POSTOPKOV
PRODUCTION PLANNING loop

Povratna informacija
feedback information

Ustreza zahtevam in omejitvam zanke?
Have requirements and restrictions
of the loop been met?

Zahteve in omejitve zanke priprave
proizvodnie

da|yes . -
4 Requirements and restrictions of
I loop

Zanka PRIPRAVE
PROIZVODNJE
PRODUCTION loop

Povratna i
feedback information

streza zahtevam in omejitvam zanke?
Have requirements and restrictions
of the loop been met?

Zahteve in omejitve
proizvodne zanke

da|yes ﬁ Requirements and restrictions of
ing loop

IZDELAVNA zanka
MANUFACTURING loop

Povratna informacija
feedback information

Ustreza zahtevam in omejitvam zanke?
Have requirements and restrictions
of the loop been met?

Resitev v zanki Regitev v zanki Resitev v

Resitev v konstrukeijski Ustreza ciljem podictja?

s ne planiranja postopkov? ne priprave proizvodnje? proizvodni zanki?
zanki? X Have the company goals
g . no Solution in production no Solution in production Solution in manufacturing
Solution in design loop? ; ; ! ; been met?
lanning loop? loop? loop?

Zadovoljstvo kupeev in podictja
Satisfied customers and company

Sl. 4. Diagram toka informacij v stezno zankastem postopku uvajanja izdelka
Fig. 4. Diagram of information flow in the track-and-loop process of product development

2ISTOCASOVNIINZENIRING IN
TIMSKO DELO

2 CONCURRENT ENGINEERING AND TEAM
WORK

O timskem delu oziroma timu govorimo takrat, Team work refers to a situation when a team is
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ko je skupina ciljno usmerjena za reSevanje skupne
naloge [5].
Za timsko delo je potrebno [1]:

- sodelovanje, ki mora biti prilagodljivo,
nenacrtovano in stalno,

- obcutek obveze za dosego ciljev,

- komuniciranje, ki pomeni izmenjavo informacij,

- sposobnost sklepanja kompromisov,

- soglasnost kljub nestrinjanju,

- usklajevanje pri izvajanju medsebojno odvisnih
dejavnosti,

- stalno izboljSevanje z namenom vedje
produktivnosti in krajsih casov.

stran 204

oriented towards the solution of a joint task [5].
The requirements for team work are [1]:

- a flexible, unplanned and continuous cooperation,

- a feeling of obligation regarding the achievement
of goals,

- communication in the form of exchange of information,

- an ability to make compromises,

- a consensus in spite of disagreement,

- reconciliation when carrying out interdependent
activities,

- continuous improvements in order to increase pro-
ductivity and reduce process times.
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2.1. Oblikovanje sestave timov v velikih podjetjih

Istocasovni  inzeniring sloni na
vecdisciplinarnem timu za uvajanje izdelka (TUI - PDT)
([6] in [7]), ki mora vkljucevati tako strokovnjake
razli¢nih sluzb podjetja, kakor tudi predstavnike
strateskih dobaviteljev in kupcev.

Clani tima za uvajanje izdelka so
komunikacijsko povezani prek osrednjega
informacijskega sistema (OIS - CIS), ki jim zagotavlja
podatke o postopkih, orodjih, infrastrukturi,
tehnologiji in znanih izdelkih podjetja. Predstavniki
strateskih dobaviteljev in kupcev zaradi oddaljenosti
podjetja v timu sodelujejo le navidezno in to s uporabo
medmrezne tehnologije (MT - IIS), ki jim omogoca
uporabo istih orodij in tehnologij, kakr$ne uporabljajo
Clani tima podjetja [7].

Sestava tima za uvajanje izdelka v velikih
podjetjih se skozi stopnje postopka uvajanja izdelka
spreminja. Tim v doloc¢eni fazi uvajanja izdelka
sestavljajo vsebinsko zaokrozene delovne skupine,
vsaka delovna skupina tima je zgrajena iz Stirih
osnovnih timov [1], in to:

- logicnega tima, ki poskrbi, da se celotni postopek
uvajanja izdelka razbije na logi¢ne enote (opravila,
naloge) in se dolocijo vmesni ¢leni in povezave
med enotami postopka;

- kadrovskega tima, ki skrbi za potrebne kadre tima
uvajanja izdelka, njihovo izobrazevanje, motiviranje
in nagrajevanje;

- tehnoloskega tima, ki je odgovoren za stvaritev
strategije in zamisli. Tim mora biti osredotoc¢en na
¢im nizje stroske in kakovost izdelka,

- navideznega tima, ki deluje v obliki racunalniskih
modulov in oskrbuje preostale ¢lane tima za
uvajanje izdelka s potrebnimi informacijami.

Slika 5 prikazuje sestavo delovne skupine v
velikem podjetju.

Namen isto¢asovnega inZeniringa je doseci
¢im boljse sodelovanje med omenjenimi Stirimi
osnovnimi timi dolo¢ene delovne skupine.

Splosno velja, da naj bodo veédisciplinarni
timi za uvajanje izdelka tako sestavljeni, da se doseze:

KADROVSKI TIM
PERSONNEL TEAM

2.1. Workgroup structure in big companies

Concurrent engineering is based on a
multidisciplinary product-development team (PDT)
([6] and [7]). PDT members are experts from various
departments of a company and representatives of
strategic suppliers and customers.

Product development team members commu-
nicate via a central information system (CIS), which
provides them with data about processes, tools, in-
frastructure, technology, and the existing products
of the company. The representatives of strategic sup-
pliers and customers — because they are often re-
mote from the company — participate in the team just
virtually, using the internet information system (IIS),
which allows them to use the same tools and tech-
nologies as the team members in the company [7].

In big companies the composition of the
PDT changes during the different phases of prod-
uct development. The team consists of various
workgroups in the various phases of product de-
velopment, and each workgroup consists of four
basic teams [1]:

- the logical team which ensures that the whole prod-
uct-development process is split into logical units
(operations, tasks) and defines the interfaces and
connections between the individual process units.

- the personnel team which has to find the required
personnel for the PDT, trains and motivates the
personnel, and provides proper payment.

- the technology team which is responsible for creat-
ing a strategy and a concept. It has to concentrate on
producing high-quality products at minimum costs.

- the virtual team which operates in the form of com-
puter software and provides other PDT members
with the data they required.

Figure 5 presents the composition of a
workgroup in a big company.

The goal of concurrent engineering is to
achieve the best possible cooperation among the four
basic teams of a particular workgroup.

The multidisciplinary teams should generally have
astructure that enables the following goals to be achieved:

NAVIDEZNI TIM
VITTUAL TEAM

DEOVNA SKUPINA
WORK GROUP

TEHNOLOGHIJS! il TIM

TECHNOLOGY TEAM

Sl. 5. Delovna skupina v velikem podjetju
Fig. 5. Workgroup in a big company
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Ravnina:
Level:

JEDRNI TIM

1.

CORE TEAM

ST zanke
PLANIRANJA
PROCESOV
PRODUCTION
PLANNING
loop LT

ST zanke
PRIPRAVE
PROIZVODNJE
PRODUCTION loop
LT

ST zanke
IZVEDLJIVOSTI

ST zanke
IZDELAVE

ST zanke
KONSTRUIRANJA
DESIGN loop LT

FEASIBILITY loop
LT

MANUFACTURING
loop LT
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ST /LT - stopenjski tim / level team
FT / FT- funkcijski tim / functional team

0 -

Sl. 6. Triravninska sestava timov v velikem podjetju
Fig. 6. Three-level team structure in a big company

- jasna definiranost pristojnosti in odgovornosti,
- kratke odlocitvene poti,
- razpoznavanje ¢lanov timov v izdelku, ki ga uvajajo.

Po pregledu objavljenih del s podroéja
nacrtovanja sestave timov v velikih podjetjih ([1] in
[8]) smo ugotovili, da se za velika podjetja predlaga
triravninska sestava timov uvajanja izdelka, kar
prikazuje slika 6.

Jedrni tim, ki ga sestavljajo vodilni delavci
podjetja in vodja opazovanega stopenjskega tima,
ima nalogo, da podpira in nadzoruje projekt uvajanja
izdelka.

Stopenjski tim, ki ga sestavljajo vodja
stopenjskega tima in vodje v opazovani stopnji
oziroma zanki udelezenih funkcijskih timov, ima
nalogo, da koordinira in uglasa cilje in dejavnosti
funkcijskih timov ter zagotavlja gladek prehod na
naslednjo stopnjo osvajanja izdelka.

Funkcijski tim, ki ga sestavljajo vodja
funkcijskega tima in strokovnjaki razli¢nih podrocij
dela podjetja ter predstavniki dobaviteljev in kupcev,
ima nalogo, da izvaja zadane naloge v terminskem,
finan¢nem in kadrovskem oziru.

2.2 Oblikovanje sestave timov v majhnih podjetjih

Analiza rezultatov oblikovanja delovnih
skupin in sestave timov v velikih podjetjih je pokazala,
da predlagani osnutek nacrtovanja delovnih skupin
in sestave timov za majhna podjetja ni sprejemljiv
(preveliko Stevilo timov delovne skupine, preve¢
timskih ravni).

Pri oblikovanju osnutka delovnih skupin,
sestave in organizacije majhnih podjetij bo torej treba
paziti na predlaganje:

- ¢im manjsega Stevila timov delovne skupine,
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- aclear definition of competence and responsibility,

- short decision paths,

- an identification of team members with the product
being developed.

A survey of the published works in the field of
team-structure planning in big companies ([1] and [8])
has revealed that a three-level PDT structure is recom-
mended in big companies, as presented in Figure 6.

The core team consists of the company man-
agement and the manager of the treated stage team;
its task is to support and control the product-devel-
opment project.

The level team consists of the level-team man-
ager and the managers of the participating functional
teams in the treated level (loop); its task is to coordi-
nate the goals and tasks of the functional teams and
to ensure a smooth transition to the next level of
product development.

The functional team consists of the functional-
team manager, experts from various fields in the com-
pany, and representatives of suppliers and custom-
ers; its task is to carry out the tasks given, taking into
consideration terms, finance and personnel.

2.2. Team structure in small companies

An analysis of the results regarding the setup
of workgroups and team structure in big companies
has shown that the proposed concept for planning
the workgroups and the structure of the teams can-
not be used in small companies (there are too many
teams in a workgroup and too many team levels).

When developing the workgroup concept,
structure and organisation in small companies it will
therefore be necessary to propose:

- as few workgroup teams as possible,
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KADROVSKI TIM
PERSONNEL TEAM

NAVIDEZNI TIM
VIRTUAL TEAM

DELOVNA SKUPINA
WORK GROUP

TEHNOLOGIJSKI TIM
TECHNOLOGY TEAM

Sl. 7. Delovna skupina v majhnem podjetju
Fig. 7. Workgroup in a small company

- ¢im manjSega Stevila timskih ravni in - as few team levels as possible,

- ustrezne organizacije podjetja. - an appropriate organisation of the company.
Sodelavci Laboratorija za proizvodne The members of the Production Systems Labo-

sisteme smo izdelali nekaj variant sestave delovnih ratory made several versions of the workgroup com-

skupin in sestave timov ter se po vrednotenju position and team structure, and decided, after an

predlaganih variant odlocili, da za majhna podjetja evaluation of the proposed versions, that the follow-

predlagamo: ing was advisable for small companies:

- prehod iz $tirih timov delovne skupine (kadrovski, — a switch from four workgroup teams (personnel,
logiski, tehnologijski, navidezni tim) na dva tima logical, technology, and virtual team) to two
(logiski in tehnologijski tim), workgroup teams (logical and technology team);

- prehod iz triravninske na dvoravninsko sestavo - aswitch from a three-level to a two-level team struc-

Ravnina:
Level: PERMANENT STRUCTURE OF CORE TEAM IN PRODUCT DEVELOPMENT PROCESS

JEDRNI TIM
CORE TEAM

VODJA PROJEKTNEGA
TIMA PROJECT MANAGER

Projektni tim zanke
planiranja postopkov
Project team of
production planning
loop

Projektni tim zanke
izvedljivosti
roject team of feasibilit;
loop

Projektni tim zanke
konstruiranja
Project team of design
loop

Projektni tim zanke
priprave proizvodnje
Project team of
production loop

Projektni tim zanke
izdelave
Project team of
manufacturing loop

SPREMINJAJOCA SESTAVA PROJEKTNEGA POSTOPKA OSVAJANJA IZDELKA
VARIABLE STRUCTURE OF PROJECT TEAM IN PRODUCT DEVELOPMENT PROCESS

Sl. 8. Dvoravninska sestava timov v majhnem podjetju
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V majhnem podjetju bo torej delovna skupina
sestavljena le iz dveh osnovnih timov (slika 7) in to:
- logiSkega tima, ki naj poskrbi, da se celotni
postopek uvajanja izdelka razdeli na logi¢ne enote
in da se dolocijo vmesni ¢leni ter povezave med
enotami postopka in

- tehnologijskega tima, ki naj odgovarja za stvaritev
strategije in zamisli.

Naloge navideznega tima bo v majhnem podjetju
prevzel osrednji informacijski sistem (OIS) z ustreznimi
programskimi orodji, za uporabo katerih morajo biti ¢lani
delovne skupine dobro usposobljeni, naloge
kadrovskega tima pa bi izvedel vodja projektnega tima.

Za majhno podjetje se nacrtuje tudi prehod iz
triravninske strukture timov na dvoravninsko
strukturo, ki je prikazana na sliki 8.

Jedrni tim, katerega naloga je, da podpira
in nadzoruje projekt uvajanja izdelka, naj bi
sestavljali:

- vodja jedrnega tima (stalni ¢lan),
- vodje strokovnih sluzb podjetja (stalni ¢lani) in
- vodja projektnega tima (stalni ¢lan).

Projektni tim, katerega naloga je izvajanje
zastavljenih nalog v terminskem, finan¢nem in
kadrovskem pogledu, naj bi sestavljali:

- vodja projektnega tima (stalni ¢lan) in

- strokovnjaki razli¢nih podrocij dela podjetja ter
predstavniki strateskih dobaviteljev in kupcev
(nestalni ¢lani).

Kot vidimo, naj bi bil projektni tim v majhnem
podjetju zasnovan podobno kakor funkcijski tim v
velikem podjetju, s to razliko, da je en sam in da skozi
stopnje oziroma zanke uvajanja izdelka spreminja
Svojo sestavo.

V zanki izvedljivosti, v kateri naj bi
projektni tim poskrbel za dolocitev zahtev
kupcev, dolocitev ciljev ter izdelavo razli¢nih
variant zamisli izdelka, naj bi projektni tim
sestavljali usluzbenci trzenja, projektive,
konstrukcije ter predstavniki strateskih
dobaviteljev in kupcev.

V zanki konstruiranja, v kateri naj bi projektni
tim poskrbel za idejne resitve izdelka, projektiranje
in konstruiranje izdelka, sklopov in sestavnih
delov, razvoj prototipov ter izbira najprimernejsih
variant z vidika tehnologi¢nosti, naj bi projektni
tim sestavljali usluzbenci projektive, konstrukcije
in tehnologije.

V zanki nacrtovanja postopkov, v kateri naj bi
projektni tim poskrbel za izbiro najprimernejSih
tehnoloskih postopkov izdelave sestavnih delov in
montaze sklopov (dolocitev zaporedja, opravil, izbira
strojev in orodij, normirani ¢asi), naj bi projektni tim
sestavljali usluzbenci konstrukcije, tehnologije,
priprave proizvodnje in predstavniki strateskih
dobaviteljev.

V zanki priprave proizvodnje, v kateri naj bi
projektni tim poskrbel za dolocitev poteka dela
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In a small company a workgroup therefore
consists of just two basic teams (Figure 7):

— the logical team, which should ensure that the whole
product-development process is divided into logi-
cal units and that the interfaces and junctions be-
tween process units are defined;

— the technology team, which should be responsible
for providing the strategy and concept.

The CIS performs the role of the virtual team
with proper software tools (workgroup members
should be well trained to use these tools), and the
project-team manager carries out the personnel-team
tasks.

For a small company, the transition from a
three-level to a two-level team structure is planned
too, as presented in Figure 8.

The core team, whose task is to support and
control the product-development project, should
consist of:

- acore-team manager (permanent member),

- department managers (permanent members),

- aproject-team manager (permanent member).

The project team, which carries out the tasks
given, taking into consideration terms, finance and
personnel, should consist of:

- aproject-team manager (permanent member),

- experts from various fields in the company and rep-
resentatives of strategic suppliers and customers
(variable members).

The project team in a small company is there-
fore designed in a similar way to a functional team in
a big company, the difference being that there is just
one team and its composition changes in different
phases (loops) of the product-development process.

In the feasibility loop, where the project team
should define customer requirements and goals, and make
several versions of the product design, the project team
should consist of employees from the marketing, the prod-
uct-planning, and the design departments, and the repre-
sentatives of strategic customers and suppliers.

In the design loop, where the project team
should provide general solutions regarding the prod-
uct, the product planning and the design, its parts
and components, the development of prototypes, and
the choice of the most suitable versions from the
manufacturing point of view, the project team should
consist of employees from the product-planning, the
design and the production-planning departments.

In the production-planning loop, where the
project team should select the best technology opera-
tions for the manufacturing of parts and the assem-
bling of components (definition of sequence, opera-
tions, selection of machines, tools, and norm times),
the project team should consist of employees from the
design, the production-planning, and the production
departments, and strategic suppliers’ representatives.

In the production loop, where the project team
should define production type (workshop, cell or
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S1. 9. Vzorna matricna organiziranost

timskega dela v majhnih podjetjih

Fig. 9. Ideal matrix organisation in a small company

(delavniski, celi¢ni ali izdel¢ni potek dela) ter za izbiro
najboljse razmestitve delovnih sredstev, naj bi
projektni tim sestavljali usluzbenci tehnologije,
priprave proizvodnje, izdelave in montaze ter logistike
in odpreme.

V zanki proizvodnje, v kateri naj bi projektni
tim poskrbel za preizkus prototipov, nabavo
potrebne opreme, razmestitev delovnih sredstev,
izvedbo in preizkus nicte serije, naj bi projektni tim
sestavljali usluzbenci priprave proizvodnje, izdelave
in montaze, kakovosti ter usluzbenci skladi$¢ in
odpreme.

Naloge stopenjskih timov velikega
podjetja naj bi v majhnem podjetju prevzel vodja
projektnega tima in ta naj bi poskrbel za
uskladitev in uglasevanje ciljev in dejavnosti med
projektnim in jedrnim timom ter za zagotavljanje
nemotenega prehoda iz ene v drugo zanko
uvajanja izdelka.

V velikih podjetjih so obi¢ajno ¢lani jedrnega
tima, stopenjskih in funkcijskih timov projektno
organizirani. Takega nacina organizacije timov si majhna
podjetja ne morejo privosciti, in to predvsem zaradi
premajhnega Stevila usluzbencev oddelkov podjetja.

Analiza razli¢nih organizacijskih struktur
podjetij oziroma timov ([9] in [10]) je pokazala, da
bi bila za majhna podjetja najprimernejSa matricna
organizacija ¢lanov jedrnega in projektnega tima
(s1.9).

Posamezni ¢lan jedrnega tima, razen vodje
projektnega tima, del delovnega Casa opravlja
naloge v oddelku, kateremu pripada in bi bil za
izvedbo teh nalog odgovoren direktorju podjetja,
preostali del delovnega ¢asa pa bi posvetil delu
pri projektu uvajanja izdelka, za kar bi bil

product-oriented type of production) and select the
optimum layout of production means, the project team
should consist of employees from the production-
planning department, production, manufacturing and
assembly, as well as logistics and delivery.

In the manufacturing loop, where the project
team should take care of prototype tests, supply of
required equipment, layout of production means,
manufacturing and test of the null series, the project
team should consist of employees from the produc-
tion department, manufacturing and assembly, qual-
ity assurance, warehouse and delivery departments.

The tasks that are performed by the stage
teams in big companies should be done by the project-
team manager in a small company, and he/she should
coordinate and tune the goals and activities between
the project team and the core team, and provide a
smooth transition from one phase (loop) of the prod-
uct-development process to another.

In big companies the members of the core,
level and functional teams usually use a project type
of organisation. This type of organisation cannot be
used in small companies, as they have too few em-
ployees.

An analysis of the various organisational
structures of companies and teams ([9] and [10]) has
shown that in small companies a matrix organisation
would be the most suitable for the core- and project-
team members (Figure 9).

A member of the core team (with the exception of
the project-team manager) would carry out tasks in his/her
department for part of his/her working time (for this work
he/she would be responsible to the general manager of the
company), and the rest of his/her working time he/she
would work on the product-development project (for this
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Sl1. 10. Mini nakladalnik »VEPER«
Fig. 10. The “VEPER mini-loader

odgovoren vodji jedrnega tima. Tudi ¢lan
projektnega tima, razen vodje projektnega tima,
bi prav tako del delovnega Casa opravljal naloge
v oddelku, kateremu pripada in bi bil za izvedbo
teh nalog odgovoren vodji oddelka, preostali del
delovnega Casa pa bi posvetil delu pri projektu
uvajanja izdelka, za kar bi bil odgovoren vodji
projektnega tima.

Vodja projektnega tima naj bi bil za cas
trajanja projekta uvajanja izdelka izlocen iz oddelka
in naj bi bil polni delovni ¢as zaposlen samo pri
projektu.

3 PRIMER ISTOCASOVNEGA UVAJANJA
[ZDELKOV V MAJHNEM PODJETJU

Majhno podjetje, ki je izdelovalec strojev za
gradbenistvo, se je odlocilo za isto¢asovno osvajanje
mini nakladalnika » VEPER« (slika 10).

Podjetje zaposluje 182 delavcev in ima poleg
vodstva (direktor, pomocnik direktorja) oblikovanih
devet oddelkov, in to:

- komercialni oddelek, ki skrbi za trzenje in prodajo, s
7 delaveti,

- razvojno-projektivni oddelek, ki skrbi za razvoj in
projektiranje izdekov, s 5 delavci,

- konstrukcijski oddelek, ki skrbi za konstruiranje
izdelkov, s 6 delavci,

- tehnoloski oddelek, ki skrbi za nacrtovanje
proizvodnje in logistiko, z 12 delavci,

- nabavni oddelek, ki skrbi za nabavo in sodelavo, s
5 delavci,

- proizvodnja, ki skrbi za operativno pripravo

work he/she would be responsible to the core-team man-
ager). A member of the project-team (except the project
team manager) would carry out the tasks in his/her depart-
ment for part of his’her working time (for this work he/she
would be responsible to the department manager), and the
rest of his/her working time he/she would work on the
product-development project (for this work he/she would
be responsible to the project-team manager).

The project-team manager would be excluded
from his/her department throughout the duration of
the product-development project and he/she would
work full-time on the project.

3 ANEXAMLE OF THE CONCURRENT DEVELOP-
MENT OF PRODUCTS IN A SMALL COMPANY

A small company that produces civil engineer-
ing equipment decided to concurrently develop a mini-
loader called “VEPER” (Figure 10).

There are 182 employees in the company; in
addition to the management (the general manager
and his assistant) there are nine departments:

- the commercial department is in charge of market-
ing and sales (7 employees),

- the development and planning department is concerned
with development and product planning (5 employees),

- the design department is concerned with product
design (6 employees),

- the technology department is concerned with pro-
duction and logistics (12 employees),

- the supply department is concerned with supply
and cooperation (5 employees),

- the production department is concerned with op-
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proizvodnje in samo proizvodnjo, s 136 delaveci,
- finan¢ni oddelek s 3 delavci,
- oddelek kakovosti s 3 delavci in
- informacijska enota s 3 delavci.

Da bi podjetje lahko preslo na istocasovno
uvajanje mini nakladalnika, se je bilo treba najprej
odlociti za sestavo timov isto¢asovnega uvajanja
nacrtovanega izdelka.

Vodstvo podjetja se je odlo¢ilo za oblikovanje
dvoravninske strukture timov, torej za jedrni in
projektni tim.

Da bi prisli do najprimernej$e sestave jedrnega
in projektnega tima, sta bili organizirani dve delavnici
ustvarjalnosti [4], v katero so bili povezani direktor
in pomoc¢nik direktorja podjetja ter devet vodij
oddelkov.

Rezultati izvedbe prve delavnice ustvarjalnosti
so pokazali, naj jedrni tim sestavlja enajst delavcev
podjetja, in to:

- direktor podjetja, ki bo vodja jedrnega tima,
- devet vodij oddelkov,
- pomocnik direktorja, ki bo vodja projektnega tima.

Vsi ¢lani jedrnega tima bodo stalni ¢lani, torej
se sestava jedrnega tima v Casu uvajanja mini
nakladalnika ne bo spreminjala.

Da bi dolocili stopnje postopka uvajanja mini
nakladalnika, stopnjam pripadajoce dejavnosti ter
dolocili odgovornosti oddelkov za izvedbo dejavnosti,
je bila izvedena druga delavnica ustvarjalnosti.

Rezultate izvedbe druge delavnice
ustvarjalnosti prikazuje preglednica 1.

V preglednici 1 zbrani rezultati dolocanja
stopen;j in dejavnosti ter dolo¢anja odgovornosti
oddelkov za izvedbo dejavnosti in sprejeta odlocitev
vodstva podjetja o organizaciji 3-T zank postopka
uvajanja mini nakladalnika, je predstavljala temelj za
oblikovanje sestave projektnega tima v posamezni
zanki uvajanja izdelka. Rezultati oblikovanja
spreminjajoCe sestave projektnega tima v zankah
uvajanja mini nakladalnika so vidni v preglednici 2.

Vodja projektnega tima bo stalni ¢lan tima,
strokovnjaki devetih oddelkov podjetja ter
predstavniki oblikovalcev, dobaviteljev in kupcev pa
bodo nestalni ¢lani tima.

1z rezultatov sestave jedrnega in projektnega
tima je bilo mogoce nacrtati dvoravninsko strukturo
timov osvajanja mini nakladalnika (sl. 11).

V podjetju, ki izdeluje mini-nakladalnike, so
dosedaj le-te uvajali na zaporedni nacin. Analiza
rezultatov zaporednega uvajanja razli¢nih tipov mini
nakladalnikov je pokazala, da je bil povprecni Cas
uvajanja izdelkov stiri leta.

Danasnji trg terja kratke dobavne roke izdelkov
oziroma kratke ¢ase uvajanja izdelkov.

Da bi podjetje skrajsalo ¢as uvajanja mini
nakladalnika in s tem postalo bolj konkuren¢no na
trgu, se je odlocilo za istoCasovno uvajanje novega
tipa mini nakladalnika.

erative production preparation and manufacturing
(136 employees),
- the financial department (3 employees),
- the quality assurance department (3 employees),
- the IT department (3 employees).

In order that the company could switch to con-
current development of the mini-loader it was first nec-
essary to decide about the structure and the composi-
tion of the concurrent product development teams.

The company management decided to form a
two-level team structure (core and project teams).

In order to get the best structure of both teams,
two creativity workshops were organised [4], with
the general manager, his assistant and nine depart-
ment managers participating.

The results of the first creativity workshop
showed that the core team should consist of eleven
company employees:

- the general manager, who would manage the core team,

- the nine department managers,

- the assistant general manager, who would manage
the project team.

All core-team members will be permanent
members; the core-team composition will therefore
not change within the mini-loader development time.

A second creativity workshop was organised
in order to define the stages of the mini-loader devel-
opment process, and their corresponding activities,
as well as the responsibilities of the departments to
carry out these activities.

The results of the second creativity workshop
are presented in Table 1.

The results of the second creativity workshop
(presented in table 1) and the selection of the project-
team manager, made by the company management,
allowed for the definition of the project-team struc-
ture in the individual loops of the mini-loader devel-
opment, as shown in Table 2.

The project-team manager will be a permanent
team member, while the experts from the nine depart-
ments of the company and the representatives of
designers, suppliers and customers will be variable
team members.

After the structures of the core team and the
project team had been defined, it was possible to
design the two-level team structure for the mini-loader
development (Figure 11).

Up to now the producer of the mini-loaders has
developed the products sequentially. An analysis of the
results of the sequential development of various types of
mini loaders in the past has shown that the average de-
velopment time for a particular product was four years.

These days the market demands short deliv-
ery terms for products and short development times.

In order to reduce the mini-loader develop-
ment time (and thus get a competitive advantage) the
company decided to concurrently develop a new type
of mini-loader.
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Preglednica 1. Stopnje in dejavnosti postopka uvajanja mini nakladalnika
Table 1. Stages and activities in the mini-loader development process
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STALNA SESTAVA JEDENEGA TIMA OSVAJANJA MINI-NAKLADALNIKA

PERMANENT STRUCTURE OF CORE TEAM IN MINI-LOADER. DEVELOPMENT PROCESS
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SPREMINJAJOCA SE SESTAVA PROJEKTNEGA TIMA OSVAJANJA MINI-NAKLADALNIKA

VARIABLE STRUCTURE OF PROJECT TEAM IN MINI-LOADER DEVEL OPMENT PRU('ES.‘;'/'
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Sl. 11. Dvoravninska sestava timov uvajanja mini nakladalnika
Fig. 11. Two-level team structure during the mini-loader development

paketom CA — SPJ, s katerim je bil narisan gantogram
izvedbe postopka istoCasnega uvajanja novega tipa
mini nakladalnika (sl. 12).

Analiza gantogramov sedanjega zaporednega
in nadrtovanega istocasovnega uvajanja novega tipa
mini nakladalnika je pokazala, da bo podjetje s
prehodom iz zaporednega na istocasni inZeniring
lahko dalo mini nakladalnik na trg, ne v Stirih letih,
temvec v petindvajsetih mesecih, kar bo bistveno
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was used to design the Gantt chart of the develop-
ment process for the new type of mini-loader (Figure
12).

An analysis of the Gantt charts of the existing
sequential and the planned concurrent development
of the new mini-loader shows that if the company
shifts from sequential to concurrent engineering, it
will be able to launch a new mini-loader in 25 months
instead of 48 month as before — which would consid-
erably improve the competitiveness of the company.
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Preglednica 3. Casi trajanja dejavnosti, tipi in Casi prekrivanja dejavnosti istocasovnega uvajanja mini

nakladalnika

FS: Konec-Zacetek/Finish-to-Start
SS: Zacetek - Zacetek/Start-to-Start
FF: Konec-Konec/Finish-to-Finish

|

I

|

I

|

I

|

Table 3. Duration of activities, types, and times of overlapping activities the during mini-loader development
|

OPIS STOPNJE Ocena Ugotav. o Cas I

Ident | OSVAIANJA Ident trajanja | predhodne Vrsta prekrivanja prekrivanja !
stopje IZDELKA Nacrtovane dejavnosti stopnje dejav.  [deiav-[mes]| gejavnosti [mes] !
Type of overlap I

Stage DESCRIPTION Planned activities within the stage Activity ACtlYlty Preceding Time of ‘
id OF PRODUCT id dqrathn activity overlap !
' DEVELOPMENT ’ estimation iden. FS SS | FF [months] ‘
STAGE [months] : I

1 | Definiranjeciliev | Cilii 2 3 - !
Definition of goal Goals :

3 Studija izvedljivosti Terminski plan 4 13 2 X 1 !
Term plan !

P Finan¢ni plan 5 12 2 X 2 !

Feasibility study Financialp lan |
Predkalkulacija 6 19 5 X 1 I

Pre-calculation I

Cilji trga 7 10 4 X 0 I

Goals of market 5 X 0 I

8 Projektiranje Idejni osnutek izdelka 9 4 2 X 2 |
First draft of the product |

Product planning Idejni osnutki sklopov 10 4 9 X 1 |

First draft of components I

Projektiranje 11 9 9 X 3 I

Planning of the product I

12 Konstrukcija Konstruiranje sklopov 13 5 9 X 3 |
Design of components 11 X 0 |

Design Izdelava delavniskih risb 14 8 10 X 3 I
Drawings of parts I

Kosovnice 15 9 9 X 3 ‘

Bills of material I

16 | Naértovanje Materialne potrebe 17 8 9 X 0 !
postopkov Material requirements 10 X 3 |

14 X 0 :

Process planning 15 X 0 ‘
Tehnoloski postopki 18 11 13 X 3 !

Technology routings :

Nadzorni postopki 19 13 18 X 1 |

Control procedures |

Priprave' 20 5 19 X 1 |

Preparations |

Razpisana dokumentacija 21 14 18 X 0 |

Documentation of orders |

Pregled zalog 22 3 19 X 0 |

Overview of stock 21 X 1 |

Oblikovanje narocil / Creation of orders 23 4 20 X 0 |

Narocanje materiala 24 5 17 X 5 |

Order of material 22 X 2 |

Prevzem in skladi$cenje 25 7 24 X 1 I

Acceptance and storing :

26 Izdelava in montaza] Prozenje proizvodnje 27 11 19 X 0 |
Launch of production 21 X 0 |

Manufacturing and 24 X 0 I
assembly Priprava materiala 28 6 25 X 1 !
Preparation of material 27 X 2 ‘

Izdelava priprav 29 8 7 X 0 :

Manufacturing of appliances 14 X 0 !

20 x 4 !

Izdelava komponent 30 4 24 X 3 !

Manufact. of components !

Montaza / Assembly 31 5 30 X 2 :

Preizkus 32 4 29 X 0 |

Check 31 X 1 |

Testiranje in nadzor 33 4 32 X 0 |

Test and control |

34 Trzenje Ponujanje in sklenitev pogodbe 35 11 28 X 0 |
Marketing Offer and contract |
Priprava izdelka 36 4 32 X 0 |

| Preparation of the product 33 X 0 |

Kon¢ni nadzor 37 2 6 X 0 |

Final control 33 X 0 |

Dobava 38 3 35 X 1 |

Supply 37 X 2 |
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Naslov/Naloga Heading/Task 2002

2003 200)

10 dni na stolpec 10 days per column

FMas M ]

g DMNDT FMAM] ] AFQNDY

[Veperpj Y
DEFINIRANMJE CILJEY / DEFINITION OF GOALS ¥ L
Cilji/ Goals —

-l -y

$TUDIIA IZVEDLJIVOSTI { FEASIBILITY STUDY ¥
Tenminski plan | Term plan ' |
Finanéni plan / Financial plan
Predkalkulacija f Pre-caleulation
Cilji trga § Gols of market

PROJEKTIRANJE | PRODUCT PLANNING ¥
Tdejni ognutek izdelka [ First draft of the product
Tdejrd osnutek sklopoy J First draft of cormponents
Frojektiranje § Froduct plarming
EONSTRUECIHIA ! DESIGN
Konstruiranje sklopow f Design of cormponents
Kosovree f Bills of material
Dielasmiske nshe f Drawings of patts
+PLANIRANJE POSTOPKOY | PROCESS PLANNING
HIZDELAVA [ MANUFACTURING
HMARKETING ! MAREETING

ol

‘. I
=
P

SI. 12. Gantogram istocasnega uvajanja novega tipa mini nakladalnika
Fig. 12. Gantt chart for the concurrent development of a new type of mini-loader

Ker je uspesnost realizacije nacrtovanega
postopka istocasovnega uvajanja mini
nakladalnika v veliki meri odvisna od uspesnosti
dela spreminjajoce se sestave projektnega tima v
zankah uvajanja izdelka, bo nadaljnje delo
usmerjeno v podrobno organiziranje in uskladitev
¢lanov projektnega tima posamezne zanke
uvajanja izdelka.

4 SKLEPI

Svetovni trg zahteva kratke roke za uvajanje
izdelkov in to dejstvo sili tudi majhna slovenska
podjetja k prehodu od zaporednega na isto¢asovno
uvajanje izdelkov.

Ker je temelj istocasovnega uvajanja izdelkov
timsko delo, smo v prispevku posvetili posebno
pozornost oblikovanju in sestavi timov v majhnem
podjetju. Raziskave so nas pripeljale do sklepa, da
naj bo v majhnih podjetjih delovna skupina
sestavljena, ne iz stirih, temvec le iz dveh timov (logi¢ni
in tehnoloski podtim), ter da je za majhna podjetja
primerna dvoravninska sestava timov (stalni jedrni
tim in spreminjajoci se projektni tim).

Predlagano zamisel oblikovanja timov v
majhnem podjetju smo preizkusili na primeru
dolocanja sestave timov v podjetju, ki izdeluje mini
nakladalnike. Oblikovana je bila tako stalna sestava
jedrnega tima kakor tudi spreminjajoca se sestava
projektnega tima.

Clani jedrnega tima so dolo¢ili ase trajanja
nacrtovanih dejavnosti, mozne povezave dejavnosti
ter case prekrivanj dejavnosti. Zbrani podatki o
dejavnostih postopka so omogocili delo s programskim
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The success of the concurrent mini-loader de-
velopment process largely depends on the effective-
ness of the work on changing the composition of the
project team in the product development loops, and
therefore future activities will be directed towards a
detailed organisation and coordination of the project-
team members during individual loops of the product
development.

4 CONCLUSIONS

The global market requires short product-de-
velopment times, and therefore small Slovenian com-
panies are being forced to switch from sequential to
concurrent product development.

As the basic element of concurrent product
development is team work, this paper pays special
attention to the formation and structure of teams in a
small company. Research has led us to the conclu-
sion that a workgroup in a small company should
consist of just two teams (logical and technology
teams) instead of four teams, and that a two-level
team structure (a permanent core team and a variable
project team) is more suitable for small companies.

The proposed concept of team formation in a
small company has been tested in a sample case of
team composition in a company producing mini-load-
ers. First, the permanent core-team structure and then
the variable project-team structure have been defined.

The core team members defined the duration
of the planned activities, the possible interconnec-
tions of activities and the times of overlapping ac-
tivities. The data obtained on the process activities
allowed the use of the CA — SPJ software to make a
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paketom CA — SPJ, s katerim je bila izvedena ¢asovna
analiza dejavnosti in izrisan gantogram istocasnega
uvajanja novega tipa mini nakladalnika.
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Ocenjevanje natancnosti napovedi

termohidravlicnih programov

The Accuracy Quantification of Thermal-Hydraulic Code
Predictions

Andrej Prosek - Borut Mavko

V zadnjem casu je velika pozornost namenjena vprasanju natancnosti napovedi termohidravlicnih
programov pri racunanju dinamicnih odzivov sistemov jedrskih reaktorjev. Kljub velikemu napredku je zelo
malo zanesljivih in splosnih orodij za ocenjevanje natancnosti racunalniskih izracunov. Za merljivost
natancnosti programa je predlagana nova metoda na temelju nakljucnostne stopnje aproksimacije (NSA -
SARBM). Namen Studije je bil tudi raziskati in dokazati primernost predlagane metode.

V postopku kvalifikacije metode NSA z metodo na podlagi hitre Fourierjeve preslikave (HFP -
FFTBM) so bili uporabljeni izracuni termohidravlicnega racunalniskega programa RELAP5/MOD3.2 in
eksperimentalni podatki iz naprave BETHSY.

Z graficno primerjavo potekov in primerjavo natancnosti izracunov, dobljenih z metodama NSA in
HFP smo pokazali, da metoda NSA dobro napove natancnost izracunanih potekov prehodnih pojavov. Da bi
bil izrac¢un natancnosti z metodo NSA podoben postopku z metodo HFP, smo predlagali novo mero za oceno
natancnosti, imenovano kolicnik natancnosti (KN - AF). Dobljeni rezultati za natancnost izbranih BETHSY
poskusov kazejo, da je bolje zdruziti metodi NSA in HFP za oceno natancnosti, kakor pa metodo NSA
uporabljati samostojno.
© 2003 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: natancnost izracunov, programi termohidravli¢ni, NSA - SARBM, BETHSY)

Recently, significant attention has been paid to code accuracy issues in predicting the dynamic
responses of nuclear reactor systems. Though significant progress has been made, only a few reliable and
general tools to quantify code accuracy are available. A new Stochastic Approximation Ratio Based Method
(SARBM) was proposed for accuracy quantification. The objective of this study was to investigate and
qualify the proposed method.

The RELAP5/MOD3.2 thermal-hydraulic code calculations and the BETHSY experimental data were
used in the process of qualifying the SARBM with a Fast Fourier Transform Based Method (FFTBM,).

The obtained results showed that the SARBM was able to satisfactorily predict the accuracy of the
calculated transient trends when visually comparing plots and comparing the results with the results ob-
tained by the qualified FFTBM. A new figure of merit for code accuracy, called the accuracy factor (AF), was
proposed instead of the stochastic approximation ratio to make the total accuracy calculation with the
SARBM more like the FFTBM approach. The accuracy results obtained for the selected BETHSY tests suggest
combining the SARBM with the FFTBM for accuracy quantification rather than using it independently.
© 2003 Journal of Mechanical Engineering. All rights reserved.

(Keywords: code accuracy, thermal hydraulic code, SARBM, BETHSY)
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0UVOD

Namen postopka za ocenjevanje velikih
termohidravli¢nih programov z najbolj$o oceno (NO
- BE) je preveriti njihovo kakovost s primerjanjem
ra¢unalniskih izracunov in izmerjenih podatkov,
dobljenih na pomanjsanih eksperimentalnih napravah
za jedrske elektrarne. Sistemski termohidravli¢ni
programi z najboljSo oceno napovedo prehodne
pojave v reaktorjih stvarno, kakor je to najbolj mogoce,
tako da fizikalno obnaSanje ponazarjajo z doloceno
natan¢nostjo. Informacijo o nenatan¢nosti napovedi
dobimo iz postopka ocenjevanja in overitve
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O0INTRODUCTION

The assessment process of large thermal-hy-
draulic best-estimate (BE) computer codes aims prin-
cipally at verifying their quality by comparing code
predictions against experimental data obtained mainly
from tests performed on scaled plant experimental
facilities. The best-estimate thermal-hydraulic sys-
tem codes predict reactor transient scenaria as realis-
tically as possible by approximating the physical be-
haviour with some accuracy. The information on the
inaccuracy of the predictions comes from the code
assessment and validation process. The first widely
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racunalniSkega programa. Prva Siroko uporabljena
metoda za ocenjevanje natan¢nosti racunalniskega
programa je bila metoda na podlagi hitre Fourierjeve
preslikave (HFP) [1]. To je integralna metoda v
frekvencnem prostoru, ki uporablja hitro Fourierjevo
preslikavo (HFP). Uporabljena je bila za Stevilne
standardne probleme ([2] do [4]).

Pred kratkim so v Zdruzenih drzavah Amerike
temeljito pregledali tehnike za analizo podatkov,
uporabnih za samodejno oceno natan¢nosti, ter razvili
programsko opremo za njihovo uporabo [5]. Za oceno
natan¢nosti ¢asovnih potekov so poleg metode HFP
priporocili Se nekaj drugih mer natanénosti. So¢asno
je Islamov [6] za primerjavo dveh inacic programa
RELAPS v izracunu posamezne spremenljivke
predlagal postopek z naklju¢nostno aproksimacijo. V
nasi $tudiji je bila vzeta nakljuénostna aproksimacija
in po njej smo razvili metodo NSA za oceno
natan¢nosti programa.

Glavni namen dela je bil metodo NSA
kvalificirati z metodo HFP s primerjavo natan¢nosti
izracunov, dobljenih za poskuse na BETHSY (Glej
2.1). V preteklosti smo namre¢ zelo intenzivno
proucevali poskuse z eksperimentalne naprave
BETHSY ([7] do [10]), ter jih ze tudi ocenili z metodo
HFP ([11] do [13]). V nadaljevanju so po kratkem
pregledu metod in opisu nacina modeliranja
predstavljeni glavni rezultati Studije.

1 UPORABLJENEMETODE

1.1 Mera natancnosti na temelju naklju¢nostne
aproksimacije

Stopnja naklju¢nostne aproksimacije (SNA -
SAR) kot mero negotovosti modela Y, uporabljeno v
metodi NSA, je definiral Islamov [6] kot: “Naj so X,
X,..., X opazovane naklju¢ne spremenljivke in
opazovana spremenljivka Z z njimi deterministi¢no
povezana tako, da velja Z(X , X,..., X ). Pritem so X,
X,,..., X_vstopne spremenljivke modela Y, odziv
modela Y(X,, X,,..., X ) pa naj pomeni pri¢akovano
aproksimacijo spremenljivke Z. Stopnjo
nakljucnostne aproksimacije kot merilo negotovosti
modela Y tedaj lahko zapiSemo z naslednjo enacbo:

SAR =[1—

kjer so 4, ,, A, in 4, drugi momenti — srednje

kvadratne vrednosti:

4, = [[y@)=2()] £ ()
4 = [[Y@] f@)dx
4, = [[2()] f(@)dx

kjer f{x) pomeni gostoto verjetnosti.” Za nadaljnje
podrobnosti in izpeljavo izraza naj si bralec ogleda [6].

used methodology suitable to for quantifying the
code accuracy was the Fast Fourier Transform Based
Method (FFTBM) [1]. This is an integral method in
the frequency domain using the Fast Fourier Trans-
form (FFT). It was applied to several standard prob-
lems ([2] to [4]).

Recently, a review of data-analysis techniques
for applications in automated, quantitative accuracy
assessments was done in the United States of
America and software was developed to deploy the
recommended techniques [5]. For accuracy quantifi-
cation the FFTBM was adopted and a few other ac-
curacy measures were recommended. At the same
time, Islamov [6] proposed a stochastic approxima-
tion approach to a comparative analysis of the close-
ness of two RELAPS calculation models for single
variables. In our study the stochastic approximation
was adopted, and based on this approximation the
SARBM for code accuracy quantification was devel-
oped.

The main purpose of the paper was to qualify
the SARBM with the FFTBM by comparing the ac-
curacy obtained for BETHSY (Cft. 2.1) experiments.
In the past the BETHSY experiments were intensively
studied ([7] to [10]), and some experiments were also
quantitatively assessed with the FFTBM ([11]to[13]).
After a brief review of the methods used and the
modelling description the main results are discussed.

1| THEMETHODS USED

1.1 An accuracy measure based on the stochastic
approximation ratio

The Stochastic Approximation Ratio (SAR) meas-
ure of the uncertainty of amodel Y adopted in the SARBM
was defined by Islamov [6] as: “Let X, X ,...., X be the
observed random parameters, and the observed variable
Zis presumed to be somehow deterministically related to
the input parameters Z(X, X,,..., X ). Parameters X,
X,...,X are considered as the input data for the model Y,
and amodel response Y(X|, X,,..., X ) is considered as an
anticipated approximation of the variable Z. The
Stochastic Approximation Ratio measure of the uncer-
tainty of a model Y can be written as:

i,

Wi o

where 4

v Ay and 4, are second-order moments:

@

)
@),

and f(x) is density function.” For further details and
the derivation the reader is referred to [6].
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Izvirno predlagan izraz SNA je bil prilagojen
za uporabo v istoimenski metodi NSA. V primeru
primerjave izracuna s preizkusom je vhodni parameter
Cas (x=t), izraCunani signal y(?) in eksperimentalni
signal z(?), medtem ko je gostota verjetnosti f{f) v
skladu s [6] UNKNOWN, kar pomeni, da je ne
upostevamo. Enacbe od (2) do (4) integriramo v
obmocju [0,T], kjer je zgornja meja integracije T
Casovni korak, v katerem ocenjujemo natancnost.
Ker so eksperimentalni in izraCunani podatki
diskretni, je v algoritmu SARBM uporabljena
diskretna integracijska shema.

Vrednost SNA je v obmocju [0, 1]. Vrednost
SNA = 1 pomeni, da se eksperimentalni in izraunani
signal dobro ujemata. Ce je vrednost SNAR <<1, pomeni,
da se eksperimentalni in izraCunani signal razhajata in
je nenatan¢nost velika. Ker pri metodi HFP manjse
vrednosti povprec¢ne amplitude pomenijo vecjo
natanénost, smo definirali novo mero natanénosti,
imenovano kolicnik natancnosti (KN - AF):

AF

Ta mera natanénosti je bolj prakti¢na za primerjavo
rezultatov metode NSA z rezultati metode HFP in za
dolocanje ene same mere za natancnost na podlagi
kombinacije ve¢ statisticnih mer za natancnost.

1.2 Mera natancnosti na podlagi povprecne amplitude

Metoda na podlagi hitre Fourierjeve
transformacije uporablja za mero natancnosti
povpre¢no amplitudo. Za podrobnosti razvoja in
uporabe naj si bralec ogleda ([1] do [4]).

Poglavitna  znacilnost  Fourierjeve
transformacije je, da splosno zvezo, veljavno v
C¢asovnem prostoru, lahko analiziramo tudi v
frekvencnem prostoru, ne da bi pri tem izgubili
informacijo. Ko uporabljamo funkcije, vzorcene v
digitalni obliki, lahko uporabimo hitro Fourierjevo
preslikavo (HFP), to je algoritem za hitro racunanje
diskretne Fourierjeve preslikave. Da bi jo lahko
uporabili, mora biti Stevilo diskretnih vrednosti enako
potenci Stevila 2 in izpolnjen stavek o vzorcenju.

Metoda HFP v frekvenénem prostoru kaze
odstopanje racunalniskih napovedi od meritev. Za
izracun teh odstopanj potrebujemo eksperimentalni
signal ' eXp(t) inrazliko signalov AF(¢)=F_ (1) - Fexp(t)
kjer je F_, (t) izraCunani signal.

NatanCnost programa za posamezno
izracunano spremenljivko dolo¢imo z uporabo
amplitud diskretnega eksperimentalnega signala in
signala razlik, dobljenih s HFP pri frekvencah f =n/T,
kjer sta (n=0,1,...,2™) in T, Cas trajanja prehodnega
pojava vzorcenega signala. Te amplitudne spektre
skupaj s frekvencami uporabimo za izratun povprecne
amplitude (P4 - AA4), ki oznaCuje natan¢nost programa
pri izracunu posamezne spremenljivke:
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The originally proposed SAR was adopted
for use in the SARBM. In the case of a code—experi-
ment comparison the input parameter is time (x=t),
the calculated signal is y(?), the experimental signal
is z(t), while the density function f{?) is, according to
[6], UNKNOWN, which means that it is not taken
into account. The Egs. 2 to 4 are integrated over [0,
T], where the upper limit T is the time interval for
which the accuracy is quantified. Because of the dis-
crete experimental and calculated data a discrete in-
tegration scheme is used in the developed SARBM
algorithm.

The SAR islocated in the interval [0, 1]. IfFSAR = 1
it means that the experimental and calculated signals
are very close. If SAR <<1 it means that the experi-
mental and calculated signals are not close and that
the inaccuracy is very high. Because in the FFTBM
lower values of the average amplitude mean higher
accuracy, a new accuracy measure, called the accu-
racy factor (AF), was defined:

=1-SAR ).

This accuracy measure is more practical for
comparing the results with the FFTBM results and
constructing a single measure of the code accuracy
from several statistical accuracy measures.

1.2 An accuracy measure based on the average amplitude

The FFTBM uses the average amplitude as a
measure of the accuracy. For details of its development
and use the reader is referred to ([1] to [4]).

A fundamental property of the Fourier
transform is that a generic relationship valid in the
space identified by its variables can be analysed in a
different space identified by different variables
without a lack of information. When using functions
sampled in digital form, a FFT can be used, i.e. an
algorithm that rapidly computes the discrete Fourier
transform. To apply it, functions must be identified
by a number of values, i.e. a power with a base equal
to 2, and the sampling theorem must be fulfilled.

The FFTBM shows the measurement-
prediction discrepancies in the frequency domain.
To calculate these discrepancies the experimental
signal F exp(t) and the error function AF(¢) = F_, (1) -
Fexp(t) are needed, where F_ (?) is the calculated
signal.

The code accuracy quantification for an
individual, calculated parameter is based on the
amplitudes of discrete experimental and error signals
obtained with a FFT at frequencies f=n/T, where
(n=0,1,...,2™) and T, is the transient time duration of
the sampled signal. These spectra of amplitudes,
together with the frequencies, are used for calculating
the average amplitude (44) that characterizes the
code accuracy in predicting a single variable:



Kjer sta AF amplitudni spekter razlike signalov in
F,_ amplitudni spekter eksperimentalnega signala.

exp

1.3 Opis metode NSA

Za skupno natanc¢nost izraCuna je bila
predlagana nova metoda NSA po vzoru metode HFP
[7]. Namesto skupne povprec¢ne amplitude je bil za
mero natancnosti predlagan skupni koli¢nik
natanénosti:

var Nyar
AF, =S AR (w,) z/with Y(w,) =1
i=I ! i=1

kjer je N Stevilo analiziranih spremenljivk, AF] in
(w)), pa sta koli¢nik natan¢nosti oziroma utezni faktor
za i-to analizirano spremenljivko. Obicajno za opis
prehodnega pojava zadostuje 20 do 25 spremenljivk.
Vsak utezni koli¢nik (w)), upoSteva natan¢nost
preizkusa, pomembnost spremenljivke za jedrsko
varnost in njeno zvezo s primarnim tlakom. Utezni
koli¢nik za i-to spremenljivko je definiran kot [2]:

- ©).
Foolf,)

where AF and Iixp are the amplitude spectra of the

error function and the experimental signal, respectively.
1.3 Overview of SARBM

The SARBM was proposed following the
FFTBM approach [2] to get an overall picture of the
accuracy for a given code calculation. Instead of the
total average amplitude the total accuracy factor was
used for the accuracy measure:

™

where N, is the number of variables analysed, and
AF, and (w,), are the accuracy factor and the weighting
factor for i-th analysed variable, respectively. Normally
20 to 25 variables are sufficient to represent the tran-
sient. Each (w)), accounts for the experimental accu-
racy, the safety relevance of particular variables and
its relevance with respect to pressure. The weighting
factor for the i-th variable is therefore defined as [2]:

(chp )l- '<quf )I» '(Wrwrm)i

(W/ )=

N var

@),

z (Wexp ),- ’(Wsaf ),- (W),

i=1

kjer W upoSteva natanCnost preizkusa, w_,
pomembnost spremenljivke za jedrsko varnost in
w, normalizacijo na primarni tlak. Npr.: na
natancnost preizkusa vplivajo negotovosti
instrumentov, merilnih postopkov in razliénih
postopkov, uporabljenih za primerjavo meritev in
izracunov. Preglednica 1 kaze, da veéja ko je
negotovost meritve, manjsa je utez Wy S ¢imer
se rezultatu pripiSe ve¢jo natancnost. Podobno
velja, da bolj ko je parameter pomemben za jedrsko
varnost, vecja je utez w_. Utezi se med
primerjavami za isto vrsto prehodnega pojava ne
smejo spreminjati.

Da bi presodili kakovost izracuna, so bile za
KN, - AF , na podlagi umetnih podatkov in
inzenirske presoje dolocene meje sprejemljivosti [ 14].
Preglednica 2 kaze meje sprejemljivosti za metodo NSA
v primerjavi z mejami za metodo HFP. Za overitev
same metode NSA in njenih mej sprejemljivosti so
bili uporabljeni preizkusi na BETHSY, opisani v
naslednjem poglavju.

Primer, ki kaze razlike v delovanju metode NSA
in metoda HFP, je prikazan na sliki 1. Med seboj
primerjamo razli¢ne stalnice z razmerjem med
izracunanim in preizkusnim signalom y(t)/z(t) med 0,5
in 2. Slika kaze razlicne mere natanc¢nosti spremenljivke
v odvisnosti od razmerja y(t)/z(t). Metoda NSA da
enak rezultat, ¢e je izracunani signal dvakratnik

where Weo is the contribution related to the experimental
accuracy, w, . is the contribution that expresses the safety
relevance, and w_ is the contribution of primary pressure
normalization. For example, experimental accuracy is influ-
enced by uncertainty due to the intrinsic characteristics of
the instruments, the measurement method and the various
evaluation procedures used to compare the experimental
measures and the code predictions. Table 1 shows that the
more uncertain is the measurement the lower is the weight
W resulting in a higher calculation accuracy. Similarly, the
more relevant is the parameter to safety the higher is the
weight w_. The weights must remain unchanged during
each comparison between code results and experimental
data concemning the same class of transient.

To judge the quality of the calculation the ac-
ceptability limits for AF,  were defined based on arti-
ficial data and engineering judgement [14]. Table 2
shows the acceptability limits for the SARBM com-
pared to the limits for the FFTBM. For a validation of
the SARBM and its acceptability limits the BETHSY
experiments described in the next section were used.

An example to show the differences in how the
SARBM and the FFTBM work is shown in Figure 1.
Different constant functions with ratios between the
calculated and experimental signal y(t)/z(t) ranging from
0.5 to 2 were compared. In the figure the different sin-
gle-variable accuracy measures are shown as a func-
tion of the ratio y(t)/z(t). The SARBM gives the same
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Preglednica 1. Utezni kolicniki za analizirane spremenljivke [2]
Table 1. Weighting factor components for the analysed variables [2]

Wexp Wiaf Wnorm

padci tlakov
pressure drops

0,7 0,7 0,5

koli¢ine mas
mass inventories

0,8 0,9 0,9

pretoki
flowrates

0,5 0,8 0,5

primarni tlak
primary pressure

1,0 1,0 1,0

sekundarni tlak
secondary pressure

1,0 0,6 1,1

temperature kapljevine
fluid temperatures

0,8 0,8 2,4

temperature srajck
clad temperatures

0,9 1,0 1,2

sesedna raven
collapsed levels

0,8 0,9 0,6

moc sredice
core power

0,8 0,8 0,5

1.0 +

—]
e
0n 3
o wn
]
Q0
c £
©
- S B
gu
S8 051
v 3
o 9
(%)
=<

0.0

0.5

y(t)/z(t)

Sl. 1. Mere natancnosti primerjave stalnic v odvisnosti od njunega razmerja
Fig. 1. Accuracy measures as a function of the ration between constant functions

eksperimentalnega signala ali nasprotno, KN pa je
omejen med 0 in 1, ker je izraz v enacbi (1) normaliziran
tako na izracunani kakor na eksperimentalni signal.
Pri metodi HFP je AA normaliziran na eksperimentalni
signal. Zato smo raziskali primera, ko je PA - AA
normaliziran na izra¢unani signal (primer PA_- AA )
in na vsoto izmerjenega in preizkusnega signala
(primer PA | - AA_).

Zanimivo je, da se krivulja KN - AF tesno
pokriva z levim delom krivulje PA - AA, ko je
izraCunani signal manjsi od eksperimentalnega, in
desnim delom krivulje PA_- AA , ko je izraCunani
signal vecji od eksperimentalnega. Ko pa je PA -
AA normalizirana na vsoto obeh signalov, je teznja
za PA, - AA__ podobna teznji za KN - AF. To
odkritje pojasnjuje nekatere razlike med metodama
HFP in NSA pri razlagi rezultatov. Pri majhnih
odstopanjih (manj ko 20%) so krivulje za mere
natancnosti precej linearne in se ujemajo dobro, saj
ima normalizacija manjsi vpliv. Pri vec¢jih odstopanjih
pa se metodi HFP in NSA zaradi razli¢nega nacina
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result when the calculated signal is two times the ex-
perimental signal or vice versa, and AF is limited be-
tween 0 and 1, because the fraction in Eq. 1 is normal-
ized to both the calculated and experimental signals.
In the case of the FFTBM the AA is normalized to the
experimental signal. Therefore, the average amplitude
was investigated for the cases with AA normalised to
the calculated signal (case AA ) and to the sum of the
calculated and experimental signals (case AA ).
What is interesting is that the AF curve closely
matches with the left-hand part of the AA curve when
the calculated signal is smaller than the experimental
signal and right-hand part of the AA_curve when the
calculated signal is larger than the experimental signal.
When the AA is normalized to the sum of both signals
the trend for case AA_, was similar to the AF trend.
This finding explains some of differences between the
FFTBM and the SARBM when interpreting the accu-
racy results. At smaller discrepancies (less than 20%)
the accuracy-measure curves are rather linear and
agree well. At larger discrepancies the FFTBM and
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normalizacije med seboj dopolnjujeta. Primer takega
dopolnjevanja je bil pokazan v §tudiji [ 14] za primer
padca signala razlike tlakov v tla¢niku.

1.4 Postopek za dolocitev natancnosti izracuna

Ko sta ze kvalificirana uporabnik in vhodni
model, postopek ocenjevanja izracunov poteka v treh
delih. V prvem delu izberemo eksperiment po
overitvenih matrikah Komiteja za varnost jedrskih
naprav (Committee on the Safety of Nuclear
Installations - CSNI) [15] (ali prehodni pojav
elektrarne), zatem izra¢un ocenimo kakovostno in nato
Se kolikostno.

Kakovostna ocena z vizualno primerjavo
izraCunanih in eksperimentalnih potekov ter
primerjavo posameznih parametrov da prve ocene o
izraGunu. Kakovostna analiza je potrebni predpogoj
kolikostni analizi, ki ji sledi.

Kakovostna analiza temelji na subjektivnih
ocenah, te dobimo z ovrednotenjem in razvrstitvijo
odstopanj med merjenimi in izracunanimi parametri,
ki si jih izberemo za popis pojava. Te ocene so:

— Odli¢no: ra¢unalniski program napove parameter
v okviru nezanesljivosti eksperimenta.

— Sprejemljivo: racunalniski program splosno
napove vse pojave, ¢asovno obnaSanje in
usmeritve.

— Komaj sprejemljivo: racunalniski program ne
napove pojava ali parametra, vendar je vzrok znan
in ga lahko pojasnimo.

— Nesprejemljivo: racunalniski program ne napove
parametra, in vzrok ni znan.

Kolikostno oceno lahko napravimo z
metodama NSA in HFP. Povedati je treba, da metodi
NSA in HFP pri kolikostni oceni ne omogocata
razpoznave izvora napake (tj. vpliv uporabnika,
napacen zacetni pogoj, pomanjkljivost vhodnega
modela itn.) ali neposredno upostevata casovni
odmik doloéenih pojavov. Casovni odmik se bolje
oceni s kakovostno analizo, ki spremlja kolikostno
analizo.

2 OPIS MODELIRANJA
2.1 Opis naprave BETHSY

BETHSY je celostna eksperimentalna naprava,
katere namen je bil raziskovati prehodne pojave in
nezgode tlacnovodnih lahkovodnih reaktorjev.
Naprava je pomanjSava trizanc¢ne jedrske elektrarne,
proizvajalca Framatome s toplotno mocjo 2775 MW.
Prostornina je pomanjSana v razmerju blizu 1:100,
medtem ko so geodetske visine in tlaki ohranjeni [16].
Moc sredice je omejena na raven zaostale toplote, zato
na napravi ni bilo mogoce simulirati prehodnih pojavov,
v katerih ne pride do zaustavitve sredice.

the SARBM, due to the different normalization, com-
plement each other. Such an example was shown in
[14] for pressurizer differential pressure drop.

1.4 The methodology for quantifying the code accuracy

Given a qualified user and a qualified
nodalization scheme, the code assessment process
of the calculations involves three steps: the first is
the selection of an experiment from the Committee on
the Safety of Nuclear Installations (CSNI) validation
matrices [15] (or a plant transient), the second is a
qualitative assessment, and the last is a quantitative
assessment.

The qualitative assessment with visual obser-
vation gives the first indications about the calculated
predictions. The qualitative assessment phase is a nec-
essary prerequisite for a subsequent quantitative phase.

The qualitative analysis is based on subjec-
tive judgement marks obtained by evaluating and
ranking the discrepancies between the measured and
calculated parameters that describe the phenomena.
These marks are:

— Excellent: the code predicts the parameter within
the experimental uncertainty band;

— Reasonable: the code generally predicts the phe-
nomena, the time behaviour and the trends;

— Minimal: the code does not predict the parameter
or the phenomenon, but the reason for this is un-
derstood and predictable;

— Unqualified: the code does not predict the param-
eter, and the reason is not understood.

The subsequent quantitative assessment can
be managed by applying the SARBM and the FFTBM.
It should be noted that the SARBM and the FFTBM do
not allow the identification of the error origin (i.e. the
user effect, the wrong initial condition, the nodalization
model deficiency, etc.) or to take into account directly
the time shift of certain phenomena in the quantitative
analysis. The time shift is better characterized through
the necessary qualitative assessment that must be as-
sociated with the quantitative assessment.

2 A DESCRIPTION OF THE MODELLING
2.1 A description of the BETHSY facility

BETHSY is an integral experimental facil-
ity whose purpose was to investigate pressurized-
water reactor (PWR) accident transients. The ref-
erence plant is a three-loop 2775 MWt Framatome
PWR plant. The volume scaling is close to 1:100,
while the elevations and pressures are preserved
[16]. The core power has been limited to decay
heat levels. This obviously implies that accident
transients without scram could not be investi-
gated.
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2.2 Opis vhodnega modela za RELAPS

Razviti splosni vhodni model BETHSY za
RELAPS je bil optimiran na temelju predhodnih
modelov ([7],[9], [17] in [18]). Potem je bil potrjen [20]
v skladu z mednarodnimi priporocili (geometrijska
oblika, ustaljeno stanje, itn.). Vsako od treh zank smo
modelirali posebej ne da bi upostevali majhno
asimetrijo, ki vlada med zankami. Modelirali smo vse
pomembne dele reaktorskega hladilnega sistema:
cevovode reaktorskega hladilnega sistema, Crpalko
reaktorskega hladiva, sredico, povratni kanal v
reaktorski posodi in uparjalnike. Sekundarna stran
sestoji iz uparjalnikov in cevovodov. Vhodni model
BETHSY za RELAPS vsebuje 398 vozlis¢, 408 spojev
in 402 toplotni telesi s 1573 mreznimi tockami.

2.3 Izbrani poskusi BETHSY

Za kvalifikacijo metode NSA z metodo HFP
so bili izbrani poskusi, izvedeni na poskusni napravi
BETHSY (Boucle d’Etudes Thermohydrauliques de
Systemes)*. Prvi izbrani poskus je bil BETHSY 6.2
TC, to je 15,24 cm (6-paléni) zlom v hladni veji brez
visokotlaénega in nizkotlaénega varnostnega
vbrizgavanja (dvojnik poskusov, izvedenih na Veliki
poskusni napravi (Large Scale Test Facility - LSTF),
na Zanki za preucevanje neobicajnega obnaSanja
(Loop for Off-normal Behaviour Investigation (LOBI)
in Simulatorju za varnostne preskuse (Simulatore per
esperienze di sicurezza - SPES)).

Drugi izbrani poskus je bil BETHSY 9.1b, 5,08
cm (2-palcni) zlom v hladni veji z zamujenim konénim
posegom, znan tudi kot mednarodni standardni
problem st. 27.

Tretji izbrani poskus je bil BETHSY 4.1a TC,
kjer so simulirali naravno pretakanje (dvojnik s
poskusom na LSTF).

Eksperimentalne podatke smo dobili skupaj s
pripadajoc¢imi nezanesljivostmi. Npr.: negotovosti za
tlak in temperaturo poskusa BETHSY 9.1b, ki ju
prikazuje slika 2, sta 0,18 MPa oz. 4 K[19].

3REZULTATI

Uporabljen je bil postopek za dolocitev
natan¢nosti izraéuna, opisan v 1. poglavju. V
kakovostni fazi ocene z vizualnim opazovanjem
grafi¢no prikazanih rezultatov smo prehodne pojave
najprej razdelili v casovna okna. Potem smo vizualno
opazovali rezultate in jih kakovostno ocenili. Da bi
dobili vtis o poteku prehodnih pojavov, slika 2 kaze
primarni tlak in temperaturo grelne palice v vrhnjem
delu sredice za izmerjene eksperimentalne podatke in
rezultate, izracunane z RELAP5/MOD?3.2 za izbrane
poskuse na BETHSY. Primer subjektivne ocene kot
del kakovostne analize je prikazan v preglednici 3.
Zaradi kratkosti so grafi za druge spremenljivke in

* Zanka za toplotnohidravli¢no preucevanje sistemov
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2.2 A description of the RELAPS input model

The developed universal RELAPS input model
for BETHSY was optimised based on previous mod-
els ([7],[9], [17] and [18]). Then it was qualified [20]
according to the international guidelines (geometry,
steady-state etc.). Each of the three loops was repre-
sented explicitly without taking into account the small
asymmetry between the loops. All major reactor cool-
ant system components were modelled: reactor cool-
ant system piping, reactor coolant pumps, core sec-
tion, reactor vessel downcomer and steam genera-
tors. The secondary side consists of steam genera-
tors and steamlines. The RELAPS input model of the
BETHSY facility contains 398 volumes, 408 junctions
and 402 heat structures with 1573 mesh points.

2.3 Selected BETHSY experiments

For qualification of the SARBM with the
FFTBM three experiments performed on the Boucle
d’Etudes Thermohydrauliques de Systemes
(BETHSY) were selected. The first selected experi-
ment was BETHSY 6.2 TC, a 15.24-cm (6-inch) cold
leg break without a high- and low-pressure safety-
injection system (counter-part test with Large Scale
Test Facility (LSTF), Loop for Off-normal Behaviour
Investigation (LOBI) and Simulatore per esperienze
di sicurezza (SPES)).

The second selected experiment was BETHSY
9.1b, 5.08-cm (2-inch) cold leg break without a high-
pressure injection system and with a delayed ulti-
mate procedure, also known as the international
standard problem ISP-27.

The third experiment selected was the
BETHSY 4.1a TC natural circulation test (counter-
part test with LSTF).

The experimental data were obtained with as-
sociated measurement uncertainties. For example, the
uncertainty of the pressure and the temperature for
BETHSY 9.1b, shown in Figure 2, are 0.18 MPa and 4
K, respectively [19].

3RESULTS

The methodology for quantifying the code
accuracy described in Section 1 was used. In the
qualitative assessment phase, including a visual ob-
servation of the plotted results, the transients were
first subdivided into time windows. Then a visual
observation with a qualitative assessment was per-
formed. To give a picture of the transient progres-
sion, Fig. 2 shows the primary pressure and the heater-
rod temperature at the top of the core for experimen-
tal and RELAP5/MOD?3.2 calculated results for the
selected BETHSY transients. An example of subjec-
tive judgement as part of the qualitative analysis is
shown in Table 3. For brevity, the other plots and all
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Sl. 2. Primarni tlak in temperatura srajcke za poskuse BETHSY
Fig. 2. Primary pressure and cladding temperature for BETHSY experiments

vse podrobnosti kakovostnih analiz na tem mestu
izpusceni — bralec naj se obrne na [20].

Za kakovostno analizo so bila uporabljena
¢asovna obmocja, dolocena na temelju ¢asovnih
oken. Za poskus na BETHSY 6.2 TC so bila za analizo
natan¢nosti uporabljena Stiri ¢asovna obmocja: od
odprtja zloma do ¢asa izpraznjenja sifona (0 do 140 s),
do ¢asa vklopa akumulatorjev (0 do 350 s), do konca
vbrizgavanja akumulatorjev (0 do 980 s), in do konca
prehodnega pojava (0 do 2687 s). Za poskus BETHSY
9.1b so bila za analizo izbrana tri casovna obmocja:
od trenutka zloma do Casa vklopa akumulatorjev (0
do 2962 s), do ¢asa vklopa nizkotlaénega varnostnega
vbrizgavanja (0 do 5177 s) in do konca prehodnega
pojava (0 do 8330 ). Za poskus BETHSY 4.1a TC so
bila za analizo natan¢nosti ponovno uporabljena tri
Casovna obmocja: od zacetka prehodnega pojava do
konca pojava enofazne naravne cirkulacije (0 do 4380
s), do konca pojava dvofazne naravne cirkulacije (0

the details of the qualitative assessment are not pro-
vided in this paper — the reader is referred to [20].
For the quantitative analysis, time intervals
were determined based on the time windows. For
BETHSY 6.2 TC four time intervals were chosen for
the accuracy analysis: from the time of the opening
of the break to the time of loop-seal clearance (0 to
140 s), to the time of accumulators start (0 to 350 s), to
the end of accumulator injection phase (0 to 980 s),
and to the transient end (0 to 2687 s). For BETHSY
9.1b accuracy analysis, three time intervals were se-
lected: from the break occurrence to the time of accu-
mulator injection start (0 to 2962 s), to the time of the
low-pressure injection system start (0 to 5177 s), and
to the transient end (0 to 8330 s). For the BETHSY
4.1a TC accuracy analysis also three time intervals
were selected: from the beginning to the end of the
single-phase natural circulation (0 to 4380 s), to the
end of the two-phase natural circulation phase (0 to
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Preglednica 2. Meje sprejemljivosti za natancnost izracuna [2]
Table 2. Acceptability limits for calculation accuracy [2]

NSA - SARBM Mera HFP - FFTBM
Measure
AF<0.1 zelo dobro Adin <03
very good
0,1 <AFw <025 dobro 0,3 < A4 < 0,5
good
0,25 < AFiu < 0,45 slabo 0,5 < Adin < 0,7
poor
AF> 0,45 zelo slabo Adii> 0.7
Very poor

Preglednica 3. Subjektivna ocena izracuna za eksperiment na BETHSY 9.1b [20]
Table 3. Subjective judgement of code calculation of BETHSY 9.1b experiment [20]

Pojav Parameter, ki opisuje pojav preskus RS Ocena
Phenomenon Parameter describing phenomenon exp. Judgement
1. okno: 0 do 2962 s
1st window: 0 to 2962 s
praznjenje tlacnika tlacnik izpraznjen (s) 116 125 E
pressurizer emptying pressurizer empty (s)
obnasanje primarnega tlaka primarni tlak (PT) v 2900. s (MPa) 4,5 3,66 R
primary pressure behaviour primary pressure (PP) at 2900. s (MPa)
obnasanje sekundarnega tlaka  |sekundarni tlak (ST) v 2900. s (MPa) 4.4 3,52 R
secondary pressure behaviour  |secondary pressure (SP) at 2900. s (MPa)
iztok hladiva skozi zlom povprecen iztok hladiva skozi zlom (kg/s) 0,53 0,51 E
break flow average break flow (kg/s)
2. okno: 2962 s do 5177 s
2nd window: 2962 s to 5177 s

¢as vklopa akumulatorjev (s) 2966 2800 R
obnasanje akumulatorjev accumulator injection start (s)
accumulators behaviour Cas izklopa akumulatorjev (s) 3856 3900 R

accumulator injection stop (s)

Cas, ko se PT izenaci s ST (s) 2366 2275 E
iztok hladiva skozi zlom the time PP equals SP (s)
break flow povprecen iztok hladiva skozi zlom (kg/s) 0,097 0,112 R

average break flow (kg/s)
praznjenje sifonov Cas izpraznitve sifona (s) - 1975 M
loop seal clearing time of'loop seal clearing (s)

Cas izsusitve sredice (s) 3036 2800 R
izsusitev sredice time of core dryout (s)
core dryout najvisja temperatura srajcke (K) 734 1103 M

peak cladding temperature (K)

3. okno: 5177 s do 8330 s
3" window: 5177 s to 8330 s

delovanje nizkotlaénega var- ¢as vklopa LPIS (s) 5184 5775 R
nostnega vbrizgavanja (LPIS)  |LPIS start (s)
low pressure injection system  |koli¢ina dovedenega hladiva z LPIS (kg) 3077 2049 M
(LPIS) intervention total mass delivered by LPIS (kg)

E — odli¢no, R — sprejemljivo, M — komaj sprejemljivo, RS — RELAPS5

E - excellent, R - reasonable, M — minimal, R5 — RELAP5
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do 29375 s) in do konca pojava povratne kondenzacije
(0do 43461 s).

Za analizo natan¢nosti so bile uporabljene iste
spremenljivke, skupno 23 (21 v primeru poskusa 9.1b).
Preglednica 4 kaze rezultate kolikostne analize za
poskus BETHSY 9.1b za izbrana ¢asovna obmocja.
Izbrane spremenljivke so bile: primarni tlak (PP),
sekundarni tlak (P47), tlak v akumulatorju (PSM2),
vstopna temperatura v sredico (TFO12A), izstopna
temperatura iz sredice (TF0304), temperatura hladiva
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29375 s), and to the end of reflux condensation mode
(0t0 43461 s).

The same set of 23 variables (21 in the case of
the 9.1b test) was selected for calculating the code
accuracy. Table 4 shows the results of the quantita-
tive analysis for the BETHSY 9.1b test in the three
selected time intervals. The selected variables were:
pressurizer pressure (PP), secondary pressure (P47),
accumulator pressure (PSM2), core inlet temperature
(TFO12A), core outlet temperature (TF0304), upper-
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v glavi reaktorske posode (TF042), integrirani pretok
skozi zlom (INTQMB), temperatura v povratnem
kanalu uparjalnika (SG) st. 1 (TF454C), masni iztok
hladiva (QMB)), integrirani pretok sistema za zasilno
hlajenje sredice (INTQMS), temperatura srajcke
(sredina sredice) (TS0215), temperatura srajcke (vrh
sredice) (TS0228), sesedna raven hladiva v sredici
(ZT0200), tlacna razlika v ceveh U uparjalnika §t. 1
(tok navzgor) (DP426), tla¢na razlika v uparjalniku $t.
1 (DP4), moc sredice (W02), tlacna razlika v sifonu st.
1 (tok navzdol) (DP12VG), tla¢na razlika v sifonu st. 1
(tok navzgor) (DP12VP), tlacna razlika v tlaéniku
(DPP1), tla¢na razlika na vstopu v uparjalnik §t. 1
(DP41) in tlacna razlika v glavi reaktorske posode
(DP050). Za primarni tlak se pri metodi HFP zahteva
vecja natancnost (PA - AA=0,1) kakor za druge
spremenljivke, saj tlak narekuje potek prehodnega
pojava. Razen za poskus BETHSY 4.1a TC je bil kriterij
za tlak izpolnjen, kar se vidi na sliki 2. Kljub temu
lahko vidimo, da je za poskus BETHSY 4.1a TC
koli¢nik natancnosti boljsi kakor v preostalih dveh
primerih. Do razlike pride zaradi razli¢nih znacilnosti
metod NSA in HFP. Ko si vizualno pogledamo poteke
tlakov na sliki 2, lahko sklenemo, da je ujemanje za
primarni tlak zelo dobro.

Preglednica 5 kaze skupno natan¢nost za
izbrane prehodne pojave v razli¢nih ¢asovnih
obmocjih. Ko med seboj primerjamo metodi (na
podlagi mej sprejemljivosti za skupno natan¢nost),
se rezultati ujemajo zelo dobro. Edina izjema je
BETHSY 6.2 TC, kjer je metoda HFP dala oceno zelo
dobro (rahlo pod mejo za zelo dobro) in NSA oceno
dobro (rahlo nad mejo za zelo dobro) v prvem in
Cetrtem ¢asovnem obmocju. IzraGun BETHSY 9.1b je
bil z obema metodama ocenjen kot dobro v vseh
Casovnih obmodjih, medtem ko je bil izra¢un poskusa
BETHSY 4.1a TC ocenjen kot zelo dobro v vseh
Casovnih obmogjih. S tem smo pokazali, da NSA daje
primerljive rezultate kot preverjena metoda HFP. Ko
metodi dasta razli¢ne rezultate, je potrebna podrobna
analiza z vizualnim opazovanjem, da presodimo
pomembnost razlike.

4 SKLEPI

V studiji je bila predstavljena nova razvita
metoda NSA za oceno natan¢nosti. Za njeno preveritev
smo uporabili tri razlicne poskuse, izvedene na
eksperimentalni napravi BETHSY. Dobljene ocene smo
primerjali z rezultati ocenjevanja z metodo HFP.

Prvi pomemben rezultat raziskave je bila
ugotovitev, da je natancnost, izracunana z metodo
NSA, v ¢asovnem prostoru primerljiva z izrauni
natan¢nosti z metodo HFP v frekvenénem prostoru.
Izracuni z racunalniskim programom RELAP5/MOD3.2
za razli¢ne poskuse so bili ocenjeni kot zelo dobri ali
dobri. Rezultati kazejo, da je bolje zdruziti metodi NSA
in HFP za oceno natancnosti kakor pa metodo NSA

head top temperature (TF042), integrated break mass
flow (INTQMB), steam generator (SG) no. 1,
downcomer bottom temperature (TF454C), break flow
(QMB), integrated emergency core cooling system
mass flow (INTQMS), cladding temperature (middle)
(TS0215), cladding temperature (top) (TS0228), core
collapsed level (ZT0200), SG no. 1 U-tube upflow
differential pressure (DP426), SG no. 1 U-tube inlet to
outlet differential pressure (DP4), core power (W02),
loop seal 1 downflow differential pressure (DP12VG),
loop seal 1 upflow differential pressure (DP12VP),
pressurizer differential pressure (DPP1), SG no. I inlet
plenum differential pressure (DP41) and downcomer
to upper head differential pressure (DP050). For pri-
mary pressure the FFTBM method requires higher
accuracy (AA=0.1) than for other variables as the pres-
sure determines the sequence of events for a tran-
sient. Except for BETHSY 4.1a TC this criterion was
achieved, which can be seen in Figure 2. However,
when looking at the accuracy factor, the highest accu-
racy was obtained for the BETHSY 4.1a TC test. This
is because of the different characteristics of the meth-
ods. When visually observing the pressure trends in
Figure 2 it can be concluded that the agreement for the
primary pressure is very good.

Table 5 shows the total accuracy obtained for
the selected transients for different time intervals.
When comparing the methods (based on the accept-
ability limits for total accuracy) the results agree very
well. The only exception was BETHSY 6.2 TC, where
the FFTBM gave very good (slightly below the limit
for very good) and the SARBM gave good (slightly
above the limit for very good) in the first and fourth
time intervals. The BETHSY 9.1b calculation was
quantified with both methods as good for all the time
intervals, while the BETHSY 4.1a TC calculation was
quantified as very good for all time intervals. With
this it was shown that the SARBM gives results com-
parable to the qualified FFTBM. When the methods
give different results, a detailed analysis with visual
observation is needed to judge the importance of the
difference.

4 CONCLUSIONS

In this study the developed SARBM for accu-
racy quantification was presented. For its validation
three different tests performed on the BETHSY facility
were used. The obtained accuracy was compared against
the results of accuracy quantification by the FFTBM.

The first key result of the investigation was
that the calculation accuracy obtained with the
SARBM in the time domain is comparable to the cal-
culation accuracy obtained with the FFTBM in the
frequency domain. The RELAP5/MOD3.2 calcula-
tions of various experiments were quantified as very
good or good. The results suggest combining the
SARBM with the FFTBM for accuracy quantifica-
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Preglednica 4. Rezultati kolikostne analize za poskus BETHSY 9.1b
Table 4. Results of quantitative analysis of BETHSY 9.1b experiment

St [Parameter Casovno obmo¢je - Time interval
No. [Parameter 0 do/to 2962 s | 0 do/to 5177 s | 0 do/to 8330 s
AA AF AA AF AA AF
1 _[pP 0,13 | 0,07 | 0,08 | 0,07 | 0.09 [ 0.07
2 P47 0,20 | 0,07 | 0,10 | 0,07 | 0,10 [ 0,07
3 |PSM2 0,36 0,03 0.11 0,05 0,12 0,06
4 |TFO12A 0,05 0,01 0,03 0,01 0,09 0,02
5 |[TF0304 0,34 | 0,05 | 037 | 0.05 | 036 [ 0.04
6 |TF042 0,30 | 0,04 | 0,25 | 0,06 | 0,22 [ 0,05
7 _[INTOMB 0,05 | 0,07 | 0,05 | 0,04 | 0,20 [ 0.16
8 |TF454C 0,10 | 0,03 | 0,07 | 0,03 | 0.08 [ 0,02
9 |OMB 0,69 | 032 | 0,69 | 034 | 0.85 [ 0.45
10 _[INTQMS 0,00 | 0,00 | 1,00 | 1,00 | 0,35 [ 0.44
11 _|TS0215 1,10 | 0,20 | 0,69 | 0,19 | 0,58 | 0.16
12 _[TS0228 1,37 1 0,20 | 0,79 | 0,23 | 0,72 | 0,20
13 1210200 0,23 0,12 0,32 0,11 0,39 0,12
14 IDP426 0,63 0,31 0,63 031 1.41 0,31
15 |DP4 0,56 | 0,65 | 0.55 | 0.65 | 0.58 | 0.64
16 W02 0,09 | 0,06 | 0,09 | 0,05 | 0,12 [ 0,05
17 _IDP12VG 1.33 0,46 0,99 0.47 0,67 0,34
18 IDP12VP 0,87 0,18 0,88 0,21 1,08 0,20
19 [DPP1 0,13 0,14 0,12 0,14 0,14 0.16
20 |DP41 1,16 | 0,68 | 1,16 | 0,68 | 1,30 | 0,79
21 |DP050 0.83 | 094 | 0,83 | 094 | 0.88 [ 0.95
:(l)‘t“alial 0,41 | 0,20 | 0,35 | 0,16 | 0,34 | 0,14
Preglednica 5. Ocena skupne natancnosti izracunov s HFP in NSA
Table 5. Total accuracy obtained by FFTBM and SARBM
Casovno obmocje BETHSY 6.2 TC BETHSY 9.1b BETHSY 4.1a TC
time interval AAwt | AFo | AAwt | AFo | AAdwi | AFi
1. 0,08 0,13 0,41 0,20 0,09 0,04
2. 0,20 0,09 0,35 0.16 0,13 0,05
3. 0,16 0,08 0,34 0,14 0,17 0,06
4 0,27 0,11 - - - -

uporabljati samostojno, ker se njuni oceni
dopolnjujeta in zdruzeni povecujeta zaupanje v
rezultate.
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tion rather then using it independently. Namely, the
results complement each other and when combined
they increase confidence in the results.
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Hitri algoritem za rekonstrukcijo in odvoj

digitaliziranih ploskev

A Fast Algorithm for Reconstructing and Flattening Digitised
Surfaces

Simon Kolmanié - Nikola Guid

Odvoj ploskev je bistvenega pomena za nacrtovanje ravninskih vzorcev, potrebnih za izdelavo npr.:
letalskih kril, ladijskih trupov, delov avtomobilske plocevine, zgornjih delov cevljev in oblacil. Ceprav
lahko za gradnjo sodobnih ladijskih trupov uporabljamo tudi kompozitne materiale, pa ostaja jeklo v
ladjedelnistvu se vedno najpogosteje uporabljan material. Zaradi tega ima postopek nacrtovanja ravninskih
vzorcev Se vedno pomembno viogo pri konstrukciji ladij. Odvoj vecjega dela ladijskega trupa je dokaj
preprost, izjema sta le premec in krma, ki ju odlikuje zahtevna oblika, zaradi c¢esar potrebujemo ucinkovit
algoritem za odvoj ploskev. V tem prispevku je predstavijen novi hitri algoritem za rekonstrukcijo in odvoj
ploskev, ki temelji na strategiji “deli in viadaj”. Za rekonstrukcijo ploskve se uporabljajo odvojni trakovi. Na
ta nacin se lahko ploskev odvije v ravnino brez deformacij.
© 2003 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: ploskve odvite, ploskve premonosne, vzorci ravninsi, ploskve digitalizirane)

The problem of surface flattening is an important one in pattern engineering. Surface flattening is
needed for the design of thin-walled objects, such as airplanes’ wings, outer ship hulls, parts of car bodies,
shoe uppers, and textile products. Although composite materials can be used for building modern ships’
hulls, steel is still the most commonly used material for the ship-building industry. Therefore, the pattern
engineering process still has an important role in ship designing. For most of the ship’s hull the flattening is
quite simple; the problem is the flattening of the stem and the stern, because the surfaces of these parts of the
ship are very complex, and therefore an efficient surface-flattening algorithm is needed. In this article a new
fast algorithm for surface reconstruction and surface flattening, based on a divide-and-conquer strategy, is
presented. Developable stripes are used to approximate the surface, and in this way the surface can be

flattened quickly and without any distortion.

© 2003 Journal of Mechanical Engineering. All rights reserved.
(Keywords: surface flattening, developable surfaces, ruled surfaces, flat pattern, digital surfaces)

0UVOD

Odvoj ploskev je ze dolgo znan in zelo
razsirjen problem. Najdemo ga tako v kartografiji
kakor tudi v razli¢nih vejah industrije. Odvoj ploskev
je preslikava 3D ploskve v ravnino, pri ¢emer
moramo ohranjati razdalje med tockami ploskve. Kot
rezultat te preslikave dobimo ravninski vzorec. Na
zalost pa lahko brez napak, ki se kazejo kot prekrivki
in vrzeli v nastalem ravninskem vzorcu, odvijemo le
dolocene tipe ploskev. Te ploskve imenujemo
odvojne ploskve in v sploSnem velja, da poljubne
ploskve ne moremo odviti v ravnino brez deformacij
[1]. Jasno je, da zeli nacrtovalec ravninskih vzorcev
deformacije zmanjsati na najnizjo mogoco raven. To
je tezko avtomatizirati, Ceprav obstajajo metode, ki
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O0INTRODUCTION

The problem of surface flattening is an old
one, and is common in cartography and in various
branches of industry. Surface flattening is the map-
ping of a 3D surface onto a 2D plane, where the dis-
tances between surface points have to be preserved.
As a result of this operation a flat pattern is gener-
ated. Unfortunately, only special types of surfaces
can be unrolled onto a plane without errors that re-
sult in tearing and overlapping in the generated, flat
pattern. These surfaces are known as developable
surfaces [1]. It is clear that pattern designers would
like to reduce distortions to a minimum. This is very
hard to do automatically, although some methods of
significantly reducing the distortions do already ex-
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te deformacije obcutno zmanjsajo ([2] in [3]).
Posebno tezak problem pri naértovanju vzorcev so
prekrivki v konénem ravninskem vzorcu [4].
Prekrivki v ravninskem vzorcu namre¢ pomenijo
vrzel na 3D ploskvi, ki jo iz takega vzorca dobimo.
V kartografiji je ta problem resen z uporabo raznih
projekcij, toda odvoj industrijskih predmetov je
veliko zahtevnejsi, ker so ti pogosto dvojno
ukrivljeni. V tem primeru je namre¢ prekrivke Se
posebej tezko odstraniti [4]. Problem odvoja ploskev
je znan tudi v ladjedelnistvu, saj je ladijski trup
sestavljen iz ravninskih materialov. Na tem mestu
je treba omeniti, da se je v zadnjih dveh desetletjih
pri izdelavi ladijskih trupov mo¢no povecala uporaba
kompozitnih materialov, na primer steklena vlakna,
saj jih odlikuje izjemno razmerje med trdnostjo in
tezo. So tudi zelo upogljivi in zato nadvse primerni
za oblikovanje zahtevnih ploskev. Odvoj ploskev, ki
jih Zelimo izdelati s kompozitnimi materiali, je poseben
problem, ki ga ne moremo primerjati z odvojem
ploskev, izdelanih iz jekla in podobnih materialov.
Ta problem je podrobneje obdelan v [5] in ne bo
predmet obravnave v tem prispevku. Kljub vsem
prednostim kompozitnih materialov pa ostaja jeklo
v ladjedelnistvu Se vedno najpogosteje uporabljan
material. Odvoj takih ploskev je v bistvu obicajen
primer odvoja ploskev, znan tudi v ¢evljarski in
podobnih vejah industrije.

Ker je izdelava ravninskih vzorcev iz 3D
ploskev Ze dolgo znan problem, obstaja mnogo metod,
ki ga skusajo resiti. Te metode smo razdelili v dve
skupini: metode, ki skusajo odviti ploskev v enem
kosu, in metode za odvoj ploskev po delih [6]. Metode
iz prve skupine niso najbolj primerne za odvoj
poljubnih ploskev, saj prekrivke v dobljenem
ravninskem vzorcu odpravijo le, ¢e je ploskev odvojna.
Metode iz druge skupine ploskev razdelijo v manjse
krpe, ki jih lazje odvijejo v ravnino in ob tem prihaja
do manj deformacij.

Delitev ploskve na manjse krpe je odvisna od
samo enega numeri¢nega parametra in ne zahteva
dodatnega uporabnikovega posredovanja. Metoda,
predstavljena v tem prispevku, temelji na podobni
zamisli. V sistemih raCunalni§ko podprtega
nacrtovanja (RPN - CAD) so ploskve ve¢inoma
predstavljene z mnozico tock in trikotnikov, ki jih
povezujejo. Vcasih pa se zgodi, da je ploskev
predstavljena samo z oblakom tock v 3D prostoru. V
tem primeru je treba ploskev poprej rekonstruirati. Za
to nalogo smo uporabili odvojne trakove. Po kon¢ani
rekonstrukciji je odvoj ploskve preprost, saj moramo
v ravnino odviti le odvojne trakove. Zamisel odvoja
ploskev po delih ni nova, predhodno jo je uporabljal
ze Elber [7], nato pa Se Hoschek za odvoj vrteninskih
ploskev [8]. Le-to smo priredili in jo prilagodili delu z
digitaliziranimi ploskvami. Postopek priblizkov krmili
samo en numericni parameter in je zaradi tega preprost
za uporabo.

ist ([2] and [3]). The biggest problem in pattern gen-
eration is overlaps in the generated pattern [4]. These
overlaps in the flat pattern represent gaps in the 3D
surface obtained by such a pattern. In cartography
this problem is already solved by various projections,
but the flattening of industrial objects is far more
complicated because they are often double curved.
In this case the overlaps are especially difficult to
eliminate [4]. The problem of surface flattening is also
present in the ship-building industry because ships’
hulls are assembled from flat material. We should
mention here that in the last two decades the use of
advanced composite materials, such as fibreglass,
for the manufacture of ships’ hulls has increased
because of their remarkable strength-to-weight ratio
and high pliability when deformed into complex,
curved shapes. The problem of the flattening of sur-
faces to be made of a composite material is very spe-
cific and cannot be compared with the flattening of
surfaces to be made from steel or similar materials.
This problem is further discussed in [5], and it will
not be covered in this paper. In spite of the advan-
tages of composite materials steel remains the most
used material when building ships’ hull. The flatten-
ing of such a surface is a classical flattening problem
that is also encountered in the shoe and similar in-
dustries.

Since deriving patterns from 3D surfaces is
an old problem, many methods already exist. We have
divided them into two groups: methods for flattening
the surfaces in one piece and methods for flattening
the surfaces using more than one piece [6]. The
methods of the first group are not suitable for the
automatic flattening of arbitrary surfaces, since the
overlaps are eliminated from the generated pattern
only if the surface is developable. The methods of
the second group divide the surface into smaller
patches, which can be flattened more easily and
therefore with fewer distortions.

A division of the surface into smaller patches
is controlled by simple numerical parameters and does
not require any additional interference by the user.
The method presented in this paper is based on a
similar idea. In computer aided design (CAD) systems
the surfaces are usually represented by a set of points
and the triangles that connect them. But sometimes
the surface is represented only by a cloud of 3D points.
In this case the surface has to be reconstructed first.
We have used developable stripes to do this. After
the surface reconstruction is completed, the flattening
is easy, since we only have to unroll the developable
stripes onto the plane. The idea of multi-parts surface
flattening is not new. Originally it was used by Elber
[7] and by Hoschek to flatten surfaces of revolution
[8]. We have adopted the Hoschek idea to work with
surfaces obtained by digitisation. The approximation
process is controlled by only one numerical parameter,
and therefore it is very simple to use.
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1 PROBLEM ODVOJA PLOSKEV V
LADJEDELNISTVU

Ladjedelnistvo ima ze dolgo zgodovino.
Stoletja so gradili ladje, podobne telesom
vretencCarjev. Ladijska rebra so prekrili z lupino iz
usnja, lubja, desk ali jeklenih plos¢. Medtem ko
ladijska rebra popolnoma dolocajo obliko ladijskega
trupa in mu dajejo trdnost, omogoca lupina ladijskemu
trupu vodotesnost in plovnost. Lupina poleg tega
daje ladijskemu trupu potrebno trdnost, da vzdrzi
kombinacijo sil: navzgor usmerjeno silo vzgona,
navzdol usmerjeno silo teze in moc¢no silo morskih
valov.

1 THE PROBLEM OF SURFACE FLATTENING IN
THE SHIP-BUILDING INDUSTRY

The ship-building industry has a long history.
For hundreds of years ships have been built like the
bodies of vertebrate animals: the ships’ ribs have
been covered with hide, bark, planks or metal plates.
The form of the ship’s ribs completely defines the
form of the ship, while the skin makes the ship
watertight and buoyant. The skin also provides the
ship’s hull with the necessary strength to withstand
a combination of forces: the upward force of
buoyancy, the downward force of gravity, and the
force of sea waves.

Sl. 1. Izdelava lupine ladijskega trupa z uporabo ravninskega materiala
Fig. 1. Generation of a ship's outer hull using a plane material

Glede nato, da je lupina izdelana iz ravninskega
materiala, moramo pred izdelavo ladje resiti problem
odvoja ploskve. Ce je oblika ladijskega trupa nezahtevna,
je to dokaj preprosto (sl. 1). Toda ¢e zelimo, da je ladja
hitra, je oblika ladijskega trupa veliko zahtevnejsa. Da
zmanj$amo zaviranje valov in trenja, uporabimo premec
z zaobljenim profilom, na krmi pa dodamo koleno ([9] in
[10]). Premec z zaobljenim profilom in koleno sta zahtevni
3D ploskvi (sl. 2), kar mo¢no otezuje postopek odvoja
celotnega ladijskega trupa. Nove oblike ladijskih trupov
se dandanes nacrtujejo v posebnih sistemih RPN/RPI
(racunalnisko podprte izdelave) z vgrajenimi metodami
raCunalniske dinamike tekoCin (RDT - CFD), ki jih
uporabljamo za optimizacijo ploskve. Dodatno lahko
ploskev optimiziramo tudi v testnih bazenih, kjer lahko
merimo zaviranje zaradi trenja. Pred zacetkom uporabe
sistemov RPN/RPI in metod RDT so bili testni bazeni
glavni pripomoc¢ek pri nacrtovanju novih tipov ladijskih
trupov. Ladijski modeli so bili tako najprej izboljSani in
nato razzagani v prereze. Vsak prerez je natancno
izmerjen, na podlagi meritev pa je nato izdelan nacrt
prereza. Nacrte nato ustrezno povecajo, da ustrezajo
dejanski velikosti ladje. Iz teh nacrtov nato izdelajo
posamezne dele, ki jih sestavijo v ladijski trup naravne
velikosti.

Geometrijsko obliko modela ladijske lupine
lahko dobimo tudi z njeno digitalizacijo, ki jo izvedemo
na vzporednih ravninah v prostoru. Enako ustvarjeno
mnozico tock lahko priblizamo s 3D ploskvijo ([11] do
[15]). Da lahko dobimo nacrt za ravninski material
lupine, je treba tako dobljeno ploskev odviti. Vecina
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Since the skin is made of a flat material, it is clear
that the surface flattening problem has to be solved
before the ship can be built. If the form of the ship’s hull
is simple, this is quite easy (see Figure 1). However, if
the ship is to be fast, the hull shape will need to be more
complex: to reduce friction and wave drag, a bulb is
added to the bow of the ship and at the stern skegs can
be added ([9] and [10]). The shapes of the bulb and the
skegs are complex 3D surfaces (see Figure 2), which
makes the flattening process of the ship’s hull difficult.
Today, new hull forms are designed in special CAD/
CAM (Computer Aided Manufacturing) systems with
integrated computational fluid dynamics (CFD) methods,
which are used for surface optimisation. In addition the
surface can be optimised in testing pools, where the
drag on the ship’s model can be measured. The designing
of new ships’ hulls using testing pools was the main
design method before CAD/CAM systems and CFD
methods were used. After the models were approved,
they were sawed into cross sections; blueprint
measurements were made from each cross section; these
were then mathematically enlarged so that the ship could
be built to full scale. From the full-scale measurements,
parts were constructed and assembled to build the full-
sized hull.

The geometry of the ship’s hull model can
also be obtained by surface digitising, made on
parallel planes in 3D space. The set of points
generated in this way can be approximated by a 3D
surface ([11] to [15]). To get the blueprint for the
plane material of the skin, the obtained surface has to
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Sl. 2. Ploskev testnega premca z zaobljenim profilom za zmanjsanje trenja
Fig. 2. The bow surface of the test hull with the bulb for friction-drag minimisation

metod, uporabljenih v danasnjih trznih paketih
RPN, ki temeljijo na geometrijskem nacinu odvoja,
je pribliznih. Izvirno 3D ploskev priblizajo s
trikotniki, ki sestavljajo 3D mrezo. Pri odvoju nato
izberemo zacetni trak ter smer odvoja, nakar
odvijemo prvi trak v ravnino. Preostali del ploskve
nato odvijemo na podoben nacin ([2] in [16]).
Glavna pomanjkljivost teh metod so prekrivki in
razpoke med trakovi v nastalem ravninskem vzorcu.
Do omenjenih nepravilnosti prihaja zaradi kotne
okvare, ki jo najdemo v definiciji Gaussove
ukrivljenosti v posamezni tocki triangulacijske
ploskve [16]:

K=

kjer je 6 kotna okvara, ki je enaka kotu 27, zmanjSanem
za vsoto notranjih kotov trikotnikov pri dani tocki, S
pa je enak 1/3 ploscine teh trikotnikov. Iz enacbe (1)
je razvidno, da je kotna okvara odvisna od vrednosti
Gaussove ukrivljenosti v dani tocki in od dane
triangulacije, saj z manj$imi trikotniki zmanjSamo tudi
kotno okvaro in s tem napako v ravninskem vzorcu.
Ker pa je v nasem primeru triangulacija odvisna od
algoritma za rekonstrukcijo predmeta, to ne pomaga
veliko. Na Stevilo napak v ravninskem vzorcu
pomembno vpliva tudi izbira zaCetnega traku in smeri
odvoja, kar pa je prav tako zahteven problem.

Da v celoti odpravimo prekrivke v
ravninskem vzorcu, obenem pa se izognemo
tezavam pri izbiri zacetnega traku in smeri odvoja,
smo uporabili zamisel odvoja ploskev po delih [6].
Tudi v tem primeru gre za priblizni postopek, vendar
je kakovost ravninskega vzorca boljsa. Razliko
lahko prikazemo ze na preprosti vrteninski ploskvi,
prikazani na sliki 3a. Metoda, temeljeca na Gaussovi
ukrivljenosti [16], vrne ravninski vzorec, prikazan
na sliki 3b, ki je zaradi Stevilnih prekrivkov
neuporaben. Ravninski vzorec na sliki 3¢ je dobljen
z metodo, temeljeCo na strategiji “deli in vladaj”
[6], ki ploskev razdeli na posamezne, med seboj
neodvisne trakove. To metodo smo tudi izbrali za
izhodis¢e pri razvoju metode za rekonstrukcijo in
odvoj digitaliziranih ploskev.

be flattened. Most of flattening methods used in
commercial CAD systems that are based on a
geometrical approach are approximate. The original
3D surface is approximated by triangles forming a 3D
grid. Then the starting strip and the direction are
chosen, along which these triangles are unfolded into
the plane. The rest of the surface is unfolded in similar
fashion ([2] and [16]). The main disadvantage of these
methods is the presence of gaps and overlaps between
the stripes in the generated, flat pattern. These
anomalies arise from the angular defect, which can be
found in the definition of the Gaussian curvature at a
given point on the triangulated surfaces [16]:

s
E (]‘)5

where § is the angular defect equal to 2 less the sum of
the interior angles meeting at the given point, and S is
equal to 1/3 of the areas of those triangles. In equation 1
it can be seen that the angular defect depends on the
value of the Gaussian curvature at the given point and
for a given triangulation, since the angular defect, and
with it also the error in the flat pattern, can be decreased
by the use of smaller triangles. Because in our case the
triangulation depends on the object-reconstruction
algorithm, this is not helpful. The number of errors in the
flat pattern is related to the choice of the starting strip and
the unfolding direction, which is also a complex problem.
To eliminate completely the overlaps in the flat
pattern and, at the same time, to avoid the difficulties
associated with the choice of starting strip and
unfolding direction, we use the approach of per partes
surface flattening [6]. This is also an approximate
approach, but the quality of the pattern is better. The
difference can be shown on simple surfaces of
revolution, shown in Figure 3a. The method, based on
Gaussian curvature [16], generates the pattern shown
in Figure 3b, which is unusable because of the
numerous overlaps in it. The pattern shown in Figure
3c is generated by a method based on a divide-and-
conquer strategy [6], which divides the surface into a
set of independent stripes. We have chosen this
method as the origin for developing a method for the
reconstructing and flattening of digitized surfaces.
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Sl. 3. a) Preprosta vrteninska ploskev
b) Ravninski vzorec, dobljen z metodo, temeljeco na [16], ob slabo izbranem zacetnem traku.
¢) Ravninski vzorec, dobljen z metodo, temeljeco na strategiji “deli in viadaj” [6]
Fig. 3 a) Simple surface of revolution
b) Flat pattern generated by the method based on [16] with a badly chosen starting strip
¢) Flat pattern generated by the method based on a divide-and-conquer strategy [6]

Mnozico 3D toc¢k priblizamo z mnozico
odvojnih trakov. Metoda za rekonstrukcijo ploskev,
temeljeca na uporabi odvojnih trakov, je predstavljena
bolj podrobno v naslednjem razdelku.

2REKONSTRUKCIJA PLOSKEV ZUPORABO
ODVOJNIH TRAKOV

Digitalizacijo izvedemo tako, da tocke lezijo
v vzporednih ravninah. Zaradi splosnosti je v
ravninah dovoljeno razli¢no $tevilo tock. Ce v
vsaki ravnini med seboj povezemo tocke v vrstnem
redu, dolocenem z digitalizacijo, dobimo krivulje
precnih prerezov, ki jih bomo oznacevalis ¢/, i=1,
2,...,N.V[6],[17] lahko vidimo, da je med dvema
krivuljama pre¢nih prerezov mogoce skonstruirati
odvojni trak. Tem krivuljam pravimo tudi vodila.
Odvojni trak je posebna premonosna ploskev [1].
Daljico, ki povezuje dve toc¢ki na vodilih,
imenujemo generator [17]. Rekonstrukcijo ploskve
za¢nemo z izvedbo odvojnega traku med pre¢nima
prerezoma ¢' in ¢". To dosezemo s klicem postopka
divide (1, N), kiuporablja strategijo “deli in
vladaj” (izpis 1). Nato je treba izracunati
presecis¢a med odvojnim trakom in ravninami, v
katerih leZijo vmesni pre¢ni prerezi. Ce je razlika
prerezi prevelika, odvojni trak z uporabo strategije
“deli in vladaj” zozimo. Postopek veckrat
ponavljamo, dokler ne doseZzemo zelene
natanénosti. Ce zapisemo problem bolj splosno,
velja, da odvojni trak, s(e’, ¢/), napet med
krivuljama ¢’ in ¢/ (1 < b < f < N), seka ravnine
preénih prerezov ¢t, b < k<f(sl. 4).

Presecisce s =(sfj, sy, sfj) med j-tim
generatorjem odvojne ploskve, to je daljico, ki
povezuje j-to to¢ko na b-ti preéni krivulji, tj.
¢ =y € c”) in j-to to¢ko na f-ti precni

v 7))
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The set of 3D points is approximated by the set
of developable stripes. In the next section the method
of surface reconstruction using the approximation with
developable stripes is explained in more detail.

2 SURFACE RECONSTRUCTION USING
DEVELOPABLE STRIPES

The surface digitisation is performed in such a way
that all the points lie in parallel planes. Generally, there are a
different number of points in the planes. If line segments
connect the points in each plane in the order given by the
digitising process, cross-section curves are generated that
willbedenotedby ¢,i=1,2,...,N. Asshownin[6]and[17],
adevelopable surface can be constructed between two cross-
section curves. These kinds of curves are also known as
directrix curves. The developable stripe is a special case of a
ruled surface [1]. A line segment connecting two points on
directrices is called a linear generator [17]. The surface
reconstruction is started by the generation of a developable
stripe between the cross-section curves ¢! and ¢*. This can
be done with the call of the procedure divide (1, N),
based on the divide-and-conquer strategy (see listing 1).
Then the intersecting points between the generated
developable stripe and the cross-section planes lying in
between have to be calculated. As long as the difference
between the calculated intersection and cross-section points
is not small enough, the developable stripe is narrowed with
the help of the divide-and-conquer strategy. The procedure
isrecursively repeated until the desired precision is achieved.
If we state this problem more generally, it is necessary that
the developable stripe s(¢?, ¢) between the cross-section
curves ?and ¢ (1 <b<f<N) intersects the planes of the
cross-section curves ¢, b <k < f(see Fig. 4).

The intersection point s, = (sf/., st sz’j)
between the j-th surface generator, this is the line
segment connecting the j-th point of the b-th cross-

: b b b b . .
section curve, ¢} = (cy., Cys czj) , and the j-th point



Izpis 1. Algoritem za rekonstrukcijo ploskev, temeljec na strategiji “deli in viadaj”
Listing 1. Algorithm for surface reconstruction based on the divide-and-conquer strategy

procedure divide (b, f)

Vhod/Input: indeksa vodilj/indexes of directrix curves
Izhod/Output: mnoZica odvojnih trakov/set of developable stripes
begin

Generiraj odvojni trak med prec¢nima prerezoma z indeksoma b in f./
Generate a developable stripe between cross sections b and f.
if curveDifference(b, f) > e then
begin
if f-b = 1 then /* koncéni pogoj rekurzije/ end condition of recursion
*/
Shrani odvojni trak v mnozico odvojnih trakov./
Save the developable stripe in a set of developable stripes.
else
begin
divide (b, w);
subproblem */
divide(w, £); /*
right subproblem */
end
end
else
Shrani odvojni trak v mnoZico odvojnih trakov./
Save the developable stripe into a set of developable stripes.

/* w doloCa enacCba 6/ w is defined by Eqg. 6%*/
/* reSitev levega podproblema/ solution of the left

reditev desnega podproblema/ solution of the

f /!

1 .
Cy» CZ,), ter k-to ravnino

izra¢unamo z naslednjimi

of the fth cross-section curve, ¢/ = (cf cl, czf/) ,
and the /-th cross section plane is calculated using
the following equations:

v Ba+Cb+D

S.. =
v A+BI+Ch

. .o . f' _ J
krivulji, tj. ¢; —(c)g., R

preénega prereza
enaCbami:

k _ 7.k 23
Syj—lS)g.-i-a @)

ko gk
szj—hsxj+b

kjer so 4, B, C, in D parametri k-te ravnine pre¢nega
prereza ( Ax+By+Cz+D=0), ki jih dolo¢imo iz
naslednjih enacb:

where 4, B, C, and D are parameters of the &-th cross-
section plane ( Ax+ By + Cz+ D =0), determined by
the following equations:

k k k k k k k k k
A = Cyu (czv - czt) + cyv (czl - czu) + cyt (Czu - czv)

k k k k k k k k k
B =c (Czr - czv) + cxv (czu - Czr) + cxt (czv - czu)

Xu

k k k k k k k ¢k k
C= cyu (Cxt - va) + cyv (Cxu - Cxt ) + cyt (cxv - cxu )

ko k ok kK k
D_cxu(cytczv_ yvczt)+cxv(

Tocke
c":(ck ct ck) in ¢

v xv? o zv

k[ k k k
cu - (Cxu H Cyu > Czu) H

(A k k k
—(cxt, Cys cz,) SO

tocke k-te krivulje precnega prereza, ki so med seboj
najbolj oddaljene. Vrednosti /, /, a in b v enacbi 2 so
parametri j-tega linearnega generatorja, ki ga
izratunamo z enacbami:

Jo_ b S o_ b
125 7% %%
- b > -7 b >
c..—cC cl. —C..

xj xj xj X

Ck Ck —C‘kC

€
k k k Lk k k
vt zu ) + cxt (cyvczu - yuczv
. k k k k
The points ¢, = (cm, Cous czu) ,

cf =(ch, c* cfv) and ¢! =(cf,, chs cft) are the
three most distant points of the k-th cross-section
curve. The values /, 4, a, and b in Equation 2 are the
parameters of the j-th linear generator, which can be

calculated with the following equations:

o

b
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a=c’ —ke! infand b=c’ —hc! @. |
|
|

STECJINISKI L
stran 235 VESTRNIK



03-4 [SIREYNISEG

| vEsTNIK
|

Kolmani¢ S., Guid N.: Hitri algoritem za rekonstrukcijo - A Fast Algorithm for Reconstruction

Sl. 4. Rekonstrukcija ploskve z uporabo odvojnih trakov
Fig. 4. Reconstruction of a surface with developable stripes

Vv v

Ustrezno presecisce je treba dolociti za vsak
linearni generator posebe;.

Vektor napake ez(ex, e, ez), ki doloca
razliko med pre¢nim prerezom in izra¢unanimi

vvvvv

k k

v Cx

5 y
J=1

kjer je n Stevilo tock precnega prereza. Dane enacbe
so preproste in hitre. Odvojni trak je treba zoziti, kakor
je prikazano v izpisu 1, ¢e je izpolnjen pogoj 6:

e =

kjer je € tolerancni prag, ki pomeni vrednost v
milimetrih, saj so predmeti izrazeni v tej merski enoti.
Enacbi (5) in (6) sta v izpisu 1 zajeti v klicu funkcije
curveDifference (e, f), kjer najprej
doloc¢imo enacbo sredinske ravnine precnega prereza
med krivuljama ¢? in ¢/. Nato izra¢unamo presecis¢a
med to ravnino in odvojnim trakom (2). Ce je razlika
znotraj tolerance, izraCunamo Se preseciSca s
preostalimi ravninami. Izracun ustavimo takoj, ko je
pogoj 6 izpolnjen. Ko moramo odvojni trak zoziti, je
treba poiskati novo krivuljo precnega prereza ¢*. Njen
indeks w je celo Stevilo, ki ga dobimo z izlo€itvijo
decimalnega dela aritmeti¢nega povprecja indeksov
binf:

Kot rezultat dobimo dva trakova s(¢’, ¢*) in
s(¢”, ¢), ki ju ponovno zozimo, e nista znotraj
tolerancnega praga. Kakovost priblizka je odvisna
tudi od natanénosti digitalizacije. Ce je bila pri
digitalizaciji izpuScena kaksna podrobnost, tega ne
moremo popraviti.

Rezultate rekonstrukcije ploskve, ki temelji na
strategiji “deli in vladaj” ob uporabi odvojnih trakov,
lahko vidimo na sliki 5, kjer sta predstavljeni
rekonstrukciji hrama za gorivo in polovice ladijskega
premca, katerega podatke smo dobili v ladjedelnici
Fincantieri v Trstu. Medtem ko je bila rekonstrukcija
hrama goriva preprosta, smo morali premec poprej
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3

The intersection point has to be calculated
for all linear generators.

The blunder vector e = (ex, e, e ) ,fepresent-
ing the difference between the cross-section curve and the
intersection points, is calculated using the formulae:

1 n

Ce==2

nja

k _ k
Y Y

©),

k k
S5 764

where 7 is the number of points on the cross-section
curve. The formulae are simple and fast. The
developable stripe has to be narrowed, as shown in
listing 1, if the condition 6 is true:

e ©),
where ¢ is a tolerance limit, which is a numerical value
measured in millimetres (because our objects are measured
in this unit). Equations 5 and 6 are included in the call of a
function curveDifference (e, f) (see listing 1),
where the equation of the middle cross-section plane
between the cross sections ¢” and ¢ is determined first.
Then the intersection points between that plane and
developable stripe are calculated (Eq. 2). If the difference is
within the tolerance, the intersection points with the other
planes are calculated too. The calculation is stopped when
the condition 5 is true. If the developable stripe needs to be
narrowed, the new cross-section curve ¢ has to be found.
The index wis an integer value, determined by the extraction
of the decimal part of the mean value of the indexes b and 2

As a result, two stripes, s(¢?, ¢*) and s(¢”, ¢),
are generated, which are recursively narrowed if they
are not within the tolerance limit. The approximation
quality also depends on the digitisation precession.
If some details have been missed in the digitisation
process, they cannot be corrected here.

The results of the surface reconstruction, based
on the divide-and-conquer strategy and the use of the
developable stripes, can be seen in Figure 5, where the
reconstruction of a fuel tank and a half of a ship’s bow,
obtained in the shipyard Fincantieri in Trieste, is pre-
sented. While the reconstruction of the fuel tank was
easy, the reconstruction of the ship’s bow was more
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©)

f)

Sl. 5. @) Mnozica 3D tock, ki doloca ploskev hrama za gorivo.
b) Pricakovana ploskev hrama.
¢) Rekonstrukcija ploskve hrama za gorivo (z dolzino 3,6 m), pri tolerancnem pragu € = 1,50 mm.
d) Mnozica 3D tock, ki doloca obliko polovice ladijskega premca z zaobljenim profilom.
e) Delitev premca, potrebna za odstranitev nezveznosti v precnih prerezih zaobljenega profila.
f) Rekonstrukcija premca, pri tolerancnem pragu € = 0,50 mm.
Fig. 5. a) Set of 3D points defining the surface of the fuel tank
b) Expected surface of the fuel tank
¢) Reconstructed surface of the fuel tank (its length is 3.6m) with the tolerance limit ¢ = 1.50 mm
d) Set of 3D points defining the shape of the half of the bow
e) The division of the bow necessary to eliminate the discontinuity in the cross-sections of the bulb
/) Reconstruction of the bow with the tolerance limit € = 0.50 mm

razdeliti na Stiri dele (sl. 5e), da smo odstranili
nezveznost v precnih prerezih zaobljenega profila.
Vse stiri dele smo lo¢eno rekonstruirali in potem
zdruzili v sliki 5f. Trakove, uporabljene v
rekonstrukciji predmeta, je treba Se odviti v ravnino.
Opis tega postopka lahko najdemo v naslednjem
razdelku.

complicated. First, the ship’s bow had to be divided
into four parts (see Figure 5e) in order to remove the
discontinuation of the cross-section curves of the
bulb. All four parts were reconstructed separately,
and then joined in Figure 5f. After the surface recon-
struction the stripes had to be flattened. The descrip-
tion of that process can be found in the next section.
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3 ODVOJPLOSKVE VRAVNINO

Odvojni trak sestavljajo 3D Stirikotniki, ki
povezujejo po dve ustrezni tocki med sosednjimi
vodili (na primer p' s p; in p} s p;, sl. 6). Njegov
odvoj v ravnino je v bistvu preslikava 3D
Stirikotnikov v ravnino, pri ¢emer je treba ohraniti
dolzine robov. Ta preslikava mora biti pri tem
natanc¢na in hitra. Zaradi tega ustrezen Stirikotnik
raje skonstruiramo v ravnini, kakor da bi izvirni
3D stirikotnik postavili v ravnino s pomocjo
zasukov. Naj bodo dana oglis¢a 3D S$tirikotnika
p, . p,» P; in p;, kije vsplosnem neravninski. Iz
razdalj med oglis¢i dolo¢imo dolzine njegovih
stranic: d|, d,, d, in d,. Neravninski Stirikotnik
moramo skonstruirati v ravnini z uporabo dveh
trikotnikov, ki ju dobimo z eno od diagonal
Stirikotnika. Pri tem ni pomembno, katero od
diagonal izberemo. Naj prvi trikotnik doloc¢ajo
tocke p;, p, in p;, drugi trikotnik pa tocke p’, p;
in p;. Ce zelimo drugi trikotnik postaviti v ravnino
prvega, moramo izracunati dolzino skupne
stranice, ki jo oznac¢imo z d, (ta pomeni razdaljo
med tockama p) in p,). Tocke, ki dolocajo
ravninski Stirikotnik, ozna¢imo s p,, p,, p, inp,.

Najprej izra¢unamo vrednosti notranjih kotov
ravninskega Stirikotnika o, f in y z naslednjimi
enacbami (sl. 6a):

3 UNROLLING THE SURFACE ONTO THE PLANE

The developable stripe is composed of 3D
quadrangles, which connect at two points of
neighbouring directrices (for example p; with p; and
p, with p;, see Figure 6). The unrolling of the
developable surface is, in fact, a mapping of the 3D
quadrangles onto the plane, where the edge distances
are preserved. The mapping process must be fast and
accurate. Therefore, we construct the quadrangles in
the plane instead of rotating the original 3D quadrangles
onto the plane. Let p;, p;, p; and p], be vertices of a
general nonplanar 3D quadrangle. The lengths of the
edges (d,, d,, d,, and d,) are determined by the distances
between the vertices. The nonplanar quadrangle has to
be constructed in the plane with the help of two triangles
that we get with the help of one of its diagonals. It is not
important which diagonal is chosen. Let us take the first
triangle be determined by the points p;, p; and p;,
and the second one by the points p), p; and p;. If we
want to set the second triangle in the plane of the first
one, we have to calculate the distance of their common
edge, denoted by d (which is the distance between the
points p; and p ). The points, determined on the planar
quadrangle, are denoted by p, p,, p,, and p,.

First we calculate the values of the inner
angles a, B, and y of a planar triangle using the
following equations (see Figure 6a):

o =2arcta ! , f=2| arcta i |tarcta 4] , 7 =2arctan| ! (),
s, —d s, —d, 5, —d, s, —d;
kjer so where
_d,+d +ds _ (Sl_d4)(51_d1)(51_d5) _ds+d,+d; _ (Sz_ds)(sz_dz)(sz_ds)
§ = 2 ,h= P , 5 = > in/and 12 = P (8).
1 2

Brez izgube splosnosti lahko skonstruiramo
ravninski Stirikotnik p,p,p,p, v ravnini xy. Njegovo
konstrukcijo za¢nemo z dolocitvijo lege enega od
njegovih ogli3¢, na primer ogliS¢a p,. Nato izberemo
eno izmed dveh stranic, s katerima je povezano

Without any loss of generality we can
construct the quadrangle p p,p,p, in the xy plane. We
start its construction by defining the position for
one of the vertices, for example, the vertex p,. Then
we select one of two edges that are connected to the

Pi d, A ; /4\p
3
a) b)

Sl. 6. a) Konstrukcija splosnega ravninskega Stirikotnika

b) Ohranjanje odvisnosti sosednosti pri preslikavi Stirikotnikov
Fig. 6. a) Construction of an arbitrary planar quadrangle

b) Preserving the neighbouring relation by quadrangle mapping
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izbrano oglis¢e p,. Naj bo to stranica p p,, ki leZi na
premici /,. Zaradi enostavnosti raunanja postavimo,
da je premica /, vodoravna. Lego oglis¢a p, tako
izratunamo kot (x+d,, y,). Izracun lege oglis¢a p, je
nekoliko zahtevnejsi, saj je treba ohraniti vrednost
notranjega kota f3. Na sliki 5a lahko vidimo, da lezita
oglisCi p, in p, na skupni premici /,. Premica /, je
dolocena z lego oglisca p, in vrednostjo kota o, , ki
je zunanji kot hkotu (o, =7 — ). Lego oglisca p,,
ki je od oglis¢a p, oddaljena za razdaljo d,, lahko
izraCunamo z naslednjima enac¢bama:

vertex p,. Letitbe the edge p p, that lies on the line /,. To
reduce the computational complexity, we define that the
line /, is horizontal. The position of the vertex p, is (x,+d,,
»))- The calculation of the position of the vertex p, is not
so easy, since the angle 3 has to be preserved. In Figure
5a it can be seen that the vertices p, and p, lie on the
same line /. The line /, is determined by the position of
the vertex p, and the angle o, , which is the
supplementary angle to the angle (o, =7 — /). The
position of the vertex p,, whose distance to vertex p, is
d,, can be calculated using the following equations:

(2kN = 2x, — 2ky, )£ J(2hN — 2x, — 2y, )* —4(1+ &> Y2 + y2 —d 24N> — 2Ny, )

3

2+ 2k> ),

vy =kx;+N

kjer sta k=tan(c,) in N=y,—kx,. Enacbi (9)
dolocata dve mozni resitvi. Prava je tista, ki doloca
pozitivno usmeritev Stirikotnika.

Nazadnje je treba dolociti Se lego oglisca p,.
Ker lezi oglisc¢e p, na premici /,, moramo popre;j dolociti
vrednost kota o, . To vrednost lahko izratunamo z
enacbo:

o,=21=-p-y

Lego oglis¢a p, lahko dolo¢imo z enacbo (9),
kjer sta k = tan (0,3 ) in N =y, —kx,, namesto x, in y,
pa vzamemo koordinati x, in y, ogli$¢a p,, namesto d,
pad,.

Odvoj Sstirikotnika je koncan, ko
vzpostavimo odvisnost sosednosti do predhodno
odvitih stirikotnikov. Oznaéimo oglisca tekocega
Stirikotnika Q. s p’(j = 1, 2, 3, 4). Stirikotnik O,
ima stranico pip, enako stranici p}'p}’
sosednjega Stirikotnika Q. . Zato moramo najprej
premakniti skonstruiran Stirikotnik Q, v takSno

lego, da se tocki p;' in p) ujemata. Nato ga

where k=tan(c,) and N =y, —kx,. Equations 9
define two possible solutions. We take the vertex
that defines the positive orientation of the quadrangle.

Finally, the position of the vertex p, has to be
calculated. Since the vertex p, lies on the line [, we
have to determine the angle value o, first. This can
be calculated using the following equation:

(10).

The position of the vertex p, can be determined by
Eq. 9, where k = tan (0',3 ), N =y, —kx,, and instead of
the parameters x, and y, the coordinate values x, in y, of the
vertex p, are used. Instead of d, the distance d, is used.

The flattening of a quadrangle is finished after the
neighbouring relation to a previously flattened quadrangle
is established. Let us denote the vertices of the running
quadrangle O.by p’; (j=1,2,3,4). The edge p'p/, of the
quadrangle O and p}'p5" of its neighbour Q. are the
same. Therefore, we have to translate the quadrangle Q.
into the position where the vertices p;" and p’, coincide.
Second, the generated quadrangle O, has to be rotated, by

Sl. 7. a) Rezultat odvoja hrama za gorivo

b) Rezultat odvoja polovice ladijskega premca
Fig. 7. a) Result of flattening the fuel tank

b) Result of flattening one half of the ship’s bow
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zavrtimo za kot & v lego, da se zgoraj omenjeni
stranici ujemata (sl. 6b). Vrednost kota &
ra¢unamo podobno kot vrednost kota a (7).
Rezultata odvoja ploskev pri uporabi opisanega
algoritma sta prikazana na sliki 7.

Testni ploskvi smo rekonstruirali z razli¢nima
vrednostima toleran¢nih pragov. Pri rekonstrukciji
hrama je bila vrednost toleran¢nega praga enaka ¢ =
1,50 mm, pri rekonstrukeiji ladijskega premca je bila ta
vrednost enaka ¢ = 0,50 mm. Prvo ploskev smo
priblizali z osmimi odvojnimi trakovi, drugo pa s
Sestnajstimi. Hram goriva sestavlja 577 tock in
polovico ladijskega premca 2550 tock. Za
rekonstrukcijo in odvoj hrama z gorivom smo
potrebovali 0,120s, za rekonstrukcijo in odvoj polovice
ladijskega premca pa 0,260s. Ceprav so druge metode
za odvoj ploskev po delih opisanemu algoritmu idejno
blizu, jih neposredno z nasim algoritmom ne moremo
primerjati, saj so vezane na tocno dolocene tipe
predstavitve ploskev. Algoritem smo testirali na
osebnem racunalniku Athlon 900 MHz.

4 SKLEP

V prispevku smo predstavili novo metodo za
rekonstrukcijo in odvoj digitaliziranih krivulj, ki
temelji na strategiji “deli in vladaj” ob uporabi
odvojnih trakov za priblizek ploskve. Metoda je hitra,
ni pa primerna za rekonstrukcijo predmetov z
odprtinami. Metodo smo testirali na dejanskih
podatkih ladje, pri kateri smo nezveznost v delu
preénih prerezov premca odpravili tako, da smo le-
tega razdelili na Stiri dele, ki smo jih nato loceno
rekonstruirali in nato odvili. Za uporabo te metode
v ladjedelnistvu bi morali Se dodatno razviti metodo
za doloc¢anje oblike jeklenih plos¢ glede na odvoj in
obliko lupine. S tem bi lahko v veliki meri
avtomatizirali postopek konstrukcije ladijskih trupov,
s ¢imer bi lahko prihranili precej ¢asa. Metodo bi
bilo treba Se dodatno prilagoditi za odvoj lupin,
izdelanih iz kompozitnih materialov. Ceprav je ostalo
Se veliko dela, pomeni opisana metoda dober temelj
za prihodnje delo.

Zahvala
Za sodelovanje se zahvaljujemo Upravi

Fincantieri v Trstu (Italija), posebej pa Se ing. Marcu
Amabilinu.

the angle with value &, into the position where the above-
mentioned edges coincide (Figure 6b). The angle value & is
calculated in the same way as the angle value o (Eq. 7). The
results of surface flattening, using the described algorithm,
can be seen in Figure 7.

The test surfaces were reconstructed with a
different value of the tolerance limit, which was ¢ =
1.50 mm for the fuel tank and € = 0.50 mm for the
ship’s bow. The first surface was approximated with
8 developable stripes and the surface of the ship’s
bow was approximated with 16 stripes. The fuel tank
consists of 577 points and one half of the ship’s bow
consists of 2550 points. We needed 0.120s for the
reconstruction and the flattening of the fuel tank and
0.260s for the reconstruction and the flattening of
one half of the ship’s bow. Although there are other
methods for per partes surface flattening based on
the same idea, we cannot compare them with our
algorithm directly, since they are bound to particular
surface representation types. The algorithm was
tested on an Athlon 900 MHz personal computer.

4 CONCLUSION

In this paper we have presented a new method
for reconstructing and flattening digitised surfaces that
is based on the divide-and-conquer strategy using
the approximation of the surface with developable
stripes. The method is fast, but it cannot be used for
the reconstruction of objects with holes. We have
tested the method on the real data of a ship, where the
discontinuation of part of the cross-section curves
was eliminated by dividing the bow into four parts
that were reconstructed and then flattened separately.
To use this method in the ship-building industry, a
method for a determining the shape of steel plates,
according to the skin flattening and the hull form, has
to be developed. This could automate a large part the
hull-construction process, which could save a lot of
time. Additionally, the method could be adopted to
flatten the hulls of ships made of composite materials.
Although there is much work to be done, the described
method represents a good basis for future work.
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Uporaba trdih previek PVD v strojnistvu -

moznosti in omejitve

Hard PVD Coatings in Mechanical Engineering - Perspectives
and Limitations

Bojan Podgornik - Joze Vizintin

Zadnjih 20 do 30 let je bilo razvitih veliko novih trdih previek, kakor tudi tehnik za njihovo nanasanje.
Tako smo sooceni s plazemsko podprtimi postopki nanasanja ter diamantnimi in diamantu podobnimi
previlekami, ki jih je mogoce nanasati ze pri temperaturah, nizjih od 200 °C, in dajejo izjemne triboloske
lastnosti. Kljub temu, da je ob odlicni obrabni odpornosti mogoce doseci tudi razmeroma nizek koeficient
trenja, pa je uporaba trdih zascitnih prevlek v strojnistvu Se vedno bolj izjema kakor pravilo. Glavni problem
pomenijo razmeroma visoki sticni tlaki ter zelo zahtevno napetostno-deformacijsko polje, ki so mu strojni
elementi izpostavljeni med delovanjem. Mnoge numericne in analiticne raziskave so pokazale, da se pri
oplascenih sistemih plasticna deformacija pricne v podlagi in da je zmoznost prevleke prenasati obremenitev
v najvecji meri odvisna prav od podlage. To pomeni, da ob trdi, obrabno odporni povrsini, potrebujemo tudi
primerno pripravljeno podlago, ki bo zmozna dajati oporo trdi in s tem krhki previeki.

Ceprav imamo neomejeno stevilo mogocih kombinacij priprave podlage in nanosa trde zascitne
prevleke, pa moramo biti pri tem zelo pazljivi. Neprimerna kombinacija lahko, namesto Zelenega izboljsanja,
privede do nepricakovanega poslabsanja lastnosti elementa ali naprave. Prav to je razlog, da se je v praksi
uspesno uveljavilo le nekaj postopkov, izmed katerih kombinacija nitriranja v plazmi ter fizikalnega nanasanja
iz faze pare kaze najvecji potencial za uporabo trdih prevlek v strojnistvu.
© 2003 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: prevleke trde, trenje, obraba, nitriranje plazemsko)

A lot of new technologies, and thin films with very good tribological properties, like diamond and
diamond-like carbon coatings, were introduced in the past 2 to 3 decades. However, the use of hard, thin films
in the field of machine elements is the exception rather than the rule. The main problem lies in the relatively
high contact pressure and the very complex loading of the machine components, which demand a hard
resistant surface and a tough core. It was found during many numerical and experimental analyses that in the
case of hard, thin films the plastic deformation of the composite starts in the substrate. Therefore, the ability
of the film to sustain the loading depends principally on the load-carrying capacity of the substrate.

Although there are an almost unlimited number of possibilities, we have to be very careful when
combining different surface treatments and thin-film deposition techniques. It should be pointed out that the
wrong combination can very easily lead to an undesirable deterioration of the properties, either of the film
or the substrate, instead of an improvement. This is why only a few combinations can be successfully used in
practice. One of the most promising ones, already proven in the case of high-speed steel, is the combination
of plasma nitriding of a steel substrate followed by PVD (physical vapour deposition) thin-film deposition.
© 2003 Journal of Mechanical Engineering. All rights reserved.

(Keywords: hard coatings, friction, wear, plasma nitriding)
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Za spremembo ali oplemenitenje sti¢nih
povrsin in izboljSanje njihovih triboloskih lastnosti
imamo na razpolago najrazli¢nejSe postopke
poboljsanja ter postopke nanosa trde zascitne
prevleke. V primeru, da je na povr§ino nanesena plast
novega materiala, govorimo o postopkih nanasanja,
Ce pa pride do spremembe mikrostrukture obstojece
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povrsine, pa o postopkih poboljsanja (slika 1).
Lastnosti povrsine, kakor so zmoznost noSenja
obremenitve, obrabna odpornost ter ustrezen
koeficient trenja, so seveda odvisne od uporabljenega
postopka oplemenitenja povrsine ([1] do [10]).
Izbira najprimernejSega postopka oplemenitenja
povrsine je odvisna od mnogih dejavnikov, pri éemer so
najpomembne;jsi delovne zahteve, izbrani osnovni
material, parametri oplemenitenja povrsine ter zahtevane
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Sl. 1. Tehnologije oplemenitenja povrsin

lastnosti povrsine ([5], [7], [11] in [12]). V prvi vrsti
morajo biti postopki oplemenitenja ali spremembe
povrsine zdruzljivi z izbranim osnovnim materialom
elementa. To pomeni, da sta poleg trdote povrsine
najpomembnejSa parametra za izbiro postopka
oplemenitenja povrSine temperatura oplemenitenja ter
debelina modificirane oziroma nanesene plasti. Trdota
oplemenitenih povrsin se giblje od 250 do 350 HV za
toplotno naprsene prevleke, do 1000 HV za nitrirana in
cementirana jekla, vse do 3500 HV pri trdih kerami¢nih
prevlekah, nanesenih iz faze pare (CVD in PVD), medtem
ko diamantne in diamantu podobne previeke dosegajo
celo trdoto naravnega diamanta. Debeline plasti so v
obmoc¢ju od nanometra do milimetra, temperature
oplemenitenja pa med 20 °C in 1000 °C ([6] in[10]).
Za doseganje zelenih triboloskih lastnosti
morajo oplemenitene povrsine zdruzevati ustrezno
kombinacijo lastnosti; primerno trdoto, zilavost,
toplotno razteznost, adhezijo, koeficient trenja itn.
Kljub velikemu razponu razpolozljivih materialov in
tehnik oplemenitenja se je izkazalo, da preprosto in z
uporabo posameznih postopkov oplemenitenja vseh
teh lastnosti ni mogoce dose¢i hkrati. To spoznanje
in vse vecje zahteve industrije po uporabi lahkih in
cenenih osnovnih materialov je vodilo do razvoja

novih zamisli oplemenitenja povrsine (veckomponen-
tne in vecplastne prevleke ter kombinacija
kemotoplotne priprave podlage in nanosa trdih
prevlek, znana tudi kot tehnologija “duplex”) ([7] do
[9], [13] do [15]). Poglavitna zamisel vseh zasnutkov
oplemenitenja povrsine je povecanje odpornosti in
optimizacija mikrostrukture kompozita, s ¢imer je
mogoce doseCi ustrezne lastnosti tako na povrsini
kakor tudi v podlagi.

Izbira ustreznega postopka oplemenitenja
povrsine je Ze sama po sebi zelo zahtevna naloga. Z
zdruzevanjem razli¢nih tehnik oplemenitenja povrsine
se zahtevnost izbire Se precej poveca. Tako izbira
ustrezne priprave podlage in nanosa trde zascitne
prevleke terja celovito poznavanje prednosti in
pomanjkljivosti posameznih tehnologij oplemenitenja
ter moznosti njihove kombinacije. Na drugi strani je
koncna odlocitev o na¢inu oplemenitenja povrsine
vedno kompromis med tehnoloskimi in gospodarskimi
zahtevami.

1 Triboloski stik

O triboloskem stiku govorimo, kadar imamo v
stiku dve povrsini, ki se medsebojno relativno
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gibljeta. S Casom pride znotraj triboloskega stika do
spremembe geometrijske oblike in materialnih
lastnosti sticnih povrsin, kar se kaze v energijsko
povezanih izhodnih velic¢inah; trenje, obraba,
povisana temperatura, nihanja itn. [15]. Kot tak je
triboloski stik zelo zahteven, Se posebej ker hkrati
vkljucuje spremembe, tako na makro kakor tudi na
mikro nivoju, tribokemijske spremembe in prenos
materiala.

V primeru povrsin prekritih s trdimi prevlekami,
je njihovo tribolosko obnasanje odvisno od Stirih
parametrov, to so:

- trdota prevleke

- debelina prevleke

- hrapavost povrsine

- velikost in trdota delcev v stiku

Glede na kombinacijo teh $tirih parametrov se
lahko sre¢amo z najrazli¢nejSimi sti€nimi situacijami,
ki jih okarakterizirajo specificni obrabni mehanizmi
([107],[16] in[17]), kar prikazuje slika 2.

1.1 Trdota prevleke

Eden najpomembnejsih parametrov, ki vplivajo
na tribolosko obnasanje oplaséenih povrsin, je trdota
prevleke oziroma razmerje med trdoto prevleke in
trdoto podlage. Prednost uporabe mehkih prevlek je
v znizanju koeficienta trenja [ 18], prav tako pa znizajo
tudi natezne napetosti v stiku, ki zelo negativno
vplivajo na Sirjenje razpok in s tem na obrabno
odpornost elementa. Po drugi strani mehke prevleke
niso zmozne prenasati obremenitve.

Trda prevleka nanesena na “mehko” podlago
preprecuje razenje povrsine ter s tem zmanjsa njeno
obrabo [17]. Imajo pa trde kerami¢ne prevleke
pomanjkljivost, da povecajo trenje v triboloSkem
stiku, zaradi Cesar so uporabne predvsem v abrazijskih
okoljih. S tvorjenjem mikrofilma z nizko strizno
odpornostjo na povrsini prevleke je mozno tudi v
primeru trdih prevlek doseci nizek koeficient trenja in
majhno stopnjo obrabe [19]. V tem primeru se strizenje

STIK S \ /
PREVLEKO ‘ ) ‘
TRDOTA
PREVLEKE \ MEHKA] \ x TRDA
;\ TRDATT] l r\ MEIH(A‘ 1
a e
DEBELINA — T D ; - : ‘
PREVLEKE ‘ —I ‘ — ‘
ADIIEZITA TN UTRUJANIE POSKODBA PRCVLEKE
PILASTICNA
¢ 2 f
HRAPAVOST _: = ; g/” :ﬁ = : Qz/ < == _; N
POVRSINE F‘Ww\/—*~\/-‘” — e Q in:,\_vx/ /\—':-A_T
RAZENJE VRHOV LOMLJENJE VRHOV
DEFORMACIJA NERAVNIN RAZSLOJ NERAVNIN
DELCIV
STIKU F:lvN“N
RAZENJE DELCEV ABRAZIJSKA OBRABA

Sl. 2. Obrabni mehanizmi pri prekritih povrsinah [17]
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(drsenje) pojavi znotraj mikroplasti, medtem ko sama
trda prevleka nosi obremenitev. Nadaljnje znizanje
trenja in obrabe je mogoce doseéi s povecanjem
trdote podlage, s ¢imer prepre¢imo deformacijo
povrsine in vpliv razenja ([16],[19] in [20]).

1.2. Debelina prevleke

Naloga prevleke je loCevati sticni povrSini
ter z utrditvijo povrsine zmanjsati njuno obrabo. Ce
pri tem podlaga ni dovolj toga, da bi nosila
obremenitev in dajala zadostno podporo trdi prevleki,
lahko le-ta izgubi svojo vlogo. Pod vplivom
obremenitve se bo prevleka deformirala v skladu z
deformacijo podlage, pri ¢emer lahko upogibne
napetosti v prevleki ter napetosti na meji med prevleko
in podlago presezejo kriti¢ne vrednosti. To vodi do
nastanka in Sirjenja razpok ter v kon¢ni fazi do
odpovedi prevleke, kakor je prikazano na sliki 3 [21].
Poskodbo prevleke, zaradi prekomerne deformacije
podlage, je mogoce resiti s povecanjem debeline
prevleke, ki nato sama lahko nosi obremenitev. S
triboloskega vidika je uporaba tankih trdih prevlek
primernejsa, in to iz ve¢ vzrokov. Nanos debelih
prevlek, Se posebej v primeru fizikalnega nanaSanja
iz faze pare, je povezan z nastankom visokih tlacnih
napetosti v prevleki, ki v najslabSem primeru lahko
privedejo do luscenja prevleke [22]. Po drugi strani
je, ob enakem upogibu, debela prevleka izpostavljena
vecjim upogibnim napetostim kakor tanka prevleka
in nastale razpoke hitreje presezejo kriti¢ne vrednosti
za porusitev ([23] in [24]).

1.3. Hrapavost povrSine

V strojniStvu se z idealno gladkimi povrSinami
zelo redko sre¢ujemo. To pomeni, da je treba hrapavost
povrsine upostevati pri analizi triboloskega stika.
Enako velja tudi v primeru oplemenitenih stikih
povrsin. V odvisnosti od metode oplemenitenja lahko
ostane hrapavost povrSine ve¢ ali manj
nespremenjena, lahko pa pride tudi do njenega
povecanja. Pri drsenju dveh hrapavih povrsin razijo
vr§icki neravnin trde oplemenitene povrSine po
nasprotni povrsini, kar vpliva na povecanje trenja in
obrabe, Se posebej v zacetni fazi drsenja ([24] in [25]).
Hrapavost povrSine pa vpliva tudi na zmanjSanje
realne sticne povrsine in s tem na povecanje sticnega
tlaka. Kakor je prikazano na sliki 4, ima hrapavost
povrsine precejSen vpliv na porazdelitev sticnega
tlaka p. Le-ta postane nepovezana in lahko mestoma
tudi do trikrat preseze nominalne vrednosti Hertz-
ovega sticnega tlaka p, [24]. Visoki sti¢ni tlaki ter
krhkost prevleke pa zahtevajo dovolj togo podlago,
ki je zmozna nositi obremenitev in dajati zadostno
podporo prevleki.

Zaradi same narave procesa nanasanja trdih
zas¢itnih prevlek te vsebujejo visoke zaostale
napetosti. Tla¢ne zaostale napetosti na splo$no
izboljsajo obrabno odpornost trdih prevlek, kar pa
velja le v primeru idealno gladkih in ravnih povrsin.
Pri strojnih elementih imamo vedno opazno hrapavost
povrSine ter robove, prehode ipd. Na teh
geometrijskih nepravilnostih zaostale napetosti
inducirajo natezne in strizne sile, ki pospesujejo

F 3
~3F
o
Lo
=
& Hrapava povrina
zal
G Gladka povrsina
n

1+

0 Vl £

] a 2a
Sirina stika

Sl. 4. Topografija dejanske hrapave povrsine (a) in porazdelitev sticnega tlaka pri gladki in hrapavi
povrsini (b) [24]

1
it

Sl. 5. Natezne in strizne napetosti na meji med prevleko in podlago, nastale na: robu (a), vboklini (b) in
izboklini (c) [22]
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medploskovno Sirjenje razpok, kakor prikazuje slika
5. Elementi so med obratovanjem izpostavljeni tudi
zunanjim obremenitvam, ki se dodajo na zaostale
napetosti. Vsota sti¢nih in zaostalih napetosti pa lahko
na mestu geometrijskih nepravilnosti preseze
oprijemljivost prevleke na podlago in s tem privede
do luscenja prevleke [22]. Za preprecitev luséenja
prevlek je tako treba hrapavost povrsine prilagoditi
debelini in tipu prevleke ter stopnji obremenitve.

2 PLASTICNA DEFORMACIJA

Pri vecini oplemenitenih povrsin je obicajna
obraba le redko razlog za odpoved sistema. Odpoved
oplascene povrsine se pojavi zaradi us¢enja previeke
(adhezijska poskodba), pokanja previeke (kohezijska
poskodba) ali zaradi poskodbe podlage ([7], [9] in [27]).
V vseh primerih je poskodba sistema posledica nastanka
in Sirjenja razpok v prevleki ali v njeni neposredni blizini
([27] in [28]). Za napoved obnasanja oplemenitenih
povrsin in dolocitev obmocja delovanja je tako nujna
dolocitev porazdelitve napetosti ter zacetka in Sirjenja
cone plasti¢ne deformacije ([29] in [30]).

V primeru trdih prevlek je lega najvecjih
striznih napetosti odvisna od koeficienta trenja,
debeline prevleke in togosti podlage [29] in [30] (sl
6). V primeru nizkega koeficienta trenja (< 0,3) se le pri
zelo tankih prevlekah plasti¢na deformacija pri¢ne v
podlagi, in to neodvisno od razmerja meje plasti¢nosti
prevleke in podlage (¢ y1/ Gyp). S povecevanjem debeline
prevleke se tocka zacetnega teCenja pomika na mejo
med prevleko in podlago, v primeru razmeroma debelih
prevlek nanesenih na togo podlago pa v samo
prevleko, kakor prikazuje slika 6a. V primeru visokega
koeficienta trenja (> 0,3) verjetnost nastanka plasti¢ne
deformacije v podlagi ali v prevleki izgine in ostaneta
le Se dve mozni legi, povrSina in vmesna plast med
prevleko in podlago [30], (sl. 6b).

V vecini dejanskih primerov, pri katerih imamo
tanko obrabno odporno prevleko naneseno na
razmeroma mehko podlago iz konstrukcijskega jekla,
se plasticna deformacija pri¢ne na meji med prevleko
in podlago in le redko znotraj same prevleke ([29] in
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[30]). S povecanjem koeficienta trenja in debeline
prevleke pa se toCka krajevnega tecenja pomakne na
samo povrs§ino. Iz tega je razvidno, da napake
materiala, kakor so mikro razpoke, vkljucki in
hrapavost povrsine prevleke in podlage pomenijo vir
zgostitve napetosti in zacetka odpovedi oplas¢enega
sistema.

3 KOMBINACIJA KEMOTOPLOTNE PRIPRAVE
PODLAGE IN NANOSA TRDE ZASCITNE
PREVLEKE ALI PREVLEKE »DUPLEX«

Odpornost materiala proti obrabi, utrujanju ter
koroziji je mo¢ doseéi z uporabo razli¢nih postopkov
poboljsanja ter postopki nanosa trdih zascitnih
prevlek. S povecevanjem zahtev po vse vecjem
izkoristku, daljsi dobi trajanja in vecji zanesljivosti
elementov mehanskih sistemov, izpostavljenih
zahtevnim obremenitvam, pa posamezni postopki
poboljsanja ne dajejo vec Zelenih rezultatov. Postopki
nitrocementacije in nitriranja, ki so zagotavljali boljso
obrabno odpornost ter odpornost proti utrujanju pri
“obicajnih” konstrukcijah, ne zmorejo ve¢ zagotavljati
zapletenih zahtev po odpornosti proti utrujanju,
obrabni odpornosti pri povisanih temperaturah,
nizkemu trenju ter zmoznosti noSenja obremenitve.
Kljub temu, da smo s prihodom tehnik nanasanja trdih
prevlek dobili dodatne moznosti za oplemenitenje
povrsine, pa so trde zas¢itne prevleke obicajno krhke
in razmeroma tanke. V primeru nanosa prevleke na
poboljsana konstrukcijska jekla z nizko trdoto
povrsine bo prislo pod vplivom obremenitve do
elasticne ali celo plasti¢ne deformacije podlage in s
tem posledi¢no do pokanja ter odpovedi prevleke
([17]in[31]). V nasprotju z zilavimi konstrukcijskimi
jekli, ki so zmozna prenesti precejSnje elasticne ali
celo plastiéne deformacije brez poskodbe, pa lahko
trde in krhke prevleke odpovedo Zze pri majhnih
deformacijah podlage.

Resitev opisanega problema je ponudila nova
tehnika oplemenitenja povr§ine, imenovana
poboljsanje “duplex” ali prevleka “duplex”. “Duplex”
poboljsanje vkljucuje uporabo dveh razlicnih tehnik
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Sl. 6. Pricetek plasticne deformacije pri oplasceni povrsini (h — debelina previeke in 2a — Sirina stika);
=025 (@), u=05@®)[30]
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Sl. 7. Kriticna obremenitev poskodbe nizkolegiranega jekla, prekritega s trdo prevleko pri drsenju (a) in
kotaljenju (b)

oplemenitenja povrSine in zagotavlja mehanske,
metalurske, kemijske in triboloske lastnosti, ki z
uporabo posameznega postopka oplemenitenja niso
dosegljive ([9] in [14]). Osnovno nacelo oplemenitenja
“duplex” je zdruzitev kemotoplotne priprave podlage
in nanosa trde zascitne prevleke, in sicer tako, da se
njune prednosti zdruzijo in pomanjkljivosti po
moznosti iznicijo [32]. Kompozit tako sestoji iz tanke
zascCitne prevleke, ki zagotavlja zeleno trdoto in
triboloske lastnosti povrsine, plasti utrjenega materiala
podlage, odgovornega za noSenje obremenitve ter
zilavega jedra.

Izmed vseh moznih kombinacij se je
kombinacija nitriranja v plazmi in fizikalnega nanosa
trde prevleke iz faze pare izkazala kot najprimernejsa
za izboljSanje odpornosti ter triboloskih lastnosti
strojnih elementov ([14] in [33]). Nitriranje v plazmi
poveca trdoto podlage ter vodi do nastanka visokih
tlacnih napetosti v materialu podlage. Vecja trdota
podlage zmanjSa njeno deformacijo in daje boljso
podporo prevleki (sl. 7). Po drugi strani imamo manjsi
gradient trdote in napetosti na meji med prevleko in
podlago in s tem bolj enakomerno polje deformacij in
napetosti. Eksperimentalni rezultati so pokazali, da
nitriranje v plazmi izboljsa tudi oprijemljivost previeke
na podlago ([15] in [34]).

Stopnja obrabe k [x106 mm:’/Nm]

TiN

Previeka

TiAIN

Analiza triboloskih preizkusov je pokazala,
da kombinacija nitriranja v plazmi ter nanosa trde
zascitne prevleke TiN, TiAIN ali diamantu podobne
prevleke (DPP - DLC) daje povrsini boljSo zmoznost
prenasati obremenitev ter triboloSke lastnosti
nizkolegiranih jekel, ki jih drugac¢e ni mo¢ doseci
([15],[19], [33] do [35]). Kakor prikazuje slika 8, je
mogoce s pravilno izbiro kemotoplotnega
oplemenitenja podlage ter nanosa trde zascitne
prevleke doseci izredno majhno stopnjo obrabe
povrsine. Najvecje izboljSanje obrabne odpornosti
je mogoce zaslediti v primerih, ko je diamantu
podobna prevleka (DPP) nanesena na nitrirano
podlago s tanko spojinsko plastjo A’, in to tako v
primeru drsenja kakor tudi kotaljenja (sl. 8 in 9) ([34]
in [35]). Na sliki 10 je prikazanih nekaj prakti¢nih
primerov uporabe prevlek DPP na strojnih elementih.

4 SKLEPI

- Tribolosko obnaSanje povrsin, oplemenitenih s
trdimi prevlekami, je odvisno od velikega Stevila
parametrov, od katerih so najpomembne;jsi razmerje
trdote prevleke in podlage, debelina prevleke,
hrapavost povrSine in zmoznost prevleke delati
mikroplast z nizko strizno odpornostjo.

kaljenje
nitriranje

nitriranje +y' Poboljsanje

podlage

Sl. 8. Stopnja obrabe oplemenitenega nizkolegiranega jekla pri drsenju
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S1. 9. Povrsina nizkolegiranega jekla, prekrita s previeko DPP, po prelzkusu (a) drsenje (v,=1mbs, F,=
60 N, s = 1000 m), in (b) kotaljenje (n = 150 min”', F, = 50 N, 10° ponovitev)

i@

TR

S1. 10. Primeri uporabe previek DPP na strojnih elementih: (a) zobniki, (b) elementi motorja in (c)
hidravlicni elementi [36]

- Glavna zahteva za uspesno delovanje oplascenih
sestavnih delov sta zadostna oprijemljivost previeke
na podlago ter zmoznost podlage dati zadostno
oporo prevleki. Priprava podlage ima tako kljucen
vpliv na tribolosko obnasanje trdih prevlek,
namenjenih strojnim delom. Pri tem je treba poudariti,
da $e tako trda in obrabno odporna prevleka odpove,
¢e podlaga ne zagotavlja zadostne podpore, in/ali
¢e je oprijemljivost prevleke na podlago neprimerna.

- Med sedanjimi postopki kemotoplotnega
poboljsanja se je nitriranje v plazmi izkazalo kot

najprimernejs$i postopek predpriprave povrsine
strojnih delov za nanos trde zascitne prevleke. S
povecanjem nosilne zmoznosti jeklene podlage
in izboljsanjem oprijemljivosti prevleke na
podlago nitriranje v plazmi zagotavlja zelene
lastnosti strojnih delov, prekritih s trdo zasc¢itno
prevleko.

Zaradi krhkosti trdih prevlek in pomanjkanja znanja
o vplivu maziva je uporaba trdih previek v
strojniStvu Se vedno ve¢ ali manj omejena na
preproste primere drsnega stika.
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Instructions for Authors

Clanki morajo vsebovati:

t.

naslov, povzetek, besedilo ¢lanka in podnaslove slik v
slovenskem in angleskem jeziku,
dvojezic¢ne preglednice in slike (diagrami, risbe ali
fotografije),
seznam literature in
podatke o avtorjih.

Strojniski vestnik izhaja od leta 1992 v dveh jezikih,
v slovenscini in anglescini, zato je obvezen prevod v

angles¢ino. Obe besedili morata biti strokovno in jezikovno
med seboj usklajeni. Clanki naj bodo kratki in naj obsegajo
priblizno 8 tipkanih strani. Izjemoma so strokovni ¢lanki, na
zeljo avtorja, lahko tudi samo v slovenscini, Vsebovati pa
morajo angleski povzetek.

Vsebina ¢lanka

Clanek naj bo napisan v naslednji obliki:

- Naslov, ki prlmemo 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 novejsega 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
oznadene z uporabo dvignjene Stevilke'.

Oblika ¢lanka

Besedilo naj bo pisano na listih formata A4, z

dvojnim presledkom med vrstami in s 3 cm Sirokim robom,
da je dovolj prostora za popravke lektorjev. Najbolje je, da
pripravite besedilo v urejevalnilku Microsoft Word. Hkrati
dostavite odtis ¢lanka na papirju, vkljuéno z vsemi slikami
in preglednicami ter identi¢no kopijo v elektronski obliki.

Prosimo, da ne uporabljate urejevalnika LaTeX, saj

program, s katerim pripravljamo Strojniski vestnik, ne uporablja
njegovega formata. V urejevalniku LaTeX oblikujte grafe,
preglednice in enacbe in jih stiskajte na kakovostnem laserskem
tiskalniku, da jih bomo lahko presneli.

Enacbe naj bodo v besedilu postavljene v locene

vrstice in na desnem robu oznacene s tekoco Stevilko v
okroglih oklepajih

Enote in okrajsave

V besedilu, preglednicah in slikah uporabljajte le

standardne oznacbe in okrajSave SI. Simbole fizikalnih veli¢in
v besedilu pisite posevno (kurzivno), (npr. v, 7, n itn.). Simbole

enot, ki sestojijo iz ¢rk, pa pokon¢no (npr. ms’,

K, min, mm

itn.).

v

Vse okrajSave naj bodo, ko se prvi¢ pojavijo, napisane
celoti v slovenskem jeziku, npr. Casovno spremenljiva

geometrija (CSG).

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 content and
language. Papers should be as short as possible and should on
average comprise 8 typed pages. In exceptional cases, at the
request of the authors, speciality papers may be written only in
Slovene, but must include an English abstract.

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 miniversion of the
paper and should not exceed 250 words. The Abstract should
state the principal objectives and the scope of the investiga-
tion, 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 subsequent
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 A4 format, with double

spacing and margins of 3 cm to provide editors with space to
write in their corrections. Microsoft Word for Windows is the
preferred format for submission. One hard copy, including all
figures, tables and illustrations and an identical electronic ver-
sion of the manuscript must be submitted simultaneously.

Please do not use a LaTeX text editor, since this is

not compatible with the publishing procedure of the Journal of
Mechanical Engineering. Graphs, tables and equations in LaTeX
may be supplied in good quality hard-copy format, so that they
can be copied for inclusion in the Journal.

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.

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).
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Slike

Slike morajo biti zaporedno ostevil¢ene in
oznacene, v besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete
naj bodo v kateremkoli od razsirjenih formatov, npr. BMP,
JPG, GIF. Za pripravo diagramov in risb priporocamo CDR
format (CorelDraw), saj so slike v njem vektorske in jih
lahko pri kon¢ni obdelavi preprosto povecujemo ali
pomanjsujemo.

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 ozna¢ena. Pomen oznake mora biti
pojasnjen v podnapisu slike.

Vse oznacbe na slikah morajo biti dvojezicne.

Za vse slike po fotografskih posnetkih je treba
priloziti izvirne fotografije ali kakovostno narejen posnetek.
V izjemnih primerih so lahko slike tudi barvne.

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
dvojezi¢ni podvojitvi imen. K fizikalnim veli¢inam, npr. ¢
(pisano posevno), pripisite enote (pisano pokon¢no) v novo
vrsto brez oklepajev.

Vsi podnaslovi preglednic morajo biti dvojeziéni.

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 controler
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.

Oertli, P.C. (1977) Praktische Wirtschaftskybernetik.

Carl Hanser Verlag, Miinchen.

[3
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Podatki o avtorjih

Clanku prilozite tudi podatke o avtorjih: imena,
nazive, popolne postne naslove, Stevilke telefona in faksa
ter naslove elektronske poste.

Sprejem ¢lankov in avtorske pravice

Urednistvo Strojniskega vestnika si pridrzuje
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