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Editorial

Petdesti letnik Strojniskega vestnika

Minilo je ze skoraj petdeset let, kar je zacel
izhajati Strojniski vestnik, torej vstopa sedaj v svoje
jubilejno petdeseto leto. Proslava v marcu 2005 se
bliza s hitrimi koraki. Zato je sedaj Cas, da se
spomnimo, kaj vse se je zgodilo v preteklem obdobju.
Od 1993 izhajamo v dveh jezikih (znanstveni
prispevki), uvrsceni smo tudi v mednarodno bazo
“Institute for Scientific Information”, pri kateri imamo
koli¢nik citiranosti 0,05. V letu 2003 smo izdali 10
enojnih in eno dvojno Stevilko. V teh 11 zvezkih smo
nabrali 45 ¢lankov, od tega 37 znanstvenih (izvirni ali
pregledni znanstveni ter kratki znanstveni prispevki
oz. predhodne objave) in 8 strokovnih ¢lankov. Za
vse izvirne znanstvene ¢lanke smo pridobili tudi
recenzije priznanih strokovnjakov iz tujine, ki
potrjujejo kakovost objavljenih prispevkov. Redno
smo objavljali tudi rubriki Strokovna literatura in
Osebne vesti ter obCasno Porocila. Kot novost naj
omenim, da bomo odslej izvirne znanstvene ¢lanke
tujih avtorjev objavljali samo v angles¢ini (s
slovenskim povzetkom).

V letosnjem 50. letniku nameravamo izdati
nekaj tematskih zvezkov, pozornost pa bomo
posvetili tudi ve¢ pomembnim obletnicam. Mineva
namre¢ 250. obletnica rojstva slavnega kanonirja
Jurija pl. Vege, ki je poleg svojih logaritmovnikov in
balisti¢nih znanj prispeval kar nekaj strojev in naprav,
Se prej pa se je pet let ukvarjal tudi z re¢no plovbo.
Na tem podrocju se je uveljavil tudi le tri dni mlajsi
ljubljanski hidrotehnik Jozef Schemmerel pl.
Leytembach, ki je pod vplivom Gabriela Gruberja
(graditelj Cesarskega grabna med Ljubljanskim
gradom in Golovcem) nacrtoval plovno pot med
Dunajem in Jadranom, kar pa je padlo v pozabo zaradi
gradnje juzne zeleznice. V letosnjem letu se bomo
spomnili tudi nasega termodinamika prof.dr. Zorana
Ranta (rojen je bil 14.9.1904), znanega predvsem po
pojmu eksergija. Bil je tudi v prvem uredniSkem
odboru SV.

Glavni in odgovorni urednik SV
prof.dr.Andro Alujevi¢

Potinina pistans v golovinl
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Analiza visokotlacnega in nizkotlacnega
vracanja izpusnih plinov v tlacno polnjenem

dizelskem motorju

An Analysis of the Application of High- and Low-Pressure
Exhaust-Gas Recirculation to a Turbocharged Diesel Engine

Ales Hribernik - Gorazd Bombek

Vracanje izpusnih plinov je ucinkovita metoda za zmanjsanje emisije dusikovih oksidov (NOx). Dva
razlicna postopka vracanja izpusnih plinov se lahko uporabita za tlacno polnjene dizelske motorje. Pri
nizkotlacnem postopku vodimo del izpusnih plinov, ki iztekajo iz turbine, na polnilno stran motorja, kjer se
pomesajo s svezim zrakom. Alternativna pot je visokotlacni postopek. Pri tem postopku odvzemamo del
izpusnih plinov Ze pred turbino in jih pri nadtlaku tlacimo v polnilni zbiralnik za kompresorjem. Z enorazsezno
metodo smo simulirali tokovne in termodinamicne procese v Stirivaljnem motorju z vracanjem izpusnih plinov
po obeh postopkih. Raziskali smo moznost doseganja Zelene stopnje vracanja z obema postopkoma in njun
vpliv na obratovalne karakteristike motorja in turbokompresorja. Rezultati so prikazani v prispevku.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Klju¢ne besede: motor z notranjim zgorevanjem, recirkulacija izpusnih plinov, emisije NOx, meritve,
simuliranje)

Exhaust-gas recirculation (EGR) is an effective way of reducing NOx emissions. Two different
strategies can be applied when using EGR in a turbocharged diesel engine. The first one is known as low-
pressure EGR, where a passage is provided enabling exhaust gasses from below the turbine to pass to the
fresh-air side of the engine. Its alternative is high-pressure EGR. In this EGR configuration the exhaust gas is
withdrawn from the exhaust manifold above the turbine and fed to the intake manifold below the compressor.
The applications of both strategies to a four-cylinder diesel engine were studied by means of a one-dimensional
simulation. The possible range of EGR applications for both concepts and their effects on the engine and

turbocharger operations were examined and are discussed in this paper.
© 2004 Journal of Mechanical Engineering. All rights reserved.
(Keywords: internal combustion engines, exhaust gas recirculation, NOx emissions, measurements,

simulations)

0UVOD

Vracanje izpusnih plinov je uveljavljen
postopek za zmanjSanje emisij dusikovih oksidov NOx
v motorjih s prisilnim vzigom in se vse bolj uveljavlja
tudi v manj$ih dizelskih motorjih. Z vracanjem
izpusnih plinov zmanjSamo NOX pri vseh obratovalnih
pogojih motorja. Se posebej pomembno pa je
zmanjSanje NOX pri visokih obremenitvah motorja,
saj v teh razmerah nastaja najve¢ NOx [1].

Med razlogi za zmanjSanje NOx zaradi
vracanja izpusnih plinov se najpogosteje omenja
zmanjSanja koncentracije kisika in povecanja toplotne
kapacitete zmesi v valju. Ker je visoka temperatura v
valju najpomembne;jsi dejavnik pri nastanku NOx, je
uporaba vracanja izpusnih plinov izredno uéinkovit
postopek za njegovo zmanjSevanje [2]. Z raziskavami

O0INTRODUCTION

Exhaust-gas recirculation (EGR) is a well-
established approach for NOx-emission reduction
in spark-ignition engines, and is now used exten-
sively in small diesel engines. EGR is effective for
reducing NOx under all load conditions. High-load
NOx reduction in diesel engines is especially impor-
tant because most of the NOx is produced under
high loads [1].

Several explanations have been proposed
for the reduction in NOx emissions using EGR. These
explanations focus on EGR’s reduction of the peak
cylinder temperature due to the reduced oxygen con-
centration and the increased heat capacity of in-cyl-
inder gases. EGR is an effective means of controlling
NOx formation, because the peak cylinder tempera-
ture is the most influential variable affecting NOx pro-
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je ugotovljeno, da je mogoce zmanjsati koncentracijo
NOx v izpusnih plinih za 30 do 75 % pri uporabi 5 do 25 %
stopnje vracanja izpusnih plinov ([1] in [3]).

Zal se pojavljajo pri uporabi vradanja
izpusnih plinov tudi nezeleni stranski u¢inki. Poveca
se obraba motornih delov, potreben je visji polnilni
tlak in povecajo se emisije nezgorelih ogljikovodikov
(HC) in saj. Povecana obraba je predvsem posledica
abrazije, ki jo povzrocajo delcki (saje) v polnilnem
zraku in zveplene kisline v recirkuliranih izpus$nih
plinih, in povzroca razgradnjo mazalnega olja [1].
Povecan tlak polnjenja je potreben zato, ker izpusni
plini nadomestijo del zraka v polnilnem zbiralniku in
je potrebna vecja skupna masa polnjenja valjev
motorja, da lahko zgori enaka koli¢ina goriva in ostane
gostota moc¢i motorja nespremenjena [1]. Povecanje
emisije delckov (saj) je opaziti predvsem pri velikih
obremenitvah. Predpostavlja se, da je posledica
zniZanja temperature zgorevanja, kar zmanjsa hitrost
oksidacije saj [4].

Vracanje izpusnih plinov v tla¢no polnjenem
dizelskem motorju lahko izvedemo z dvema
postopkoma. Tako imenovani nizkotlacni postopek
prikazuje slika 1. Del izpusnih plinov, ki iztekajo iz
turbine, vodimo na polnilno stran motorja in jih
meSamo s svezim zrakom. Pozitivna tla¢na razlika med
izpusno in sesalno stranjo motorja omogoca preprosto
vodenje s krmilnim ventilom in veliko stopnjo vracanja
v Sirokem delovnem podroc¢ju motorja. Potrebna je
uporaba filtra za saje, da se izognemo obrabi
kompresorskih lopatic in zamasitvi hladilnika
polnilnega zraka [5]. Alternativa nizkotlac¢ni je
visokotlacno vracanje izpusnih plinov, ki izkorisca
tlacne valove v izpuSnem sistemu pred turbino.

duction [2]. Researchers observed 30 % to 75 % re-
ductions in NOx when using 5 % to 25 % EGR rates
([1]and [3]).

Unfortunately, EGR also has undesirable
side-effects, these include: increased engine wear,
higher required boost pressure, and higher HC and
particulate emissions. The increased engine wear is
due to abrasion by the particulates present in the
intake air, and from the sulphuric acid present in the
recirculating exhaust gas, which tends to break-down
the lubricating oil [1]. Higher boost pressures are
required because the exhaust is replacing some of
the oxygen in the intake manifold. The increased to-
tal mass must, therefore, be forced into the cylinder
to burn the same quantity of fuel and retain the origi-
nal power density [1]. The increase in particulate
emissions occurs mainly under high loads, and is
believed to be due to the reduced combustion tem-
peratures resulting from reduced soot-oxidation rates
[4].

Two different strategies can be applied to
EGR in a turbocharged diesel engine. The first one is
known as the low-pressure EGR concept (Fig. 1). A
passage is provided for the exhaust gases from be-
low the turbine to pass to the fresh-air side of the
engine. The positive pressure difference across the
appropriate EGR valve makes EGR possible over a
wide range of engine operating conditions. Increased
wear on the compressor blades, and charge air cooler
contamination may occur, however, if no diesel
particulate filter is used [5]. The alternative is high-
pressure EGR, which makes use of the dynamic pres-
sure above the turbine. In this EGR configuration
(Fig. 2) the exhaust gas is withdrawn from the ex-

hladilnik
zraka
inter
cooler

kompresor
compressor

turbina
turbine

krmilni
ventil

filter

control

valve

Sl. 1. Nizko-tlacni postopek vracanja
Fig. 1. Low-pressure EGR concept
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Sl. 2. Visoko-tlacni postopek vracanja
Fig. 2. High-pressure EGR concept

Postopek je prikazan na sliki 2. Del izpusnih plinov se
ze pred turbino odcepi in vteka v polnilni zbiralnik za
kompresorjem. Vrnjeni izpusni plini zato ne potujejo
skozi kompresor in hladilnik polnilnega zraka. S tem
se izognemo problemom, znacilnim za nizkotla¢ni
postopek vracanja izpusnih plinov.

Raziskave in primerjava obeh postopkov
vraCanja na 6-valjnem tlacno polnjenem dizelskem so
ze bile opravljene, tako z eksperimentalnim postopkom
[5] kakor tudi z uporabo simulacijskih metod [6]. Namen
predstavljene Studije pa je bil preuciti uporabo obeh
postopkov na 4-valjnem motorju. Dela smo se lotili
tako, da smo najprej z meritvami ugotavljali vpliv stopnje
vracanja na znizanje NOX in na spemembo preostalih
emisijskih komponent v izpusnih plinih. S tem smo
poskusali dolo€iti najprimernejSo stopnjo vracanja
izpusnih plinov za obravnavan motor. Nato pa smo z
uporabo enorazsezne metode simulirali tokovne in
termodinamicne procese v Stirivaljnem motorju z
vracanjem izpusnih plinov po obeh postopkih. Raziskali
smo moznost doseganja zelene stopnje vracanja z
obema postopkoma in vpliv vracanja na obratovalne
karakteristike motorja in turbokompresorja.

1 RAZISKAVE VPLIVA STOPNJE VRACANJA
[ZPUSNIH PLINOV NA EMISIJO SKODLJIVIH
KOMPONENT V IZPUSNIH PLINIH

Raziskave smo izvedli s prototipnim
motorjem TAM BF4L515. Osnovne karakteristike
motorja so zbrane v preglednici 1. Uporabili smo
nizkotla¢ni postopek vraéanja (slika 1). Vrnjene
izpusne pline smo najprej vodili skozi filter za saje.
Nato smo jih ohladili v prenosniku toplote voda —

haust manifold above the turbine and fed to the in-
take manifold below the compressor. The recirculated
exhaust gas, therefore, does not pass through the
compressor and intercooler and the problems encoun-
tered using the low-pressure EGR strategy do not
occur.

The application of both strategies for a six-
cylinder engine have already been studied by means
of both experiment [5] and simulation [6]. The pur-
pose of this presented study was to examine the
application of both concepts for a four-cylinder
engine. First, the effect of EGR on NOx reduction
and emissions formation was studied using a set of
measurements performed on the test engine, and
the results were used to predict the optimal EGR
rate. Then a one-dimensional simulation was used
to simulate flow and thermodynamic processes
within the four-cylinder engine with both EGR con-
cepts applied in order to establish the possibility of
achieving the optimum experimentally obtained EGR
rate for each individual concept, and to study the
effects of EGR on the engine and turbocharger op-
eration.

1 INVESTIGATION OF THE INFLUENCE
OF EGR RATE ON THE ENGINE
EMISSIONS

Investigations were performed on the TAM
BF4L515 diesel engine. The characteristics of this
engine are summarised in Table 1. The low-pressure
EGR concept (Fig. 1) was applied. A passage was
provided for the exhaust gases from below the tur-
bine to pass to the fresh-air side of the engine through
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Preglednica 1. Podatki o testnem motorju
Table 1. Test engine specifications

Number oy cylinders

Motor tlaéno polnjeni, 4-taktni dizelski z neposrednim vbrizgom goriva
Engine turbocharged, 4-stroke direct injected diesel engine
Dobava goriva tlacilka BOSCH

Fueling BOSCH in-line pump

Stevilo valjev 4

Premer x gib bata
Bore x stroke

125 mm x 145 mm

Gibna prostornina
Total displacement

7117 em®

Tla¢no razmerje
Compression ratio

15,8

Turbokompresor
Turbocharger

HOLSET H1E8264AX/GA26*11

plin na temperaturo 25 °C in jih prek krmilnega ventila
vodili v sesalno cev motorja. Stopnjo vracanja smo
spreminjali z nastavitvijo krmilnega ventila in jo
dolo¢ili kot razmerje masnega toka vrnjenih izpusnih
plinov in celotnega masnega pretoka skozi motor.

Meritve smo izvajali pri nespremenljivi vrtilni
frekvenci in stalnem srednjem dejanskem tlaku motorja.
Merili smo osnovne obratovalne parametre motorja,
to so: vrtilna frekvenca motorja in turbokompresorja ,
vrtilni moment motorja, pretok svezega zraka, pretok
vrnjenih izpusnih plinov, poraba goriva, tlak in
temperatura polnilnega zraka in izpusnih plinov v
znacilnih tockah, temperatura glave in valjev motorja.
Hkrati smo merili tudi koncentracijo plinskih komponent
v izpusnih plinih. Koncentracijo NOx smo izmerili s
kemoluminiscenéno metodo, koncentracijo nezgorelih
ogljikovodikov HC s plamensko ionizacijskim
detektorjem, stopnjo sajavosti z Boschevo metodo,
koncentracijo CO z metodo apsorbcije nerazsejane
infrardece svetlobe in koncentracijo O, z elektrolitsko
metodo. Na sliki 3 je prikazana znaéilna sprememba
koncentracije plinskih komponent v odvisnosti od
povecevanja stopnje recirkulacije. Koncentracija NOx
se mocno zmanjsa ze pri 8-odstotni stopnji vracanja in
je pri 21-odstotni stopnji vratanja manjsa za 65
odstotkov. Vracanje ne vpliva pomembno na povecanje
koncentracije HC, pa¢ pa vpliva predvsem na povecanje
sajavosti in povecanje koncentracije CO; v obeh
primerih za dobrih 300 odstotkov pri 2 1-odstotni stopnji
vracanja. Ugotovimo lahko, da je za prikazan primer
najprimernejSa 14-odstotna stopnja vracanja, pri kateri
je osnovna koncentracija NOx ve¢ ko razpolovljena,
medtem ko se sajavost in koncentracija CO niti ne
podvojita.

2 RACUNALNISKA SIMULACIJA TLACNO
POLNJENEGA MOTORJA

Uporabili smo enorazsezno metodo za
simulacijo tokovnih in termodinami¢nih postopkov v

stran 8

a diesel particulate filter. The recirculated gas was
externally cooled by water to gas heat exchanger,
and the gas temperature was maintained at 25 °C. The
EGR rate was defined as the ratio of the recirculated
mass flow and the total mass flow through the en-
gine, and it was controlled by the EGR valve.

Measurements were performed at a con-
stant engine speed and a constant mean effective
pressure. All the basic engine operational param-
eters, such as engine speed and turbocharger (rpm),
engine torque, fresh-air flow rate, recirculated-gas
flow rate, fuel consumption, pressures and tempera-
tures at the intake and exhaust side of the engine,
were measured. The exhaust-gas emissions were
measured simultaneously. The NOx concentration
was measured by a chemiluminescence analyser; a
flame ionisation detector was used for the unburned
hydro-carbon measurement, particulates were moni-
tored with the AVL 450 smoke meter, the carbon mon-
oxide concentration was measured with a
nondispersive infrared analyser, and a ZrO, electro-
lytic method was used for the oxygen concentra-
tion measurement. A typical effect of EGR on the
exhaust-gas emissions of the investigated engine
is shown in Fig. 3. NOx was already drastically re-
duced with 8 % EGR. It was reduced by more than
65 % with 21 % EGR. Almost no EGR effect on the
emissions of the unburned hydrocarbons (HCs) was
observed. However, the emissions of carbon mon-
oxide and particulates tripled with 21 % EGR. In this
particular case it can be seen that 14 % EGR was the
optimum, NOx emissions were reduced by more than
50 %, while CO and particulate emissions were still
satisfactory.

2 COMPUTER SIMULATION OF
TURBOCHARGED ENGINE

A one-dimensional method was used to
simulate the flow and thermodynamic processes
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S1. 3. Vpliv stopnje vracanja izpusnih plinov na spremembo koncentracije Skodljivih komponent v izpusnih
plinih (n = 1600 min”, p = 9 bar)
Fig. 3. Effect of EGR rate on engine emissions (n = 1600 min”, p = 9 bar)

motorju z notranjim zgorevanjem. Metodo smo veckrat
uspesno uporabili za obravnavani tlacno polnjeni motor,
jo testirali s primerjavo racunskih in eksperimentalnih
rezultatov in podrobno predstavili v [7].

Uporabili smo dva simulacijska modela. Obasmo
razviliizosnovnega modelamotorja in uporabili nekaj manjsih
sprememb polnilnega in izpusnega cevnega sistema
potrebnih za izvedbo vracanja izpusnih plinov po sistemu
nizkega oz. visokega tlaka. Omejili smo se le na simulacijo
obratovanja pri nizkih vrtilnih frekvencah motorja (1100 in
1300 min™") pri treh obremenitvah (p,=10bar, p,=12bar in
p=14bar). V teh obratovalnih razmerah je presezek zraka v
tla¢no polnjenem motorju najmanjsi in potrebna je skrbna
izbira stopnje recirkulacije izpusnih plinov, da se razmerje
zrak — gorivo ne zmanjsa pod kriticno mejo (meja sajenja
motorja) in koncentracija saj ne zveca cez vse meje. Povecanje
tlaka v polnilnem zbiralniku zakompresorjemin s tem povecan
pretok skozi motor je najucinkovitejsi ukrep, da se temu
izognemo. Zagotovimo ga lahko z uporabo turbine s
spremenljivo geometrijsko obliko. Z nekoliko manjso
uspesnostjo (nizje stopnje vracanja) pa lahko uporabimo kar
turbino zmanjsim okrovom in sistemom obtekanja turbine, ki
prek posebnega ventila prepusca del izpusnih plinov mimo
turbine in preprecuje pojav dusenega toka v turbini pri velikih
vrtilnih frekvencah motorja. Odlo€ili smo se, da preizkusimo
oba postopka. Zato smo stopnjo vracanja omejilina 10 % pri
polni obremenitvi (p,=14bar) in jo nato stopnjevali do 20 %
pri 70-odstotni obremenitvi (p,=10bar). Kakor so pokazale
raziskave (slika 3), lahko pri teh stopnjah vraCanja izpusnih
plinov pric¢akujemo ve¢ ko 50-odstotno zmanjsanje
koncentracije NOX.

2.1 Nizkotla¢no vrac¢anje izpusnih plinov

Tok vrnjenih izpusnih plinov poteka od
izpusne cevi za turbino, prek filtra za saje, hladilnika
izpusnih plinov in krmilnega ventila v sesalno cev
motorja, kjer se pomesa s svezim zrakom (sl. 1).
Delovanje krmilnega ventila smo simulirali zmodelom
lokalne spremembe tlaka [8]. Uporaba tega robnega

within the internal combustion engine. The method
was successfully used for simulations of the investi-
gated turbocharged diesel engine and it was tested
against the experimental data. The method is pre-
sented in detail in [7].

Two simulation models were used.
These models were based on the original en-
gine model with some minor modifications nec-
essary for setting up the EGR system. EGR con-
cepts were simulated for three different EGR
rates, at two engine speeds and three loads.
The engine operation was studied only at low
engine speeds (1100 and 1300 rpm, both at
p.=10bar, p =12bar and p =14bar). Fresh-air ex-
cess is the lowest at these speeds, EGR can
reduce the equivalent air-to-fuel ratio under the
soot limit and the soot emission can increase
dramatically. EGR rates, therefore, have to be
chosen carefully. This problem can be avoided
by the application of a variable geometry tur-
bine (VGT). However, an appropriate size of tur-
bine housing using the waste gate system can
also do the job when the low-pressure EGR con-
cept is applied and the EGR rate is kept small at
high engine loads. It was decided, therefore, to
graduate the rate of EGR from 10 % at full en-
gine load (p ,=14bar) to 20 % at 70% of full en-
gine load (p =10bar). These EGR rates normally
ensure up to 50 % NOx-emission reductions ac-
cording to the experimental results presented
in Fig. 3.

2.1 Low-pressure EGR

The low-pressure EGR system recirculates
exhaust gas from below the turbine and EGR cooler
(Fig. 1). The exhaust gas is supplied to the fresh-air
side of the engine via a flow-control valve. Operation
of the flow-control valve was simulated by the so-
called “local pressure drop” boundary [8]. Using this
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pogojana stiku dveh cevi namre¢ omogoca spreminjanje
stopnje vracanja izpusnih plinov. Model hladilnika
vrnjenih izpu$nih plinov smo poenostavili in ga
obravnavali kot nadzorno prostornino z okrepljenim
prestopom toplote v okolico. Pri tem smo s primerno
izbranim koeficientom prenosa toplote dosegli zeleno
temperaturo izpusnih plinov na izstopu.

Povecanje vrtilne frekvence turbo-
kompresorja in s tem tlaka v polnilnem zbiralniku za
kompresorjem smo dosegli z uporabo manjsega
okrova turbine (GA19*11), katerega vstopni prerez je
27 % manjsi od vstopnega prereza izvirne turbine
(GA26*11) in je opremljen z obtocnim ventilom. Tako
je bilo mogoce pri vseh obravnavanih rezimih doseci
predpisano stopnjo vracanja izpusnih plinov, ne da
bi ob tem primerjalni razmernik zrak — gorivo padel
pod mejno vrednost 1,4 (meja sajenja za obravnavani
motor), kakor prikazuje slika 4.

2.2 Visokotla¢no vracanje izpus$nih plinov

Za visokotlacno vracanje smo uporabili
dvovejni povratni sistem z dvema hladilnikoma
izpusnih plinov. Izpusni plini izpred levega ali desnega
vtoka v turbino lahko prek prenosnika toplote,
krmilnega ventila in protipovratnega ventila tecejo v
polnilno cev za kompresorjem in hladilnikom polnilnega
zraka (sl. 2). Prav uporaba protipovratnih peresnih
ventilov, ki jih pogosto sre¢amo pri dvotaktnih motorjih
[9], omogoca izrabo tlacnih valov v izpuSnem sistemu
za stiskanje izpusnih plinov v polnilni sistem tudi pri
negativni povprecni tlaéni razliki (p,/p,<1). Ker
vstopajo izpusni plini v polnilni sistem za kompresorjem
in hladilnikom polnilnega zraka, odpadejo problemi
zaradi povecane obrabe kompresorja in masenja
preto¢nih kanalov prenosnika toplote.

Pravilno delovanje protipovratnih peresnih
ventilov odlocilno vpliva na uspesnost visokotlacnega
vracanja. Za popis delovanja protipovratnih ventilov
smo uporabili model pretoka skozi polnilni ventil motorja
[8]. Znacilni enosmerni pretok skozi smo dosegli z nizkimi

razmernik zraka
air-fuel ratio

vrtilna
frekvenca
engine speed

type of boundary it was possible to achieve different
EGR rates. The EGR cooler model was simplified, and
simulated as a single control volume with an in-
creased convection heat transfer. The rate of con-
vection heat transfer within the EGR cooler was in-
tensified to a degree at which the recirculated ex-
haust gas left the water-cooled EGR heat exchanger
at the desired temperature.

The turbocharger speed and, consequently,
the boost pressure were increased by the application
of'a smaller turbine housing (GA19*11) equipped with
a “Waste-Gate” valve. The inflow cross section of
this turbine housing is 27 % smaller than the inflow
cross-section of the original one (turbine housing
GA26*11). This measure ensured the equivalent air-
fuel ratio remained above 1.4 (soot limit) during all
engine-operation regimes and with the desired EGR
rate (Fig. 4).

2.2 High-pressure EGR

In this EGR configuration of a four-cylinder
engine, a dual duct, cooled exhaust recirculation sys-
tem was applied. The exhaust gas was withdrawn
from either duct of the exhaust pipe above the tur-
bine and fed to a reed valve (commonly used by two-
stroke engines [9]) via a flow-control valve and an
exhaust cooler (Fig. 2). The dual-duct configuration,
which employs individual control valves, coolers and
reed valves, makes use of the dynamic exhaust pres-
sure. In this way, sufficiently high EGR rates were
sustained even under negative mean differential pres-
sures (p,/p,<1). The recirculated exhaust gas entered
the charge air line downstream of the charge air cooler.
This preserves the compressor and inter-cooler from
increased wear and contamination.

The correct operation of the reed valves was
crucial for this EGR concept. An adapted cylinder-
valve boundary-condition model [8] was used for
this simulation. The one-way operation of this valve
was achieved by the application of a very low dis-

m1.8-2
o1,6-1,8
01,4-1,6

Sl. 4. Izracunani primerjalni razmernik zrak gorivo v sistemu z nizko-tlacnim vracanjem
Fig. 4. Predicted equivalent air-fuel ratio with low-pressure EGR
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Sl. 5. Vpliv visoko-tlacnega vracanja na ekvivalentni razmernik zrak-gorivo ter na masni pretok in vrtilno
frekvenco turbokompresorja (n=1300 min”, p =12bar)
Fig. 5. Effects of application of high-pressure EGR on equivalent air-fuel ratio, mass flow rate and
turbocharger speed (n=1300 min”, p =12bar)

pretocnimi Stevili, ki smo jih predpisali za povratni tok.
Tako smo dopustili majhno netesnost, kar ustreza
dejanskim razmeram [9]. Preizkusili smo razli¢ne lege
protipovratnega ventila v povratni veji in razlicne
kombinacije ventilov. Ugotovili smo, da je najprimernejsa
uporaba dveh protipovratnih ventilov, ki sta names¢ena
na zacetek in konec vsakega povratnega sistema. V
tak$ni razporeditvi deluje prenosnik toplote kot
nekaksen akumulator visokega tlaka. Prenos snovi v
postopku vracanja izpusnih plinov je zato precej bolj
ustaljen in ne vpliva negativno na delovanje kompresorja.
Ponovno smo skusali doseci vi§ji tlak
polnjenja kar z uporabo manjsega okrova turbine.
Simulacije delovanja motorja z manj$im okrovom tur-
bine GA19*11 in pri razlicnih stopnjah vracanja smo
izvedli pri vrtilni frekvenci 1300 min™ in 85-odstotni
obremenitvi motorja (p . =12bar). Vpliv stopnje
visokotlacnega vracanja izpusnih plinov na izracunan
masni pretok, vrtilno frekvenco turbokompresorja in
ekvivalentni razmernik zrak — gorivo prikazuje slika 5.
Visokotla¢no vracanje izpusnih plinov mo¢no vpliva
na delovanje turbokompresorja. Zaradi zmanjSanega
pretoka skozi turbino se zmanjSa mo¢ turbine z njo pa
vrtilna frekvenca turbokompresorja in tlak polnjenja
(stopnja kompresije). Ustaljeno delovanje sistema
motor — turbokompresor se zaradi tega vzpostavi pri
precej nizjih obratovalnih parametrih (masni pretok,
vrtilna frekvenca turbokompresorja, presezek zraka itn.).
Zato Zelene 15-odstotne stopnje vracanja ne moremo
doseci s primerjalnim razmernikom zrak — gorivo, ki bi
bil visji od meje sajenja, saj je ze pri 14,5-odstotni stopnji
vracanja ekvivalentni razmernik le Se 1,38 (sl. 5).
Potrebno povecanje tlaka polnjenja lahko
torej dosezemo le z uporabo turbine s spremenljivo
geometrijsko obliko. Delovanje turbine s spremenljivo
geometrijsko obliko smo simulirali zmodelom, ki izhaja
iz modela dvonatocne turbine [10]. Tega sestavljajo
trije pod-modeli: spiralni vodilnik, vmesni prostor in
gonilnik. Model vimesnega prostora smo nadomestili z
modelom obroc¢a vodilnih lopatic [10]. Tako smo s
spreminjanjem kota nagiba lopatic simulirali delovanje
turbine s spremenljivo geometrijsko obliko ter pri enakih

charge coefficient for the reverse-flow operation, al-
lowing very little leakage characteristic for the reed-
valve operation [9]. The different positions and com-
binations of the reed valves were examined, and it
was discovered that the application of the reed valve
was optimum on each side of the EGR cooler. In this
combination, the EGR cooler operated as a high-pres-
sure accumulator, thus the mass transfer was smooth,
without any extreme exhaust pressure pulses, which
might have travelled through the EGR coolers into
the intake system and interfered with the proper opera-
tion of the compressor, causing it to surge.

Firstly, any possibility of application for
the turbocharger with a smaller turbine housing
(GA19*11) was examined. Simulations of the en-
gine operation using different EGR rates were per-
formed at 1300 rpm and 85 % load (p =12bar). As
shown in Fig. 5, high-pressure EGR dramatically
affected the turbocharger’s operation, because
reducing the flow through the turbine decreased
the turbine output. The turbocharger speed and
boost pressure, therefore, decreased as well. The
steady-state operation of the turbocharger-en-
gine system was reached at significantly lower
engine-operation parameters (mass flow, turbo-
charger speed, equivalent air to fuel ratio, etc.),
and the desired EGR rate (15% at this load) could
not be obtained when the air-to-fuel ratio was
above the soot limit (lambda is 1.38 at 14.5 % EGR
rate — Fig. 5).

This problem can be solved by the applica-
tion of a variable-geometry turbine. The simulation
of the variable-geometry turbine operation was per-
formed by a turbine model adapted from a twin-tur-
bine model [10]. This model consists of three sub-
models: the spiral volute, the interspace and the tur-
bine rotor. In the adapted model the model of inter-
space between the volute and rotor was supple-
mented, however, by guide vanes [10]. The angle of
the guide vanes was varied during simulations, and
the flow-control valve was adjusted simultaneously
in order to achieve the same boost pressure and the
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stopnjah vracanja z visokotlacnim postopkom dosegli
enake tlake polnjenja kakor pri nizkotlacnem vracanju
izpusnih plinov. Nasliki 6 je prikazan kot nagiba vodilnih
lopatic, ki je potreben, da so stopnja vracanja, tlak
polnjenja in preostali parametri obratovanja motorja
enaki kakor pri nizkotlatnem postopku. Potrebno je
bilo precejsnje pripiranje turbine, saj so koti nagiba
vodilnih lopatic do 40% manjsi od srednjega kota
iztekanja (o, = 20°) iz izvirnega turbinskega okrova
GA19*11, ki je brez obroca vodilnih lopatic.

3 PRIMERJAVA NIZKO-IN VISOKOTLACNEGA
POSTOPKA VRACANJA

Rezultati racunalniSkih simulacij so
pokazali, da je mogoce tako z nizko- kakor z visoko-
tlaénim sistemom dosegati enake stopnje vracanja
izpusnih plinov. Predpostavimo torej lahko, da sta
oba postopka enako ucinkovita z vidika
zmanjSevanja emisije NOx. Delovanje
turbokompresorja v obeh sistemih pa se precej
razlikuje. Masni pretok skozi kompresor in turbino
je pri visokotlatnem postopku manjsi kakor pri
nizkotlacnem. Relativna razlika znaSa prav toliko,
kolikor je stopnja vracanja. ZmanjSan masni pretok
lahko ogrozi stabilno delovanje kompresorja, saj se
delovne tocke pomaknejo blize k meji ¢rpanja, kakor
to prikazuje slika 7. Delovne tocke kompresorja v
sistemu z nizko-tlacnim postopkom vracanja so tik
ob delovnih tockah kompresorja testnega motorja
brez regeneracije. V sistemu z visokotlaénim
postopkom so se delovne tocke precej bolj priblizale
meji ¢rpanja. Kadar se takemu premiku pridruzijo Se
tlaéni valovi, ki se prek visokotlacnega
recirkulacijskega sistema razsirijo v polnilno cev,
lahko postane delovanje kompresorja nestabilno.

Potovanje tla¢nih valov skozi visokotlacni
povratni sistem lahko prepre¢imo z uporabo dveh
protipovratnih ventilov. Pri tem je prvi postavljen na
vstopu drugi pa na izstopu iz sistema. Pri tem deluje
hladilnik izpusnih plinov kot visokotla¢ni akumulator.
To podaljsa obdobje polnjenja polnilne cevi z
izpusSnimi plini in zmanj$a intenzivnost pretoka. Kakor

kot lopatic (st)
flow angle
(deg)

hitrost
speed

(min-")

same EGR rates as with the low-pressure EGR con-
cept. A diagram of the guide-vanes angle used in the
simulations of the high-pressure EGR concept using
the VG turbine is shown in Fig. 6. The mean volute
outflow angle of the original turbine without guide
vanes was o =20°. As can be seen from Fig. 6, an
almost 40 % reduction of the flow angle was neces-
sary for the operation of high-pressure EGR with the
same engine system performance as low-pressure EGR
in terms of the operational parameters.

3 COMPARISON OF LOW- AND
HIGH-PRESSURE EGR

The computations showed that similar EGR
rates can be generated in both high- and low-pressure
EGR configurations. Since the charge-mixture
temperatures did not differ significantly, it can be
assumed that the NOx-emission reduction is also similar
for both concepts. The operation of the turbocharger,
however, differed significantly with both EGR systems.
In contrast to low-pressure EGR, the total air mass flow
through the compressor and through the turbine
decreased when using high-pressure EGR. This mass
flow reduction is equal to the EGR rate, and may cause
the compressor operation to be near, or even within, the
non-stable surge region. Figure 7 shows the effects of
EGR on the positions of the compressor’s operational
points on the compressor map. The compressor
operational points using low-pressure EGR were located
close to the compressor operational line of the original
test engine, while the compressor operational points
using high-pressure EGR shifted towards the surge line.
When this shift is accompanied by pressure pulses
passing through the high-pressure EGR system,
compressor surge might occur.

The application of the reed valve on both sides
of the EGR cooler hinders the pressure pulses when
travelling through the EGR cooler. Moreover, in this
configuration the EGR cooler operated as a high-pressure
accumulator and distributed the recirculated exhaust gas
into the intake system for an interval that was much longer
than the filling period of the EGR cooler. The velocity and

m13,5-14
m13-13,5
b12,5-13
012-12,5

Sl. 6. Spremeba kota naklona vodilnih lopatic turbine — visoko-tlacni sistem vracanja
Fig. 6. Map of guide vane angles for VG turbine in combination with high-pressure EGR
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prikazuje slika 8, se najvecja hitrost plinov od vstopa
v sistem do izstopa iz njega zmanjsa od 140 m/s na 25
m/s, tlacna amplituda pa se zmanjsa z 0,4 bar na 0,05
bar.

Kljub temu, da je masni pretok skozi valje
motorja enak, pa obstajajo pomembne razlike med
postopkoma izmenjave delovne snovi v obeh
sistemih. Primerjavo potekov tlaka v valju prikazuje
slika 9. Med izpuhom se tlak v valju pri sistemu z
visokotlacnim vraCanjem znizuje precej hitreje kakor
pri sistemu z nizkotlaénim vracanjem, saj izpusni

pressure pulses transferred into the intake system,
therefore, were low (Fig. 8), and did not interfere with the
compressor’s operation. The maximum exhaust-gas
velocity was reduced from 140 m/s at the EGR system’s
inflow side to 25 m/s at the outflow side, and similarly the
pressure amplitude was reduced from 0.4 bar to 0.05 bar.

Although the mass flow through the engine
cylinders and the boost pressure were similar in the cases
of both EGR configurations, there were some evident
differences during the gas-exchange process. In-cylinder
pressure-time histories are compared in Fig. 9. During the
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Sl. 7. Delovne tocke kompresorja za motor brez vracanja, motor z nizko-tlacnim vracanjem (LP-EGR) in
motor z visoko-tlacnim vracanjem (HP-EGR)
Fig. 7. The original test engine, the low-pressure EGR concept (LP-EGR) and the high pressure EGR con-
cept (HP-EGR) compressor operational points
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Sl. 8. Potek tlaka in hitrosti pred (p_in, u_in) in za hladilnikom izp. plinov (p_out, u_out) — visoko-tlacno
vracanje
Fig. 8. Pressure- and velocity- time histories at the EGR cooler entry (p_in, u_in), and at the EGR cooler
exit (p_out, u_out) - high-pressure EGR
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Preglednica 2. Primerjava relativnega indiciranega dela izmenjave delovne snovi za sistem z nizkotlacnim

(LP) in visokotlacnim (HP) vracanjem

Table 2. Comparison of relative indicated pumping work with low-pressure (LP) and high-pressure (HP)

EGR configuration

p=14 bar, EGR=10% p=12 bar, EGR=15% | p.=14 bar, EGR=20%

LP HP HP LP HP
1100 min™ 0,75% 0,54% 0,54% 0,35% 0,39% 0,18%
1300 min™’ 0,12% -0,17% 0,00% -0,13% -0,24% -0,35%

plini hkrati ekspandirajo skozi turbino in v hladilnik
izpusnih plinov. V trenutku, ko se na vstopnem
protipovratnem ventilu vzpostavi negativno tlacno
razmerje, se tlaéni valovi odbijejo od njega nazaj v
izpusni sistem. Tlak v izpuSnem sistemu se zato
zvisa, z njim pa tudi tlak v valju. Ta sekundarni
tlacni val vpliva na postopek izmenjave delovne
snovi na dva nacina. Moc¢no se poveca masa
zaostalih izpus$nih plinov in poveca se delo,
potrebno za izmenjavo delovne snovi. Povecanje
mase zaostalih plinov (do 15 %) lahko Stejemo za
pozitiven ucinek, saj poveca stopnjo vracanja,
medtem ko pa je povecanje dela potrebnega za
izmenjavo delovne snovi, nezazeleno.

V preglednici 2 je prikazano indicirano delo,
potrebno za izmenjavo delovne snovi, ki smo ga
dolocili z numeri¢no integracijo izracunanega tlaka
v valju motorja. Rezultati so podani v obliki
relativnih delezev srednjega dejanskega dela. Delo
izmenjave delovne snovi je pri vrtilni frekvenci
motorja 1100 min" pozitivno v vseh primerih, pri
1300 min™! pa je pozitivno le v sistemu z nizkotla¢nim
vracanjem. V povprecju je relativno delo izmenjave
delovne snovi v sistemu z nizkotlaénim vracanjem
za 0,1 do 0,3-odstotne to¢ke manjse. Zato lahko
sklepamo, da je dejanski izkoristek motorja z
nizkotlacnim vra¢anjem v enaki meri (0,1 do 0,3-
odstotne tocke) vecji.

exhaust period using high-pressure EGR the in-cylinder
pressure decreased much faster, because the exhaust
gases expanded into the EGR cooler and through the
turbine at the same time. Once the pressure difference at
the EGR cooler entry became negative, however, the
pressure pulses were reflected from the reed valve back
to the exhaust system, and both the exhaust system and
the in-cylinder pressures increased. This secondary
pressure pulse deteriorated the gas-exchange process in
two ways. The residual gas mass fraction increased, and
the pumping work, necessary for gas exchange, also
increased. Up to 15 % higher residual mass fraction was
observed using high-pressure EGR. Since this helped to
increase the EGR rate the effect was regarded as positive.
The increased pumping work reduced the overall engine
efficiency and had a negative effect.

The indicated pumping work calculated from
the computed in-cylinder pressure traces for both
EGR configurations is presented in Table 2 and ex-
pressed as a percentage of the total effective work.
The positive values relate to 1100 rpm, and the nega-
tive values to a 1300-rpm high-pressure EGR operat-
ing regime. The low-pressure EGR relative pumping
work shows between 0.1 and 0.3 percentage points
higher than its relative value for high-pressure EGR.
It may, therefore, be assumed that the same differ-
ence (between 0.1 and 0.3 percentage points) also
exists between the overall engine efficiencies.
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S1. 9. Potek tlaka v valju in v kanalu izpusnega ventila za motor z nizko-tlacnim (p,cyl LP, p,exh_LP) in
visoko-tlacnim vracanjem (p,cyl HP, p,exh HP)
Fig. 9. Comparison of pressure-time histories within the cylinder and exhaust manifold with low-pressure
GR (p,cyl LP, p,exh_LP) and high-pressure EGR (p,cyl HP, p,exh_HP)
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4 SKLEP

V prispevku smo prikazali rezultate meritev
vpliva vracanja izpu$nih plinov na emisijo Skodljivih
komponent v izpusnih plinih. Ugotovili smo, da ze
10-odstotna stopnja vracanja prepolovi emisijo NOx,
pri cemer se emisija preostalih Skodljivih komponent
ne poveca pomembno. Sele pri 20-odstotni stopnji
vracanja se mocno zvecajo koncentracije CO in saj.
Te ugotovitve smo upostevali v nadaljevanju, ko smo
z uporabo enorazsezne numeri¢ne simulacije
ovrednotili dva postopka recirkulacije izpusnih plinov
v 4-valjnem tla¢no polnjenem dizelskem motorju. Na
podlagi ra¢unskih rezultatov lahko podamo naslednje
ugotovitve:

- Z obema postopkoma nizko- in visokotla¢nim je
mogoce doseci stopnje vracanja med 10 in 20 %, ki
zagotavljajo obcutno znizanje NOX.

- V sistemu z nizkotla¢nim postopkom za povecanje
tlaka polnjenja in ohranitev zadostnega presezka
zraka zados¢a manjsi okrov turbine z obto¢nim
ventilom.

- V sistemu z visokotla¢nim postopkom se turbina z
manjs$im okrovom ne obnese. Potrebna je turbina s
spremenljivo geometrijsko obliko, da hkrati
povecamo ucinek turbo-kompresorja in stopnjo
vracanja.

- Nizkotlaéni postopek vracanja ne vpliva na
postopek izmenjave delovne snovi. Prostorninski
izkoristek, koeficient zaostalih plinov in delo
izmenjave delovne snovi ostanejo enaki kakor v
primeru motorja brez regeneracije.

- Z visokotla¢nim postopkom se poveca poraba dela
za izmenjavo delovne snovi. Pripomniti pa velja, da
smo obdrzali nespremenjene krmilne ¢ase ventilov
in da bi se lahko z njihovim optimiranjem razmere
izboljsale.

4 CONCLUSIONS

The influence of exhaust-gas recirculation
on engine emissions was experimentally investigated.
It was found that a 10 % EGR rate halved the NOx
emissions and did not increase the emissions of other
pollutants significantly. A drastic increase in CO and
soot emissions was observed at 20 % EGR. These
stating were considered in the continuation where
the applications of two different EGR configurations
on a four-cylinder, turbocharged diesel engine were
studied by means of a one-dimensional simulation.
Based on the computational results the following
conclusions can be reached:

- for both the configurations investigated it was
possible to achieve EGR rates in a range between
10 % and 20 %, which reduce NOx emissions sig-
nificantly.

- the application of a smaller turbine housing was
successful for increasing the boost pressure and
maintaining the air-to-fuel ratio above the soot limit
when the low-pressure EGR concept was applied.

- the smaller turbine housing did not work for the
high-pressure EGR concept, and the application of
a variable-geometry turbine was necessary in or-
der to simultaneously increase the turbocharger
performance and the EGR rate.

- the low-pressure EGR configuration did not inter-
fere significantly with the gas-exchange process.
The pumping work, volumetric efficiency, and re-
sidual gas fraction remained the same as in the
case of the original engine scheme.

- a deterioration in the gas-exchange process pa-
rameters was noticed using the high-pressure EGR
configuration. Optimisation of the valve timing,
however, which might have improved the effective
engine data was not taken into consideration.
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Obravnava motorja z notranjim

zgorevanjem in vbrizgavanjem
plinskega goriva

A Rapid-Compression-Machine Study of Gaseous Fuel
Injection and Combustion

Dariusz Klimkiewicz - Tomasz Lezanski - Rafal Jarnicki -
Tadeusz J. Rychter

V prispevku so predstavljene analize sistema za dovajanje goriva pri motorjih z notranjem zgorevanjem
in neposrednim vbrizgavanjem plinskega goriva. Kratki primerni casi za vbrizgavanje plinskega goriva ter
slabo prodiranje goriva in mesanje le-tega z okoliskim zrakom pomenijo velike probleme pri pravilnem vzigu
in nadzorovanem zgorevanju mesanice. Ena izmed resitev za olajSanje vziga je uporaba manjse vzigalne
predkomore. VZig meSanice se tako zacne Ze v predkomori, vroci in kemicno dejavni zgorevalni plini pa nato
pripomorejo k razbitju curka goriva v glavni zgorevalni komori, kjer poteka nadaljnje zgorevanje. Predstavljeni
so rezultati raziskav vpliva oblike zgorevalnih komor pri uporabi neposrednega vbrizgavanja plinskega
goriva na ucinkovitost in ponovljivost vziga. Raziskave so podprte z rezultati numericnih simulacij postopka
vbrizgavanja in mesanja plinskega goriva. Prikazano je, da lahko s predlaganim sistemom obidemo tezave
pri doseganju ponovljivega vziga pri motorjih z neposrednim vbrizgavanjam plinskega goriva.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: motorji z notranjim zgorevanjem, vbrizgavanje goriva, goriva plinska, zgorevanje)

Rapid-compression-machine studies of an engine'’s combustion system with the direct injection of
gaseous fuel were made. The very short time available for the injection, combined with the poor penetration
and mixing of the gas jet with the surrounding air, caused the serious problems with combustion initiation.
One of the solutions to facilitate the ignition seems to be the use of a small ignition prechamber. The ignition
takes place within the prechamber and the hot, chemically active combustion gases saturate the gaseous fiel
Jjet that enters the main chamber where the mixing and combustion processes are continued. The results of the
investigations aimed at obtaining an efficient and repetitive ignition of the gaseous fuel jet are presented.

results of numerical calculations of the injection and mixing processes. We concluded that this type of
combustion system has the potential to overcome the difficulties in achieving the repetitive ignition of the
gaseous fuel jet.

© 2004 Journal of Mechanical Engineering. All rights reserved.

(Keywords: internal combustion engines, fuel injection, gaseous fuels, combustion)

O0INTRODUCTION

The use of natural gas as a fuel for internal
combustion piston engines has a number of
advantages, which are well known to engine designers
and researchers. There are many production engines
where gasoline has been substituted by natural gas
without major changes to the engine’s operating mode
but with a change in the fuel feeding system. In all
such gas engines the gaseous fuel is delivered
through the induction tube, and this means that the
gas occupies a certain volume of the entire charge,
decreasing the amount of air that is delivered to the
engine cylinder during each engine cycle. This, in

turn, tends to decrease the volumetric efficiency of
the engine. To improve that efficiency, engine
research centers try to find another solution, e.g., to
develop the idea of injecting the gaseous fuel directly
into the engine’s combustion chamber. There are two
ways to do this: to start the injection at an early stage
of the compression stroke of the piston or to initiate
the injection at the end of compression stroke. The
former solution has already been applied to some
production engines and it did not create major
difficulties. The latter solution, however, still creates
alot of problems. The time available for the mixing of
the injected gas with the air is very short, and the
gaseous jet penetration in the combustion-chamber
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volume and its mixing with the air is weak.
Compression-ignition of natural gas is practically
impossible within the range of reasonable
compression ratia; therefore, any type of forced
ignition has to be used. If the mentioned problems
were solved the combustion system with the late
direct injection of natural gas would take advantage
of the high compression ratio (on a diesel level) and
still remain a spark-ignition system because of the
necessary stabilizing role of the forced combustion
initiation. The advantage of this type of combustion
system is the reason that engine research centers try
to remove the difficulties associated with the mixing
and repeatad ignition of the charge. It is appropriate
to mention that practically all the problems with natural
gas storage, its supply to injectors and the action of
the injector itself have already been solved. However,
the in-cylinder processes in this type of combustion
system still wait for the right organization.

1 THE GENERAL IDEA OF THE INVESTIGATED
SYSTEM

To ensure the repeated ignition of the charge
and, at the same time, to increase the mixing rate of
the injected gaseous fuel with air and the combustion
rate, the use of an ignition prechamber was proposed
(Fig. 1). This prechamber is connected to the main
chamber by an orifice. The orifice diameter is carefully
designed to be a little bigger than the dimension of
the gas jet’s cross-section. During injection the main
volume of the injection stream passes undisturbed
to the main chamber and only a small external part of
the jet is scrubbed off by the orifice edges. This
portion of the injected gas remains in the prechamber,
is mixed with the air and creates the portion of the
charge that is ignited by the conventional spark plug.
Since the shape of the gas jet remains basically
unchanged the stoichiometry of the mixture in the
prechamber should also be, relatively speaking, the
same during each consecutive engine cycle.
Therefore, there is a chance for repeatable and reliable
ignition. Moreover, the charge in the prechamber is

ignited when the injection is still in progress. The
injected gas is then saturated with the combustion
gases generated in the prechamber, which are then
convected to the main chamber. The hot combustion
gases containing chemically active free radicals create
so-called multi-point ignition in the main chamber.

2 EXPERIMENTAL SETUP

The objective of this paper is to present the
results of the preliminary investigations of the
combustion system described above. The
investigations were performed with the use of the rapid
compression machine, described elsewhere, which
makes it possible to visualize the in-cylinder
phenomena [1]. The results of the experiments were
compared with the results of calculations performed
with the use of the KIVA3V computer code reduced to
planar geometry [2]. The schematics of the experimental
setup and combustion-chamber geometry are shown
in Figures 2 and 3. The compression ratio was 10.8 and
the piston velocity corresponded to an actual engine
speed of 1600 rpm.

A Mitsubishi GDI injector was used for the
gas injection. The injection pressure of the methane
was 25 bar. The beginning of the injection, its duration
and the ignition timing were adjusted and automatically
controlled with an accuracy of 1 CA deg (crank angle
degree). The reactions of the system investigated on
the changes to following parameters were: beginning
of the injection—(20-165 deg BTDC); injection duration
—(15-50 CA deg); ignition timing — (10-30 deg BTDC).

Two prechamber geometries were
investigated: without (Version I) and with the bypass
channels (Version II).

3RESULTS

As aresult of the experimental investigations
a number of pressure profiles and the corresponding
series of framed pictures of the combustion
processes was obtained. First, the development of
the injected gaseous fuel jet was visualised to

gas fuel injection

ignition

Fig. 1. Schematic of the general idea
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determine its geometry and its ability to mix with the
air. The framed pictures (obtained with the use of a
schlieren technique) of the injection process are
presented in Figure 4. The generation of the fuel jet
was also carefully tested and the full characteristics
of the jet (jet dimensions, fuel dose etc.) were
determined.

Version I. Preliminary investigations of the
combustion process in the chamber geometry pre-
sented in Figure 3 have shown that it is impossible to
achieve the ignition of the charge under any set of
system parameters. To find the reason for that the
numerical analysis of the injection process was per-
formed. The resulting gas-velocity distribution and
the methane concentration in the prechamber allowed
for the determination of the cause of the lack of igni-
tion. The simple reason for this was that the injection
took place during the end of compression stroke when
the intensive flow of the air from the main chamber to
the prechamber occurred in the orifice. The upstream
velocity, of the air in the orifice was much greater
than fuel jet velocity and therefore whole amount of
the fuel injected remained in the prechamber. The
mixture in the prechamber was much too rich side.
The demonstration of the velocity and methane-
concentration distribution for this case is introduced
in Figures 5 and 6.

Version II. To decrease the air velocity in
the orifice generated by the compression it was
necessery to increase the overall area of the chan-
nels connecting both chambers. The main orifice re-
mained unchanged but two additional discharging
channels were made. This drastically reduced the
upstream air velocity in the orifice and the injected
gaseous fuel was passing to the main chamber with-
out difficulties. The motion of the gas in the chamber
and the methane-concentration distribution in this
case are presented in Figures 7 and 8. This change in
the combustion-chamber geometry allowed for the
repeatable ignition of the charge.

The framed pictures of the combustion
process obtained from the experiments with the use
of the rapid compression machine in the same
combustion-chamber geometry are presented in
Figure 9. First, the injected stream of fuel passes
through the prechamber and its main portion enters
the main chamber. The fuel gas scrubbed off the
external part of the jet is mixed with the air in the
prechamber where the flammable mixture is created.
Then the charge in the prechamber is ignited and the
combustion gases are intensively discharged to the
main chamber due to the prechamber pressure rise
and the action of the still injected gaseous fuel.
Although it was observed that the overall pressure

Fig. 9. Visualization of the methane-combustion process (prechamber geometry — ver. II)
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rise rate in the combustion chamber is still not
satisfactory, the difficulties with the ignition were
removed.

The first frame in Figure 9 presents the
methane jet 2 ms after the beginning of the injection.
The methane jet enters the main chamber and the
turbulence is generated in the prechamber. Frames 2
and 3 show the subsequent stages of methane
injection. The ignition takes place during methane
injection and this moment is presented in the fourth
frame. Unfortunately, the high level of the turbulence
in the prechamber is the reason why the combustion
zone is hardly visible in the schlieren pictures.
Moreover, the hot combustion gases generated in
the prechamber are also ejected in the main chamber
through the by-pass channels. The next frame was
made just before TDC and shows the flame
propagation process. The combustion has already
been transferred in the main chamber but methane
injection continues. The last frame taken after TDC
presents the final stage of flame propagation, right
after the end of the methane injection.

It is important to stress that the combustion-
chamber geometry and dimensions were only
designed for the rapid compression machine
experiments and the aim of the presented

investigations was to check whether of not the
assumed idea of the system operation has been right.
For the actual engine experiments the shape and
proportions of the combustion chamber must be
completely redesigned.

It is worth mentioning that the attempts to
decrease the volume of the prechamber or to change
the size of the orifice between chambers were not
successful and they again caused serious problems
with ignition.

4 SUMMARY

The major result of the investigation is that
the proposed idea of a combustion system for engines
with direct fuel-gas injection might be reasonable.
The observed sensitivity of the system to its
geometry and dimensions indicates that its
application to the actual engine would require
thorough optimization.
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Mozne vrste cenenih motorjev s prostornino

50 kubicnih centimetrov z majhno emisijo

Possible Solutions for EURO 2 “Low-Emission Low-Cost 50cc
Engines

Roland Kirchberger - Gernot Koller

Predpis EURO 2, ki je stopil v veljavo junija 2002, postavlja velik izziv proizvajalcem majhnih dvotaktnih
motorjev za pogon koles z motorjem. Ce primerjamo razpolozljive tehnologije glede na stroske, tehnologijo
izdelave in zmogljivost motorja, najdemo moznosti za uspesno resitev omenjenega izziva.

Prispevek bo pokazal, da uporaba sistema za vbrizgavanje goriva ni nujno potrebna za dosego
predpisov EURO 2 o izpusnih emisijah.

Pri proizvodnji dvotaktnih motorjev za pogon koles z motorji so stroski izdelave zelo pomembni. Ta
prispevek opisuje metodo za doseganje predpisanih mej izpusnih emisij brez velikih stroskov, ki jih zahteva
vrhunska tehnologija.

Opazno zmanjsanje skodljivih emisij in hkratno povecanje moci in navora motorja je mogoce doseci
brez uporabe dodatnih delov, zgolj z optimiranjem termodinamike in mehanike motorja, kar kazeta raziskava
osnov delovanja motorja in proucevanje prototipa.

Preskusi razlicnih serijskih agregatov kazejo uporabnost predlagane izboljsave za serijsko izdelavo
ob hkratnem izpolnjevanju zahtev po EURO 2.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljué¢ne besede: motorji dvotaktni, emisije majhne, stroski majhni)

The EURO 2 emission regulation, which has been in force since June 2002, is a challenge to the
industry that produces small two-wheeler two-stroke vehicles. A summary and comparison of the available
technologies, concerning costs, production technologies and aspects of performance will give a survey of the
state of the art and will show possible ways of coping with this challenge.

It should be classified in advance if the use of an injection system is necessary in order to meet the
EURO 2 exhaust-emission regulations.

Production costs are of special interest when dealing with the topic two-wheeler engines. This
paper describes a method for achieving the required exhaust-emission limits without having to resort to
“high-tech & high-cost” technologies. Without using any additional parts, only by optimising the given
engine thermodynamics and mechanics, basic research and studies of prototypes will show how to achieve
significant reductions in emissions and increases in the engine power and torque output.

Various vehicle tests will show the suitability for mass production, taking into account the required
modifications necessary for fulfilling the EURO 2 exhaust-emission regulations.
© 2004 Journal of Mechanical Engineering. All rights reserved.

(Keywords: two-stroke engines, low emission, low costs)
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O0INTRODUCTION

It is a fact that an increase in the economic
wealth of a society is matched by a growth in the
amount of traffic.

Fig. 1 shows that there is a coherence
between the per-capita gross national product and
the number of vehicles in use. Therefore, an increase
in the number of vehicles worldwide will, in all
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probability, occur for the foreseeable future.
Estimations for the next 10 years show that the global
number of vehicles will increase by 45%. A
disproportionate growth rate, of approximately 60%,
will occur in the sector known as “two-wheeled
vehicles”.

This above-average growth in the two-
wheeler sector is caused by the higher demand of the
Asian markets. Legal regulations in most Asian



S 45
= Switzerland
- 40 -
S
a —
= 35 =
c 30 Canada e
'g Germany o i
® & 25 JJapan .~ eUSA
{= P

0 Italy -
o 5 .«
g 20 — =
o _/
© e S -
b _ -~ o Spain
[ 10 -
P Brasil _ -~ *Greece
S 5 A
[ =
n_ _/

0 ; T T T
0 200 400 600 800 1000
Vehicles per 1000 residents
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countries take European regulations as a model.
Taiwan, for example, has already established emission
limits that are even stricter than those of the European
Union. For this reason, two wheelers complying with
the EUROMOPED Euro 2 exhaust-emission
regulation, which came into force on the 1% of June
2002, are of global interest.

Most of the Euro 2 mopeds on the market
today make use of high-tech and high-cost
technologies in order to fulfill the legal requirements.
This paper will show that Euro 2 can also be achieved
with existing Euro 1 technologies, simply by
optimizing the engine’s thermodynamics.

1 REQUIREMENTS AND DEVELOPMENT
TARGETS FOR SMALL TWO-WHEELER
ENGINES

The first essential development target for
all engine-development projects is to fulfil the
corresponding legal regulations concerning maximum

power and torque, anti-tampering, as well as exhaust
and noise emissions.

An additional requirement, especially for the
small engines used in scooters and mopeds, are the
production costs. The acceptance of additional costs
for technologies necessary to fulfil legal limits is
rather low. This means that the additional costs
caused by the implementation of new technologies
must be kept to the minimum. For this reason, lean
production and the use of standard technologies are
required for these engines.

Further development targets are weight
optimisation, low fuel consumption, low maintenance
and service costs as well as good performance
characteristics and driveability.

1.1 EUROMOPED EURO 2 exhaust-emission
regulation

Fig. 2 shows the large reduction in the
exhaust-emission limits from the Euro 1 to the Euro 2

M Euro 1
OEuro 2

-83%

[g/km]

co

HC + NOx

Fig. 2. Comparison between the Euro 1 and Euro 2 exhaust-emission limits [2]
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regulation. This dramatic decrease in the tolerated
level of exhaust emissions is a challenge for the small
two-wheeler industry. The following is a short
description of the different possible strategies to cope
with this challenge.

1.1.1 Four-stroke engine

Fig. 3 shows the hydro-carbon exhaust
emissions in g/km in the ECE R 47 test-cycle for various
50cc engine configurations.

The comparison between the standard two-
stroke and standard four-stroke engines, both with
carburetor and without catalyst, shows a big
advantage for the four-stroke concept. Not even the
two-stroke direct-gasoline-injection technology can
completely eliminate the disadvantage of the two-
stroke concept with respect to HC emissions. This
disadvantage is the result of the short circuiting of
the fresh mixture to the exhaust port(s) during the
two-stroke scavenging process. Because of the higher
development, production and maintenance costs,

combined with the lower power output, hardly any
four-stroke 50cc vehicles are available on the market
at present.

1.1.2 Two-stroke engine

Standard two-stroke engines for two-
wheeler applications utilize the loop-scavenging
process and a carburetor. By lean engine tuning and
the application of an oxidation catalyst it was
possible, until the commencement of the Euro 2
exhaust-emission limits, to comply with the exhaust
emission limits. However, the upcoming stricter
emission regulations are forcing two-wheeler
manufacturers to apply new technologies to two-
stroke engines in order to fulfill the legal requirements.

Fig. 4 gives a schematic overview of the
different injection strategies for two-stroke engines.
Figure A shows a possible solution for a high-pressure
fuel-injection system. Figure B is a low-pressure
injection system, and figure C shows a possible layout
for an air-assisted fuel-injection system.

WATERCOOLED
INJECTOR

B

4— SPARK PLUG

FUEL

EXHAUST PORT
Fuel Pump

Direct
Injector

i1

Fuel
Injector

Fuel Pressure
Regulator Inside

Fuel Rail Ignition \

Coil \
T % AR
] .

THROTTLE

Compressor

Fig. 4. Two-stroke injection systems ([3], [14] and [15])



1.1.2.1 High-pressure direct fuel injection

The biggest advantage of using a high-
pressure direct-fuel-injection system in a two-stroke
engine is that the fuel injection occurs after the
complete or at least partial closing of the exhaust
port(s). This leads to the prevention, or at least to the
reduction of fresh-mixture short circuiting. For this
reason, direct high-pressure fuel injection can
dramatically reduce the hydrocarbon concentration
in the engine’s raw emissions and improves the
engine’s fuel consumption.

An additional advantage is that the engine
can operate with stratified charge, meaning that an
area with a rich mixture can be positioned around the
spark plug, within a global lean-mixture operation.
This, potentiality, is a suitable way to reduce raw
emissions of carbon monoxide and hydrocarbons.
Furthermore, the engine can operate with a higher
compression ratio, which leads to a higher break-
mean-effective-pressure potential.

When considering all these advantages and
potentials of high-pressure direct-fuel-injection systems,
the disadvantages cannot be ignored. The injection
system must generate a high fuel pressure (30-70 bar).
For this reason, additional high-tech and high-cost
elements have to be added to the engine. To use the full
fresh-mixture short circuiting prevention potential of
high-pressure fuel-injection systems, the injection timing
has to be, in the ideal case, short before the closing of
the exhaust port(s), but the time between the exhaust
closing and the ignition is very short. This can be best
illustrated by the following example: If the ignition timing
is 20° before TDC and the exhaust ports close at 100°
before TCD, only 80°CA can be used for the fuel injection
and the mixture formation. At an engine speed of 8000
rpm, which is a recommended value for 50cc engines,
the time the crankshaft needs to move 80°CA is about 2
milliseconds. These facts limit the possible field of
application for high-pressure direct-fuel-injection
systems in small two-stroke engines.

1.1.2.2 Low-pressure fuel-injection

The costs for the application of low-
pressure fuel-injection systems, which work in a fuel
pressure range of 3 to 6 bar are considerably lower
than for a high-pressure system. For these (semi-)
direct-injection systems, standard automotive fuel
injectors can be used. The potential of avoiding
fresh-mixture short circuiting is not as high as that of
high-pressure fuel-injection systems.

Compared with a standard carburetor
engine, the fuel consumption can be decreased by
up to 30%, hydrocarbon raw emissions by up to 60%,
and carbon monoxide emissions by up to 70%.

These improvements are the result of
improved fuel atomization, lower fresh-mixture short

circuit losses and the improved possibilities to
optimize the air/fuel ratio for the whole engine
operating range.

1.1.2.3 Air-assisted fuel injection

An additional possibility of fuel injection is
the use of an air-assisted fuel-injection system. These
systems inject a compressed air/fuel mixture into the
combustion chamber. An air compressor boosts air
at a pressure of up to 6 bar into an injection chamber.
Into this mixture chamber, fuel is added with a low-
pressure injector. This prepared air/fuel mixture, with
a good level of atomization, is injected into the
combustion chamber, as far as possible after the
complete closing of the exhaust port(s). In some
systems, this injection is controlled by a pressure-
sensitive valve. In this case the injection timing
cannot be adjusted during the engine operation. An
additional optimization possibility is the use of a
solenoid valve; this leads to higher system
complexity and costs, but enables improved engine
settings, especially under part load conditions.

The advantages of air-assisted fuel-injection
systems are similar to those of high-pressure direct-
fuel-injection systems. Additional costs are caused
by the need for an air-compressor. The fuel injectors
are working in a lower pressure range and are
therefore cheaper than those that are applied in high-
pressure injection systems.

1.2 Costs

Increasing competition due to globalization
reduces the benefit margins for two-wheeler
manufactures. In the compact two-wheeler sector the
pressure on costs is particularly high. Fig. 5 shows a
comparison of the engine-production costs for
different engine configurations.

The standard two-stroke engine with a
carburetor and an oxidation catalyst, and the two-
stroke engine with a low-pressure-in-cylinder
injection are the most common ways to fulfill the legal
requirements for EUROMOPED EUROL. All the other
above-mentioned two-and four-stroke engines are
known as having the potential to fulfill the strict Euro
2 emission limits, but with even higher production
costs. This is the motivation for a development
project with the aim to achieve Euro 2 homologation
by only optimizing the components of a standard
two-stroke engine.

2 APOSSIBLE “LOW-COST” TWO-STROKE
SOLUTION

This section describes the results of a “low-
cost” two-stroke scooter-engine development
project, which has been carried out at the Institute
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Fig. 5. Comparison of production costs for different engine configurations [3]
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Engines
Thermodynamics at Graz, University of Technology.
The starting point for this project was a 50cc fan-
cooled scooter engine, which has already been
optimized for EUROMOPED Euro 1 homologation. In
the following the necessary modifications and
optimizations to achieve the EUROMOPED Euro 2
exhaust-emission limits are listed.

2.1 Modified engine components

As the production costs of the new engine
had to be kept as low as possible, as few modifications
as possible should be made to the already existing
engine.

2.1.1 Intake silencer / air-filter box

To ensure that the intake flow and pressure
conditions are the same for each engine, the intake
cross section of the intake silencer / air-filter box has
to be exactly and reproducibly defined. For this
reason, the design of the existing part had to be
improved to avoid leakage and to guarantee that the
only possible air-intake flow is through the calibrated
cross section of the intake snorkel.

2.1.2 Carburetor

The aim for the carburetor setting is to
achieve a lean air/fuel (1> 1) mixture in combination
with a good throttle response and vehicle drivability.
To reach this goal across the entire required engine-
speed range, a balanced setting of the carburetor’s
setting parts (main jet, idle jet, slider valve, needle jet,
needle) had to be worked out and tested on the engine
and the vehicle test-bench.

Although the emission measurement in the
ECE R-47 test-cycle does not include the cold-start
phase, an auto-choke time, that is as short as possible,
is required. During the auto-choke time the delivered
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air/fuel mixture is rich. The fuel evaporation heat leads
to a colder combustion and exhaust-gases
temperature. For a short light-off time of the catalyst,
high exhaust temperatures are essential, even more
so for aged catalysts.

2.1.3 Cylinder and cylinder head

For two-stroke engines the design of the
cylinder with its scavenging ports has an essential
influence on the engine characteristics, achievable
exhaust emissions and the leaning potential.

Due to the fact that during the two-stroke
scavenging process the intake and exhaust ports are
open at the same time, an optimization of the ports’
geometry is essential to avoid high hydrocarbon
exhaust emissions, caused by fresh-charge short-
circuiting scavenging losses. At the same time,
improved trapping efficiency is necessary to optimize
the engine’s fuel consumption. Furthermore, the
scavenging must enable the engine to run on the
lean side, without hesitation in the throttle response
or misfiring. This can be realized by a high cylinder-
charge turbulence velocity induced by a high cylinder-
entrance velocity. To achieve this high cylinder-
entrance velocity the entrance area of the transfer
ports must be optimized.

The left-hand side of Fig. 6 shows a section
view through the cylinder and cylinder head of the
optimized engine. The right-hand side of Fig. 6 shows
the symmetrical arrangement of the cylinder’s
scavenging ports. This layout of the ports is
optimized for the loop scavenging process and
consists of two main and two auxiliary transfer ports
and one rear transfer and one exhaust port. Loop
scavenging refers to the flow pattern generated by
the transfer port’s duct shapes and the port entry
angles and area. The gases are directed to merge
together and travel up the intake side of the bore into
the head and loop around towards the exhaust port
[10]. This scavenging process was already patented
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Fig. 6. Cross-section through cylinder and cylinder head and ports geometry

in 1908 [13], and is a suitable way to decrease the
fresh-mixture short circuiting losses.

Because of the higher temperature of lean
combustion the cylinder cooling had to be improved.
For this reason, additional cooling fins were added
and the fins’ length on the opposite side of the fan
was increased to compensate for the bad cooling
situation on this cylinder side, which was caused by
the lower air flow.

A well-adjusted cooling system is essential
to avoid asymmetric thermal expansion of the cylinder.
The cooling of the cylinder head had to be improved
as well. Two additional fins, orthogonal to the
cylinder axis, were added to force the air flow directly
to the hot areas around the spark plug. This
modification causes higher production costs, due to
the additionally needed die separating direction.

The combustion-chamber volume is
designed for a four-stroke combustion ratio of ¢,
= 8.4, which leads, when combined with the port
timing, to a two-stroke compression ration of &,
59.

-stroke

The material of the cylinder is, due to low-
tech production requirements, gray-cast iron, and the
cylinder head is made out of cast aluminum alloy.

2.1.4 Piston

Because of the higher combustion
temperature of lean combustion, the heat transfer
between the piston and the cylinder must be increased.
For this reason, a small the clearance between cylinder
and the piston is required. To avoid piston seizure an
extensive piston-shape development is essential.
Additionally, this small clearance helps to avoid noise
emission caused by piston slap. Because of the lower

thermal expansion coefficient of the gray-cast-iron
cylinder a cast aluminum alloy with a high percentage
of silicon was chosen as the piston material.

Due to the optimized cylinder cooling, an
approximately round cylinder shape can be ensured
during engine operation. For this reason, a round-
shaped piston can be used. To assist the heat transfer
and to reduce the friction, the piston surface should
haveR,, <3um.

2.1.5 Exhaust system

The main requirements for two-stroke
engines exhaust systems are the support of the
scavenging process with its gas dynamics, the
conversion of the raw exhaust emissions with the
integrated oxidation catalyst and the reduction of
noise emissions.

The length of the exhaust manifold and the
geometry of the diffuser are important for the engine
characteristics. A well-positioned oxidation catalyst
in the exhaust system is important for finding a
compromise between a short light-off time, due to
the small distance to the exhaust port(s), and low
impact, due to the engine-boosting exhaust system’s
gas dynamics.

2.2 Additional costs for the “Low-Cost” Two-Stroke
Solution

Table 1 shows an overview of the additional
mass-production costs for the required modification
to the proposed “Low-Cost” Two-Stroke Solution.
The basis for the cost calculation is a fan-cooled
engine, already optimized to fulfill Euro 1
homologation regulations.
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Table 1. Additional costs for the “Low-Cost” Two-Stroke Solution

Additional costs Part costs Cost-increasing facts
Part < costs | 70 of engine [% of o
part costs cost engine]
Intake Silencer 10% 0,2% 2,0% . calibrated intake.snorkel, .
improved gasket design/material
Carburetor 0% 0,0% 5,0% no modification
higher casting quality, port
Cylinder 15% 1,0% 6,5% positioning, additional material for
improved cooling
Cylinder Head 40% 0.6% 1.5% additional Zl;eds’e;l];c;g;;i;g direction
Spark Plug 10% 0,1% 0,5% long-thread version required
Piston 10% 0,3% 2,5% material and machining costs
Crank Mechanism 0% 0,0% 9,0% no modification
Crank Case 0% 0,0% 16,0% no modification
Exhaust System 20% 2,5% 12,5% catalyst with higher cell density,
heat-resistant material
Transmission 0% 0,0% 29,5% no modification
Covers 0% 0,0% 6,5% no modification
Electronic parts 0% 0,0% 8,5% no modification
Total 4,6% 100,0%

A cost-splitting of the engine parts indicates
the estimated increase of costs caused by the
conversion of the engine from the Euro 1 to the Euro
2 emission level. The cost increase is less than 5%
compared to the already optimized Euro 1 serial
production engine. This can be said to be the most
effective way to achieve the Euro 2 emission level, if
only the costs are considered.

2.3 Achievable results

The reduction of HC and CO emissions
during the ECE 47 driving cycle is remarkable (Fig. 7).

The light-off of the catalyst in the EURO 2 engine
occurs during the first seconds of the second full-
load period in the test-cycle, while the EURO 1 engine
needs 3 complete cycles to start the conversion of
HC emissions. These effects are due to the higher
exhaust-gas temperature of lean combustion and a
higher oxidation level caused by an oxygen surplus
[4]. After the warm-up phase, HC and CO emission
levels are significantly lower than in the EURO 1
engines. This is the result of reduced scavenge losses
caused by the optimized scavenge-port geometry.
The impact of the new scavenge strategy
and the new exhaust geometry can be seen in the
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Fig. 7. Exhaust emissions during the ECE R 47 driving cycle
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Fig. 8. BMEP comparison of the Euro 1 and the Euro 2 engine

achievable performance of the engine (Fig. 8). The
rise of BMEP over the complete engine speed range
gives a better drivability, especially in terms of
acceleration and climbing. With the EURO 2 engine
the maximum speed can be adjusted accurately,
because the decrease of the BMEP curve at high
engine speed gives a well-defined cross-section of
engine torque and road resistance. With this defined
intersection, different speed versions for different
markets can be realized, simply by changing the
transmission ratio.

Spot tests of vehicles currently on the market
show that the development requirements to achieve
the EURO 2 emission standards are comparable for
four-stroke and two-stroke standard engines (Fig. 9).

Already-existing DI two-stroke engines with much
higher production costs (see Fig. 5) have the same
backlog demands to achieve the legal limits of EURO
2. The “Low-Emission Low-Cost” concept of Graz,
University of Technology, shows excellent emission
results as a prototype engine and in pre-serial
production. The required modifications for the mass
production of this low-cost concept are well accepted
and can easily be implemented in mass-production
technology.

3FUTURE PERSPECTIVES

In the years from 2006 to 2010 the Euro
moped EURO 3 emission legislation for two wheelers

4
2-stroke carburetor without — ~Euro 1limits
catalyst Euro 2 limits
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& preserial vehicles
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°
215 i
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Fig. 9. Emission results in comparison
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will come into force. The discussions concerning the
reduction of HC, CO, and NOx levels and the cold-
start behavior are still going on. In any case, the
“Low-Emissions Low-Cost” concept has the potential
for further optimization. To analyze the further
potential of this “Low-Emissions Low-Cost” concept
for EURO 3 emission legislation, the following topics
need to be investigated:

- reduction of the light-off time for the catalyst by a
close position to the exhaust port(s) or an additional
pre-catalyst

- reduction of scavenge losses by controlled
scavenge parameters
- use of secondary-air and/or improved carburetor
technology
- use of new cold-start strategies
In any case, all these further improvements
should take note of production costs. Rising
competition due to globalization reduces benefit
margins, especially in the compact two-wheeler sector.
This cost pressure will increase and require lean
production and use of low-cost technologies.
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Numericne analize preoblikovanja cevi

z visokim notranjim tlakom

Numerical Analyses of Tube Hydroforming by High Internal

Pressure

Tomaz Pepelnjak

Avtomobilska industrija se zaradi zahtev po povecevanju togosti vozil ob hkratnem zmanjsevanju
njihove mase srecuje s tehnoloskimi problemi izdelave vse bolj zahtevnih preoblikovanih komponent. Oblikovne
in mehanske lastnosti preoblikovancev pogosto ne omogocajo vec izdelave z obicajnimi preoblikovalnimi
tehnologijami, kakor so krivijenje, izbocevanje in globoki viek.

Zaradi zahtevnosti predvsem strukturnih delov avtomobila se vse pogosteje uporablja preoblikovanje
cevi z medijem pri visokih notranjih tlakih. Postopek je zaradi velikega Stevila parametrov zelo zahteven.
Preoblikovalni tlaki reda velikosti od nekaj sto do nekaj tiso¢ barov delujejo v notranjosti cevi in pomenijo
omejitev, ki zahteva posebna preoblikovalna orodja in stroje.

V prispevku so predstavijeni parametri preoblikovanja cevi z medijem pri visokih notranjih tlakih,
analizirani postopkovni in geometrijski parametri postopka ter izvedene numericne simulacije preoblikovanja

dveh tipicnih preoblikovancev — kosa T in kosa Y.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: preoblikovanje cevi, tlaki visoki, analize kon¢nih elemntov, parametri postopka)

Because of demands for increased vehicle rigidity, along with a simultaneous reduction of vehicle
weight, the automotive industry is facing technological problems involving the manufacture of ever more
complex formed parts. Often, the shape and mechanical properties of formed parts no longer permit their
manufacture using conventional forming technologies, such as bending, stretching and deep drawing.

Due to the complexity of primarily structural vehicle parts, tube hydroforming is increasingly used.
However, because of the large number of process parameters, this procedure is very demanding. Forming
pressures inside a tube with orders of magnitude of a few hundred to a few thousand bars represent a process
limitation that requires special forming tools and machines.

This paper presents the process parameters of tube hydroforming, the analysed process and the
geometrical parameters, and the performed numerical simulations for the forming of two typical formed parts

—T-parts and Y-parts.

© 2004 Journal of Mechanical Engineering. All rights reserved.
(Keywords: tube hydroforming, finite element analysis, process parameters)

0UVOD

V sodobni industrijski proizvodnji se
pojavlja vedno vec¢ razlogov, od katerih je odvisna
izdelava tehnolosko zelo zahtevnih komponent. Zaradi
dragih energetskih virov in surovin i§¢emo
izdelovalne postopke, ki omogocajo izdelavo ¢im
zahtevnej$ih komponent ob ¢im manjsi porabi
energije in najmanjSem odpadku materiala.
Zmanjsevanje porabe goriva prevoznih sredstev po
drugi strani, predvsem v avtomobilski industriji, sili
proizvajalce k iskanju optimalnih razmerij med maso
vgrajenih komponent in njihovo togostjo. Vse nastete
zahteve spodbujajo iskanje novih materialov (npr.

O0INTRODUCTION

In modern industrial manufacture there are
ever more reasons for the need to manufacture
technologically very complex components. Because
of expensive energy sources and raw materials,
manufacturing procedures are sought that would
enable the manufacture of increasingly complex
components with the lowest possible energy
consumption and the minimum material waste. On
the other hand, the demand to reduce the fuel
consumption of transport vehicles forces
manufacturers (primarily in the automotive industry)
to search for optimum weight-to-rigidity ratia of
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aluminija, magnezija, vecfaznih in mikrolegiranih jekel,

kompozitnih materialov ipd.), zasnutkov in tehnologij

([17 in [2]). Sad teh iskanj so sodobne izdelovalne

tehnologije in zamisli, kakor so krojeni prirezi, panel

plo¢evine, preoblikovanje z medijem ([3] do [6]).

Vpeljevanje novih tehnologij in zamisli poteka tudi v

tesni sodelavi z oblikovalci in konstrukterji. Tak$na

sodelava vodi k vse boljsi stroskovni in tehnoloski

optimizaciji izdelanih proizvodov [7].

Avtomobilska industrija tezi tudi k
skrajSevanju montaznih ¢asov s poenostavljanjem
montaznih opravil. Te se v veliki meri skrajsujejo z
zmanjSevanjem Stevila vgrajenih komponent, ki so
zaradi tega geometrijsko vedno bolj zahtevne [1]. Za
izdelavo geometrijsko najzahtevnejsih delov, ki se jih
z drugimi preoblikovalnimi postopki ne da narediti,
so se razvili postopki preoblikovanja z medijem.

Sam postopek preoblikovanja z medijem je
v raziskovalnem okolju poznan Ze dalj ¢asa, saj segajo
prve raziskave preoblikovanja tankostenskih cevi z
uporabo notranjega tlaka ze v Sestdeseta in
sedemdesecta leta prejSnjega stoletja [8]. Glavne
omejitve izredno zahtevnega postopka so takrat
predstavljali razpolozljivi hidravli¢ni stroji,
preoblikovalni stroji ter pomanjkanje ustrezne
racunalnisko opreme za napovedovanje poteka
preoblikovalnega postopka. S skokovitim razvojem
strojne opreme in programov za racunalnisko podprte
simulacije preoblikovalnih postopkov (analize MKE)
se je bliskovito razsirila uporaba preoblikovanja
cevastih preoblikovancev z visokimi notranjimi tlaki
medija — t.i. “tube hydroforming”. Postopek se je
najprej uporabljal pri proizvodnji geometrijsko
zahtevnih izpuSnih sistemov. V zadnjih desetih letih
ta postopek vedno vec¢ uporabljajo tudi pri izdelavi
nosilnih delov karoserije, nosil motorja, oseh in
gredeh ter varnostnih karoserijskih komponentah
kakor so nosila vetrobranskih stekel, A, B in C nosila,
blazila, okrovi sedezev itn. Tudi na Fakulteti za
strojniStvo v Ljubljani so potekale raziskave
postopkov sorodnih preoblikovanju cevi z visokimi
notranjimi tlaki s ciljem izdelati kroglaste okrove iz
cevastih surovcev ([9] in [10]).

NajpomembnejSe prednosti postopka
preoblikovanja z visokimi notranjimi tlaki lahko
strnemo v naslednjih tockah:

- Preoblikovati se da zelo zahtevne geometrijske
oblike cevastih izdelkov, ki se jih z drugimi
preoblikovalnimi postopki ne da narediti.

- Zaradi zahtevne geometrijske oblike lahko vec
sestavnih delov sklopa nadomestimo z enim samim
izdelkom, kar poenostavlja montazo in s tem
izboljSuje izdelovalne tolerance.

- Trdnost izdelkov in porazdelitev debelin sta
zaradi »mehkega« delovanja sil med
preoblikovanjem enakomernejsa kakor pri drugih
postopkih.

- Tanjsanje materialov med preoblikovanjem je
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installed components. All of these demands

encourage manufacturers to search for new materials

(e.g. aluminium, magnesium, multiphase and

microalloyed steels, composite materials etc.),

concepts and technologies ([1] and [2]). These
endeavours have resulted in modern manufacturing
technologies and concepts, such as tailored blanks,
sandwich steel, hydroforming, etc. ([3] to [6]). New
technologies and concepts are also implemented in
close cooperation with designers and mechanical
engineers, which leads to ever better optimisation of

the manufacturing technology and product costs [7].

There is also a tendency in the automotive
industry to shorten assembly times by simplifying
assembly operations. This is achieved mainly by
reducing the number of components, which, as a
result, need to have increasingly complex geometrical
shapes [1]. Hydroforming procedures have been
developed specifically for the manufacture of the
geometrically most demanding parts, which cannot
be produced using other forming processes.

The hydroforming process has been known
for a while in research circles. The first research in
the forming of thin-walled tubes using inner pressure
date back to the 1960s and 1970s [8]. The main
limitations of this extremely complex process were
hydraulic aggregates and the forming machines that
were available at that time, as well as a lack of
appropriate computer equipment for predicting the
course of the forming process. With the rapid
developments in machine equipment and software
for computer-aided simulations of the forming process
(FE analyses), the use of tube hydroforming has
spread very quickly. This process was first used in
the manufacture of geometrically demanding exhaust
systems. Over the last ten years, this procedure has
also been increasingly used in the manufacture of
space-frame components, engine cradles, axles and
shafts, and body and safety parts, such as windshield
headers, A, B and C pillars, shock absorbers, seat
frames, etc. Research in other processes similar to
tube hydroforming has also been conducted at the
Faculty of Mechanical Engineering, Ljubljana, with
the goal of manufacturing spherical housings from
tubular formed parts ([9] and [10]).

The most important advantages of the
hydroforming process can be summarised as follows:
- Very complex geometries of tubular formed parts

can be achieved, which are not attainable with other
forming processes.

- Due to complex geometry, several components of
an assembly can be replaced with a single formed
part, thus simplifying the assembly and improving
manufacturing tolerances.

- “The softer” action of the forces during forming
yields more uniform strength and thickness
distribution than other equivalent processes.

- The thinning of materials during forming is smaller
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manjse kakor pri drugih postopkih.

- Masa komponent je zaradi enakomernejSe
porazdelitve debelin manjsa v primerjavi z izdelki,
narejenimi z drugimi tehnologijami.

- Delez elasti¢nega izravnavanja je manjsi kakor pri
drugih postopkih, zato lahko izdelujemo
preoblikovance z bolj§imi izdelovalnimi tolerancami.

- Povrsina izdelkov je zelo gladka.

Pomanjkljivost postopka preoblikovanja z
visokimi notranjimi tlaki je predvsem zelo draga
oprema in zahtevno krmiljenje parametrov postopka.
Visoki procesni tlaki v orodjih, ki se gibljejo od nekaj
sto do nekaj tiso€ barov, terjajo posebno konstrukcijo
orodij, veliko trdnost orodnih materialov in ustrezne
varnostne ukrepe. Zaradi nastetih zahtev so orodja
za preoblikovanje z medijem drazja od orodij za druge
preoblikovalne postopke.

1 ZNACILNOSTI POSTOPKA

Postopek preoblikovanja z medijem z
visokim notranjim tlakom popisemo s sklopom
vplivnih parametrov, ki jih delimo v §tiri skupine:

- parametri postopka (vzdolzna sila, zapiralna sila,
notranji tlak, pomiki itn.),

- omejitve postopka (gubanje, izbocenje, izbruh,
trenje),

- parametri surovca (dolzina, premer, debelina,
material, oblika),

- orodje (oblika, kakovost povrSine, trdota).

Vplivni parametri prve skupine se med
preoblikovanjem spreminjajo, med postopkom jih
moramo nadzorovati in krmiliti. Omejitve postopka, npr.
gubanje, izbocenje in izbruh, so povezani z geometrijsko
obliko in materialom preoblikovanca. Osnovne enacbe
pojava omenjenih kriticnih napak na preoblikovancu
temeljijo na izboCenju cevi, prekoracitvi natezne trdnosti
materiala in ¢ezmernem nakr¢evanju, ki pripelje do pojava
gubanja preoblikovanca ([11]in[12]):

Izbruh : prekoralitev natezne trdnosti:

than in other equivalent processes.

- Because of a more uniform thickness distribution,
component weight is lower than with other
equivalent technologies.

- Springback is also lower than in other processes,
therefore formed parts can be produced using
better manufacturing tolerances.

- The surfaces of these products are very smooth.

The shortcomings of tube hydroforming are
mainly very expensive equipment and demanding
process-parameter control. High process pressures
in the die, ranging from a few hundred to a few
thousand bars, require a special tool structure, a high
strength of tool material and the appropriate safety
elements. Because of this, hydroforming tools are
more expensive than those for equivalent forming
processes.

1 PROCESS CHARACTERISTICS

The hydroforming process is described with
a set of influential parameters, which are divided into
four groups:

- Process parameters (axial force, closure force, inner
pressure, feedings, etc.),

- Process limitations (wrinkling, buckling, bursting,
friction),

- Formed-part parameters (length, diameter,
thickness, material, shape),

- Tools (shape, surface quality, hardness).

The influential parameters from the first group
vary during forming and should be regulated and
controlled during the process. Process limitations such
as wrinkling, buckling and bursting are related to geometry
and workpiece material. The basic equations for the
appearance of the above-mentioned critical defects on
the formed parts are the result of tube buckling, exceeding
of the material’s tensile strength and excessive upsetting,
which leads to the appearance of wrinkling ([ 11] and [12]):
Bursting: exceeding of tensile strength:

_25R,
T s, 1.
Gubanje: prevelik vzdolzni pomik cevi: Wrinkling: excessive axial tube feedings:
_2E;s,
771,654, @)

Lokalizacija: prekoracitev izbocCilne odpornosti cevi:

E=E&

kjer so p notranji tlak, R natezna trdnost materiala,
s,in d, debelina in premer cevi, 6, vzdolzna napetost
med preoblikovanjem, £ tangentni modul materiala
in g, primerjalna specifi¢na deformacija cevi.

V zadnjih letih se bazi¢ne raziskave
preoblikovanja z medijem usmerjajo vedno bolj v
iskanje ustreznih maziv ter v analize vplivov razlicnih

Localisation: exceeding the tube-buckling resistance:

©))

where p is the inner pressure, R is the tensile
strength of the material, s, and d, are the tube
thickness and diameter, respectively, o, is the axial
stress during forming, £ is the tangent modulus and
g, is the equivalent specific tube deformation.

Over the past few years, basic research in
hydroforming has focused on the search for
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koeficientov trenja na potek postopka preoblikovanja
z visokimi notranjimi tlaki. Poseben poudarek je na
oblikovanju izdelka, porazdelitvi debelin izdelka in
napakah, ki se pojavljajo zaradi neustreznega trenja
[13].

Geometrijski parametri surovca in
preoblikovanca so pomembni pri dolo¢evanju
izdelovalnih tehnoloskih mej postopka in v veliki meri
vplivajo na kakovost izdelave s postopkom
preoblikovanja z visokim notranjim tlakom. Osnovne
geometrijske parametre prikazuje slika 1 na primeru
tipi¢nega preoblikovanca — kosa T [12].

Fpp

appropriate lubricants and analyses of the influence
of different coefficients of friction on the course of
the hydroforming process. Special emphasis is placed
on product design, thickness distribution and the
defects resulting from inappropriate friction [13].

The geometric parameters of the preform and
the formed part are important for determing the
manufacturing technological process limits and have
a large effect on the quality of hydroforming-based
manufacture. The basic geometric parameters are
shown in Figure 1, for an example of a typical formed
part—T-part[12].

dy zacetni premer cevi/ initial tube diameter

Sp zaletna debelina cevi / initial tube thickness

d; premer oblike T / diameter of the T-feature

R, polmer orodja / die radius

R, polmer zaokrozitve izbocitve oblike T /
radius of the T-feature

P notranji tlak / inner pressure

F, vzdolzna sila pesti¢ev / axial punch force

F,, sila protipesti¢a / counterpunch force

N i

Sl. 1. Geometrijski parametri preoblikovanca [12]
Fig. 1. Geometric parameters of the formed part [12]

Najpomembnejsa parametra postopka, ki ju
med postopkom spreminjamo, sta gib orodja oziroma
vzdolZna sila, s katero delujemo na preoblikovanec
ter notranji tlak. Oba parametra postopka moramo za
optimalno preoblikovanje cevastega preoblikovanca
med postopkom nadzorovano spreminjati znotraj meja
tehnoloskega okna uspeSnega preoblikovanja.
Slednje je opredeljeno s kritiénimi napakami
preoblikovanca in ga najlepse prikazemo v diagramu

The most important process parameters,
which are varied during the process, are the punch
stroke or axial force on the formed part, and the inner
pressure. For optimum forming of tubular parts, both
process parameters must be varied in a controlled
manner during the process, within the limits of the
technological window for successful forming. The latter
is defined by critical defects on the formed part and is
best shown by a diagram of the variation of the axial

TRy '\

© L

e o

o

o X

N © procesno

okno

process
window

. , puscanje
elasti€éno raztezanje
elastic stretching

leakage

notranji tlak p,/ inner pressure p,,

Sl. 2. Diagram odvisnosti vzdolzne sile od notranjega tlaka [14]
Fig. 2. Diagram of the variation of axial force with inner pressure [14]
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odvisnosti vzdolzne sile od notranjega tlaka med
preoblikovanjem (sl. 2). V primeru prenizkih vzdolznih
sil sistem ne tesni, pri premajhnih vzdolznih silah in
tlakih pa ne presezemo meje plasti¢nosti
preoblikovanega materiala. Preveliki notranji tlaki
povzrocijo izbruh, prevelike vzdolzne sile ob ustreznih
notranjih tlakih pa pojave gubanja in izbocCenja cevi.

Poznavanje vseh naStetih vplivnih
parametrov smo analizirali na preoblikovanju kosa T
in kosa Y s poudarkom na vplivih koeficienta trenja
in vzdolznih pomikov pesti¢ev na oblikovanje
kon¢nega izdelka.

2NUMERICNE (MKE) ANALIZE
PREOBLIKOVANJA CEVIZ VISOKIM
NOTRANJIM TLAKOM

2.1 Analiza preoblikovanja kosa T

Preoblikovanje kosa T je ena glavnih oblik
preoblikovanja cevi z medijem. Na izbocCenje in
oblikovanje oblike T v najvecji meri vplivajo geometrijska
oblika cevi in orodja, vzdolzne sile pesticev, Casovno
spreminjanje notranjega tlaka ter trenje med
preoblikovancem in orodjem. Na primeru preoblikovanja
ceviizjekla 1.0333.6 smo v racunalnisko podprtem okolju
analizirali vpliv koeficientov trenja na oblikovanje kosa
T. Analize so bile izvedene z numeri¢nim reSevanjem
problema z metodo kon¢nih elementov (MKE) in izvedene
z raunalniskim programom Abaqus Explicit verzija 6.3
[15]. Model orodja in preoblikovanca (cevi) za analize
MKE in upostevane materialne lastnosti cevi so
prikazani na sliki 3. Na sliki so zaradi bolj$e preglednosti
izpusceni vzdolzni pestici ter protipesti¢. Enoosna
simetrija omogoc¢a uporabo polovi¢nega modela
celotnega sistema orodje - preoblikovanec.

Pri izbiri ¢asovnega poteka delovanja
notranjega tlaka smo izbrali profil s hitrim
poveCevanjem tlaka do vrednosti p_, ki zagotavlja
pricetek plasticnega deformiranja materiala ter

force with inner pressure during forming — Figure 2. If
the axial forces are too low, the system is not fluid-
tight, whereas at insufficient axial forces and pressures
the yield strength of the formed material is not
exceeded. Excessive inner pressures cause bursting,
whereas excessive axial forces with appropriate inner
pressures cause tube wrinkling and buckling.

All of the stated influential parameters were
analysed on the forming of T-parts and Y -parts, with
the emphasis on the influence of the coefficient of
friction and the axial punch feedings on the forming
of the final products.

2NUMERICAL FINITE-ELEMENT
ANALYSES OF TUBE
HYDROFORMING

2.1 Analysis of T-part forming

The forming of a T-part is one of the basic
types of tube hydroforming. The factors affecting
the forming of T-parts are the tube and die geometry,
the axial punch forces, the time variation of the inner
pressure, and the friction between the formed part
and the die. The influence of the coefficient of friction
on T-part forming was analysed in a computer-aided
environment for the case of tube forming made of
1.0333.6 steel. The analyses were performed
numerically using the finite-element method (FEM)
and the software Abaqus Explicit Ver. 6.3 [15]. The
model of the tool and the formed part (tube) for FE
analyses, and the material properties of the tube, are
shown in Figure 3. In this figure the axial punches
and the counterpunch are omitted for better clarity.
Uniaxial symmetry enabled the use of a half-model
for the tool/formed-part system.

For the time variation of the action of inner
pressures, a curve with quick increases of pressure
up to the value of p_ was selected to ensure the
initiation of plastic deformation of the material and

Lastnost Vrednost

matrica / die

Value

210 GPa
0,3

7800 kg/m’

-
-
Q
o
<}
=

215 MPa

ﬁN“b<l‘lt|

=
3

350 MPa

537 MPa
0,227
1

\EQ

/

cev / tube

Sl. 3. Model MKE orodja in cevi za izdelavo kosa T
Fig. 3. FE model of tool and tube for manufacturing T-parts
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linearno povecevanje tlaka do vrednosti p,_, ob koncu
preoblikovanja. Vrednost tlaka p_ smo izbrali tako,
da $e ne pride do izbruha zaradi lokalnega stanjanja
preoblikovanca.

Analizo vpliva koeficienta trenja na
oblikovanje izbocitve T smo izvedli najprej brez
protipestica pri dveh vrednostih vzdolznih pomikov
[ obeh koncev cevi: [ = 1,5%d, (30 mm) ter [ =2*d,
(40 mm). Izbrane velikosti vzdolznih pomikov so velike
v primerjavi s sorodnimi raziskavami v svetu [16]. Z
velikimi vzdolznimi pomiki smo skusali doseci ¢im
manjse tanjSanje debelin stene preoblikovanca med
samim postopkom. Pri vrednotenju vpliva trenja na
geometrijsko obliko kosa T sta bili vpeljani
brezrazsezno razmerje izbocitve T TH :

linear increases of the pressure up to the value of p
at the end of the forming. The values of pressure p_
were selected such that bursting does not take place
because of the formed part’s local contraction.
Analyses of the influence of the coefficient of
friction on T-part forming were initially performed without
a counterpunch for two values of the axial displacement
[ of the two tube ends: / = 1.5%*d, (30 mm)and / =2*d,
(40 mm). The selected values of the axial displacement
are high compared to similar international studies [16].
Large axial displacements were used in an attempt to
achieve minimum reduction of the formed-part wall
thicknesses during the forming process. When
evaluating the influence of friction on T-part geometry,
we introduced the dimensionless T-feature ratio, 7H :

H
TH, =—
=a @
inrelativna viina izbocitve izb , podana kot razmerje: and the relative feature height izb, given as the
following ratio
H—h

izh, =

©),
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kjer so H visina izboCenega dela izdelka T, /4, viSina
cevasto izboCenega dela izdelka T in d, premer
izbocenega dela izdelka.

Surovec ima izmere ¢ 20x160 mm z debelino
stene | mm. Rezultati vrednotenja izbocitve kosa T
so prikazani na sliki 4. S slike je razvidno, da sta viSina
izbocitve, podana z razmerjem TH,, ter koeficient trenja
4 med orodjem in preoblikovancem pri izbranih
preoblikovalnih parametrih linearno odvisna. Analiza
izboCitve kosa T z razmerjem izb_je pokazala, da

1

where H is the T-feature’s height, / is the height of
the T-feature’s tubular portion and d, is the T-
feature’s diameter.

The tube’s dimensions were ¢ 20x160 mm
and the wall thickness was 1 mm. The results of the
T-feature evaluation are shown in Figure 4. This figure
shows that the feature’s height, given as the TH,
ratio, and the coefficient of friction z between the die
and the formed part at the selected forming
parameters are in a linear relationship. The analysis

3,5
T 0,8 - ~__ [1]
o M7 \ A 3 3
= (%)
= o 067 47\
S 2 — =
o 8 051 :__\-—\/ D S
N Q ’ La) 2,5 g (E
= 5 041 > T 9
~— > Q 8
L3 03 - © S
g 2 e 2 £3
€1 02 - . 5SS
N \ = /S © ~ A
© 0,1 - ‘ Srel = Smax / Smin I H 7y
h
0 T T T T 1,5
0 0,05 0,1 0,15 [1] 0,25
Koeficient trenja
Friction coefficient
=4 H: Pomik pesti¢a I, = 30mm —®— H: Pomik pestia I =40 mm
Punch feeding I = 30mm Punch feeding Iz = 40 mm
= X = Sr: Pomik pesti¢a /; =30mm  =——A =S : Pomik pesti¢a /; =40 mm
Punch feeding I, = 30mm Punch feeding I = 40 mm

Sl. 4. Vpliv koeficenta trenja na izbocitev (leva lestvica) in razmerje debelin kosa T (desna lestvica)
Fig. 4. The influence of the coefficient of friction on the T-feature's dimensions (left scale) and T part’s
thickness ratio (rvight scale)
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visina ukrivljenega dela izbocitve ni odvisna niti od
koeficienta trenja niti od velikosti vzdolznega pomika
pestiéev. S spreminjanjem vrednosti koeficientov
trenja med orodjem in preoblikovancem ob
nespremenjenih preostalih parametrih postopka se
spreminja le viSina izboCenega dela kosa T (TH ) ter
razmerje debelin najdebelejSega in najtanjSega dela
izdelka (sl. 4).

Porazdelitev debelin preoblikovanega kosa
T, izdelanega brez delovanja protipestica, je prikazana
nasliki 5. Izbrani parametri postopka z velikimi pomiki
vzdolznih pesti¢ev zagotavljajo najmanjSe tanjSanje
kosa T. Po drugi strani se hkrati pojavlja neobicajna
odebelitev koncev cevi, okolice polmera R in stene
nasproti izbocene oblike T.

STH
(Ave. Crit.: 75%)
+2.411e+00

+9.592e-01 /

of the T-feature with the izb_ratio showed that the
height of the curved part of the feature does not
depend on the coefficient of friction or the magnitude
of the axial punch feedings. When the magnitude of
the coefficient of friction is varied with other process
parameters unchanged, only the T-feature’s height
(TH) and the ratio of thicknesses of the thickest to
the thinnest portion vary - Figure 4.

The thickness distribution of a T-part formed
without the use of a counterpunch is shown in Figure
5. Selected process parameters with large
displacements of axial punches have ensured minimal
thinning of the T-part. On the other hand the uncom-
mon thickening at the tube ends, around the die radius
R, and on the wall opposite the T-feature took place.

notranji tlak / inner pressure :

zaCetni / initial: p_ = 25 MPa

kon¢ni / final: p, = 38 MPa

linearno naras¢anje notranjega tlaka / linear
increase of inner pressure

vzdolzni pomik pesti¢ev
axial punch feed: 40 mm

/

-

Sl. 5. Porazdelitev debelin kosa T, izdelanega brez protipestica
Fig. 5. Thickness distribution of a T-part produced without the use of a counterpunch

Izdelava kosov T v industriji zahteva
uporabo protipesticev, ki zmanjsajo lo¢no izboceni
del kosa T H, = H — h, (sl. 4). V ta namen med
preoblikovanjem kosa T na prosto preoblikovani del
cevi delujemo s silo protipestica, ki zmanjsSuje
izbocCenost konénega prikljucka T. Slika 6 prikazuje
izdelavo kosa T z uporabo protipestic¢a in silo
njegovega delovanja. Izbrani parametri postopka
zagotavljajo najmanjse tanjSanje izdelka , ki doseze le
3% na vrhu izbocene oblike T.

2.2 Analiza preoblikovanja kosa 'Y

V izpusnih sistemih, ki so eno pomembnejsih
podrocij preoblikovanja z visokimi notranjimi tlaki, se
pogosto pojavljajo zahteve po izdelavi razcepov in
prikljuckov, ki se na glavno cev ne spajajo pod pravim
kotom. Tako imenovani kos Y je za izdelavo precej
zahtevnejsi kakor v prejSnjem poglavju obravnavani
kos T. Geometrijska oblika kosa zahteva nesimetricne
pomike vzdolznih pesticev med preoblikovanjem.
Vpliv velikosti pomika posameznega konca
preoblikovanca se kaze v obliki prikljuc¢ka kosa Y. V

The industrial manufacture of T-parts requires
the use of counterpunches, which reduce the arched
portion of the T-feature H = H — h, (Figure 4). For this
purpose, a force is applied on the free-formed portion of
the tube using a counterpunch during the T-part’s
forming. This force reduces the arched portion of the T-
feature on the final product. Figure 6 shows the production
of a T-part using a counterpunch and its force. The
selected process parameters ensure minimum thinning of
the part — only 3% on the top of the T-feature.

2.2 Analysis of Y-part forming

The manufacture of exhaust systems, one of
the most important applications of hydroforming,
frequently involves the production of manifolds and
connectors that are not attached to the main tube at an
angle of 90 degrees. The production of Y-parts is much
more difficult than that of the T-parts described in the
previous section. This part’s geometry requires
asymmetric feedings of axial punches during forming.
The influence of the magnitude of displacement of the
formed part’s ends is reflected in the shape of the Y-part
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Z 60000 n.’ 6000

§ 50000 ’-r/ 5000

% 40000 var\v/JV‘J 4000

g 30000 IWJ 3000
20000 /W‘/ 2000
10000 ( A/\‘/VAJ 1000

0 . . ‘ ‘ 0
0 0.001 0.002 0.003 0.004 0.005
Cas / Time

|—Aksialni pesti¢ / Axial punch — Protipestic / Counterpunch

notranji tlak / inner pressure :
zaCetni / initial: p , = 25 MPa
kon¢ni / final: p,, = 38 MPa

Sila/ Force [N]

debelina/
thickness [mm]

+9.800e-01

linearno naras¢anje notranjega tlaka / linear increase of inner pressure

vzdolzni pomik pesti¢ev
axial feed of punches: 40 mm

Sl. 6. Potek preoblikovalnih sil in porazdelitev debelin modela MKE kosa T, izdelanega z uporabo
protipestica
Fig. 6. Forming forces vs. time and thickness distribution of a FE model of a T-part made using a
counterpunch

delu smo analizirali vplive razli¢nih velikosti pomikov
robov cevi kosa Y. Zaradi primerljivosti dobljenih
rezultatov z ze znanimi [17] smo izbrali kos Y s 60
stopinjskim priklju¢nim delom.

Podobno kakor pri analizi kosa T smo
izvedli numeri¢ne simulacije preoblikovanja kosa
Y z notranjim tlakom, izracunanim po enacbi 1 v
poglavju 2.1. Izbrani material je imel enake
materialne karakteristike kakor v poglavju 2.1.
Surovec ima dimenzije ¢ 20x160 mm iz jekla 1.0333.6
z debelino stene 1 mm. Model orodja in surovca za
izdelavo kosa Y je prikazan na sliki 7. Zaradi vecjih
pomikov desnega dela preoblikovanca je izbrani
razcep Y v orodju na tretjini dolzine surovca.
Enoosna simetrija preoblikovanca omogoca tudi v
tem primeru analize s polovi¢nim modelom MKE. V
primeru simulacije kosa Y se je pokazalo, da ne
moremo vec zadostiti pogoju najmanjsega tanjSanja
stene cevi. Kot kriterij uspesnega preoblikovanja
smo zato izbrali najvecje dovoljeno tanjSanje cevi,
ki je opredeljeno z enacbo:

connector. This paper analyses the influences of various
displacements of the Y- part’s tube ends. In order to enable
comparisons of the obtained results with published results
[17], a Y-part with a 60-degree connector was selected.

As with the analysis of the T-part, numerical
simulations of Y-part forming were performed with an
inner pressure calculated using Equation 1, section 3.1.
The selected material had the same characteristics as
stated in section 3.1. The preform’s dimensions were
¢ 20x160 mm and it was made of 1.0333.6 steel with a
wall thickness of 1 mm. The model of the die and tube
for the production of the Y-part is shown in Figure 7.
Because of greater displacements of the right portion of
the formed part, the selected Y-feature in the die is located
at one third of the tube’s length. In this case as well, the
formed part’s uniaxial symmetry enabled FE half-model-
based analyses. The simulation of the Y-part showed
that the condition of minimum tube wall thinning could
no longer be met. As a criterion of successful forming,
the maximum permissible tube thinning was therefore
selected, which is defined with the equation:

5=, e (6).

Izbrane so bile razlicne kombinacije pomikov
pesticev, pri ¢emer smo za pomik levega pesti¢a izbrali
vrednosti [ =d (20 mm)in/ = 1,5%d (30 mm).
Pomike desnega pesti¢a smo spreminjali v razponu
vrednostiod [, =1,5*[ | (30me) do/,=3,5% (80
mm) s korakom po 0,25* [ . Casovni profil notranjega
tlaka medija med preoblikovanjem je bil pri vseh

Various combinations of punch feedings
were used. For left punch feedings we used the values
of [ =d (20 mm)and /[, = 1.5%d (30 mm). Right
punch feedings were varied over the interval between
[,=1.5* (30mm)and/,=3.5%/ (70 mm), withan
increment of 0.25* [ . The variation of the fluid’s
inner pressure with time during forming was identical
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analizah preoblikovanja enak. V prvih 10% celotnega
Casa smo izbrali hitro narascanje notranjega tlaka v
cevi do vrednosti, ki povzroci plastifikacijo cevi. V
nadaljevanju smo do konca preoblikovanja tlak
linearno povecevali do mejne vrednosti, podane z
enacbo [17]:

in all the analyses of forming. During the first 10% of
the total time, the inner pressure was increased
quickly up to the tube’s yield strength. Thereafter,
the pressure was increased in a linear fashion until
the end of forming, up to a limit given by equation
[17]:

_4s,R,

n

Koeficent trenja ima nespremenljivo
vrednost p=0,05.

cev / tube

dy—s, ().

The coefficient of friction had a constant
value of p=0.05.

matrica / die

/

vzdolzni pesti¢ / axial punch

S1. 7. Model MKE orodja in cevi za izdelavo kosa Y
Fig. 7. FE model of tool and tube for the manufacture of a Y-part

V simulacijah preoblikovanja smo analizirali
visino kraka Y, njegovo obliko in debelino. Kriterija
mejnega uspesnega preoblikovanja sta bila
dovoljeno tanjSanje materiala (enacba 6) in pojav
ubocitve preoblikovanca na prehodu cevi v krak Y.
Ubocitev se pojavi ob prevelikem pomiku desnega
vzdolznega pestica. Analize so pokazale, da se v
primeru levega pomika pestiCaza [ = d_ pojavi guba
na kraku Y pri trikratni velikosti pomika desnega
pestica (1 /1 = 3), medtem ko se pri ve¢jem pomiku
levega pestica (I, = 1,5%d ) ta guba pojavi Ze pri
vrednosti 1 /1 =2,25.

Legenda l,=d,=20 mm
Legend a
< lyil=15
gt 1ag=2,0 uboditev /
T 2 la=25 buckling
— 1,:1,=3,0
— 1,:1,,=35 /

levi vzdolzni pestic -

pomik /,, pomik /,,
left axial punch - right axial punch -
feed I, feed I,

During simulations of forming, the Y-
feature’s height was analysed, along with its shape
and thickness. The used limits for successful forming
were the permissible material thinning (Equation 6)
and the appearance of buckling on the transition from
the tube to the Y-feature. Buckling appears at
excessive right axial punch feedings. Analyses
showed that for left punch feedings of [ =d , a
wrinkle appears on the Y-feature at three times the
value of right punch feeding (1 /1 , = 3), whereas
during greater left punch feedings (/, = 1.5*d ) this
wrinkle appears already at a value of | /I =2.25.

Legenda l,, =1,5*d, =30 mm
Legend
i hy=1,0
/:z: /:= 1,5 ubocitev /
— Iy 14=2,0 buckling
— Iy ly=25

desni vzdolzni pesti¢ -  levi vzdolzni pesti€ -

desni vzdolzni pesti¢ -

pomik /,, pomik /.,
left axial punch - right axial punch -
feed I, feed I,

Sl. 8. Oblika kraka Y pri razlicnih pomikih vzdolznih pesticev
Fig. 8. Y-feature at different axial punch feedings
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Oblikovanje kraka Y v odvisnosti od
pomikov pesticev je prikazano na sliki 8 — pomik
levega pestia [ = d_(levo) in [ = 1,5%d_ (desno).
Potek preoblikovanja in porazdelitev debelin
najvecjega uspesno izdelanega kosa Y s pomiki
vzdolZnih pesticev / = 30 mm in /, = 60 mm sta
prikazana na sliki 9.

The forming of Y-feature vs. punch
feedings is shown in Figure 8 — left punch feedings
[, =d_ (leftyand [ =1,5*d (right). The course of
forming and the thickness distribution for the
largest successfully produced Y-part with punch
feedings /=30 mm and / , = 60 mm are presented
in Figure 9.

debelina /
thickness [mm]

- 450e+00
.290e+00
.130e+00
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Sl. 9. Porazdelitev debelin najvecjega uspesno preoblikovanega kosa Y
Fig. 9. Thickness distribution of the largest successfully formed Y-part

V industrijskem okolju izdelava
preoblikovanca sestoji iz ve¢ tehnoloskih faz, od
katerih smo simulirali le najpomembnej$o fazo —
preoblikovanje z visokim notranjim tlakom. Pred to
fazo se v notranjost cevi dovaja Se tlaéni medij in
povecuje tlak do delovnega tlaka medija, po samem
preoblikovanju pa sledi Se faza kalibracije. Ta faza se
uporablja samo pri preoblikovanju s protipestici, v
njej se preoblikovancu s povecanim kalibracijskim
tlakom da kon¢no obliko izdelka.

Analizo preoblikovanja kosa Y s
protipesti¢em smo izvedli za kombinaciji vzdolznih
pomikov pesticev, pri katerih smo dobili najvecji Se
uspesno izdelani krak Y izdelka. To sta kombinaciji
pomikov/ =20mm:/ =55mmin/ =30mm:/, =
60 mm. Koncéno obliko izdelka, ki naleZze na
protipesti¢ pri 32% pomika vzdolznih pesticev,
prikazuje slika 10. Na sliki je prikazana tudi oblika
izdelka po fazi kalibracije, v kateri smo povecali
notranji tlak medija za 50% kon¢ne vrednosti tlaka
med preoblikovanjem.

3 SKLEPI
Preoblikovanje z visokimi notranjimi tlaki se

vedno bolj uveljavlja v avtomobilski industriji pri
izdelavi izpusnih sistemov ter nosilnih in strukturnih

stran 40

In industrial environments, the production
of hydroformed parts consists of several
technological phases, of which only the most
important one, the forming procedure, was simulated.
Prior to this phase, a pressure medium is fed to the
tube’s interior and it increases the pressure up to the
working pressure. Forming is followed by the
calibration phase, which is only used in forming with
counterpunches; increased calibration pressure is
applied in order to give the formed part its final shape.

The analysis of Y-part forming using a
counterpunch was performed for the combinations of
axial punch feedings at which the largest still successfully
formed Y- feature was obtained. These were feeding
combinations of / =20mm:/,=55mmand/ =30mm:
[, =60 mm. The final product portion which comes into
contact with the counterpunch at 32% axial punch
feeding is shown in Figure 10. This figure also shows the
formed part’s shape after the calibration phase, in which
the medium’s inner pressure was increased by 50% of the
final pressure value during forming.

3 CONCLUSIONS

Hydroforming is increasingly used in the
automotive industry for the manufacture of exhaust
systems, and load-bearing and structural
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debelina /
thickness [mm]

+2.250e+00

debelina /
thickness [mm]

.450e+00

. 290e+00
+2.130e+00

. 970e+00
+1.810e+00
+1.650e+00
+1.490e+00
+1.330e+00
+1.170e+00
+1.010e+00
+8.500e-01

Sl. 10. Izdelava kosa Y z uporabo protipestica na 1/3 (zgoraj), 2/3 (v sredini) preoblikovanja in po
kalibraciji (spodaj) - pomiki [, = 20 mm : | , = 55 mm (levo) in | , = 30 mm : [ , = 60 mm (desno)
Fig. 10. Manufacture of a Y-part using a counterpunch at 1/3 (top), 2/3 (middle) of forming time and after
Jorming (bottom) — punch feedings [, = 20 mm : | , =55 mm (lefi) inl , = 30 mm : | , = 60 mm (right)

delov avtomobila. Sama tehnologija preoblikovanja z
visokimi notranjimi tlaki je zaradi velikega Stevila
casovno spremenljivih parametrov postopka zelo
zahtevna. Veliko Stevilo vplivnih parametrov je
odvisno tudi od geometrijske oblike surovca in izdelka
ter uporabljanega materiala.

Zaradi velikega Stevila vplivnih velicin
postopke preoblikovanja z visokimi notranjimi tlaki
nacrtujemo v navideznem racunalnisko podprtem
okolju, ki omogoca variacije posameznih parametrov
postopka in iskanje optimalnih tehnoloskih resitev.
Vplivnost koeficienta trenja in vzdolznih pomikov
pestiCev sta analizirana na preoblikovanju kosa T in
kosa Y. V obeh primerih smo notranjost cevi
obremenjevali z notranjim tlakom, ki smo mu med
preoblikovanjem linearno spreminjali vrednost.
Velikost tlaka smo spreminjali od vrednosti, potrebne
za plasti¢no deformacijo cevi na zacetku, do tlaka, ki
Se ne povzroci lokalizacije in izbruha na koncu
preoblikovanja. Analize preoblikovanja kosa T brez
protipestica so pokazale linearno povezanost
koeficienta trenja in izbocCenosti preoblikovanca.
Preoblikovanec se zaradi tlacnih vzdolznih
obremenitev ob vecjih pomikih pesti¢ev v najvecji
meri odebeli pri koncih cevi, v okolici polmera orodja

components. Because of the large number of
process parameters that vary with time,
hydroforming technology is very demanding. A
large number of influential parameters also depend
on the geometry of the preform and formed part
and the material used.

Because of a large number of influential
parameters, hydroforming procedures are planned in
a virtual environment that enables the variation of
individual process parameters and searching for
optimum technological solutions. The effects of the
coefficient of friction and axial punch feedings are
analysed on the forming of T-parts and Y-parts. In
both cases, the inside of the tube was subjected to
an inner pressure, the value of which was varied
during forming in a linear manner. The magnitude of
the pressure was varied from the value required for
initial plastic tube deformation to a value just before
localisation and bursting at the end of forming. An
analysis of T-part forming without a counterpunch
showed a linear relationship between the coefficient
of friction and the formed part’s feature. Because of
the axial pressure loads, thickening of the formed
part’s wall is most pronounced at large punch feedings
on tube ends, around the die radius R and on the
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R innasteni preoblikovanca nasproti izbocene oblike
T. Do najmanjSega tanj$anja prihaja le na najbolj
izbocenem delu preoblikovanca. Analize so pokazale,
da se vrednosti tanjSanja v izbranih preoblikovalnih
razmerah pri jeklu 1.0333.6 gibljejo vedno pod 7%
zacetne debeline stene.

Preoblikovanje izdelka Y, ki se uporablja v
veliki meri pri izdelavi prikljuckov in razvodov izpusnih
sistemov, smo analizirali glede na razli¢ne vzdolzne
pomike cevi med postopkom. Zaradi oblike Y ne
moremo uporabljati simetri¢nih pomikov cevi. Glede
na izmere cevi, konéno geometrijsko obliko kosa Y
ter dovoljeno tanjSanje materiala se izbira velikost
vzdolznih pomikov. Pri izbranih velikostih pomikov
levega pestica v velikosti [ =d inl =1,5%d staza
uspesno preoblikovanje cevi najvecja dovoljena
pomika desnega pesti¢a [ ,=2,75* [ vprvemin/
=2*[  vdrugem primeru.

Predstavljene analize preoblikovanja kosa
T inkosa Y bomo v nadaljevanju raziskovalnega dela
razsirili z geometrijsko zahtevnej$imi uporabami ter
vrednotenji vplivov razli¢nih kombinacij pogojev
vzdolznih sil in notranjih tlakov na oblikovanje
kon¢nega izdelka.

wall opposite the T-feature. Minimum thinning takes
place only on the most prominent portion of the
formed part. Analyses have shown that the values of
thinning during the selected forming conditions for
steel 1.0333.6 always range below 7% of the initial
wall thickness.

The forming of Y-parts, which is largely used
in the production of manifolds and connectors for
exhaust systems, was analysed in terms of the different
axial tube displacements during the procedure. Because
of the Y-feature, symmetric tube displacements could
not be used. The magnitude of axial feedings is
selected based on tube dimensions, the final Y-feature
geometry and permissible material thinning. At the
selected left punch feedings of / | =d and [, =1.5%d,
the maximum permissible right punch feedings for
successful tube forming are /, =2.75 * [  in the first
case and [, =2 * [  in the second case.

In the continuation of our research, the
presented analyses of the forming of T-parts and Y-
parts will be expanded with geometrically more
complex applications and evaluations of the influence
of different combinations of axial forces and inner
pressures on the forming of final products.
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Obravnavanje curka plinskega olja in

nadomestnih goriv

A Spray Analysis of Petrol and Alternative Fuels

Martin Volmajer - Breda Kegl

V prispevku je obravnavana numericna analiza curkov plinskega olja in nekaterih nadomestnih
goriv. Z uporabo paketa racunske dinamike tekocin FIRE so bile dolocene karakteristike curkov (velikost
kapljic in domet) plinskega olja, biodizla in odpadnega rastlinskega olja. Nekatere vrednosti karakteristicnih
velicin curka so bile primerjane tudi z vrednostmi, izracunanimi z uporabo znanih empiricnih modelov za
dolocitev karakteristik curka. Analize so bile izvedene za dva tipa vbrizgalnih Sob oz. vbrizgalnih sistemov
(neposredni in posredni). V primeru slednjega so rezultati numericne analize primerjani Se s fotografijami
curka.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: vbrizgavanje goriva, olje plinsko olje, biodizel, olja odpadna, olja rastlinska)

This paper presents numerical analyses of sprays of diesel and some alternative fuels. The fuel spray
characteristics (the droplet size and the penetration length) of diesel fuel, biodiesel and waste cooking oil
were calculated using the computational fluid dynamics program FIRE. Some of the characteristics were
calculated using existing empirical models. The analyses were made for two different injection systems: direct
and indirect injection. In the case of indirect injection, the results were also compared with fuel-spray

photographs.

© 2004 Journal of Mechanical Engineering. All rights reserved.
(Keywords: fuel injection, diesel fuels, biodiesel, waste cooking oils)
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Z uporabo nadomestnih goriv rastlinskega
porekla lahko klasicen dizelski motor z notranjim
zgorevanjem obratuje brez prirastka emisij ogljikovega
dioksida (CO,). To pomeni, da se z uporabo teh goriv
ne povecuje koli¢ina CO, v atmosferi. Kot gorivo
rastlinskega porekla se obicajno uporabljajo estri
mascobnih kislin rastlin, to so: oljna repica, son¢ni¢no
olje, sojino olje ipd. Ti estri se imenujejo biodizel.
Lahko pa nadomestna goriva izdelujemo tudi iz
odpadnega rastlinskega olja.

Znano je, da lastnosti goriva, kakor tudi
njegova sestava, odlocilno vplivajo na postopek
vbrizgavanja ter s tem neposredno na postopek
zgorevanja in nastanek nezazelenih ostankov. Ob
upostevanju dejstva, da se sestava goriv rastlinskega
porekla razlikuje od sestave mineralnih goriv, je za
prilagoditev delovanja dizelskega motorja z
nadomestnimi gorivi potrebno dobro poznavanje
omenjenih postopkov.

Z uporabo paketov radunske dinamike
tekoCin (CFD) racunalniSka oprema dandanes
dopus¢a razmeroma hitre analize postopka
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O0INTRODUCTION

A conventional compression ignition engine
is capable of running with a zero net emission of a
carbon dioxide (CO,) when alternative fuels based
on vegetable oil are used. In this way the concentra-
tion of CO, in the atmosphere stays the same. For the
plant source it is common to use esters from rapeseed,
sunflower, soya, etc. These esters are commonly re-
ferred to as biodiesel. Alternative fuels can also be
made of waste cooking oils.

It is well known that the fuel characteristics
and the fuel composition significantly affect the in-
jection process, which in turn has a direct affect on
the combustion and emission-formation processes.
Since the composition of vegetable-source fuels dif-
fers from that of petroleum-based fuels, the conven-
tional compression-ignition engine needs to be
adapted to run on alternative fuels. This step requires
a good understanding of the injection and combus-
tion processes of alternative fuels.

Today we are able to run relatively fast analy-
ses of the injection and spray-formation processes,
as well as the combustion and emission-formation
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vbrizgavanja, nastanka curka, kakor tudi zgorevanja
in nastanka emisij, s ¢imer lahko Ze pred prvimi
prakticnimi preizkusnjami do neke mere prilagodimo
motor novim delovnim razmeram.

Z namenom spoznavanja vplivov
nadomestnih goriv na postopek vbrizgavanja in
nastanek curka ter moznostjo predelave sedanjih
sistemov za obratovanje z nadomestnimi gorivi so
bile izvedene tudi analize v tem prispevku.

1 TEORETICNE OSNOVE
1.1 Lastnosti goriva

Rastlinska olja so zgrajena v obliki
trigliceridov, ki jih sestavljajo tri verige ogljikovodikov
povezane med seboj z glicerolom. Kot tak$na sicer
gorijo, a jih v taksni obliki v praksi zelo redko
uporabljamo. Njihova najvecja pomanjkljivost je zelo
velika viskoznost, ki povzroca tezave z dovodom
goriva. Tem teZzavam se lahko izognemo z gretjem
goriva, ve¢jim prerezom cevi ali s kemiénim
postopkom esterifikacije, to je s proizvodnjo biodizla.
To je postopek, pri katerem esterske vezi v trigliceridih
hidroliziramo, s ¢imer nastanejo proste mascobne
kisline, ki po reakciji z metanolom ali etanolom delajo
metil- ali etilestre. Njihove lastnosti se lahko razlikujejo
v odvisnosti od osnovne rastline.

Kot druga nadomestila se lahko uporabi tudi
odpadno rastlinsko olje. To ima podobne lastnosti
kakor Cisto rastlinsko olje, zato neesterificirano ni
najprimernejSe za uporabo. Lastnosti biodizla (BIO),
plinskega olja (D2) in odpadnega rastlinskega olja
(ORO-WCO) so predstavljene v preglednici 1. V
predstavljenih analizah je bilo, ne glede na nekatere
predhodne negativne izkusnje, uporabljeno rastlinsko
olje, pri katerem ni bil izveden postopek esterifikacije.

1.2 Numeric¢na analiza

Numeric¢na analiza je narejena z uporabo
programskih paketov RDT FIRE v7.2b in FIRE v.8.1
(AVL) na delovnih postajah HP 9000/782 in 9000/785
o0z. osebnem racunalniku P3 450 MHz.

Preglednica 1. Lastnosti goriv [1] in [2]
Table 1. Fuel characteristics [1] and [2]

processes, by using computational fluid dynamics
(CFD) programs. By using these tools we are able to
partly adjust the engine to the new conditions, even
before the first experimental tests.

The objective of this paper is to learn how
the alternative fuels affect the injection and spray-
formation processes and to get some information
about how the existing injection systems should be
adapted to run with these fuels.

1 THEORETICAL BACKGROUND
1.1 Fuel characteristics

Vegetable oils exist in the form of
triglycerides, which consist of three hydrocarbon
chains connected together by glycerol. Vegetable
oils are combustible, but they are rarely used in this
form. The problem with vegetable oils is their very
high viscosity, which causes problems with fuel flow
from the tank to the engine. Those problems can,
however, be reduced by preheating the oil and us-
ing larger fuel lines or by chemical modification, i.e.
producing biodiesel. In this process the ester bonds
in the triglycerides are hydrolysed. The result is
free fatty acids, which form methyl or ethyl esters
after a reaction with methanol or ethanol. The prop-
erties of these esters are mainly dependent on the
source plant.

An alternative is to use waste cooking oil.
But since it has similar properties to pure vegetable
oil, in its unesterified form it is not suitable to be used
as a fuel. The characteristics of diesel fuel (D2),
biodiesel (BIO) and waste cooking oil (WCO) are pre-
sented in Tab. 1. The WCO used in the presented
analyses was, in spite of past negative experiences,
unesterified.

1.2 Numerical analyses

The numerical analyses were made using
the CFD programs FIRE v7.2b and FIRE v.8.1 (AVL)
on two workstations (HP 9000/782 and HP 9000/785)
and a P3 personal computer (450 MHz), respectively.

D2 BIO ORO/WCO
p (kg/m’) 820 do/to 845 875 do/to 900 915
v (mmz/s) 2 do/to 4,5 3,5 do/to 5,0 36,7
H (MJ/kg) 42,6 37,3 -
cetansko $t./cetane no. 46 >49 -
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1.3 Empiri¢ni modeli

Kot hiter kazalnik razvoja sprememb
oblike curka in kakovosti razprsSitve lahko
uporabimo tudi nekatere empiri¢ne modele, s
katerimi lahko ocenimo srednji Sauterjev premer
(d,,) in domet curka (L,). V predstavljenem delu sta
bila uporabljena naslednja modela: Filipovi¢ [3] (1)
za srednji Sauterjev premer kapljic ter Yule-Filipovic¢
[4](2) za domet curka:

o

2
0, Wm:324,6.[pau_odh

S

1.3 Empirical models

The empirical model for calculating the
Sauter mean diameter (d,,) and the spray penetration
length (L)) can be used as a tool for fast analyses,
showing the tendency of the spray changes and the
quality of the atomisation. In this paper, two empiri-
cal models were used: Filipovi¢ [3] (Eq.1) for the Sauter
mean diameter of the droplets, and Yule - Filipovi¢ [4]
(Eq.2) for the spray penetration length:

-0,233 -0,082
[P0,
i M

(o2

2
L,y mm=2,65-10"-d, (pﬂ %

V enacbah (1) in (2) sta p, gostota zraka, ox
gostota goriva, o, pomeni povrsinsko napetost
goriva, H, dinami¢no viskoznost goriva, u, pa
dinami¢no viskoznost zraka. Izto¢na hitrost je
oznaCena z u,, tla¢na razlika z Ap, medtem ko d, pomeni
premer odprtine Sobe. Vse enote so v skladu s
sistemom SI.

1.4 Vbrizgalni sistemi

V predlozenem delu je bil analiziran postopek
vbrizgavanja in nastanka curka za dva vbrizgalna
sistema: (1) VBRIZGALNI SISTEM 1 (VS1) - klasic¢en
vbrizgalni sistem z linijsko tlacilko in vbrizgalno Sobo
s $tirimi izvrtinami premera 0,375 mm, pri katerem imata
odprtini $t. 1 in St. 4 nagibni kot kanala odprtine 95°,
odprtini §t. 2 in $t. 3 pa kot 49°, (ii)) VBRIZGALNI
SISTEM 2 (VS2) - vbrizgalni sistem z rotacijsko tlacilko
in Sobo s ¢epom, s premerom odprtine 1,1 mm.

2 STEVILCNIPRIMERI

Analize so bile izvedene pri dveh razlicnih
obratovalnih rezimih (najvecji vrtilni moment (VS1_A)
in najvecja mo¢ (VS1_B) pri VS1 in najvedji vrtilni
moment (VS2_C) ter 80% vrtilne frekvence najvecje
moci (VS2 D) pri VS2 za tri razli¢na goriva: biodizel
(BIO), odpadno rastlinsko olje (ORO) in plinsko olje
(D2).

Vrtilni frekvenci tlacilke v primeru VS1 sta
600 min"' in 1000 min™', medtem ko vrtilni frekvenci pri
VS2 znasata 1000 min™ in 2000 min™'.

Analiza z uporabo RDT je za VS1 potekala v
diskretiziranem modelu v obliki kocke s stranico 300
mm, za VS2 pa v modelu oblike kvadra izmer 50x50x500
mm. Obe geometrijski obliki predstavljata vbrizgalno
komoro. Izmere so bile izbrane v skladu s
pricakovanimi dometi in obliko curkov.

Za izracun karakteristik vbrizgavanja,
potrebnih za doloc€itev zacetnih in robnih pogojev
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-0,1 0,3 0,08
dh) [prt-d, [P_/j ).
Ky P,

In Eq.1 and 2, p, is the air density, p, is the
fuel density, o, represents the surface tension, H, is
the viscosity of the fuel, and g is the air viscosity.
The outflow velocity is denoted by u,, Ap is the pres-
sure difference, and d, is the nozzle hole diameter.
The units of all the input values are according to the
SI system.

1.4 Injection system

The injection characteristics and the spray
formation process were analysed for two injection sys-
tems: (1) INJECTION SYSTEM 1 (VS1)—aconventional
fuel-injection system with an in-line pump and a four-
hole injection nozzle (hole diameter 0.375 mm, holes #1
and #4 have an inclination angle of 95°, whereas holes
#2 and #3 have an inclination angle of 49°), (ii) INJEC-
TION SYSTEM 2 (VS2) — an injection system with a
rotational pump and a pintle nozzle (hole diameter 1. lmm).

2NUMERICAL EXAMPLES

The analyses were made for two different
operating conditions: maximum torque (VS1_A) and
rated (VS1_B) for injection system 1 (VS1), and maxi-
mum torque (VS2_C) and 80% of the rotational speed
at maximum power (VS2_ D) for injection system 2
(VS2)). Three different fuels were used: biodiesel
(BIO), waste cooking oil (WCO) and diesel fuel (D2).

The pump rotational speeds for VS1 were
600 min™! and 1000 min™, and for VS2 the rotational
speeds were 1000 and 2000 min™'.

The CFD analyses were made on the cube
model with a side of 300 mm for VS1 and on the block
model with sides 50x50x500 mm for VS2. Both
geometries represent the injection chamber. The di-
mensions were set according to the expected spray
shapes and the penetration lengths.

The injection characteristics needed for the
setting of the initial and boundary conditions were



Volmajer M., Kegl B.: Obravnavanje curka plinskega olja - A Spray Analysis of Petrol

numeri¢nih analiz, je bil uporabljen enorazsezni
matemati¢ni model [6] oz. meritve. V primeru VS1 so
karakteristike vbrizgavanja za posamezno gorivo
dobljene iz rezultatov analize, predstavljene v [7],
medtem ko so bile pri VS2 le-te dobljene na podlagi
meritev. Tlak v komori je 1 bar, temperatura 313 K.
Zacetna velikost kapljic in verjetnostna porazdelitev
(zacetni pogoji) sta doloceni v skladu z ugotovitvami
predhodne analize [8]. Pri verjetnostnih porazdelitvah
v primeru analize nadomestnih goriv je doloc¢ena
velikost kapljic z najvecjo verjetnostjo za okrog 15%
vecja od tiste pri plinskem olju.

3REZULTATI

V nadaljevanju so predstavljeni rezultati
numeri¢nih in empiri¢nih analiz za vbrizgalni sistem 1
(VS1)in 2 (VS2) ter fotografije curka VS2.

3.1 Vbrizgalni sistem 1
3.1.1 Numericna analiza

Naslikah 1 do 4 so prikazane oblike curka in
lega kapljic ob koncu vbrizgavanja, izraCunane srednje
vrednosti srednjega Sauterovega premera v komori
ter najvecji domet curka pri posameznem gorivu. Na
slikah 1 do 3 je velikost kapljic predstavljena z
velikostjo krozcev. S slik je razvidno, da je domet curka
odpadnega rastlinskega olja vecji od dometov
biodizla in plinskega olja. Prav tako je jasno vidna
razlika med dometi curka v posameznem obratovalnem
rezimu.

Zanimivo je, da so v primerjavi
izraCunanih najvecjih dometov (sl.4) razlike
nekoliko manjse, kakor bi lahko sklepali iz
grafi¢nega prikaza curkov. Razlike med grafi¢nim
prikazom in absolutnimi vrednostmi so verjetno
posledica tega, da najvecji domet pomeni pot

obtained by using the one-dimensional mathemati-
cal model [6] and the experimental results, respec-
tively. In the case of VS1 the injection characteristics
for all three fuels were obtained from the results pre-
sented in [7], whereas the characteristics in the case
of VS2 were measured. The pressure in the chamber
was | bar, while the temperature was 313 K. The ini-
tial size of the bubble and the probability distribu-
tions were defined according to the findings of pre-
vious analyses [8]. The bubble-size distribution in
the case of the alternative fuels was set 15% higher
than in the case of diesel fuel.

3RESULTS

The results of the numerical and empirical analy-
ses for the injection system 1 (VS1) and 2 (VS2) and the
fuel-spray photographs for VS2 are presented below.

3.1 Injection system 1
3.1.1 Numerical analysis

Fig. 1-4 show the spray shapes and the positions
of the droplets at the end of the injection process, the calcu-
lated mean values of the Sauter mean diameter in the cham-
ber, and the maximum spray penetration length for all three
fuels. In Fig, 1-3 the size of the droplets is represented by the
size of the circles. From the figures presented below it is clear
that the penetration length when using the waste cooking
oil is larger than in the case of the biodiesel and the diesel
fuel. An obvious difference in the penetration lengths under
different operating conditions can also be seen.

It is interesting that the differences between
the calculated values of the penetration length are smaller
than the differences between the penetration lengths
shown in the figures. These differences are probably the
result of the definition of the maximum penetration length,
which is equal to the path of the droplet that travelled the

L I
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. Curek plinskega olja (levo: najvecji vrtilni moment (VS1_A), desno: najvecja moc¢ (VS1_B))

Fig. 1. Diesel fuel spray (left: maximum torque (VS1_A), right: rated (VS1_B))
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Sl. 2. Curek biodizla (levo: najvecji vrtilni moment (VSI_A), desno: najvecja moc¢ (VSI_B))
Fig. 2. Biodiesel spray (left: maximum torque (VSI _A), right: rated (VSI _B))

Sl. 3. Curek odpadnega rastlinskega olja (levo: najvecji vrtilni moment (VS1_A), desno: najvecja moc
(VS1 _B))
Fig. 3. Waste cooking-oil spray (left: maximum torque (VSI1_A), right: rated (VSI_B))
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D32_VST A Lp VST A #1 Lp VST A # D32 VST B Lp VS1 B#l LpVS1B#

Lp [mm], D32 [m-6]

mD2 m@mBIO OORO/MWCO

SI. 4. NUMERICNA ANALIZA - primerjava karakteristik curka obravnavanih goriv pri najv. vrt. momentu
(D32 VS1 A, LP_vrtilni moment VS1_A) in najvecji moci (D32 _VSI B, Lp VSI B), D32 je Sauterjev
srednji premer , Lp je domet curka, #1 pomeni odprtini I in 4, #2 pomeni odprtini 2 in 3
Fig. 4. NUMERICAL ANALYSIS — Comparison of spray characteristics at max. torque (VS1_A) and rated
(VS1 _B): D32 is the Sauter mean diameter, Lp is the penetration length, #1 represent holes 1 and 4, #2
represent holes 2 and 3
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najbolj oddaljene kapljice iz posamezne odprtine.
Te pa so zaradi majhne lo¢ljivosti slabse vidne. Pri
izracunih srednjih vrednosti srednjih Sauterjevih
premerov (sl. 4) v komori je dobro viden trend
vecanja kapljic z uporabo goriv z veéjo viskoznostjo.

Velikost kapljic in domet curka sta glavna
kazalnika razpada curka goriva. Boljsi razpad
curka pomeni, da so kapljice majhne, domet pa
¢im krajsi. Bolj$i razpad curka vpliva pozitivno na
postopek zgorevanja, manjSe pa so tudi emisije
saj oz. trdnih delcev. 1z predstavljenih rezultatov
jerazvidno, da je razpad curka najboljsi v primeru
uporabe plinskega olja, sledi biodizel, medtem ko
je razpad curka pri odpadnem rastlinskem olju
najslabsi.

3.1.2 Empiricna analiza

Rezultati empiri¢ne analize karakteristik
curka so prikazani na sliki 5, od koder je ponovno
jasno razviden najboljsi razpad curka v primeru
uporabe plinskega olja (D2).

3.2 Vbrizgalni sistem 2
3.2.1 Numericna analiza

V primeru VS2 je bila numeri¢na analiza
izdelana le za dizelsko gorivo. Rezultati za
obravnavana obratovalna rezima (VS2_Cin VS2 D)
so prikazani na slikah 6 in 7. Izracunan najvecji domet
v primeru VS2 _C je okrog 240 mm, pri VS2 D pa
okrog 210 mm. Srednji Sauterjev premer kapljic znasa
v prvem primeru okrog 65 um, v drugem pa okrog 62
pum. Na slikah 6 in 7 velikost krogel pomeni velikost
kapljic.

longest distance. Because of the low resolution figures
these are not easily seen. It is mainly the core of the spray
that can be observed from the figures. The calculated
values of the Sauter mean diameter (Fig. 4) show that the
values are larger for fuels with a higher viscosity.

The droplet size and the penetration length
are the most important parameters, showing the qual-
ity of the spray atomisation. By the term ‘better atomi-
sation’, we understand that the droplets are smaller
and the penetration length is shorter. The quality of
the atomisation positively effects the injection and
combustion process and the soot emission. From the
above-presented results it is clear that the atomisation
is the best in the case of the diesel fuel, followed by
the biodiesel and the waste cooking oil.

3.1.2 Empirical analysis

The empirical analysis results of the spray
characteristics are presented in Fig. 5, where it can be
seen that the best atomisation is calculated for the
diesel fuel (D2).

3.2 Injection system 2
3.2.1 Numerical analyses

For VS2 the numerical analyses were made
only for the diesel fuel. The results for both operat-
ing conditions — VS2 C and VS2 D — are presented
in Fig. 6 and 7. The calculated maximum penetration
length for VS2_C is about 240 mm, whereas for VS2_D
it is 210 mm. The Sauter mean diameter is 65 um for
the first case and 63 pum for the second case. The size
of the spheres in Fig. 6 and 7 represents the size of
the droplets.

90
80

70

Lp [mm], D32 [m-6]

D32_VS1_A

Lp_VS1_A

D32_VS1 B Lp_VS1 B

mD2 m@mBIO O OROWCO

SI. 5. EMPIRICNA ANALIZA - primerjava karakteristik curka obravnavanih goriv pri najvecjem vrtilnem
momentu (D32 VSI A, LP_VS1 A) in najvecji moci (D32 _VS1 A, Lp VSI B), D32 je Sauterjev srednji
premer , Lp je domet curka
Fig. 5. EMPIRICAL ANALYSIS - Comparison of the spray characteristics at max. torque (VS1_A) and rated
(VS1_B): D32 is the Sauter mean diameter, Lp is the penetration length
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Sl. 6. Curek plinskega olja pri najvecjem vrtilnem momentu (VS2 _C)
Fig. 6. Diesel fuel spray at maximum torque (VS2_C)
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S1. 7. Curek plinskega olja pri 80% vrtilne frekvence najvecje moci (VS2 D)
Fig. 7. Diesel fuel spray at the 80 % of maximum power rotational speed (VS2_D)
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D32 [m-6], Lp [mm]

D32_VS2 C

Lp VS2 C

D32 VS2 D Lp VS2 D

mD2 @BIO @©DORO/MWCO

S1. 8. EMPIRICNA ANALIZA - primerjava karakteristik curka obravnavanih goriv pri najv. vt. momentu
(D32 VS2_C, LP_VS2 C) in 80% vrt. frekvenci najv. mo¢ (D32_VS2_D, Lp VS2 D), D32 je Sauterjev
srednji premer , Lp je domet curka
Fig. 8. EMPIRICAL ANALYSIS - Comparison of spray characteristics at the max. torque (VS2_C) and at
the 80% of rotational speed of the maximum power (VS2_D): D32 is the Sauter mean diameter, Lp is the
penetration length

3.2.2 Empiri¢na analiza

Rezultati empiricne analize za VS2 so
prikazani na sliki 8. Na prvi pogled je razvidno, da
uporabljena modela napovesta razmeroma kratke
curke z velikimi vrednostmi srednjih Sauterjevih
premerov, kar ni v skladu s predhodnimi numeri¢nimi
ugotovitvami (sl. 7 in 8) ter v nadaljevanju
predstavljenimi fotografijami curka (sl. 9 in 10).

3.2.3 Fotografiranje curka

Zaprimer VS2 je bilo v okviru Laboratorija za
motorje z notranjim zgorevanjem Fakultete za strojnistvo
Maribor izvedeno fotografiranje curka (sl. 9 in 10).

Zaradi razmeroma preprostega postopka in
izvedbe je kakovost slik sorazmerno slaba, vidni pa
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3.2.2 Empirical analysis

The empirical analysis results for VS2 are
presented in Fig. 8. It can be clearly seen that the
empirical models gave rather short sprays with rela-
tively high values of the Sauter mean diameter, which
is not in accordance with the numerical results (Fig. 7
and 8) and the photographs (Fig. 9 and 10) for this
case.

3.2.3 Spray photography

For VS2 the spray photographs were taken
at the Engine Research Laboratory of the Faculty of
Mechanical Engineering, Maribor (Fig. 9 and 10).

The quality of presented photographs is
relatively low, due to the low resolution and the back
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Sl. 9. Fotografije curkov pri VC2_C (od leve: plinsko olje, biodizel, odpadno rastlinsko olje)
Fig. 9. Spray photographs for VS2_C (from left: diesel fuel, biodiesel, waste cooking oil)

S1. 10. Fotografije curkov pri VC2_D (od leve: plinsko olje, biodizel, odpadno rastlinsko olje)
Fig. 10. Spray photographs for VS2 D (from left: diesel fuel, biodiesel, waste cooking oil)

Preglednica 2. Domet curka, dobljen s fotografij
Table 2. Spray penetration length acquired from the spray photographs

ye2 C VC2 D

D2 150 mm 120 mm

BIO 230 mm 185 mm
WwCO 280 mm 215 mm

so tudi Stevilni odsevi. Kljub temu je bilo mogoce do
neke mere dolo€iti najvecji domet pri posameznem
obratovalnem rezimu.

S fotografij je razvidno, da je dometv obeh
primerih najkrajsi v primeru uporabe plinskega olja,
najdaljsi pa v primeru odpadnega rastlinskega olja.
Izmerjene vrednosti so predstavljene v pregl. 2. Vidno
je tudi, da je kot curka v blizini odprtine najvecji pri
plinskem olju, kar kaze na boljsi razpad goriva. Pri
nadomestnih gorivih, posebej pri odpadnem
rastlinskem olju, je vidna nit goriva na izstopu iz
odprtine, ki se za¢ne trgati komaj na razdalji okrog 70
mmyv primeru VS2_C(sl. 9) oz. 50 mmv primeru VS2 D
(s1.10). Sele od tukaj dalje lahko govorimo o razpadu
curka.

3.3 Razprava

Kljub temu, da se rezultati numeri¢ne in
empiri¢ne analize, kakor tudi vrednosti dolocene s

scattering of the stroboscope lamp. Both are the re-
sult of a relatively simple procedure. Nevertheless,
we were able to measure the spray penetration length
under certain operating conditions.

From the photographs it is clear that the pen-
etration length is always the shortest when using diesel
fuel, and the longest when using waste cooking oil. The
measured values are presented in Tab. 2. The spray-cone
angle is the largest for the diesel fuel, which also indicates
better atomisation of the spray. For the alterative fuels,
especially the waste cooking oil, a filament of the fuel at the
nozzle outlet can be observed. This starts to decay at a
distance of about 70 mm from the nozzle outlet, for VC2_C
(Fig.9),and at about 50 mm for VC2_D (Fig. 10). From this
point on we can talk about the spray atomisation.

3.3 Discussion

Even though the results of the numerical
and empirical analyses as well as the results obtained
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fotografijami, medsebojno v celoti ne ujemajo, lahko
ugotovimo, da je v vseh analizah zaznan podoben
trend spreminjanja karakteristicnih veli¢in curka. Na
podlagi podobnih gibanj lahko analiziramo ter do
neke mere dolo¢imo, kaksen vpliv ima posamezno
gorivo na postopek vbrizgavanja, zgorevanja in
tvorbe nezazelenih produktov zgorevanja.

Tako je v vseh primerih, pri vseh analizah,
najslabsi razpad curka zaznan pri uporabi odpadnega
rastlinskega olja, najboljsi pa v primeru plinskega olja.
Vrednosti za biodizel so v skoraj vseh primerih med obema
omenjenima gorivoma. V odvisnosti od uporabljene
analize so te enkrat blizje vrednostim plinskega olja, drugic
pablizje tistim pri odpadnem rastlinskem olju.

Glede nato, da je biodizel danes prakti¢no ze v
uporabi; dovoljenje za uporabo le-tega pa je tudi na
svojih najsodobnejsih dizelskih motorjih odobrilo
precejsnje Stevilo proizvajalcev [9], je na vprasanje
smiselnosti in ustreznosti uporabe tega goriva ze bolj ali
manj odgovorjeno. Vsekakor pa velja pri starejsih
vbrizgalnih sistemih, ki so bili razviti zlasti za klasi¢no
gorivo in dosegajo manjse tlake vbrizgavanja, pred
uporabo nadomestnih goriv razmisliti o morebitni
predelavi vbrizgalnega sistema in zgorevalnega prostora.

Na tem mestu se vprasanje ustreznosti oz.
vpliva na postopke vbrizgavanja, zgorevanja in
tvorbe nezazelenih produktov zgorevanja postavlja
bolj za odpadno rastlinsko olje, ki bi lahko ob
predstavljenih rezultatih povzrocalo nepopolno
zgorevanje ter s tem povezan nastanek nezazelenih
ostankov zgorevanja. Tezave se lahko pri¢akujejo
predvsem s predolgim dometom in s tem povezanim
zadevanjem goriva ob steno zgorevalne komore, zato
je pametno poiskati moznost spremembe geometrijske
oblike zgorevalne komore v primeru delovanja motorja
z odpadnim rastlinskim oljem. Na podlagi tega lahko
po predstavljenih analizah do neke mere Ze zanesljivo
trdimo, da nepredelano odpadno rastlinsko olje ni
primerno gorivo za dizelske motorje.

Ce na temelju dobljenih karakteristik curka
odpadnega rastlinskega olja vseeno do neke mere
poskusimo dolociti, kako je z emisijami, lahko zapisemo
naslednje. V splosnem pri dizelskem motorju, ki obratuje
s plinskim oljem, velja, da v primeru slabSega razpada
curka prihaja do povecanja emisij saj oz. trdnih delcev.
Ne glede na to, da rezultati pri odpadnem rastlinskem
olju kazejo najslabsi rezultat, teh sklepov zaradi
drugacne sestave goriva ne moremo neposredno
prenesti na odpadno rastlinsko olje. Rastlinska olja
imajo namre¢ v molekulah vezanega vec kisika, kar bi
lahko ugodno vplivalo na postopek zgorevanja tudi v
primeru slabsega razpada oz. v primeru, ko ni velikega
presezka zraka. Tezava je tudi v tem, da so trdni delci, ki
nastajajo pri postopku zgorevanja nadomestnih goriv,
svetlejse barve od tistih pri plinskem olju, zato jih z
opti¢nimi merilnim tehnikami ne moremo zaznati.

Glede drugih emisij lahko do neke mere
sklepamo, da bi lahko bile emisije NO,, zaradi slabSega
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from the photographs differ significantly, we were
able to determine that the trend in the changes of the
characteristic values is the same for all the analyses.
On this basis we are able to discuss the results and
to define how a specific fuel is affecting the injection,
combustion and emission-formation processes, at
least to some extent.

The worst spray atomisation was always
obtained when waste cooking oil was used as a fuel;
the best results were obtained for the diesel fuel. The
values for the biodiesel were always in between. De-
pending on the analyses used, the results for the
biodiesel were closer to one or other fuel.

As biodiesel is already available on sev-
eral markets and since many engine producers al-
low it to be used in their diesel engines [9], the ques-
tions concerning its suitability are more or less an-
swered. However, conventional injection systems,
which were primarily designed for use with diesel
fuel and for which injection pressures are lower, need
to be redesigned before using alternative fuels. In
particular, the combustion chamber should be rede-
signed.

The suitability and the influence on the
processes of injection, combustion and emission for-
mation, should be discussed for the waste cooking
oil, since these factors could cause incomplete com-
bustion followed by emission formation. The prob-
lems could occur due to a high penetration length
and possible collision with the combustion-chamber
walls. For this reason possible ways of changing the
combustion-chamber geometries when waste cook-
ing oil is used as a fuel should be discussed. Accord-
ing to these discussions we can already confirm the
statement that unmodified waste cooking oil is not
suitable for use as a fuel in compression-ignition en-
gines.

Based on the presented waste cooking-oil
spray characteristics we can try to predict the emis-
sions, to some extent. In general, the soot emis-
sions of a compression-ignition engine operating
on diesel fuel are bigger when the fuel atomisation
is worse. However, despite the fact that the spray
atomisation in the case of waste cooking oil was the
worst, we cannot directly transfer these statements
to the case of waste cooking oil, since the structure
of the fuel is different. Vegetable oils have more
oxygen bonded in the molecule, which positively
affects the combustion process, even if the spray
atomisation is bad and there is no large excess of
air. The other problem is that the particulate matter
during the alternative-fuel combustion process is
brighter than in case of diesel fuel. This means it
cannot be measured with conventional optical meth-
ods.

Regarding the other emissions, the emission
of NO_ could be smaller since the combustion tem-
peratures could be lower due to worse atomisation.
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razpada curka, nekoliko manjse, Cesar pa zaradi razlik
v sestavi goriva ponovno ne moremo zanesljivo trditi.

4SKLEP

Na podlagi predstavljenih rezultatov so
mogoci naslednji sklepi v zvezi z uporabo plinskega
olja, biodizla in odpadnega rastlinskega olja v
dizelskem motorju:

Vse analize kazejo podobne usmeritve
vplivov goriva na znacilnosti curka.

Biodizel in odpadno rastlinsko olje pri
postopku vbrizgavanja obeh vbrizgalnih sistemov
dajeta vecje kapljice in imata daljsi domet, kar je posebe;j
o¢itno v primeru odpadnega rastlinskega olja.

Prve analize kazejo, da bi lahko uporaba
nadomestnih goriv na klasi¢nih vbrizgalnih sistemih
oz. motorjih, zasnovanih za uporabo plinskega olja,
povzrocala tezave z zadevanjem curka goriva ob stene
zgorevalnega prostora oz. vdolbine na batu.

Predstavljeni rezultati kazejo, da bodo za boljse
poznavanje vpliva nadomestnih goriv na postopek
vbrizgavanja potrebne $e podrobnejse analize. Tako bo
treba opraviti Se Stevilne meritve obratovalnih znacilnosti
motorja ter pred tem po moznosti tudi curka vbrizganega
goriva. Prav tako je smiselno izboljati sistem za vidno
opazovanje curka (fotografiranje), kakor tudi vpeljati
sodobnejse tehnike merjenja znacilnosti curka.
Nenazadnje pa bo treba razmisljati tudi o modelih
vbrizgavanja (RDT), ki bodo dovolj natan¢no popisali
pogoje pri nadomestnih gorivih.
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VS2 in sodelovanje pri fotografiranju curka se avtorja
najlepse zahvaljujeta sodelavcem Fakultete za strojnistvo
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But there is again the question how the fuel structure
influences these processes.

4 CONCLUSION

The following conclusions can be made re-
garding the use of diesel, Biodiesel and waste cook-
ing oil in a compression-ignition engine:

All the analyses gave similar trends con-
cerning how the fuel affects the spray characteris-
tics.

The penetration length is higher and the
droplets are bigger when the Biodiesel and the waste
cooking oil are used. The results vary, particularly in
the case of waste cooking oil.

The first analyses show that the use of al-
ternative fuels in conventional injection systems, i.e.
engines designed for diesel fuel, could cause prob-
lems related to the collision of the spray with the
chamber wall or the piston.

The presented results show that for a bet-
ter understanding of the alternative fuel’s influ-
ence on the injection process some further analy-
ses need to be made. In future, many addi-
tional measurements of the engine characteristics
should be made. The system for optical spray ob-
servation should be modified. And last, but not
least, the CFD models should be modified in order
to run the analyses with alternative fuels more ac-
curately.
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Metode za oblikovanje elementov sesalnega

zbiralnika batnega motorja z notranjim
zgorevanjem

Design Methods for the Intake-Manifold Elements of
Reciprocating Internal Combustion Engines

V uvodu prispevka so prikazane metode oblikovanja sesalnih zbiralnikov, ki omogocajo povecanje
prostorninskega izkoristka zaradi dinamicnih sprememb tlaka. Predstavijene so analiticne metode za
optimiranje premera in dolzine sesalnih cevi glede na vrtilno frekvenco motorja ter metode, ki upostevajo
resonanco v sesalnem zbiralniku. V osrednjem delu prispevka je predstavljena analiza ucinkovitosti
posameznih metod, ki je bila izvedena s simulacijo na modelu Stirivaljnega motorja z notranjim zgorevanjem.
Pri simulaciji so bili upostevani fizikalni in kemicni ucinki od trenutka, ko pride zrak v sesalni zbiralnik, do
trenutka, ko izpusni plini zapustijo izpusni zbiralnik. V prispevku je prikazan tudi nacin uporabe enorazseznega
modela za analizo vpliva izbranega elementa sesalnega sistema na prostorninski izkoristek motorja ter za
izbiro optimalne resitve pri danih zahtevah.
© 2004 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: motorji z notranjim zgorevanjem, zbiralniki sesalni, optimiranje, simuliranje, metode
analiti¢ne)

Methods for intake-manifold design that will lead to an increase in volumetric efficiency by using

tuning the intake-pipe length and diameter to a specific engine speed, and methods dealing with the resonance
in the intake manifold are considered. The main part of the paper comprises an analysis of these methods that
was conducted on a simulation model of a four-cylinder spark-ignition engine. Physical and chemical
processes are considered in the model, from the moment the air enters the intake system until the combustion
gases leave the exhaust pipe. It is also shown how one-dimensional simulation calculations can be used for
the analysis of a single intake-system elements influence on the volumetric efficiency of the engine, and for
the selection of the optimal solution for given demands.

© 2004 Journal of Mechanical Engineering. All rights reserved.

(Keywords: internal combustion engines, intake manifold, optimization, simulation, analytical methods)

0UVOD

Na tok plina skozi motor z notranjim
zgorevanjem v glavnem vplivajo sesalni in izpusni
sistem ter konstrukcija in krmiljenje ventilov. Lahko
torej re¢emo, da je sesalni sistem zelo pomemben del
motorja, katerega oblika in izmere vplivajo na
prostorninski izkoristek motorja, porabo goriva in
hrup. Med delovanjem motorja prihaja v sesalnem
sistemu do dinami¢nih sprememb, kar vodi do
spremembe njegove ucinkovitosti v odvisnosti od
vrtilne frekvence motorja. S spremembo geometrijske
oblike sesalnega sistema je pri dani vrtilni frekvenci
motorja mogoce povecati njegov prostorninski
izkoristek. Sesalni sistemi tekmovalnih motorjev so
prilagojeni doseganju najvecjega prostorninskega

O0INTRODUCTION

Fluid flow through an internal combustion
engine is mainly influenced by the intake system, the
exhaust system and by the valve mechanism. There-
fore, the intake system is an important engine ele-
ment whose shape and dimensions influence the
volumetric efficiency, fuel consumption, and noise
pollution. During the engine’s operation, dynamic
changes occur in the intake manifold, which leads to
a change in its efficiency with the change of the en-
gine’s speed. With a change to the geometry of the
intake system, it is possible to increase the engine’s
volumetric efficiency at a specific engine speed. The
intake systems of racing engines are tuned to pro-
duce maximum volumetric efficiency at a high engine
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izkoristka pri visokih vrtilnih frekvencah motorja, pri
vecini preostalih motorjev pa doseze sesalni sistem
najvecji prostorninski izkoristek pri nizjih vrtilnih
frekvencah motorja. Za zmanjSanje vpliva geometrijske
oblike sesalnega zbiralnika na obnasanje motorja so
bili razviti sesalni zbiralniki s spremenljivko geometrijsko
obliko. S spreminjanjem dolzine sesalnih cevi
dosezemo povecanje prostorninskega izkoristka
motorja v Sirokem obmocju vrtilnih frekvenc. Za
dolocitev izmer tak$nega sesalnega sistema pa moramo
poznati vpliv geometrijske oblike na prostorninski
izkoristek in seveda tudi same metode za izracun izmer
sesalnega sistema.

11ZRACUN GEOMETRIJSKE OBLIKE
SESALNEGA ZBIRALNIKA

Za izracun geometrijske oblike sesalnih
zbiralnikov je bilo razvitih ve¢ metod, ki jih lahko
razdelimo tri razdelimo v tri skupine:

1. Analiti¢ne metode za izra¢un optimalne vrtilne
frekvence pri danih izmerah sesalnega
zbiralnika.

2. EnorazseZne numeri¢ne simulacije za izraCun
izmenjane koli¢ine plina med delovanjem
motorja.

3. TrirazseZne numeri¢ne simulacije za izracun
izmenjane koli¢ine plina med delovanjem
motorja.

Metode, ki spadajo v tretjo skupino, so
c¢asovno zelo potratne, zato niso primerne za
analizo celotnega sesalnega zbiralnika, temvec¢
le za posamezne manjse dele, npr. za simulacijo
toka plina skozi sesalni ventil. Zaradi tega
metode v tretji skupini ne bodo opisane bolj
podrobno.

1.1 Analiti¢ne metode

Sesalne zbiralnike, ki vodijo do povecanja
prostorninskega izkoristka motorja, lahko razdelimo
v dve skupini: v optimirane in resonancne sesalne
zbiralnike.

Optimirani sesalni zbiralniki dosezejo
tlacno konico pri doloceni vrtilni frekvenci motorja
kar vodi do najvecjega prostorninskega izkoristka.
Raziskave so pokazale, da je prostorninski izkoristek
najvecji v primeru, ¢e doseze tlak v sesalnem
zbiralniku najvecjo vrednost v obmocju zasuka glavne
gredi 20 do 50 stopinj pred zaprtjem sesalnega ventila.
Vrtilna frekvenca motorja, pri kateri pride do najvecje
vrednosti, imenujemo optimalna vrtilna frekvenca.

Po [1] lahko na podlagi predpostavke o
poteku tlakov v sesalnem zbiralniku pred sesalnim
ventilom dolo¢imo nihajni ¢as, ko so sesalni ventili
odprti ¢, oziroma tece plin v valj, in Cas, ko so ventili
zaprti £,, oziroma ni pretoka. Na podlagi teh dveh
nihajnih ¢asov izra¢unano dolzino lp in prerez A,
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speed, whereas with most other engines, the in-
take systems produce maximum volumetric effi-
ciency at a lower engine speed. To overcome dif-
ferent intake-manifold geometry effects on the en-
gine behaviour, variable intake manifolds are be-
ing developed. The increase in the volumetric effi-
ciency over a broad range of engine speeds is
achieved by varying the intake runner. In order to
determine the dimensions of such a manifold, it is
necessary to be familiar with the influence of the
intake-manifold geometry on the volumetric effi-
ciency, as well as with some methods for calculat-
ing the manifold dimensions.

1 INTAKE-MANIFOLD GEOMETRY
CALCULATIONS

In the past a large number of expressions
and methods for calculating the dimensions of intake
manifolds have been developed. They can be divided
into three main groups:

1. Analytical expressions that calculate the tuning
engine speed using manifold dimensions.

2. One-dimensional simulation calculations, which
calculate the amount of fluid that is exchanged
during the engine’s operation.

3. Three-dimensional simulation calculations,
which calculate the amount of fluid that is ex-
changed during the engine’s operation.

This third group of methods is not suitable
for the entire intake manifold because these methods
consume a considerable amount of time for the model
design and calculation. But they are useful for the
simulation of individual small parts, such as the flow
through the intake valve. Therefore, this group of
methods will not be described in more detail.

1.1 Analytical expressions

The intake manifolds that result in an in-
crease of engine’s volumetric efficiency can be di-
vided into tuned intake manifolds and resonant in-
take manifolds.

Atsome engine speed a tuned intake mani-
fold causes a pressure trace in the manifold that leads
to the maximum volumetric efficiency. Research has
shown that if the pressure in the intake manifold is a
maximum in the period of 2050 crank angle degrees
(CA deg) before the intake valve closes, then the
maximum volumetric efficiency is obtained. The en-
gine speed at which this maximum occurs is called
the tuned engine speed.

According to [1], from the assumed pres-
sure trace in the intake manifold in front of the intake
valve, the oscillation time period when the valves are
open ¢, and when the valves are closed ¢, are deter-
mined. With these time periods, the length lp, and a
cross-sectional area 4 of the primary intake pipe are
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glavne sesalne cevi po enacbah (1) in (2):

C-a,

ivo

:4.tan|:90.]<0

kjer so: ¢ v m/s — hitrost zvoka; n v min" — vrtilna
frekvenca motorja; £, =a. /(6m)in ¢ =a. /(6n),s—
¢as ko je sesalni ventil odprt oz. zaprt.; ¥V, v m’ —
prostornina valja; o, in o, , © - zasuk glavne gredi,
ko je sesalni ventil odprt oz. zaprt; k =t, /t ink =t/
t,— razmerje med Casom odprtja/zaprtja sesalnega
ventila in pripadajo¢im nihajnim ¢asom.

Posledica spreminjanja tlaka v sesalni cevi
v Casu, ko so sesalni ventili odprti, so tla¢na nihanja,
ki se ohranijo tudi po trenutku, ko se sesalni ventil
zapre. Po [2] lahko ta preostala tlacna nihanja v
sesalni cevi Se dodatno povecajo prostorninski
izkoristek, ¢e se najvecji tlaéni vrh preostalega
nihanja ujame z zgornjo mrtvo lego (ZML) pri
sesalnem taktu. Enacba za popis omenjenega stanja
je naslednja:

(2-k~1)-0,+6, =720

kjer je: 9[=(12'n~lp)/c v stopinjah — zasuk glavne gredi
za Cas potovanja tlatnega vala od valja do sesalne
cevi in nazaj; 0, v stopinjah — zasuk glavne gredi za
Cas sesalnega pulza v sesalni cevi.

Po [4] izracunamo optimalno vrtilno
frekvenco motorja kot:

kjer so: g, - Stevilo celih tla¢nih valov v preostalem
tlatnem nihanju; 6°=540+6, v stopinjah — zasuk
glavne gredi, v katerem ta preostala tlacna nihanja
obstajajo; 0, v stopinjah — zasuk glavne gredi pri
zaprtem sesalnem ventilu po spodnji mrtvi legi (SML).

Pri resonan¢nem sesalnem zbiralniku vpliva
na povecanje prostorninskega izkoristka motorja
ujemanje tlaénih nihanj z resonan¢no frekvenco
sesalnega zbiralnika ali enega izmed njegovih delov.
Najvecji prostorninski izkoristek ponovno dosezemo
le pri doloceni vrtilni frekvenci motorja.

V viru [4] so tla¢na nihanja v sesalnem
zbiralniku razdeljena na dva osnovna tla¢na vala. Prvi
tlacni val je posledica oblike glavne sesalne cevi in ima
kratko periodo, medtem ko na drugi tla¢ni val z daljSo
periodo vpliva oblika celotnega sesalnega zbiralnika.
Tam so bili izpeljani tudi izrazi za izra¢un resonancne
frekvence @ (rad/s) sesalnega zbiralnika s Stirimi
posamicnimi glavnimi sesalnimi cevmi (sl. 1):

720°—a,,
c.—
? 24-x,-n

calculated using Eq. (1) and (2):

)
720;&} o .

K¢ Oiyo

where: ¢, m/s — speed of sound; n, rpm — engine
speed; ¢, =o. /(6n) it =o. /(6n), s — time during
which the intake valve is open or closed; V, , m’ —
cylinder volume; o i o, , deg - crankshaft angle
during which the intake valve is open or closed;
K =t Jt, 1=t Jt, —ratio of the valve timings with
oscillation time periods.

As a result of pressure changes in the intake
pipe during the time the intake valves are open, the
pressure in the pipe continues to oscillate after the in-
take valve closes, and these oscillations are called re-
sidual waves. According to [2], if a peak pressure of the
residual wave from the previous cycle occurs at the top
dead centre (TDC) of the intake stroke, an additional
improvement in the volumetric efficiency is obtained.
From this approach, the following equation is derived:

(€}

where: 9[=(12~n~lp)/c, CA deg — time period of wave
travel from the engine cylinder to the pipe end and
back; 6,, CA deg — time period of a suction pulse in

Ref. [4] proposed a slightly modified, sim-
pler expression for calculating the tuned engine speed:
min”'/rpm @),
where: g, - the number of complete residual wave
oscillations; 0°=540+0, , CA deg — period in which
residual waves exist; 0, ,
valve closure after BDC.

At a defined engine speed the resonant
intake manifold causes an increase in the volu-
metric efficiency due to the correspondence of
the pressure disturbance frequency with the in-
take manifold resonant frequency, or one of its
parts.

CA deg — angle of intake

Ref. [4] concluded that pressure oscillations
in the intake manifold are comprised of two basic
waves. One wave, which is influenced by the shape
of the primary intake pipe, has a short oscillation
period, and the other, which has a longer oscillation
period, is influenced by the whole intake manifold. It
also derived expressions for calculating the resonant
frequency o (rad/s) of the intake manifold with four
individual primary intake pipes (Fig.1):

a)~lp 0
cos o ®)
. . w-l
A cos? k :w—VS'7+4tan P (©6),
c Ab~c c
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kjer so: A v m*— prerez vstopne sesalne cevi; / vm—
dolzina vstopne sesalne cevi (to je cev, ki je pred
zbirnim prostorom sesalnega zbiralnika); V, v m® —
prostornina zbirnega prostora sesalnega zbiralnika.

Vir [5] pa je dopolnil zgornja izraza $e z
upostevanjem vpliva prostornine valja. Enacba (7)
podaja resonanc¢no frekvenco za glavno sesalno cev,
enacba (8) pa resonan¢no frekvenco za celoten sesalni
zbiralnik:

A,
—tan
Ap

s s

tan
c

A -1 _a)'Vsb+APtan

where: 4, m” — cross-sectional area of the secondary
intake pipe; /, m — length of the secondary intake
pipe (the pipe that is located before the manifold ple-
num); V,,, m’ — intake manifold plenum volume.

Ref. [5] considered the influence of the cyl-
inder volume. With Eq.(7), the resonant frequency ®
that is related to the primary intake pipe is calculated,
whereas by Eq.(8) the resonant frequency related to
whole intake manifold is calculated:

-1,

=1 ™

4

-l -1

+ 4, tan—=

c i3.qanh ®),

, c A4,-c
kjer sta: 4. v m® —prerez valja, [, v m — dolZina valja
(definirana kot polovica delovnega giba bata).

Z uporabo zapisanih enacb je mogoce
izracunati izmere optimalnega resonanc¢nega
sesalnega zbiralnika v zelo kratkem asu. Zal pa te
enacbe ne upostevajo vseh vplivnih dejavnikov,
npr: spremembo prostornine valja, vpliv krmiljenja
ventilov, sprememb v prerezu sesalnih cevi, vpliva
hitrosti in tlaka plina na tlacnem valu, vpliv
tlacnih nihanj od preostalih valjev pri motorju z
vec¢ valji, vpliv izpusnega zbiralnika, vpliv
segrevanja plina zaradi segrevanja samega
sesalnega zbiralnika, vpliv tlacnih uporov v
sesalnih ceveh itn. Poleg tega pa omenjeni avtorji
ne podajajo enacb za izraCun prostorninskega
izkoristka motorja.

1.2 EnorazseZne numeri¢ne simulacije

Z enorazseznimi numeri¢nimi simulacijami
lahko izracunamo Casovni potek tlaka, temperature,
masnega pretoka, hitrosti plina itn. v sesalnih ceveh,
ki so nadalje namenjeni za izracun prostorninskega
izkoristka motorja za izbrane robne pogoje oz.
razpored. Optimizacijo sesalnega zbiralnika izvedemo
s ponavljanjem izra¢unov pri razli¢nih robnih pogojih.
Osnova za izraune so enacbe enorazseznega toka
neviskoznega plina:

Kontinuitetna enacba:

-1
A, — A, tan—"tan —=<

w-l c
c ¢
where: 4, m* — cross-sectional area of the cylinder;
[, m—length of the cylinder (set to be equal to half of
the piston stroke).

With all these equations it is possible to calcu-
late the dimensions of a tuned or resonant intake mani-
fold, for the defined engine speed, in a short period of
time. These equations, however, do not take into account
all the relevant factors, such as: cylinder volume change,
influence of valve timing, influence of valve lift, change
in pipe cross-sectional area, influence of gas velocity
and gas pressure on the wave speed, the influence of
waves from other intake pipes in a multi-cylinder en-
gine, the influence of the exhaust manifold, the influ-
ence of gas heating, the influence of the friction resist-
ance in the pipes, etc. Moreover, these equations do not
give the value of the volumetric efficiency.

1.2 One-dimensional simulation calculations

One-dimensional simulation calculations
calculate the time trace of pressure, temperature, mass
flow, gas velocity, etc. in the intake pipe, and with
these results they calculate the volumetric efficiency
for a predetermined intake-manifold configuration.
The optimisation of the intake manifold can be con-
ducted by analysing these results for several differ-
ent manifold configurations. The bases for these cal-
culations are the equations of one-dimensional
inviscid flow:

Continuity equation:

in zakon o ohranitvi energije:

8(p~e0)+8[p-v~ho]+p~v~h0 d_A+

87p+8(p-v)+p-v.d;4:0 (9)
gibalna enacba: ot ox A4 dx
momentum equation:
o po- ooV + e
() o) po a2 (10)
ot ox A dx D

energy equation:

1.

ot ox
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Pri reSevanju sistema enacb enacimo stanje
plina s stanjem idealnega plina, kar je za potrebe
izracunov pri sesalnih zbiralnikih v ve¢ini primerov
zadovoljivo [6]:

)4
P

Enacbe (9), (10) in (11) predstavljajo
sistem parcialnih diferencialnih enacb v Casu ¢
in legi x, ki analiti¢no niso resljive. Za reSevanje
se zato uporabljajo numeri¢ne metode, ki z
napredkom racunalniStva dajejo vedno
natancnejse resitve.

2 RACUNSKIMODEL

Racunski model temelji na Stirivaljnem
Stiritaktnem vrstnem motorju z vzigalno svecko,
katerega osnovne izmere so podane v preglednici 1.
V analizi je uporabljen sesalni zbiralnik s Stirimi
glavnimi sesalnimi cevmi in Stiritockovnim vbrizgom
goriva (sl. 1).

Optimalna vrtilna frekvenca motorja je
bila izracunana z enac¢bami (1) do (8), za nckaj
razli¢nih razporedov sesalnega zbiralnika. Za
identi¢ne razporede so bile izvedene tudi
enorazsezne numeri¢ne simulacije, na podlagi
katerih so bili dobljeni nekateri sklepi. Da bi bili
rezultati numeri¢nih simulacij ¢im bolj natan¢ni,
so bili poleg uporabe predpostavke o idealnem
plinu uposStevani naslednji vplivi: izracun
dogajanja v valju, vzig, pretok plina mimo
ventilov, pretok plina skozi omejilnike pretoka,
izracun dogodkov v zbiralnem prostoru in
povezave le tega s sesalnimi cevmi.

Preglednica 1. Osnovne izmere motorja
Table 1. Basic engine dimensions

=R-T

For concluding the equation set, the gas
properties are related by an ideal-gas state equation,
which is usually sufficiently accurate for engine mani-
folds [6]:

(12)

Equations (9), (10) and (11) represent a system
of partial differential equations relating to the time # and
the longitudinal coordinate x, and they cannot be solved
analytically. For solving these equations, a numerical
method must be employed. With the development of
computers, more complex methods have been derived,
so today it is possible to find very complex and very
accurate numerical methods for solving these equations.

2 CALCULATION MODEL

The calculation model is based on a four-cyl-
inder, four stroke, in-line, spark-ignition engine, whose
basic dimensions are shown in Table 1. The intake mani-
fold with four individual primary intake pipes and multi-
point injection shown in Fig. 1 is used in the analysis.

The resonant or tuned engine speeds are calcu-
lated for several different intake-manifold arrangements,
with Egs.(1) to (8), and the results are shown in the next
section (Table 2). For the same intake-manifold arrange-
ments, the one-dimensional simulation calculations are
conducted, and with the results from these calculations
some conclusions are obtained. In order for the simulation
calculations to be as accurate as possible, the calculation
model, besides a one-dimensional inviscid flow calcula-
tion, comprises the following: in-cylinder process calcu-
lation, combustion, valve flow calculation, calculation
of flow through flow restrictions, calculation of processes
in plenums and at plenum with pipe connections. In this
manner, a large number of influences is taken into account.

tlatno razmerje €

. . 8,8
compression ratio
premer valja D
bore D 80 mm
delovni gib bata H
stroke H 33,5 mm
dolzina ojnice
con. rod length L 0,12m
odprtje sesalnega ventila 40 stopinj pred ZML
intake valve opens 40 deg CA before TDC

zaprtje sesalnega ventila
intake valve closes

82 stopinj po SML
82 deg CA after BDC

odprtje izpuSnega ventila

79 stopinj pred SML

exhaust valve opens 79 deg CA before BDC
zaprtje izpusnega ventila 30 stopinj po ZML
exhaust valve closes 30 deg CA after TDC
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Kozarac D., Mahalec I.,

C Vso

A

lp

A

A
Y

0000

Sl. 1. Sesalni zbiralnik racunskega modela (dp — premer glavne sesalne cevi, lp — dolzina glavne sesalne

cevi, d_— premer vstopne sesalne cevi, | — dolZina vstopne sesalne cevi, V,

— prostornina zbirnega

prostora zbiralnika)
Fig. 1. Intake manifold of calculation model (dp —primary pipe diameter, lp — primary pipe length, d_— sec-

ondary pipe diameter, | — secondary pipe length,

Znano je, da ima oblika izpusnega zbiralnika
velik vpliv na prostorninski izkoristek motorja in da
dinamic¢ne spremembe tlaka v izpuSnem zbiralniku
neposredno vplivajo tudi na dinamic¢ne spremembe
tlaka v sesalnem zbiralniku v Casu, ko se odprtje
sesalnega in izpusnega ventila prekrije. Omenjeni vpliv
pri izracunu ni bil upostevan, kar je bilo zagotovljeno z
izbiro robnega pogoja nespremenljivega tlaka takoj za
izpusnim ventilom. Na koncu prispevka so za
primerjavo podani $e rezultati izracuna brez zanemaritve
vpliva izpusnega zbiralnika.

3REZULTATI ANALIZ

Enacbe (1) do (4) neposredno povezujejo
optimalno vrtilno frekvenco z izmerami sesalnega
zbiralnika n v min”, medtem ko enacbe (5) do (8)
podajajo resonan¢no frekvenco sesalnega zbiralnika
@, . v rad/s in z njo povezano resonan¢no vrtilno
frekvenco motorja n v min™:

nres

Slika 1 prikazuje najpomembnejSe izmere
sesalnega zbiralnika. Za vsako od teh izmer so bile
izbrane tri razli¢ne vrednosti in izracunani optimalna
in resonanc¢na vrtilna frekvenca motorja. Pri
spreminjanju ene izmere so bile preostale izmere
dolocene kot srednja vrednost izbranih treh
vrednosti. Primer: za analizo vpliva dolzine glavnih
sesalnih cevi je bila optimalna in resonancna vrtilna
frekvenca izracunana za tri razli¢ne dolzine glavnih
sesalnih cevi / =250, 500 in 750 mm, medtem ko so
bile preostale izmere nespremenljive: d =35mm, [=
200 mm, d =50 mm in V,=8,5 dm’. Rezultati
izraunov so prikazani v pregledn1c1 2. Razvidno
je, da razlicne enacbe dajo zelo razli¢ne rezultate.
Na podlagi velikega Stevila enacb, ki so bile
dokazane kot pravilne, velja, da se s povecevanjem
dolzine glavnih sesalnih cevi resonancna vrtilna
frekvenca motorja zmanjsuje, kar pa ne velja za

stran 80

. ls-a)res

V, — plenum volume)

It is well known that the exhaust manifold
configuration has a significant influence on the volu-
metric efficiency, and that dynamic changes of pres-
sure in the exhaust pipe affect the dynamic changes of
pressure in the intake manifold when there is valve
overlapping. The exhaust manifold has not been in-
cluded in the calculation model in order to neglect its
influence. Instead, a boundary condition with con-
stant pressure has been set just behind the exhaust
valve. At the end of the paper, for the purpose of com-
parison, the calculation of the whole model is made.

3 ANALYSIS OF THE RESULTS

Egs.(1) to (4) directly link the dimensions of
the intake manifold with the tuned engine speed n
(rpm), while with Egs.(5) to (8) it is possible to calcu-
late the intake manifold’s resonant frequency o _ (rad/
s), and with it, it is possible to calculate the resonant
engine speed n_:

res

. (13).

Fig.1 shows the most significant dimensions
of the model intake manifold. For each dimension three
different values were used for calculating the tuned or
resonant engine speeds. While changing the value of
one dimension, other dimensions are set to the middle
of three values. For example, in order to analyse the
influence of the length of the primary intake pipe, the
tuned and resonant engine speeds are calculated for
three different primary pipe lengths lp=250, 500 and
750 mm, while the other dimensions were as follows:
d =35 mm, /=200 mm, d=50 mmi V=8.5 dm*. The
results of these calculations are shown in Tab.2. From
the results it is clear that different equations give sig-
nificantly different results. According to a large number
of equations that have proven to be accurate, by in-
creasing the length of the primary-intake pipe, the reso-
nant engine speed decreases. An exception to this is
Eq. 2. The influence of the primary pipe’s diameter
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enacbo (2). Vpliv premera glavne sesalne cevi se
tudi razlikuje, saj se po enacbah (2) do (4) in (7) s
povecevanjem premera povecuje tudi resonanéna
vrtilna frekvenca motorja, medtem ko se po enac¢bah
(6) in (8) le ta zmanjSuje. Enacbe (1) in (5) ne
upostevajo premera glavne sesalne cevi. Nadaljnji
izracuni kazejo, da veliko enacb ne uposteva
premera vstopne sesalne cevi, njene dolzine in
prostornine zbirnega prostora pri izraunu
resonancne vrtilne frekvence motorja.

Enorazsezne numeri¢ne simulacije so bile
izvedene s programom AVL Boost. Rezultati
izraCuna prostorninskega izkoristka motorja pri
vseh vrtilnih frekvencah motorja za vse analizirane
modele (pregl. 2) so prikazani na sliki 2. Kakor je
razvidno iz preglednice 2, imamo sedem razli¢nih
razporedov sesalnega zbiralnika, ki so razdeljene s
ponavljanjem v pet skupin, vsaka s tremi razli¢nimi
razporedi.

Na sliki 2(a) so prikazane krivulje
prostorninskega izkoristka za tri razlicne dolzine
glavnih sesalnih cevi. S povecevanjem njihove dolzine
se prostorninski izkoristek motorja pri majhnih in
srednjih vrtilnih frekvencah poveca, pri visjih vrtilnih
frekvencah pa se zmanjsa. Pri razporedu sesalnega
zbiralnika z najdaljSo cevjo ima prostorninski izkoristek
pri vrtilni frekvenci 3600 min™ izrazit vrh, kar lahko
razlozimo s pojavom resonan¢nega polnjenja.
Primerjava teh rezultatov s tistimi iz preglednice 1
kaze najvecje ujemanje z enacbo (7).

differs according to different equations. Egs. (2) to (4)
and (7) show that when the pipe diameter increases
the resonant engine speed also increases, whereas
Eqgs.(6) and (8) show that when the diameter is in-
creased, the resonant engine speed decreases. Eqs.(1)
and (3) to (5) do not take the primary intake pipe’s
diameter into account. Further calculations show that
a large number of the equations shown do not take
into account the secondary pipe diameter, the second-
ary pipe length and the plenum volume when calculat-
ing tuned or resonant engine speeds.

One-dimensional simulation calculations
were conducted with the AVL Boost program, and for
each intake manifold configuration (shown in Table
2), the volumetric efficiency across the whole speed
range is calculated. It is clear from Table 2 that there
are eleven different intake manifold configurations,
which are, with repetition, collected in five groups,
each with three different combinations.

Fig.2(a) shows the volumetric efficiency
curves for three different lenghts of the primary intake
pipe. With an increase in the lenghth of the primary
intake pipe, the volumetric efficiency at low and mid
engine speed is improved, whereas at high engine
speeds the volumetric efficiency is deteriorated. The
model with the longest intake pipe has a considerable
volumetric efficiency peak at 3600 rpm, which can be
considered as resonant charging. The comparison of
these results with the results from Tab.1 shows that
the best correspondence is obtained with Eq.(7).

Preglednica 2. Optimalne in resonancne vrtilne frekvence motorja, izracunane z uporabo analiticnih metod
Table 2. Tuned and resonant engine speed calculated with analytical expressions

Vrtilne frekvence motorja (v min™), izraunane po enacbi
Engine speed (rpm) calculated with equation
@)) (2) 3) ) &) (6) @) ®

250 | 5120 | 7210 | 5890 | 4180 | 8220 | 1670 | 5600 | 1650 | dp=35 mm

b 17500 | 2870 | 7580 | 3300 | 2340 | 4600 | 1580 | 3650 | 1560 | %200 mm
mm d, =50 mm
700 | 1990 | 7720 | 2290 | 1630 | 3200 | 1490 | 2710 | 1470 | v = 8.5 dm’

25 | 2870 | 4110 | 3300 | 2340 | 4600 | 1660 | 3150 | 1640 | I= 500 mm

dy [735 | 2870 | 7580 | 3300 | 2340 | 4600 | 1580 | 3650 | 1560 | %200 mm
mm d, =50 mm
45 | 2870 | 12200 | 3300 | 2340 | 4600 | 1490 | 3950 | 1480 | v, — 8.5 dm’

100 | 2870 | 7580 | 3300 | 2340 | 4600 | 2210 | 3650 | 2180 | d,=35mm

I [7200 [ 2870 | 7580 | 3300 | 2340 | 4600 | 1580 | 3650 | 1560 | /=500 mm
mm d, =50 mm
500 [ 2870 | 7580 | 3300 | 2340 | 4600 | 996 | 3650 | 988 | v -85 dm’

30 | 2870 | 7580 | 3300 | 2340 | 4600 | 957 | 3650 | 950 | d,=35mm

d 750 [ 2870 | 7580 | 3300 | 2340 | 4600 | 1580 | 3650 | 1560 | =500 mm
mm [=200 mm
70 | 2870 | 7580 | 3300 | 2340 | 4600 | 2170 | 3650 | 2140 | vi =85 dm’

250 | 2870 | 7580 | 3300 | 2340 | 4600 | 1790 | 3650 | 1770 | dy=35mm

Vse [T500 | 2870 | 7580 | 3300 | 2340 | 4600 | 1580 | 3650 | 1560 | I~ 200mm
mm d, =50 mm
700 | 2870 | 7580 | 3300 | 2340 | 4600 | 1430 | 3650 | 1420 | ; '~ 500 mm

777777777777777777777777777777777777777777777777777777777 STEOJINISKI L
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SL. 2. Vpliv dolzine glavne sesalne cevi (a) in premera (b) na prostorninski izkoristek Stirivaljnega motorja
Fig. 2. Influence of the primary pipe length (a) and diameter (b) on the volumetric efficiency of a four-cyl-
inder engine

Na sliki 2(b) so prikazane krivulje
prostorninskega izkoristka za tri razlicne premere
glavnih sesalnih cevi. Z zmanjSevanjem premera se
prostorninski izkoristek motorja pri nizjih vrtilnih
frekvencah motorja povecuje, pri visjih vrtilnih
frekvencah pa se zmanjSuje. Razvidno je tudi, da se
lokalni vrh prostorninskega izkoristka z manjSanjem
premera glavnih sesalnih cevi pomika v smeri manjsih
vrtilnih frekvenc. Primerjava rezultatov z rezultati iz
preglednice 1 ponovno kaze najbolj$e ujemanje z
enacbo (7).

Vpliv dolzine vstopne sesalne cevi na
prostorninski izkoristek je razviden iz diagramov na
sliki 3a. Pri visokih vrtilnih frekvencah sprememba
dolzine vstopne sesalne cevi nima vpliva na vrednost
prostorninskega izkoristka, pri nizkih vrtilnih
frekvencah pa se kaze v majhnih spremembah strmine
krivulje prostorninskega izkoristka motorja. Vpliv
dolzine vstopne sesalne cevi je bolj izrazit, Ce je
prostornina zbirnega prostora kolektorja manjsa, kar
jerazvidno s slike 4.

Vpliv premera vstopne sesalne cevi je
razviden iz diagramov na sliki 3b. Spreminjanje premera

. - 1s=100 mm
3\: 14=200 mm
:aj e — - —1=500 mm
2 ¢ 0.9
S’
NE
2@
28
€0 0.8
SE
g2 d,=35mm  [,=500 mm
o> ds=50mm V=85

0.7 . " " "
1000 2000 3000 4000 5000 6000
Vrtiina frekvenca (min-')/Engine speed (rpm)
(a)

Fig.2(b) shows the volumetric efficiency for
three different primary-pipe diameters. With a de-
crease in the diameter of the primary pipe, the volu-
metric efficiency at lower engine speeds increases,
while at the same time at high engine speeds it de-
creases. In addition, the local maxima of the volumet-
ric efficiency curve shift to lower engine speeds with
a decrease in the diameter of the primary pipe. The
comparison of these results with the results from
Tablel also shows that the best correspondence is
obtained with Eq.(7).

The influence of the length of the second-
ary intake pipe on the volumetric efficiency is shown
in Fig. 3(a). The change in the length of the second-
ary intake pipe does not cause a change in the volu-
metric efficiency at high engine speeds, while at low
engine speeds it causes very small changes to the
shape of the curve. The influence of the secondary
intake pipe on the volumetric efficiency would be
greater if the plenum volume were smaller (shown in
Fig4).

The influence of the diameter of the sec-
ondary intake pipe can be seen in Fig.3(b). The change

- - dg=30 mm
T d =50 mm
>
e — - —ds=70mm
2 o 0.9 1
o0
NE
—o
‘€0 0.8 1
SE
g3 d,=35mm  [,=500 mm
o> 1200 mm  Vg,=8.51

0.7 : : ; ;
1000 2000 3000 4000 5000 6000

Vrtiina frekvenca (min')/Engine speed (rpm)

(b)

Sl. 3. Vpliv dolzine vstopne sesalne cevi (a) in premera (b) na prostorninski izkoristek Stirivaljnega
motorja
Fig. 3. Influence of the secondary pipe’s length (a) and diameter (b) on the volumetric efficiency of a four-
cylinder engine

stran 862



Kozarac D., Mahalec I., Luli¢ Z.: Metode za dimenzioniranje - Design Methods

. Vp=6 |
j\'; V=851
g — - Ve=111
0094 - o~ =
£o
NE
i T e O
° Q9
£
E@084 7 - - - -
o€
5% 1,500 mm  d,=35mm
&= 1s=200 mm d =50 mm

0.7 T T T T

1000 2000 3000 4000 5000 6000

Vrtilna frekvenca (min-')/Engine speed (rpm)

(@)

Prostorninski izkoristek (-)

_ - V=055
T Vep=1.11
>
5 Vsp=6 1
So094 4N .
(&)
2
(0]
Q
o8| // N\
E 1,=500 mm  d,=35mm
S =200 mm  d¢=50 mm
0.7 ‘ ‘ ‘ ‘
1000 2000 3000 4000 5000 6000

Vrtilna frekvenca (min"')/Engine speed (rpm)

(b)

Sl. 4. Vpliv prostornine zbiralnega prostora sesalnega zbiralnika na prostorninski izkoristek motorja
((a) — razmeroma velika prostornina; (b) — majhna prostornina)
Fig. 4. Influence of the intake manifolds plenum volume on the volumetric efficiency ((a) — relatively
large plenum volume; (b) — lowered plenum volumes)

vstopne sesalne cevi ne vpliva na prostorninski
izkoristek motorja pri visokih vrtilnih frekvencah
motorja, pri nizjih vrtilnih frekvencah pa se kaze v
spremembi oblike krivulje prostorninskega izkoristka.
Ce zmanjsamo premer vstopne sesalne cevi preveg,
deluje le ta kot dusilo, kar zmanjSa prostorninski
izkoristek v celotnem obmocju vrtilnih frekvenc.
Zmanjsanje je bolj izrazito z vecanjem vrtilnih frekvenc
motorja.

Na sliki 4 so prikazani rezultati izracunov za
nekaj razli¢nih prostornin zbiralnega prostora
sesalnega zbiralnika. Ce je prostornina zbiralnega
prostora razmeroma velika proti delovni prostornini
motorja, majhne spremembe prostornine zbiralnega
prostora nimajo vpliva na prostorninski izkoristek
motorja (S1. 4b), toda e prostornino zbiralnega
prostora zmanj$amo priblizno na vrednost delovne
prostornine motorja se pojavijo razlike v krivuljah
prostorninskega izkoristka motorja. Te razlike so
razmeroma majhne, toda v primerjavi z razlikami pri

e o 9 = -~
~N ® © o -
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Volumetric efficiency (-)
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of the secondary intake pipe’s diameter does not
change the volumetric efficiency at high engine
speeds, but at low engine speeds it changes the shape
of the curve. If the secondary intake pipe’s diameter
is decreased too much, then this pipe becomes the
place of choking, and the volumetric efficiency is
lowered throughout the whole speed range. At higher
engine speeds, the lowering of the volumetric effi-
ciency is greater than at lower engine speeds.

Fig.4 shows the results of simulation calcula-
tions for several different intake-manifold plenum volumes.
When the plenum volume is relatively big in comparison
with the displacement volume of the engine, a small change
in the plenum volume will not change the volumetric effi-
ciency curves. (Fig.4(a)). But if the plenum volume is re-
duced to avalue around the displacement volume or smaller,
then changes in the volumetric efficiency curve occur. It
should be noted that small changes to the small plenum
volumes do not result in significant changes in the volu-
metric efficiency, but in comparison with the results ob-
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oo\i\“aﬁ e
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S1. 5. Prostorninski izkoristek Stirivaljnega motorja
Fig. 5. Volumetric efficiency of four-cylinder engine model
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vecji prostornini zbiralnega prostora sesalnega
zbiralnika mnogo izrazitejse (sl. 4b). Z manjsanjem
prostornine zbiralnega prostora se vpliv elementov
pred tem prostorom na prostorninski izkoristek
motorja (npr. vhodna sesalna cev) povecuje.

Prikazani diagrami so pridobljeni z
numeri¢nimi simulacijami brez upo$tevanja izpuSnega
zbiralnika. Ce bi Zeleli dologiti izmere sesalnega
zbiralnika na predstavljeni nacin, bi bilo treba tudi
izpusni zbiralnik vkljuciti v izracun ter izvesti izracun
za celoten motor. Spreminjanje prostorninskega
izkoristka v odvisnosti od vrtilne frekvence motorja
in dolzine glavne sesalne cevi je razvidno iz diagrama
na sliki 5, na podlagi katere lahko dolzino glavne
sesalne cevi to¢no doloc¢imo.

4 SKLEPI

Ce zelimo dolo¢iti izmere sesalnega
zbiralnika s spremenljivo geometrijsko obliko, je treba
natanc¢no dolo€iti izbrane izmere za vsako obratovalno
tocko. Predstavljene analiti¢ne enacbe sicer dajo
rezultate hitro, vprasljiva pa je prav njihova to¢nost.
Nobenega dvoma ni, da ne bi trirazsezne numeri¢ne
simulacije dale mnogo boljsi pogled na dogajanje v
valju, toda za njihovo uporabo je treba mnogo vec
vhodnih podatkov. Poleg tega pa je zmogljivost
danasnjih namiznih racunalnikov oz. delovnih postaj
Se premajhna, da bi bili izracuni opravljeni v
sprejemljivem Casu.

Poiskati je torej treba poravnavo med
to¢nostjo in potrebnim ¢asom izraduna oz.
poiskati nacin, kako optimalno uporabiti vse
omenjene metode. V prvi fazi uporabimo za
okvirno doloditev izmer sesalnega zbiralnika
analiticne enacbe. Nadaljnjo optimizacijo
dosezemo z uporabo enorazseznih numeri¢nih
simulacij, kar je bilo tudi prikazano in ki v ve¢ini
primerov dajo dovolj natanéne rezultate. Z
uporabo trirazseznih numeri¢nih simulacij je
mogoce pridobiti nekatere stalnice, ki jih nadalje
uporabimo v hitrej$ih enorazseznih numeri¢nih
simulacijah za doseganje Se bolj to¢nih
rezultatov. Na zacetku so lahko ti modeli zelo
preprosti - z le nekaj elementi motorja, na koncu
postopka pa morajo zagotovo vsebovati vse
elemente motorja. Na podlagi rezultatov takih
analiz je Ze mogoce tocno dolociti izmere
sesalnega zbiralnika, ki bi dale najvecjo
zmogljivost motorja v dani tocki delovanja.

tained with large plenum volumes, the change is consider-
able (Fig. 4(b)). When lowering the intake-manifold ple-
num volume, the influence of elements that are located
before the plenum on the volumetric efficiency (for in-
stance, the secondary intake pipe) is increasing.

The charts shown are obtained from the simula-
tion calculations of a model without an exhaust manifold. If
the dimensions of the intake manifold are to be determined
with this kind of simulation calculation, it is necessary to
include the exhaust manifold in the model and to conduct
the calculations for the whole engine model. The change in
the volumetric efficiency caused by a change of one in-
take-manifold dimension over the whole engine speed
range can be shown with a three-dimensional chart (Fig.5),
from which this dimension can be precisely selected.

4 CONCLUSION

If an intake manifold with variable geometry
is to be designed, then its dimensions must be very
precisely determined for every engine working point.
The presented analytical equations give results very
quickly, but they may not be sufficiently accurate.
There is no doubt that three-dimensional simulation
calculations would give a much better insight into
the charging of the cylinder, but they would require a
large amount of input data, and with currently avail-
able computers the calculations would last too long.

Therefore, it is necessary to find a compro-
mise between accuracy and the time necessary to ob-
tain the result in the design process, and to find a way
how to optimally use all the mentioned methods. In
the first phase, the analytical equations will be useful
for determining the approximate intake-manifold di-
mensions. Further optimisation can then be achieved,
as has been shown, using one-dimensional simulation
calculations, which in most cases give very accurate
results. One-dimensional calculations have problems
with the flow through sharp bends, pipe junctions and
poppet valves. Using three-dimensional calculations
on these elements, it is possible to obtain more accu-
rate constants that will be used in simpler and faster
one-dimensional models, for even more accurate re-
sults. In the beginning these models can be simple,
with only a few engine elements, but at the end of the
process they must be complete, i.e. they must contain
all the engine elements. From the results of these cal-
culations it is possible to select the dimensions of the
intake-manifold elements that would give the best en-
gine performance at a defined working point.
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Presernova nagrada Fakultete za strojnistvo Ljubljana za leto 2003

ANALIZA LAMINARNEGA TOKA FLUIDA
SKOZISPRANJO

Avtor: Miha Brojan
Mentor in somentor: prof.dr. Franc Kosel
i.prof.dr. Mihael Perman

Nagrajenec Miha Brojan, univ.dipl.inz., je bil
rojen 8. maja 1979 v Ljubljani. Otrostvo je prezivljal v
Domzalah, kjer je obiskoval in leta 1994 tudi koncal
Osnovno Solo Venclja Perka. Istega leta se je vpisal
na Gimnazijo Bezigrad v Ljubljani in tam 1998
maturiral. V Solskem letu 1998/99 se je vpisal v prvi
letnik univerzitetnega Studija na Fakulteti za
strojnistvo v Ljubljani.

V lanskem septembru je diplomiral na
univerzitetnem S$tudiju Fakultete za strojnistvo,
Univerze v Ljubljani. Diplomska naloga je bila

Magisteriji, diplome

MAGISTERUI

Na Fakulteti za strojniStvo Univerze v
Ljubljani je z uspehom zagovarjal svoje magistrsko
delo:

dne 26. januarja 2004: Jurij Prezelj, z
naslovom: “Aktivno dusSenje hrupa prezracevalnih
sistemov”.

Na Fakulteti za strojniStvo Univerze v
Mariboru sta z uspehom zagovarjala svoji magistrski
deli:

dne 7. januarja 2004: Dragan Miksa, z
naslovom: “Moznosti snovne in energijske izrabe
katodnega odpada iz elektroliznih celic pri
pridobivanju aluminija” in Bernardka Juri¢, z
naslovom: “Uporaba recikliranega agregata in trdnih
ostankov po sezigu komunalnih odpadkov v betonu”.

S tem so navedeni kandidati dosegli
akademsko stopnjo magistra znanosti.
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vsebinsko tudi s podro¢ja mehanike tekocin z
naslovom “Analiza laminarnega toka fluida skozi
$pranjo”. Izdelal jo je pod mentorstvom prof.dr. Franca
Kosela in somentorstvom izr.prof.dr. Mihaela Permana.

V nalogi je kandidat obdelal primer reSevanja
teoreticnega problema s podroc¢ja mehanike teko€in.
Nacin resevanja vkljucuje uporabo matemati¢nega in
numeri¢nega modela obravnavanega problema.
Matemati¢ni model je popisan z Navier-Stokesovimi
enacbami za laminarno, stacionarno, nestisljivo in
viskozno tekoc€ino. Pri izdelavi numeri¢nega modela
je kandidat uporabil metodo konénih prostornin in
izvedel diskretizacijo omenjenih enacb. ReSevanje
problema je tudi ra¢unalniS$ko podprto z uporabo
namensko izdelanega uporabniskega programa. V
sklepih se je kandidat ukvarjal z vizualizacijo rezultatov
in primerjavo med numeri¢no in analiti¢no dolocenimi
ter z referencnimi rezultati iz literature.

DIPLOMIRALISO

Na Fakulteti za strojniStvo Univerze v
Ljubljani so pridobili naziv diplomirani inzenir
strojnistva:

dne 15. januarja 2004: Mitja KOZOLE,
Tomaz MOCNIK, Vinko ROTAR, Darja SEMOLIC
HORVAT, Jozef VRHOVEC;

dne 16. januarja 2004: Bogdan BOSNJAK,
Matic BROJAN, Janez NOVLJAN, Bostjan PECJAK,
Jasmir POLJAK, Drago TOMSIC;

dne 19. januarja 2004: Marko BIJOL,
Tomaz FLORJANCIC; Marko KOVAC, Damjan
VUCKO.

%

Na Fakulteti za strojniStvo Univerze v
Mariboru so pridobili naziv diplomirani inzenir
strojnistva:

dne 29. januarja 2004: Stanislav BENSA,
Bostjian CRESNAR, Janez FRIDRIH, Ales MEGLIC,
Gorazd VAJINGERL.
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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
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