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Tlaèno polnjeni dizelski motorji za pogon cestnih in zunajcestnih vozil delujejo v �irokem podroèju
obremenitev in vrtilnih frekvenc, zato je izredno te�ko zadostiti potrebam motorja po zgorevalnem zraku samo
z enim turbopuhalom. Poznamo razliène naèine tlaène polnitve, s katerimi lahko ta problem omejimo. V tem
èlanku je analiziran naèin tlaènega polnjenja motorja z dvema (po potrebi) zaporedno vezanima turbopuhaloma.
Ti rezulati so primerjani z rezultati, dobljenimi na istem motorju, vendar enkrat z enim, obièajnim turbopuhalom,
drugiè pa s turbopuhalom, ki ga poganja plinska turbina s spremenljivo geometrijsko obliko vodilnika. Izvedena
je tudi primerjava karakteristik motorja z vsemi tremi izvedbami pri ustaljenem in v prehodnem naèinu delovanja.
Rezultati ka�ejo doloèene prednosti zaporednega dvojnega tlaènega polnjenja za ustaljeno delovanje in delovanje
motorja v prehodnih re�imih.
© 1999 Strojni�ki vestnik. Vse pravice pridr�ane.
(Kljuène besede: motorji dieselski, polnjenje tlaèno, modeliranje numerièno, karakteristike)

Turbocharged diesel engines for road-going and off-road vehicles operate over a wide range of engine
speeds and loads. It is very difficult to cover effectively the whole operational range using only one turbocharger,
so many new strategies in the supercharging of such engines are available. In this paper, a Diesel engine using
a sequential turbocharging system, comprising two turbochargers is analyzed. Results are compared with the
same engine using a single turbocharger, with fixed turbine geometry, matched to the engine�s operational
range, and to the same engine equipped with a turbocharger with variable turbine geometry. Steady state and
transient operational characteristics are compared. The results show some advantages of the sequential
turbocharging system in steady state and transient engine operation.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: Diesel engine, turbocharging, numerical modelling, characteristics)

0 UVOD

Tlaèno polnjenje tovornih vozil so uvedli �e
leta 1957 [2]. Uporaba in uèinek tlaène polnitve sta
presegla vse meje, ki jih omogoèa naèin polnjenja valjev
pri danih okoli�èinah. Prednosti tlaèno polnjenih motorjev
se ka�ejo v visokih vrednostih srednjega efektivnega tlaka
in majhni emisiji �kodljivih snovi v izpu�nih plinih.

Pomanjkljivosti tlaèno polnjenih motorjev so
povezane z o�jim uporabnim podroèjem vrtilnih frekvenc
motorja (zaradi èesar vèasih potrebujemo menjalnike z
veè prestavami), ni�jim vrtilnim momentom motorja pri
nizkih vrtilnih frekvencah in poèasnej�im odzivom
motorja pri spremembi obremenitve.

Tlaèno polnjeni dizelski motorji za pogon
gospodarskih cestnih vozil delujejo v �irokem
razponu obremenitev in vrtilnih frekvenc. Pri razvoju
sodobnih tlaèno polnjenih motorjev zasledimo

0 INTRODUCTION

Turbocharging was introduced for Diesel
truck engines in 1957 [2]. Its usage has grown to the
point where it is no longer possible to find naturally
aspirated Diesel engines in this type of application.
The advantages of turbocharged Diesel engines are
in high-medium effective pressures and low emis-
sions.

The disadvantages of turbocharged Diesel
engines (with a single turbocharger) are: a narrow
useful engine speed range (so a multi-speed gearbox
has to be used), low torque at low speeds and a very
slow transient response.

Turbocharged Diesel engines for road-going
and off-road vehicles operate over a wide range of
engine speeds and loads. Recent developments in
turbocharging systems have provided results which
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tehniène re�itve, ki prej omenjene probleme uspe�no
omejujejo.

Pomembno pomanjkljivost pri pospe�evanju in
obremenjevanju tlaèno polnjenih dizelskih motorjev
pomeni primanjkljaj zraka za zgorevanje v valjih. Pri nizkih
vrtilnih frekvencah in majhni obremenitvi motorja je tlak
polnitve nizek. Zaradi posledièno majhne mase zraka v
valju ne more kakovostno zgoreti poveèana kolièina goriva.
Potrebni vi�ji tlak zraka za zgorevanje lahko omogoèi le
puhalo, ki se vrti hitreje. Pospe�iti puhalo na visoke vrtilne
frekvence v kratkem èasu pa ni lahka naloga. Poznamo
razliène naèine, kako èimprej doseèi vi�je vrtilne frekvence
rotorja puhala: impulzni naèin tlaènega polnjenja,
zmanj�anje masnega vztrajnostnega momenta rotorja
puhala, uporaba plinske turbine s èasovno spremenljivo
geometrijsko obliko vodilnika (ÈSG), prilagajanje
(zmanj�evanje) vbrizgane kolièine goriva dejanski kolièini
zraka v valjih, pomo�ne naprave za pospe�evanje rotorjev
z zunanjim virom energije ipd.

Vrtilni moment motorja pri nizkih vrtilnih
frekvencah lahko poveèamo z zmanj�anjem pretoènega
prereza vodilnika turbine, oziroma vsega spiralnega
vodilnika turbine � okrova plinske turbine. Veèje
pretoène prereze skozi turbino, ki jih potrebujemo pri
vi�jih obremenitvah in vrtilnih frekvencah motorja,
omogoèa krmiljeni obtoèni vod za izpu�ne pline mimo
turbine, ki obenem krmili tudi tlak polnilnega zraka za
puhalom. Bolj�o tehnièno re�itev pomeni vzporedno
tlaèno polnjenje z uporabo dveh ali veè vzporedno
vezanih turbopuhal, ali pa uporaba plinske turbine s
spremenljivo geometrijsko obliko vodilnika.

Pri vzporednem tlaènem polnjenju uporabljamo
dve vzporedno prikljuèeni turbopuhali, ki pokrivata
potrebe po zraku tudi pri polni obremenitvi in visokih
vrtilnih frekvencah motorja. Glede na potrebe po
zgorevalnem zraku, lahko tako vkljuèimo vzporedno dve
turbopuhali (sl.1). S pnevmatskim krmilnikom dovajamo
plinski(ma) turbini(ama) veè ali manj izpu�nih plinov.

V novej�em èasu pogosto sreèujemo tudi
naèine tlaène polnitve s turbino, ki ima spremenljivo
(nastavljivo) geometrijsko obliko vodilnika. Vodilne

eliminate the disadvantages in former Diesel
engines.

One of the main drawbacks in transient
load acceptance or vehicle acceleration with turbo-
charged Diesel engines is the lack of sufficient air
in the engine�s cylinders. The supercharging pres-
sure is low at low engine speeds and loads and there
is not enough air to combust the increased quanti-
ties of injected fuel. To reach the required air mass
in the engine�s cylinder, the supercharging pressure
must be increased, and this is achieved by higher
turbocharger speeds. It is necessary that the turbo-
charger rotor very quickly reaches the elevated
speed; this is not an easy task. To obtain the faster
turbocharger rotor speeds there are many strategies:
a pulse charging system, lower turbocharger rotor
inertia, use of variable turbine geometry (VTG), fuel
injection limitation according to the supercharging
air pressure, speed assistance from other energy
sources, etc.

To increase the turbocharged engine torque
at lower engine speeds it is possible to reduce the
turbine flow area (or to select a smaller turbine
housing), which would increase the supercharging
pressure at lower engine speeds and loads. To enable
higher flow areas at elevated engine speeds there is
the possibility of introducing a waste gate valve,
which also limits the supercharging pressure.
However, better solutions are the use of sequential
turbocharging or turbocharger with variable turbine
geometry.

Sequential turbocharging makes use of
two or more turbochargers to meet the engine�s
air requirements at full load. Turbochargers are
switched on to operate in parallel, depending on
the engine load and speed, (Fig. 1). Switching is
achieved on the turbine access by pneumatic de-
vices.

A more recently introduced solution is the
use of variable turbine geometry (Fig. 2). This is
achieved by using turbine guide vanes which can

CT
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Sl. 1. Tlaèno polnjenje z dvema vzporedno
prikljuèenima turbopuhaloma

Fig. 1. Sequential turbocharging

Sl. 2. Tlaèno polnjenje s turbino s spremenljivo
geometrijsko obliko statorja

Fig. 2. Turbocharging by variable turbine geometry
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lopatice so pri tej izvedbi vrtljive in spreminjajo pretoèni
prerez, ali pa pretoèni prerez spreminjamo z uporabo
premiène boène stene vodilnika turbine. Obe izvedbi
spreminjata pretoèni prerez turbine in ga prilagajata
trenutnim optimalnim razmeram delovanja motorja.

V tem èlanku je prikazana primerjava delovanja
motorja z vzporednim  naèinom vezave dveh puhal in
polnjenja z eno � obièajno plinsko turbino, obenem pa je
primerjava opravljena tudi za primer uporabe turbine s
spremenljivo geometrijsko obliko vodilnika. Vzporedni
naèin vklapljanja in izklapljanja turbopuhal obravnava
uporabo dveh enako velikih turbopuhal (pri uporabi
razlièno velikih turbopuhal bi se sreèali s problemom
vpliva razliènih tlaèno � pretoènih karakteristik turbopuhal
v razliènih razmerah delovanja motorja). Pri ni�jih vrtilnih
frekvencah in obremenitvah motorja je vklopljeno le eno
turbopuhalo, pri delovanju motorja v zgornjem delovnem
podroèju vrtilnih frekvenc in obremenitev pa sta
vzporedno priklopljeni obe turbopuhali.

Prikazana primerjava obsega rezultate
numeriène obravnave sistema motorja in turbopuhal.

1 RAÈUNSKI MODEL

Tlaèno polnjeni dizelski motor lahko
razdelimo na nadzorne prostornine (sl.3) s homogeno
sestavo snovi (stanjem), ki se s èasom spreminja. Ta
nièdimenzijski model je opisan z energijsko in
kontinuitetno enaèbo (3) ter zaèetnimi in robnimi
pogoji. Nekatere komponente, npr. plinska trurbina,
puhalo, sistem za vbrizgavanje goriva itn., so opisani
s karakteristiènimi polji. Delovna snov � zmes plinov
je obravnavana kot zmes idealnih plinov. Spremembo
vrtilne frekvence motorja in turbopuhala doloèimo
iz ravnote�ja momentov in ohranitve kinetiène
energije.

Celotni sistem motorja je opisan z vektorji
opisnih indeksov nadzornih prostornin (sl.3).
Povezave med posameznimi nadzornimi prostor-
ninami so opisane z matriko indeksov povezav (sl.3).
Tak�en naèin opisa motorja omogoèa, da se program
za numerièno simuliranje prilagaja razliènim
izvedbam motorja in celovito pomaga pri uspe�nem
re�evanju sistema enaèb za razliène kombinacije
opreme motorjev.

Kontinuitetna enaèba za nadzorne
prostornine je:

Energijsko enaèbo nadzorne prostornine lahko
zapi�emo v obliki:

Z uporabo prvega glavnega zakona
termodinamike in zakona o ohranitvi mase lahko

be adjusted to various angles or by using a fixed
turbine nozzle ring and a moving sidewall. Both
solutions enable a decreasing or increasing turbine
flow area and a good match with the engine�s
needs.

In this paper a comparison of sequential
turbocharging with standard turbocharging, using
a single turbocharger, and with variable turbine ge-
ometry turbocharging, is presented. The sequen-
tial turbocharging is performed using two turbo-
chargers of equal size (which is necessary to avoid
problems with flow patterns at various pressure
ratia in turbochargers of different size). At low en-
gine loads and speeds only one turbocharger is in
operation. At higher loads, both turbochargers are
in operation.

The comparison is performed using a nu-
merical simulation of the complete turbocharged
Diesel engine system.

1 NUMERICAL MODEL

A turbocharged Diesel engine system can be
divided into control volumes (Fig. 3) with space
homogeneity and time dependent changes. This zero-
dimensional model is described by two governing
equations of mass and energy conservation [3], along
with initial and boundary conditions. Some components,
such as: exhaust turbine, charger, injection equipment,
etc. are represented by a steady-state field of
characteristics. The gas properties are considered to be
the same as for an ideal gas mixture. Engine and
turbocharger speed changes are calculated from the
torque balance and kinetic energy conservation.

The system is described using control vol-
umes description indices, which are arranged in vec-
tor (Fig. 3). The connections between various con-
trol volumes are described by connection matrix in-
dices (Fig. 3). This method of description enables
the numerical simulation program to be adapted to
any given engine system and to be governed in an
efficient way, without the necessity to adapt the pro-
gram to a particular engine system.

The mass conservation equation for control
volumes is:

(1).

The energy conservation equation for control
volumes is:

(2).

Combining the first law of thermodynamics
and the mass conservation equation, the basic
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Sl. 3. Shematski prikaz sistema tlaène polnitve dizelskega motorja z vzporedno vezanima turbopuhaloma
a) funkcionalna shema motorja b) vektor opisnih indeksov prostornin in matrika indeksov povezav

c) diskretizacija sistema
Fig. 3. System description for a Diesel engine with sequential turbocharging

a) System layout, b) Description indices in vector of volumes and connection matrix,
c) System discretization

dobimo osnovno enaèbo za spremembo temperature
medija v nadzorni prostornini za idealni plin:

Enaèbo stanja za zmes idealnih plinov zapi�emo v obliki:

Med nadzornimi prostorninami prihaja do
izmenjave mase (z masnim tokom) in energije (z
entalpijo snovi). Skupaj z masnim tokom plinov
potujejo tudi delci rezultatov zgorevanja, zato
spremembo sestave izpu�nih plinov spremljamo s
sprotnim doloèanjem razmernika zraka.

Robni pogoji, ki popisujejo zgradbo �
komponente motorja, so vgrajeni v matematièni
model. Sem pri�tevamo obremenitev motorja na
sklopki, razvito moè motorja, vrtilno frekvenco
motorja, vrtilno frekvenco turbopuhala, lego roèice
za gorivo, maso vbrizganega goriva itn.

Model je dopolnjen s karakteristikami
plinske turbine, puhala, karakteristikami opreme za
vbrizgavanje goriva, modelom krmilnika motorja ter
modeli dinamike motorja in turbopuhala.

equation for temperature change in the control
volume for ideal gas properties can be derived as:

(3).

The state equation for an ideal gas mixture is:

(4).

Between the control volumes, mass is
interchanged through mass flow, and energy through
enthalpy flow. Together with the mass flow, species
produced by the combustion process are transferred,
so it is necessary to model the change of air excess
ratio due to the mass transfer.

The boundary conditions relating to the
system are integrated in to the mathematical model.
They are: the engine load on coupling, engine power,
engine rotation speed, turbocharger speed, fuel rack
position, injected fuel mass, etc.

The complete model is equipped with:
turbine characteristics, charger characteristics, fuel
injection equipment characteristics, engine controller
model, engine dynamics and the turbocharger
dynamics.

a)

c)b)

0 1 2 3 4 5 6 7 8 9
0 0 0
1 21 0 0
2 1 0 1 0
3 1 0 1 0 0
4 1 0 1 0 0 0
5 1 0 1 0 0 0 0
6 1 0 1 0 0 0 0 0
7 1 0 1 0 0 0 0 0 0
8 31 11 0 2 2 2 2 2 2 0
9 41 21 31 0 0 0 0 0 0 0 0
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Dinamiko rotorja turbopuhala lahko opi�emo z
enaèbo:

Dinamiko motorja opisuje enaèba:

Potrebna moè motorja za pogon vozila pri
nespremenjeni hitrosti vozila je:

Spremembo hitrosti vozila opi�emo z enaèbo:

Sistem nelinearnih diferencialnih enaèb
re�ujemo s postopkom Runge-Kutta-Fehlberg s
samodejnim preverjanjem èasovnega koraka integracije.

2 PRIMERJAVA ÈASOVNO USTALJENIH
KARAKTERISTIK MOTORJA

Uporaba zgoraj opisanega modela za raèunsko
simuliranje je izvedena na sodobnem 6-valjnem motorju
za pogon cestnih vozil z moèjo 205 kW/ 2500 min-1 za
prej omenjene tri razliène izvedbe tlaènega polnjenja
istega motorja. V prvi razlièici je obravnavana obièajna,
tovarni�ka izvedba motorja z enim turbopuhalom in
sunkovitim sistemom natoka plinov v turbino.
Karakteristièni pretoèni prerez turbine zna�a 9,3 cm2. Pri
drugi izvedbi uporablja motor turbino z zvezno
spremenljivo geometrijsko obliko (prerezom) vodilnika
(ÈSG, sl. 2). Analiza rezultatov je pokazala, da je bil pri
delovanju motorja s turbino ÈSG izrabljen le del mo�nega
obmoèja krmiljenja pretoka (spremembe prereza turbine),
in sicer od 7,44 cm2 (pri vrtilni frekvenci motorja 1100
min �1) do najveè 9,58 cm2 (pri 2500 min �1).

Pri tretji razlièici obravnavamo sistem dveh
enako velikih turbopuhal, ki se vklapljata in
izklapljata glede na trenutne potrebe motorja (sl.1).
Za obe turbopuhali velja, da sta hidravlièno podobni
puhalu osnovne razlièice: pri enakih specifiènih
pretokih in enakih tlakih delujeta tudi z enakim
izkoristkom. Skupni masni tok obeh puhal je zna�al
pri enakem tlaènem razmerju nekoliko manj kakor
izmerjeni masni tok skozi osnovno izvedbo (enojno
puhalo) turbopuhala. Obe puhali sta poganjali turbini
s poloviènim imenskim karakteristiènim prerezom
spirale vodilnika: vsak posamezni tipièni prerez
vodilnika  turbine je zna�al 4,65 cm2.

Na sliki 4 je prikazana primerjava izraèunanih
moèi, vrtilnih momentov, specifiène porabe goriva in tlaka
polnitve, za vse tri izvedbe, ter polno obremenitev motorja.
Vbrizgana kolièina goriva je bila omejena s tlakom
delovnega zraka oziroma z najmanj�im potrebnim

The turbocharger rotor dynamic is described by the
equation:

(5).

The engine dynamics are described by the equation:

(6).

The power to drive the truck with constant speed is:

(7).

The change of the truck�s speed is given by:

(8).

The set of nonlinear differential equations
is solved using the Runge-Kutta-Fehlberg method
with an automatic control of the integration time step.

2 COMPARISON OF STEADY STATE ENGINE
CHARACTERISTICS

The described numerical simulation
model is performed on a contemporary six cylin-
der in-line truck engine with a nominal power of
205 kW at 2500 rpm for the three different
turbocharging systems and the same engine. First
is the normal production engine, fitted with a single
turbocharger with pulse charging, matched to the
engine. The turbine flow area was 9.3 cm2. Sec-
ond is the same Diesel engine turbocharged by the
turbocharger with variable turbine geometry (VTG,
Fig. 2). From the analysis it was evident that only
moderate changes of turbine flow area are adequate
for this engine. The turbine flow area of the origi-
nal turbocharger was changed linearly with engine
speed from 7.44 cm2 at 1100 rpm to 9.58 cm2 at
2500 rpm.

The third turbocharging system is based on
the same Diesel engine fitted with two turbocharg-
ers of equal size, these are brought into operation
depending on engine demand (Fig. 1). Both turbo-
chargers were selected as hydraulically similar with
the same pressure and flow coefficients, and the
same efficiencies. The resulting cumulative air flow
at the same pressure ratio was a little bit lower than
with the original turbocharger. Both turbochargers
have radial turbines with a constant flow area of
4.65 cm2.

The Fig. 4 shows a comparison of: calcu-
lated engine power, engine torque, specific fuel con-
sumption and charging air pressure for the three dif-
ferent turbocharging systems under full load. The
injected fuel was limited with respect to the charg-
ing air pressure to an air excess ratio of l
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razmernikom zraka lmin = 1,5. Pri vzporednem naèinu
tlaène polnitve sta hkrati delovali obe turbopuhali.

For the sequential turbocharging system, both turbo-
chargers were in operation.
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Sl. 4. Primerjava izraèunanih parametrov motorja za razliène izvedbe tlaène polnitve na istem motorju
a) z enim turbopuhalom, b) z dvema vzporedno vezanima turbopuhaloma,
c) s turbopuhalom in turbino s spremenljivo geometrijsko obliko statorja

Fig. 4. Comparison of calculated engine parameters for various turbocharging systems:
a) standard, b) sequential, c) variable turbine geometry
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As can be seen, there is a visible difference
in the engine parameters for the various turbocharging
systems. It is evident that the engine power and the
torque at lower engine speeds are minimal for the
standard engine.

Turbocharging by variable turbine geometry
has advantages at higher levels of engine power and
torque at lower engine speeds, but the specific fuel
consumption is higher. The engine power and torque
increase is 112 % when compared to the standard
engine at the engine speed of 1100 rpm. At the same
speed, specific fuel consumption is increased by 8.5%
and the charging air pressure is higher by 138%.

Sequential turbocharging offers elevated
torque and charging air pressure at lower engine
speeds, without a significant increase in the specific
fuel consumption, when compared with the standard
engine. The engine power and torque increase is
81.2 % at an engine speed of 1100 rpm. At the same
speed, the specific fuel consumption increase is
2.2 % and charging air pressure is higher by 173 %.

The presented results clearly indicate the
possibilities of sequential turbocharging at lower
engine speeds to maintain high engine torque with a
moderate specific fuel consumption.

3 COMPARISON OF TRANSIENT RESPONSE
OF THE ENGINE

The transient response of Diesel engines,
using various turbocharging systems, is compared
in a trial to increase the speed of a 20 t truck in 6th
gear from constant speed of 60 km/h to 130 km/h
on a horizontal straight track. Fig. 5 presents the
calculated results for truck speed change during this
transient.

Iz diagramov je razvidno, da obstaja oèitna
razlika med pomembnimi parametri motorja za vse
tri opazovane izvedbe. Vidno najmanj�o moè motorja
in vrtilni moment dobimo z osnovno opremo motorja.

Tlaèna polnitev s pomoèjo turbine s ÈSG
zagotavlja zelo velik vrtilni moment in moè motorja
pri nizkih vrtilnih frekvencah,  specifièna poraba goriva
pa je v tem primeru visoka. V primerjavi z osnovno
izvedbo motorja, sta se moment in moè poveèala za
112 odstotkov pri 1100 min-1. Pri isti vrtilni frekvenci
se je poraba goriva relativno poveèala za 8,5 odstotkov,
tlak polnitve pa za 138 odstotkov.

Sistem tlaène polnitve z dvema vzporedno
vezanima puhaloma omogoèa (v primerjavi z
osnovno izvedbo motorja) veèji vrtilni moment in
tlak polnitve pri ni�jih vrtilnih frekvencah brez
bistvenega poveèanja specifiène porabe goriva. Pri
tej primerjavi sta se moè in vrtilni moment sorazmerno
poveèala za 81,2 odstotkov pri 1100 min-1. Specifièna
poraba goriva se je poveèala za 2,2 odstotkov, tlak
polnitve pa za 173 odstotkov.

Prikazani rezultati jasno nakazujejo prednost
uporabe vzporednega delovanja dveh turbopuhal za
doseganje velikega vrtilnega momenta motorja pri ni�jih
vrtilnih frekvencah in zmerni specifièni porabi goriva.

3 PRIMERJAVA DINAMIÈNEGA ODZIVA
MOTORJA

Primerjava dinamiènega odziva dizelskega
motorja z razliènimi naèini tlaènega polnjenja je
opravljena s poskusom pospe�evanja tovornega
vozila s skupno maso 20 t v �esti prestavi na ravni
cesti s hitrosti 60 km/h na konèno hitrost 130 km/h.
Na sliki 5 so prikazani rezulati izraèuna spremembe
hitrosti vozila v odvisnosti od èasa.
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tlaène polnitve: a) z enim turbopuhalom, b) z dvema vzporedno vezanima turbopuhaloma,

c) s turbopuhalom in turbino s spremenljivo  geometrijsko obliko statorja
Fig. 5. Acceleration of the 20 t truck from 60 to 130 km/h
a) standard, b) sequential, c) variable turbine geometry
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Potreben èas za pospe�itev vozila z motorjem,
ki je imel obièajno turbopuhalo, je zna�al 242 s. Motor s
puhalom in turbino VGT je omogoèil doseganje veèje moèi
in zato najkraj�i potrebni èas pospe�evanja vozila. Motor z
dvema vzporednima turbopuhaloma je potreboval za
pospe�evanje 20 odstotkov veè èasa, osnovna izvedba
motorja pa kar 54 odstotkov dalj�i èas v primerjavi z
motorjem, ki je imel turbopuhalo s turbino s spremenljivo
geometrijsko obliko vodilnika. Motor z dvema
turbopuhaloma je porabil za celoten proces pospe�evanja
najmanj goriva. Motor s ÈSG je porabil za isti proces 26,3
odstotkov veè goriva, motor z obièajnim � enojnim
turbopuhalom pa kar 43,3 odstotkov veè goriva.

Preglednica 1 prikazuje rezultate raèunskega
sumuliranja: èas, ki je potreben, da se tovorno vozilo
pospe�i s hitrosti 60 km/h na hitrost 130 km/h, ter maso
porabljenega goriva za omenjeno pospe�evanje in vse
tri naèine tlaènega polnjenja istega motorja. Pri
izraèunu je bilo upo�tevano, da je bila zaèetna moè
motorja prilagojena ustaljeni vo�nji vozila s hitrostjo
60 km/h. V èasu t = 0 s je bila roèica za gorivo v
trenutku prestavljena v lego najveèje dobave goriva.
Ker obravnavamo hitrotekoèi dizelski motor z
majhnim, èasovno zelo odzivnim turbopuhalom, lahko
predpostavimo, da pri pospe�evanju turbopuhala ni
bilo primanjkljaja energije, èas pospe�evanja
turbopuhala je zelo kratek v primerjavi s èasom
pospe�evanja vozila. Èas pospe�evanja obeh manj�ih
turbopuhal pri vzporednem naèinu vklapljanja je kraj�i
od èasa pospe�evanja turbine s spremenljivo
geometrijsko obliko vodilnika, èeprav dose�e ta turbina
tudi pri pospe�evanju zelo velikih izkoristkov.

The time to increase the speed of the truck
from 60 to 130 km/h for the standard engine is 242
s. The turbocharged Diesel engine with variable tur-
bine geometry exhibits the fastest increase in speed.
The sequentially turbocharged Diesel engine
reached the same speed in a 20 % longer time. The
standard engine required 56 % more time than the
engine with the VTG turbocharger. When compar-
ing the fuel consumed to speed-up the truck, the
sequentially turbocharged engine has the lowest
consumption. The VTG turbocharged diesel engine
uses 26.3 %, and the standard engine 43.3 % more
fuel to do the same job.

The table 1 presents the results of
calculations: time spent to accelerate the truck from
60 to 130 km/h and the amount of fuel consumed to
perform this task. In the simulation it is assumed
that the engine power was in balance with the
necessary power to drive the vehicle at a speed of
60 km/h. At the time t = 0, the fuel rack was
instantaneously set to the position of maximum fuel
delivery. As the Diesel engine (DE) is at high speed
and the turbochargers are small, there is no evident
lack of energy due to the turbocharger transient. The
transient characteristic times of this turbocharged
Diesel engines are relatively small, when compared
with the duration of the vehicle�s acceleration
transient. The transient time of the smaller
turbochargers, used in sequential turbocharging, is
shorter than that of the VGT turbocharger, despite
very good use of the exhaust gas energy in this
turbocharger.

Preglednica 1. Potreben èas in potrebna kolièina goriva za pospe�evanje tovornega vozila z maso 20 t
Table 1. Time and fuel consumption to accelerate the 20 t truck

Osnovna izvedba

Standard Diesel
engine

Izvedba z dvema
puhaloma
Sequential

turbocharged DE

Izvedba s turbino
ÈSG

VGT turbocharged
DE

Èas pospe�evanja
Time for acceleration 242 186 155

Poraba  goriva
Consumed fuel mass 2,021 1,409 1,781

4 SKLEP

Rezultati numeriènega modeliranja tlaèno
polnjenega motorja na ustaljenem in prehodnih re�imih
delovanja  jasno prikazujejo doloèeno prednost uporabe
tlaènega polnjenja z dvema vzporedno prikljuèenima
turbopuhaloma. Tak�en naèin tlaène polnitve z dvema
manj�ima turbopuhaloma manj�e velikosti nakazuje
mo�nost doseganja velikih moèi motorja in manj�o
porabo goriva v primerjavi z motorjem, ki ga poganja
turbina s spremenljivo geometrijsko obliko statorskih

4 CONCLUSION

The results of the presented numerical
simulation of steady state and transient characteristics
of a sequential turbocharged Diesel engine for heavy
road vehicles clearly demonstrates some advantages
of this type of turbocharging. Sequential
turbocharging, using two equal turbochargers of the
same type and size, has evident advantages in high
engine power and lower fuel consumption when
compared to variable guide vanes geometry

s

kg
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lopatic. Razlike so oèitne pri ni�jih vrtilnih frekvencah in
obremenitvah motorja. Pri prehodnih re�imih delovanja
motorja (pospe�evanje vozila ali vo�nja v gostem
prometu) se omenjena prednost ka�e v ni�ji porabi goriva.
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èelna povr�ina vozila
plinska konstanta
koeficient aerodinamiènega upora
temperatura
koeficient upora pri kotaljenju
specifièna notranja energija
pospe�ek prostega pada
prostornina
specifièna entalpija
kot strmine (ceste)
masni vztrajnostni moment
kot zavrtitve roèiène gredi
masa
gostota
vrtilni moment
prese�ek zraka
tlak
kotna hitrost
toplota

Indeksi:
puhalo
indeks odvisen o smeri toka
dizelski motor
turbina
indeks opazovane nadzorne prostornine
turbopuhalo
indeks povezanih prostornin
vozilo

A m2 vehicle front surface
R J/kg×K gas constant
c

w
drag coefficient

T K temperature
f
r

rolling friction coefficient
u J/kg specific internal energy
g m/s2 acceleration due to gravity
V m3 volume
h J/kg specific enthalpy
a road inclination angle
J kg×m2 mass moment of inertia
j crank rotation angle
m kg mass
r kg/m3 density
M Nm torque
l air excess ratio
p Pa pressure
w s-1 angular speed
Q J heat energy

Indices:

C
charger

k
index depending on flow direction

DE
Diesel engine

T
turbine

i
index of the considered volume

TC
turbocharger

j
index of connected volumes

V
vehicle

5 OZNAKE
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