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Powerful — development of engine and vehicle to realise low CO,-emissions

The EU funded project “Powerful” supported the creation of new solutions to reduce fitel consumption and emission
levels below current levels. The task of the related project, performed with a Golf 6 Variant TDI® BMT, is the achievement
of 98 g CO Jkm in NEDC under respect of EU6 minus 10% emission limits. This article describes the general activities
undertaken regarding the overall technical approach, the efforts of developing the research engine, it's integration into
a special validator vehicle and the main results. Some technical features like LTC (Low Temperature Combustion) or
heat storage system of engine and vehicle are described more detailed. Beside the NEDC also more dynamic cycles have
been investigated including real world driving.

Key words: TDI, Downsizing, LTC, COZ, Alternative fuel, Low Emission

Powerful — rozwdj silnika i pojazdu o malej emisji CO,

Finansowany przez UE projekt "Powerful" wspiera tworzenie nowych rozwigzan, w celu zmniejszenia zuzycia paliwa
i obnizenia emisji zwiqzkow toksycznych ponizej obecnie obowiqzujqcych poziomow. W ramach projektu wykonano badania
na pojezdzie Golf 6 Variant TDI® BMT, osiggajqc poziom emisji 98 g CO /km w tescie NEDC wzgledem normy Euro 6
minus 10% wielkosci emisji. W artykule opisano ogélne dziatania podejmowane w zakresie podejscia koncepcyjnego,
rozwijania koncepcji na silniku badawczy, integracji zaproponowanych rozwigzan w specjalnym pojezdzie weryfikujgcym
oraz przedstawiono gtowne wyniki badan. Niektore koncepcje jak LTC (spalanie niskotemperaturowe) oraz systemu
magazynowania ciepta z silnika i pojazdu zostaly opisane bardziej szczegotowo. Oprocz testu NEDC przeprowadzono

PTNSS-2014-201

rowniez badania w cyklach jezdnych odwzorowujgcych rzeczywiste warunki jazdy.

Stowa kluczowe: TDI, Downsizing, spalanie LTC, emisja CO,, paliwa alternatywne, mata emisja

1. Introduction

The well-known and respected influence of automotive
based CO,-emissions on the climate enhances the necessity
of improving the efficiency of passenger cars. Beside the
tendency towards hybrid and full electric systems the internal
combustion engines will remain a key factor of automo-
tive industry in the next decades. Hence the efficiency of
these engines needs to be improved to create a noticeable
positive effect on the worldwide CO,-emission. Within the
7th framework program of the European Union the project
“Powerful” supports several technical strategies towards
reduced fuel consumption.

The approach described in this article (and in this maga-
zine) is based on the combination of a homogeneous Diesel
combustion “LTC” (Low Temperature Combustion) using
a special fuel blend and a downsizing Diesel-engine. Key
element of the project is, beside the CO,-level, the control
of the NO_ -emission. Downsizing leads to higher specific
engine loads and therefore leads to increased NO, -emissions.
This shall be addressed by the NO -decreasing LTC and
anovel exhaust gas aftertreatment system (EATS). The EATS
follows the idea of on-board reforming, using a combination
of LNT and passive SCR and creating ammonia without
urea. The performance of all systems will be demonstrated
in a Golf 6 Variant.

1. Wprowadzenie

Dobrze znane i respektowane oddziatywanie motoryzacji
na emisj¢ CO, powoduje zmiany klimatyczne, prowadzi to
do koniecznosci poprawy efektywnos$ci dziatania samocho-
déw osobowych. Oprocz tendencji do budowy pojazdoéw
hybrydowych czy w pelni elektrycznych, silniki spalinowe
pozostang kluczowym rozwigzaniem w przemysle motory-
zacyjnym w nastepnych dekadach. W zwiazku z tym nalezy
ciggle poprawia¢ sprawnos¢ silnikow spalinowych, aby
uzyska¢ zauwazalny pozytywny wpltyw na $wiatowg emisje
CO,. W ramach 7. programu ramowego Unii Europejskiej
w projekcie "Powerful" wykorzystano kilka metod technicz-
nych pozwalajacych na zmniejszenia zuzycia paliwa.

Zmniejszenie zuzycia paliwa opisane w tym artykule
(oraz w tym czasopi$mie) opiera si¢ na potaczeniu spalania
niskotemperaturowego "LTC" (Low Temperature Com-
bustion), z wykorzystaniem specjalnej mieszanki paliw
i z dowsizingiem silnika o zaptonie samoczynnym. Kluczo-
wym elementem projektu jest, obok zmniejszenia poziomu
emisji CO,, kontrola emisji NO . Downsizing prowadzi do
wyzszych obcigzen silnika, a tym samym do wzrostu emisji
NO,. Wzrost ten nalezy obnizy¢ przez wykorzystanie spa-
lania niskotemperaturowego i nowego uktadu oczyszczania
spalin (EATS — exhaust gas aftertreatment system). Uktad
oczyszczania spalin wykorzystuje koncepcje reformingu
W pojezdzie przez zastosowanie kombinacji LNT (LNT —
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2. Engine

Instead of using the engine of the base vehicle, the 1.61
R4 TDI engine, a new 1.41 R3 TDI engine has been created
to demonstrate a variety of technical solutions. Based on
the EA189 engine with 1.2] displacement the bore has been
increased to reach 1.41. This required a new crankcase with
extended and offered the use of new honing methods, of
which several solutions have been tested.

The project offered the possibility to scrutinise all ele-
ments of the engine. Efforts have been made to reduce fric-
tion and fuel consumption or to optimise heat management.
A variety of measures have been investigated as shown in

lean NO _ trap) i pasywnego SCR (SCR — selective catalytic
reduction) oraz tworzenie amoniaku bez wykorzystywania
mocznika.

2. Silnik

Zamiast korzysta¢ z silnika 1.61 R4 TDI ktory jest
standardowo montowany w pojezdzie weryfikujacym,
zostal stworzony nowy silnik 1.41 R3 TDI w celu
przedstawienia roznorodno$¢ zastosowanych rozwiazan
technicznych. Nowy silnik oparty jest na silniku EA189
o pojemnosci 1.21, gdzie zwigkszono $rednice cylindrow,
aby osiagna¢ 1.4l. Wymagalo to zastosowania nowej

the following table.

skrzyni korbowej z ze zwigkszonymi $rednicami tulei
oraz zaproponowano wykorzystanie nowych sposobow

Tab. 1. Measures to build up “Powerful” engine

Tabela 1. Dziatania pozwalajqce na zbudowanie silnika "Powerful"

Component/skladnik

Action/measure/dziatania/badania

Crank case/skrzynia korbowa

New design with extended liners and modified honing/nowa konstrukcja z rozszerzonymi tulejami
i modyfikowane honowanie

Cylinder head/glowica

Variation of inlet ports/rozne ksztatty kanatow dolotowych

Camshafts/watki rozrzqdu

Variation of cam-profiles/rézne profile krzywki watka rozrzqdu

Bearing shell/panewka

Variation of geometry and material/coating/rézna geometria i materiat/powtoki

Piston ring/pierscienie tlokowe

Variation of ring designs and ring tension/rézne ksztalty pierscieni i rozne naprezenie

Piston/tok

Variation of bowls, compression ratios and material/rozne ksztalty komory spalania, rézny stopien spreza-
nia oraz material

Inlet manifold/kolektor dolotowy

Dethrottling of air intake/brak ditawienia w kalane dolotowym

Exhaust manifold/kolektor wylotowy

Isolation; reduction of thermal mass/izolacja, zmniejszenie masy termicznej

EGR/recyrkulacja spalin

Additional Low Pressure EGR system/dodatkowy system niskocisnieniowej recyrkulacji spalin

DPF/catalyst/filtr czgstek statych

Variation of sizes/thermal capacities/rozne wymiary/pojemnosé cieplna

Injector/wtryskiwacz

Variation of injector size and type/rézne wielkosci i typy wiryskiwacza

High pressure pump/pompa wysokiego
cisnienia

New pump design; 3 cam vs. 2 cam/nowa konstrukcja pompy; 3 watki zamiast 2

Auxiliary drive/naped pomocniczy

Decoupling device for auxiliary belt/roztqczanie napedow pomocniczych napedzanych paskiem

Boost system/system doladowania

Variation of turbo charger layouts and bearing concepts/rozne uklady turbodoladowania oraz rézne
koncepcje tozysk

Fig. 1. Experimental designs of inlet ports
Rys. 1. Projekty konstrukcji kanatow dolotowych

honowania, z ktorych kilka zostato
przetestowanych.

W ramach projektu mozliwe byto
modyfikowanie wszystkich elementow
silnika. Podjeto wysitki w celu zmniej-
szenia tarcia, zmniejszenia zuzycia
paliwa oraz optymalizacji systemu
magazynowania ciepta. R6znorodnosé¢
dziatan jakie zostaly zbadane przedsta-
wiono w tabeli 1.

Roézne konstrukcje gltowic oraz
watkéw rozrzadu zostaty przebadane
z wykorzystaniem symulacji CFD do
oceny najbardziej obiecujgcych geo-
metrii. Ostatecznie zostaty zaprojekto-
wane dwie wersje profili krzywki watka
rozrzadu oraz dwie geometrie kanatow
dolotowych, wykonane i przetestowane
w pierwszej wersji silnika.
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The variations of cylinder heads and camshafts have been
supported by internal CFD simulations to evaluate the most
promising geometries. Finally two cam profile options and
inlet port designs have been realised and tested in the first
engine evolutions.

The high efficiency of the engine in addition to the envis-
aged low temperature combustion leads to very low exhaust
gas temperatures. This is a conflict with catalysts that need a
certain minimum temperature (e.g. 200 °C) to create a suf-
ficient performance. To save as much heat energy as possible
in the exhaust gas the exhaust manifold has been fabricated
with less material and a coating.

Fig. 2. Exhaust manifold
Rys. 2. Kanal wylotowy

2.1. EGR system

The LTC requires EGR-rates up to
60%. This can hardly be realised with
commonly used high pressure EGR-
systems. The extraction of exhaust gas
on the high pressure side before tur-
bine leads to reduced boost pressure.
To avoid this effect an additional low
pressure EGR-system has been imple-
mented to the “Powerful”-engine.

The exhaust gas is extracted behind
the turbo charger and is fed through an
EGR-cooler into the intake of the com-
pressor. To ensure a positive pressure
difference an exhaust flap is installed,
which can be partially closed on de-
mand to create some backpressure.

The EGR system was, like many
other elements of the engine, scruti-
nised to discover any potentials for
efficiency improvements. The exhaust
gas is flowing through pipes, coolers,
valves etc and is throttled at many
geometries in the EGR system. Also
those geometries can be optimised to
reduce energy losses. Some geometri-
cal modification has been applied to
the system to reduce internal flow
resistance.

Wysoka sprawnos¢ silnika z wykorzystaniem spalania
niskotemperaturowego prowadzi do bardzo niskich tem-
peratur gazéw spalinowych. Prowadzi to do zmniejszenia
efektywnosci pracy uktadéw oczyszczania spalin, ktore wy-
magajg pewnej minimalnej temperatury (np. 200 °C) w celu
zapewnienia wystarczajacej wydajno$ci. Aby zaoszczedzié
jak najwiekszg ilosci energii cieplnej, jak to tylko mozliwe
z gazow spalinowych, kolektor wylotowy jest wykonany
z mniejszej ilosci materiatu tworzac cienkg powtoke.

2.1. Uklad EGR

Spalanie niskotemperaturowe (LTC) wymaga uzycia
udzialu EGR na poziomie do 60%. Zapotrzebowanie to
moze by¢ trudne do zrealizowania z wykorzystaniem po-
wszechnie stosowanych wysokoci$nieniowych uktadéw
EGR. Ubytek gazéw wylotowych po stronie wysokiego
cisnienia przed turbing prowadzi do obnizenia ci$nienia
dotadowania. Aby tego uniknaé zostal wprowadzony
dodatkowy system niskocisnieniowego EGR do silnika
,Powerful”.

Spaliny sa pobierane za turbosprezarka i sa kierowane
przez chtodnice EGR do wlotu sprezarki. Aby zapewnic
dodatnig r6znice cisnien, zostata zainstalowana przepustnica
wylotowa, ktora moze by¢ czg§ciowo zamykana na zadanie
w celu wytworzenia pewnego przeciwcisnienia.

System EGR, podobnie jak wiele innych elementow
silnika, zostat przeanalizowany pod wzgledem potencjalnej

poprawy efektywnosci. Spaliny przeplywaja przez przewody,

Fig. 3. HP and LP EGR at “Powerful”’-engine

Rys. 3. Wysoko- i niskocisnieniowy uktad recyrkulacji spalin w silniku ,, Powerful
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Fig. 4. Remachining of low pressure EGR cooler

Rys. 4. Modyfikacje zaworu niskocisnieniowego EGR

Figure 4 shows the remachining of the EGR-valve to
widen the flow section and to eliminate disturbing edges.

2.2. Piston

Compression ratios and piston designs have been tested
as well as the piston material. A variation between & =
= 14 up to &€ = 18.5 has been performed including different
piston bowl designs. Finally the best bowl and compression
ratio has been realised with a steel piston, which adds some
positive, thermal effects to the combustion process to create
the best possible fuel efficiency.

The general potential has been demonstrated in this
project by reducing CO, significantly. Regardless this ad-

chtodnice, zawory itp., przez co sa dtawione na licznych zmia-
nach geometrii w uktadzie EGR. Réwniez te zmiany moga by¢
optymalizowane w celu zmniejszenia strat energii.

Niektore modyfikacje geometryczne zostaty zastosowane
w uktadzie EGR w celu zmniejszenia wewngtrznych oporow
przeptywu.

Rysunek 4 przedstawia modyfikacje zaworu EGR po-
szerzajaca przekroj przeptywu oraz eliminujaca zaklocajace
krawedzie.

2.2. Tlok

Stopien sprezania i konstrukcje thokow zostaty przetesto-
wane rowniez z uwzglednieniem zastosowanych materiatow

Fig. 5. Selected piston designs from test program

Rys. 5. Wybrane projekty ttokow z programu testowego
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Fig. 6. Steel pistons with coking after engine testing

Rys. 6. Stalowe tloki z osadem (nagarem) po badaniach silnikowych

vantage it needs to be considered, that the thermal effects
and heat distribution in the piston and combustion area are
different compared to aluminium pistons. The design needs
to be developed further and adjusted to the envisaged engine
layout to avoid oil-coking at the piston rings, as discovered
in the described research engine.

2.3. Injection system

The injection system has been optimised in several de-
tails. Based on a standard common rail system the injectors
have been switched towards seat hole injectors to have better
control of Hydrocarbon emissions (HC). The injector size
has been adapted to the envisaged output of 66 kW/250 N-m.
Also a reduction of energy losses has been created by the
change of the high pressure pump design. Instead of using
a 2-cam pump the design has changed towards a 3-cam pro-
file. This enables a perfect synchronisation of the injections
to the 3 cylinders.

A comparison of the pumps on an engine has been done
to validate the potential of the new 3-cam design.

A first benefit has been found to be a lower drag torque.
The average advantage of 0.33 N-m equals a power of 70 W,
which roughly creates 1 g less CO,/km in NEDC.

Stationary tests in different operating points confirm the
potential of the pump. A reduction of fuel consumption by
1% can be found at low and high torques.

2.4. Low Temperature Combustion (LTC)

The idea of LTC is to reach an optimised homogenisation
of the fuel-air-mix combined with high EGR levels (up to
60%) to reduce local and overall combustion temperatures.
This should reduce the soot and NO -level, but is limited to
certain loads or speeds.

The low temperature combustion has been tested in dif-
ferent configurations of the engine and also with Diesel and
with a special fuel.

The fuel blend is a mix from naphta and HVO (hy-
drotreated vegetable oil) by 75/25%. It is enhancing the
operating range in terms of engine speed and load by in-

ttokéw. Wykonano rézne projekty komor spalania ttokow
ze stopniami sprezania od € = 14 do € = 18,5. Ostatecznie
najlepsza komorg i stopien sprezania zrealizowano w ttoku
ze stali, ktory dat pewny pozytywny efekt termiczny przy
realizacji procesu spalania w celu stworzenia mozliwie
najlepszej wydajnosci paliwa.

Ogolny potencjal, ktory zostal zaprezentowany w tym
projekcie to zrealizowanie znacznego obnizenia emisji CO,.
Bez wzgledu na uzyskane korzysci powinno by¢ wzigte
pod uwage, ze efekty termiczne i rozktad ciepta na ttoku
1 w przestrzeni spalania roznig si¢ w poroéwnaniu z ttokami
aluminiowymi. Projekt wymaga dalszego rozwoju i dosto-
sowania do planowanego uktadu silnika, aby unikna¢ kok-
sowania oleju na pierscieniach ttokowych jak to zauwazono
w opisywanym silniku badawczym.

2.3. Uklad wtryskowy

Uktad wtryskowy zostat zoptymalizowany w kilku szcze-
gotach. Na podstawie standardowego systemu Common Rail
wtryskiwacze zostaly zamienione na wtryskiwacze bezstu-
dzienkowe dla lepszej kontroli emisji weglowodorow (HC).
Rozmiar wtryskiwaczy zostal dostosowany do planowane;j
mocy wyjsciowej 66 kW/250 N-m. Ponadto zmniejszenie
strat energetycznych zostato zrealizowane przez zmiang
konstrukcji pompy wysokiego cisnienia. Zamiast wyko-
rzystania pompy z podwodjna krzywka konstrukcja zostata
zmodyfikowana do wykorzystania trojkrzywkowego profilu.
Rozwiazanie to zapewnito doskonala synchronizacj¢ wtry-
sku dla trzycylindrowego silnika.

Poréwnanie pomp paliwa zostalo przeprowadzone na
silniku, aby potwierdzi¢ potencjat nowej trojkrzywkowe;j
konstrukcji.

Pierwszymi korzy$ciami okazaty si¢ zmniejszone mo-
menty tarcia. Przecigtna korzy$¢ osiagnieta na poziomie
0,33 N'm réwna si¢ odzyskanej mocy 70 W, co w przy-
blizeniu skutkuje zmniejszeniem emisji o 1 g CO,/km
w tescie NEDC. Testy stacjonarne w roznych punktach pracy
potwierdzaja potencjal zastosowanej pompy paliwa. Zmniej-
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Fig. 7. 3-cam-design of high pressure pump

Rys. 7. 3-krzywkowa konstrukcja pompy wysokiego cisnienia

creasing the ignition delay and an improved vaporisation.
A reduced boiling point and an increased cetane number are
the characteristic properties to increase the ignition delay
and therefore the time for homogenisation of fuel and air.
The range to use LTC has been increased by this tailored
fuel blend above 7 bar BMEP. After many iterations and
improvements the final range is shown in the Fig. 8. LTC
has been calibrated up to 50 N-m engine torque between
1100 and 3900 rpm. This covers the requirements to use
LTC in different situations including light accelerations.

Fig. 8. LTC operating range as a compromise of NO -reduction and CO,-penalty
Rys. 8. Zakres stosowania LTC jako kompromis redukcji NO_i CO,

szenie zuzycia paliwa o 1% zostato
zanotowane dla niskich i wysokich
momentoéw obrotowych.

2.4 Spalanie niskotemperaturo-
we (LTC)

Idea spalania niskotemperatu-
rowego (Low Temperature Com-
bustion) prowadzi do zoptymali-
zowanej homogenizacji mieszanki
paliwo-powietrznej w potaczeniu
z duzg wartoscig EGR (do 60%)
w celu redukcji lokalnej i globalnej
temperatury spalania. To prowadzi
do redukcji poziomu sadzy i NO,
ale tylko w ograniczonym zakresie
obcigzenia i pr¢dkosci obrotowe;.

Spalanie niskotemperaturowe
zostato przebadane w réznych kon-
figuracjach silnika przy uzyciu oleju
nap¢dowego, a takze z dodatkami
paliwowymi.

Mieszanka paliwowa powstata
z potaczenia nafty i oleju roslinnego
(Hydrotreated Vegetable Oil) w pro-
porcji 75/25 %. Powoduje to zwigkszenie zakresu predkosci
1 obcigzenia silnika przez zwigkszenie opdznienia zaptonu
1 poprawy odparowania. Zmniejszona temperatura wrzenia
i wzrost liczby cetanowej sg charakterystycznymi wlasciwo-
sciami umozliwiajacymi zwigkszenie opdznienia zaptonu,
a zatem zwickszenia czasu homogenizacji paliwa z powie-
trzem. Zakres zastosowania LTC zostal zwigkszony przez
dostosowanie mieszanki dla parametrow pracy powyzej
7 bar BMEP. Po wielu powtdrzeniach i udoskonaleniach zo-
stat ustalony ostateczny zakres,
ktory przedstawiono na rysunku
4. Spalanie niskotemperaturowe
zostato okres$lone dla momentu
obrotowego silnika do 50 N'm
w zakresie od 1100 do 3900
obr/min. Jest to zakres wykorzy-
stania LTC w zr6znicowanych
warunkach podczas lekkiego
przyspieszania pojazdem. Test
dla obcigzenia silnika wynosza-
cego 75 N-m zostal przeprowa-
dzony, ale zakres emisji CO, byt
nie do przyjecia.

Sposob takiego spalania
prowadzi do zmniejszenia kon-
troli nad procesem spalania,
poniewaz nie jest bezposrednio
zwigzany ze zwigkszeniem
iniekcji. Aby umozliwi¢ petna
kontrole nad silnikiem zostaty
wdrozone innowacyjne syste-
my elektronicznego sterowania
spalaniem. Ci$nienie spalania
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A test with 75 N-m load has been performed but increased
the CO,-level unacceptably.

This type of combustion leads to the loss of control over
the combustion process because it is not directly linked to
the event of injection anymore. To enable a full control over
the engine an innovative electronic system, the combustion
control, has been implemented. It is monitoring the internal
pressure of each cylinder and adjusts the injection param-
eters for the following cycle to reach the target values of
the calibration.

The transition between standard combustion and LTC
needed to be addressed in terms of drivability and emissions.
To realise a dynamic transition the used engine software
offers the option to switch between operating modes. The
transition is realised in a way that the LTC is prepared by
adjusting mainly the EGR rate before switching the injec-
tion strategy.

Figure 9 shows an example measured in the vehicle
in the final calibration. The engine is running in standard
combustion mode up to appr. 850 s (x-axis: time [s]). After
fulfilling certain criteria to run LTC the preparation for the
change to LTC is started. Typical conditions are minimum
or maximum temperatures, load, gear etc.

As main preparation the EGR-rate is increased by the
ECU from 46 to 54% as shown by the blue graph. This is
necessary to prepare LTC and to avoid an inacceptable noise
level. After reaching the required EGR level the injection
strategy changes from pilot + main injection to the LTC-type
main injection. This can be followed by the black graph of
the figure.

At the same moment the ECU changes to a new centre
of combustion (CoC, red graph), which is applied in the
LTC mapping for the given operating point. The combustion
control is adjusting the value within a few cycles, while LTC
is activated instantly between two cycles. After switching to

Fig. 9. Transition from standard combustion to LTC; 70 km/h, 1400 rpm, 30 N-m

Rys. 9. Przejscie ze standardowego spalania do spalania niskotemperaturowego;

70 km/h, 1400 obr./min, 30 N-m

jest nadzorowane osobno dla kazdego cylindra, a parametry
wtrysku sg dostosowane dla kolejnych cykli az do osiagnie-
cia docelowych wartosci kalibracji.

Przejscie ze standardowego spalania do spalania nisko-
temperaturowego musi uwzglgdnia¢ wlasciwosci jezdne po-
jazdu i emisje spalin. Aby umozliwi¢ dynamiczne przejscie
zastosowano oprogramowanie silnika umozliwiajace wybor
trybu pracy. Przejscie na LTC jest realizowane gtownie
przez zmiang zakresu uzycia EGR przed zmiang strategii
sterowania wtryskiem.

Rysunek 9 przedstawia przyklad pomiaréw koncowej
kalibracji. Silnik pracuje w standardowym trybie pracy przez
850 s (0$ x: czas [s]). Po spelieniu okreslonych kryteriow
dla LTC jest uruchomione przygotowanie do zmiany trybu
pracy. Odpowiednie warunki okres§lane sg przez minimalne
lub maksymalne temperatury, obciazenie silnika, bieg itp.

Glownym czynnikiem przygotowujacym jest zwigksze-
nie stosowanego EGR z 46 do 54 % za pomocg sterownika
silnika, przedstawione na wykresie za pomoca niebieskiej
linii. Jest to konieczne do przygotowania LTC, aby unikna¢
niedopuszczalnego poziomu hatasu. Po osiggni¢ciu wymaga-
nego poziomu EGR strategia sterowania wtryskiem zmienia
si¢ z dawki pilotujacej + dawki gtownej na dawke gtownag
spalania LTC. Zmiana strategii wtrysku zostata przedstawio-
na na wykresie za pomocg czarnej linii.

W tym samym czasie sterownik silnika zmienia kat wy-
stepowania centrum spalania (CoC, czerwona linia), ktore
jest stosowane dla danego punktu pracy LTC. Regulacja
sterowania spalaniem jest dostosowana w kilku cyklach,
natomiast spalanie niskotemperaturowe jest aktywowane
pomiedzy dwoma cyklami. Po przej$ciu na LTC sterowanie
spalaniem jest dostosowane do osiggni¢cia kata centrum
spalania i stabilnej pracy trybu LTC. Zmiana trybu pracy
na LTC odbywa si¢ szybko i jest prawie niezauwazalna dla
kierowcy.

2.5. Turbodoladowanie
Kluczowym czynnikiem
wplywajacym na sprawnosc
silnikow, szczegolnie tych
o zaptonie samoczynnym
konstruowanych w oparciu
o koncepcje downsizingu,
sg systemy dotadowania.
Zabudowanie turbospre-
zarki oddzialuje na wiele
czynnikow, np. wlasciwosci
jezdne, cis$nienie w uktadzie
wylotowym, uzyskiwany
moment obrotowy czy zu-
zycie paliwa. Klienci ocze-
kuja osiggow pojazdu na
okreslonym poziomie, wigc
konieczna jest kompensacja
spadku mocy wynikajacego
z ograniczenia pojemnosci
skokowej silnika. Uzytecz-
nym narzedziem, umozli-
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LTC the combustion control adjusts the centre of combus-
tion and a stable LTC running mode is reached. The change
from and towards LTC takes place quickly and is hardly
noticeable by the driver.

2.5. Turbo charger

A key factor for high efficiency especially on downsiz-
ing Diesel engines is the charging system. The layout of the
turbocharger affects various aspects of the engine like driv-
ability, backpressures, dynamic torque and fuel consumption.
Customers still expect the well-known levels of vehicle
acceleration so the loss of engine capacity needs to be com-
pensated. A useful way to create the same requested power
with a smaller engine is to charge it, for example by a turbo
charger. In this project the base vehicle was already equipped
with a turbocharged Diesel engine, so the compensation has
been done by a dedicated and improved turbo charger. The
main focus was laid on the efficiency. One of the engine’s
overall efficiency factors is the component efficiency of the
turbocharger. The ratio between the energy taken out of the
exhaust gas and the energy applied to the fresh, compressed
air is crucial and needs to be optimised.

In “Powerful” the standard turbocharger has been re-
placed by a system with a smaller turbine and a similar
sized compressor. The decrease of turbine size improves the
dynamic response of the charger and improves drivability
and efficiency. The “Powerful” turbocharger from BMTS
is shown in Fig.10.

In a next development step the standard plain bearing has
been replaced by a ball bearing. The effect of the ball bearing
is a reduction of friction. Instead of friction some pumping
losses in the bearing due to the oil have to be considered.

A comparison between the two bearing concepts (stand-
ard vs. ball bearing) with unchanged oil flow showed a signif-
icant advantage for the ball bearing greater than 1 g CO,/km.
A sample operating point is shown in Fig. 11.

To guarantee a sufficient lubrication and a protection
against overheating of the bearing some oil flow is necessary.

Fig. 11. Reduced fuel consumption with ball bearing turbo charger (2000 rpm, 80 N-m)

Rys. 11. Redukcja jednostkowego zuzycia paliwa w silniku z turbosprezarkq wyposazong w tozyska toczne (2000 obr/min,

80 N-m)

wiajacym zwigkszenie osiggow, jest na przyktad zastosowa-
nie turbodotadowania. W prezentowanym projekcie pojazd
bazowy zostal wyposazony w dotadowany silnik o zaplonie
samoczynnym, wi¢c kompensacji dokonano poprzez mody-
fikacje zainstalowanej turbosprezarki. Nacisk potozono na
poprawg sprawnosci. Czynnikiem wplywajacym na spraw-

Fig. 10. Turbo charger with plain bearing (BMTS)
Rys. 10. Turbosprezarka z slizgowym lozyskowaniem watka (BMTS)

no$¢ silnika jest sprawno$¢ turbosprezarki. Stosunek energii
odebranej ze spalin do energii oddanej $wiezemu tadunkowi
jest w tym wypadku decydujacy i na nim skupiono uwage.

W projekcie ,,Powerful” bazowa turbosprezarke zastapio-
no urzadzeniem posiadajagcym mniejsza turbing, natomiast
sprezarka posiadata
zblizone gabaryty.
Zmniejszenie wymia-
réw turbiny wptyneto
na poprawe nadaz-
no$ci urzadzenia,
a tym samym polep-
szenie wlasciwosci
jezdnych i wzrost
sprawnosci. Rysunek
10 przedstawia turbo-
sprezarke wykonang
przez BMTS.

W nastepnym
etapie rozwojowym
lozysko slizgowe za-
stapiono lozyskiem
tocznym, dzigki cze-
mu obnizono moc
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By controlling and reducing
this oil flow through the
bearing the efficiency of
the charger can be further
improved and maintained
on the highest achievable
level within the limits of the
system.

The positive effect of
a reduced oil flow in the
bearing has been validated
and is shown in the follow-
ing diagram. It shows the
fuel consumption for dif-
ferent oil flows including
zero oil. Without oil flow
the friction in the bearing
is minimised because of
minimised splashing and
pumping losses.

It should be mentioned,
that zero oil is not a real op-
tion for a ball bearing turbo
charger due to overheating
and bearing damages after a
very short time. It just dem-
onstrates the potential and Fig. 12. Turbo charger BM65 with ball bearing
limits of oil flow control.

Stationary bench tests
with the three described
evolutions of the charger (slide bearing, ball bearing, ball
bearing with oil flow control) showed reduced CO, emis-
sions (Diesel).

Rys. 12. Turbosprezarka BM65 z tozyskami tocznymi

tarcia. Zamiast strat tarcia, pewne straty pompowania oleju
w tozysku musiaty by¢ wzigte pod uwagg.

Poréwnanie koncepcji tozyskowania (§lizgowego i tocz-
nego) z niezmienionym natezeniem przeplywu oleju pokazato
istotne zalety tozysk tocznych,
przektadajace si¢ na obnizenie
emisji CO, przekraczajace 1 glkm.
Przyktadowy punkt pracy przed-
stawiono na rysunku 11.

Celem zagwarantowania
dostatecznego smarowania i
zabezpieczenia przed prze-
grzaniem tozyska konieczne
jest natezenie przeptywu oleju
o0 wymaganej warto$ci. Dzigki
kontroli i redukcji natezenia
przeplywu oleju, sprawnosé
moze zosta¢ zwickszona i utrzy-
mana na najwyzszym osiagal-
nym poziomie.

Dostrzezony i zweryfiko-
wany zostal pozytywny skutek
zmniejszenia natgzenia przepty-
wu oleju, co pokazuje wykres na
rys. 13, na ktorym przedstawio-
no jednostkowe zuzycie paliwa
w funkcji zmiennego natgzenia
Rys. 13. Wplyw natezenia przeplywu oleju na jednostkowe zuzycie paliwa (1375 obr/min; 35 N-m) przeplywu oleju, whacznie zjego

Fig. 13. Effect of oil flow on fuel consumption (1375 rpm; 35 N-m)
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Tab. 2. Fuel consumption and CO,-emission with different turbo charger evolutions

Tab. 2. Zuzycie paliwa i emisja CO, pojazdu wyposazonego w trzy rozpatrywane typy turbosprezarek

Configuration/konfiguracja Fuel consumption/zuzycie paliwa CO, (NEDC)
[dm3/100 km] [g/km]
Charger BM T045 plain/zwykty 4.28 112.6
Charger BM T045 ball/tozyska kulkowe 4.24 111.5
Charger BM T045 ball, oil flow/tozyska kulkowe, przeptyw 4.20 110.4
oleju

As shown in the table the control of the oil flow nearly
produced the same potential as the change from plain to ball
bearing. Both measures show a sufficient potential for CO,
reduction compared to the efforts taken, hence both are used
in the “Powerful’-engine.

3. Vehicle

The base line vehicle is a Golf 6 Variant BMT®, which
is equipped with a 1.61 R4 TDI® engine and homologated
with 109 g CO, /km in NEDC. This vehicle has been modi-
fied towards the “Powerful” validator vehicle by numerous
measures (Fig. 14).

Fig. 14. “Powerful” validator vehicle

Rys. 14. Weryfikacyjny pojazd projektu ,, Powerful”

The integration of the 1.4L R3 TDI® engine required
new engine brackets and package solutions, chassis modifi-
cations to create clearance for the turbo charger and EATS,
an electrical integration of the new engine electronics into
the vehicle structure, a different fuel system, measurement
and control equipment and the reformate gas system for
running the EATS. An overview of the overall layout is
given in Fig. 15.

The final validator increased its weight compared to the
reference car due to the described systems brought on board
and due to the modifications.

The reference car is assigned to inertia class 3250 lbs
for NEDC homologation. Due to the additional weight of
the required systems (batteries, control units, gas system
etc.) the inertia class of the validator has been changed to
3500 Ibs. This addresses a certain increase of weight. The

zatrzymaniem. Brak przeptywu oleju w tozyskowaniu turbo-
sprezarki powoduje minimalizacjg strat tarcia, spowodowana
ograniczeniem strat pompowania i odrzucania oleju przez
obracajacy si¢ wat.

Nalezy nadmieni¢, ze brak przeptywu oleju dziata
destrukcyjnie rowniez na tozysko toczne, poniewaz dopro-
wadza do przegrzania tozyska i w konsekwencji do jego
zniszczenia, aczkolwiek pokazuje potencjat i ograniczenia
dla natezenia przeptywu oleju.

Testy na stacjonarnym stanowisku pomiarowym z trzema
opisywanymi turbosprezarkami (z watkiem utozyskowanym
slizgowo, z watkiem utozyskowanym tocznie oraz z watkiem

utozyskowanym tocznie i kontro-
lowanym nat¢zeniem przeptywu
oleju) pokazaty obnizenie emisji
CO,.

Jak pokazano w tabeli 2, kon-
trola nate¢zenia przeptywu oleju
przez tozyska wykazuje taki sam
potencjat w redukcji zuzycia
paliwa, jak zmiana sposobu uto-
zyskowania watka. Obydwa roz-
wigzania umozliwiaja czerpanie
znaczacych korzysci w stosunku
do naktadu pracy, wigc zostaty
jednoczesnie zaimplementowane
w projekcie.

3. Pojazd

Pojazd bazowy to Golf 6
Variant BMT® z homologacja na
109 g CO,/km w tescie NEDC.
Pojazd ten zostal zmodyfikowany na model weryfikacyjny
w celu realizacji projektu ,,Powerful” (rys. 14).

Zintegrowanie silnika 1.4 R3 TDI wymaga nowych
wspornikéw jednostki napgdowej i szeregu modyfikacji
nadwozia wymaganych do stworzenia przestrzeni dla
turbosprezarki 1 uktadow oczyszczania spalin, integracji
elektrycznej nowej elektroniki silnika w konstrukcji pojazdu,
nowego zmodernizowanego systemu paliwowego, urzadzen
do pomiaru i kontroli oraz instalacji pojemnikéw gazow
niezbednych do reformingu i pracy systemu EATS. Przeglad
ogo6lny uktadu przedstawiony jest na rysunku 15.

Ostatecznie waga pojazdu weryfikacyjnego ulegta zwigk-
szeniu w poréwnaniu do samochodu bazowego ze wzgledu
na liczne modyfikacje i systemy umieszczone w pojezdzie.

Samochod bazowy jest przypisany do klasy bezwtadno-
$ci 1474 kg dla testu homologacyjnego NEDC. Ze wzgledu
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Fig. 15. Schematic layout of engine and EATS in the vehicle
Rys. 15. Schemat uktadu silnika i EATS w pojezdzie

challenge to reach the CO, target is nonetheless increased
by the additional weight.

An example for prototype technologies is the reformate
gas system to run the EATS. To simulate the effect of an on
board fuel reformer it has been decided to use a synthetic
gas (H/N,/CO; 20/60/20%) with the properties close to the
product of the reformer.

na dodatkowa mas¢ wymaganych systemoéw (akumula-
torow, urzadzen kontrolnych, systemoéw niezbednych do
reformingu itp.) klasa bezwtadnos$ci pojazdu weryfikacyj-
nego ulegta zmianie na 1588 kg. Swiadczy to o pewnym
wzrosécie masy samochodu demonstracyjnego. Osiagnigcie
celu zmniejszonej emisji CO, w zaden sposob nie zostata
zakldcona przez zwigkszenie masy pojazdu.

Fig. 16. Integration of Gas-system in the vehicle

Rys. 16. Integracja zbiornika gazowego dla systemu EATS w pojezdzie
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Tab. 3. Measures to build up “Powerful” vehicle #2

Tabela 3. Podjete dziatania do zbudowania pojazdu ,, Powerful ” nr 2

Arealobszar

Action/measure/dziatania/pomiary

Engine/silnik

R3 TDI Powerful engine, new engine mounting, intercooler, water system, ECU/R3 TDI silnik projektu Power-
ful, nowe mocowanie silnika, intercooler, system wodny, ECU

Fuel system/uktad wtryskowy
wegla

System from gasoline pendant including charcoal absorber/kompletny system paliwowy wigcznie z absorberem

EATS/system oczyszczania spalin

Powerful EATS including electronic control/Powerful EATS lqcznie z elektronicznym sterowaniem

Reformate gas/gazy
reformutowane
Jak na awaryjny wylqcznik stop

Gas system with bottle, connectors, valves, injectors, electronics and safety devices like emergency stop
switch/instalacja gazowa z butlq, zlqcza, zawory, wiryskiwacze, elektronika i urzqgdzenia bezpieczenstwa, takie

Suspension/zawieszenie

zwigkszonego nacisku na os

Rear axle from 4WD-pendant Stronger springs and dampers from Passat due to increased axle weight/Ty/na
oS z pojazdu VW Passat z napedem na 4 kola, wykorzystanie silniejszych sprezyn i amortyzatorow z powodu

Chassis/podwozie

Front: clearance for turbocharger packaging Rear: integration of batteries, gas bottle/przod: zwolnienie miejsca
na umieszczenie turbosprezarki, tyl: integracja miejsca na akumulator i butle gazu

Electric/uktady elektryczne

Additional loom for control units, batteries, measurement equipment and sensors/dodatkowe wiqzki dla jedno-
stek kontrolnych, akumulatorow, urzqdzen pomiarowych i czujnikow

Fire protection/ochrona
przeciwpozarowa

Manual fire extinguisher installed in the vehicle/zainstalowany w pojezdzie manualny system gasniczy

PEMS/mobilne pomiary emisji

Preparation of arrangement/loom for PEMS integration/przygotowanie ukladu do integracji systemu PEMS

The measures to build the “Powerful” vehicles reach
from emergency stop switches to a new engine. An overview
is given in Table 3. The complete integration of the PCM
in validator #1 is not in this list, which describes solely the
actions undertaken on the final validator.

3.1. PCM-Exhaust-Heatstorage

To reduce the fuel consumption, minimise engine wear
and optimize passenger comfort during cold start, a PCM
heatstorage system has been applied to the vehicle. The
technology of the used PCM-Exhaust-Heatstorage was
investigated in a previous research project with the goal of
creating a high energy density storage concept by usage of
exhaust waste heat. .

In a PCM based heat storage (also called latent heat
storage), the phase change enthalpy of a material is used.
Typically, a material is chosen, which changes from solid
to fluid phase while heated up and changes back from fluid
to solid phase when releasing the heat energy.

The storage is recharged during driving by otherwise
wasted exhaust energy.

In a first attempt, the original system design was used.
The release of heat was bundled into the engine cooling
circuit. Previous tests on gasoline engines had shown
a CO,-benefit of > 5 g/km within the NEDC. The target
was to transfer as much of this benefit as possible to the
regarded diesel application. The gained impact on coolant
and oil warm-up performance using that discharge concept
is shown in Fig. 17.

After 3 minutes, an advance in coolant temperature of
20 to 30 K was accomplished.

The effects of additional cold start consumption in diesel
engines do significantly differ from those of gasoline engines.
Whereas the cold start of gasoline engines is dominated by
effects of imperfect mixture formation and combustion and
thus strongly affected by liner temperature, cold start con-

Przyktadem prototypowych technologii jest zastosowa-
ny system gazoéw reformowanych do dzialania EATS. Aby
symulowa¢ efekt reformingu paliwa na poktadzie pojazdu
uzyto gazoéw syntetycznych (H,/N,/CO; 20/60/20%) o wia-
Sciwos$ciach zblizonych do produktéw reformera.

Modyfikacje wymagane do zbudowania pojazdu ,,Power-
ful” doprowadzity do powstania nowego silnika. Informacje
pogladowe podane sa w tabeli 3. Pelna integracja PCM
w pojezdzie weryfikacyjnym nr 1 nie jest wyszczegolniona
w liscie, ktora opisuje dzialania podejmowane wylacznie do
budowy ostatecznej wersji samochodu weryfikacyjnego.
3.1. Materialy zmiennofazowe — system akumulacji

ciepla odzyskanego z ukladu wylotowego

System akumulacji ciepta (PCM) zostal zastosowany
w pojezdzie w celu zmniejszenia zuzycia paliwa, zmniej-
szenia zuzycia silnika i optymalizacji komfortu pasazerow
podczas zimnego rozruchu. Technologia zastosowania
odzysku ciepta z uktadu wylotowego zostata przebadana
w poprzednim projekcie w celu przechowywania energii
cieplnej o duzej gestosci przez wykorzystanie ciepta traco-
nego w uktadzie wylotowym.

W oparciu o przechowywanie ciepta PCM (zwanego tak-
ze ukrytym magazynowaniem ciepta) jest uzywana entalpia
przemiany fazowej materialu. Zazwyczaj jest wybierany
materiat, ktéry zmienia si¢ z ciala statlego do fazy ciektej
przy ogrzewaniu i przemienia si¢ z powrotem z cieczy do
fazy stalej podczas uwalniania energii cieplnej.

Magazynowanie ciepta odbywa si¢ przez odzysk energii
podczas jazdy przez odzysk ciepta z uktadu wylotowego.

Podczas pierwszych prob byt uzyty oryginalnie zaprojek-
towany system. System uwalniania ciepta zostat potaczony
z systemem chlodzenia. Dotychczasowe badania na silnikach
spalinowych wykazaty korzysci dla emisji CO, w postaci jej
zmniejszenia o 5 g/km w tescie NEDC. Celem byto przenie-
sienie systemu w jak najwigkszym stopniu jak to mozliwe
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Fig. 17. NEDC, heat released to engine oil
Rys. 17. Ciepto uwalniane do oleju silnikowego w tescie NEDC

sumption of diesel engines is, to a high degree, determined

by increased mechanical friction.

To better address this special characteristic of the new
application, the PCM-Exhaust-Heatstorage System was
modified to enable a direct heat release into the engine oil.

The results are shown in Fig. 18.

The effect of the heat release
into the oil is significant. An
advance in oil temperature com-
pared to the reference of 40 to 50
K was achieved. Fig. 19 repre-
sents the effect on CO, emission
gained by heat release into engine
oil in the NEDC:

Fig. 19. CO,-benefit of PCM in NEDC

Rys. 19. Korzysci emisji CO, przy uzyciu
PCM w tescie NEDC

Although the gained two to
three g/km CO, reduction seem
beneficial on first sight, they do
not meet the goal based on re-
sults of previous applications of
the PCM-Exhaust-Heatstorage.
Additionally, the charging was

dla silnika ZS. Wykazano naj-
wigkszy wplyw na temperature
ptynu chtodzacego i oleju przez
szybsze nagrzewanie si¢ co
przedstawiono na rys. 17.

W ciggu 3 minut uzyska-
no wzrost temperatury o 20 do
30K.

Dodatkowe efekty podczas
zimnego rozruchu roéznia si¢
znaczaco w silniku o zaptonie
iskrowym i o zaptonie samoczyn-
nym. Natomiast zimny rozruch
w silniku o ZI jest zdominowany
przez efekty niedoskonatego
tworzenia i spalania, a tym sa-
mym zdecydowanie wptywa na
liniowo$¢ temperatury, zwigk-
szone zuzycie paliwa podczas
zimnego rozruchu silnika ZS co
jest spowodowane zwigkszonym
tarciem mechanicznym.

Aby lepiej ukierunkowacd
specjalistyczny charakter nowej
aplikacji systemu PCM zostat
on zmodyfikowany w celu odda-
nia ciepta do oleju silnikowego.
Wyniki przedstawiono na rysunku 18.

Efekt oddawania ciepla do oleju jest znaczacy. Osiagnigto
wzrost temperatury o 40 do 50 K. Rysunek 19 przedstawia
efekt emisji CO, uzyskany przez oddawanie ciepta do oleju
w tescie NEDC:

Fig. 18. NEDC, heat released to engine coolant
Rys. 18. Test NEDC, oddawanie ciepta do ptynu chtodzqcego
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challenging due to the very efficient diesel engine and the
complex exhaust after treatment systems, both resulting in
very low exhaust gas temperatures. In the test configuration,
it was impossible to recharge the system inside the NEDC
limits.

In conclusion, the PCM-Exhaust-Heatstorage system was
not able to transfer its persuading performance in gasoline
applications into this diesel application. A too small net CO,
benefit in combination with too long recharge time resulted in
a negative recommendation for usage in the final validator.

3.2. Electronics

The “Powerful” validator contains some special solutions
on the electronics. Several systems have been integrated into
the given, electronic architecture. The prototype engine soft-
ware needed to be linked to the vehicle system. Two separate
control units ES1000 have been implemented to control
EATS, gas system and some engine functionalities.

In total two vehicles have been built. The first prototype
performed the main engine testing and PCM investigations.
The second vehicle, the validator, has been equipped with
the latest engine evolution and the novel EATS to perform
one year of testing on chassis roller test benches and test
tracks.

4. Methodology of testing

The development of the “Powerful” vehicle is based on
intensive testing. To achieve the necessary results three dif-
ferent test methods have been used. Over the period of two
years the engine has been running on engine test benches of
the Volkswagen group research to evaluate the best technical
solutions and calibrations. For 1 2 years the vehicles have
been running on chassis roller test benches and also on the
road to adjust the calibration of PCM, engine and EATS and
there interaction. The last few month of the project have been
characterised by a direct link of engine and chassis roller
test bench. The direct feedback from the vehicle has been
transferred to the engine test bench, where improvements
have been elaborated, which have been tested the next day
in the vehicle. This link between the two methods enabled
an efficient and fast calibration of the EATS and engine.

Pomimo uzyskania redukcji o dwa do trzech g/lkm CO,
dajacych wstepne korzysci, nie uzyskano celu opierajacego
si¢ na wynikach poprzednich badan systemu PCM-Exhaust-
Heatstorage. Ponadto akumulacja ciepta w wydajnych silni-
kach ZS jest bardzo trudna ze wzgledu na ztozong instalacje
oczyszczania spalin oraz niskg temperature spalin. W rezul-
tacie niemozliwe bylo magazynowanie ciepla w zakresach
limitow testu NEDC.

Podsumowujac system PCM zastosowany w silnikach
benzynowych nie moégt prawidtowo pracowaé w zasto-
sowaniu do silnika o ZS. Zbyt mate korzysci emisji CO,
w polaczeniu z byt dlugim czasem magazynowania ciepta
spowodowato negatywng rekomendacj¢ do zastosowania w
pojezdzie weryfikujacym.

3.2. Uklady elektroniczne

Pojazd weryfikacyjny ,,Powerful” zawiera pewne szcze-
goblne rozwigzania z dziedziny elektroniki. Kilka systemow
zintegrowano w jedng architekture. Prototypowy uktad
sterowaniem silnika musiat zosta¢ polaczony z elektroni-
ka pojazdowa. Dwie osobne jednostki sterujace ES1000
zaimplementowano do kontroli EATS, uktadu zasilania
i niektorych elementéw wykonawczych silnika.

W konsekwencji zbudowano dwa pojazdy. Na pierw-
szym z nich przeprowadzono gtowne testy silnika oraz
testy PCM. Drugi pojazd weryfikacyjny byl wyposazony
w ostatnig wersj¢ silnika i oprogramowanie ETAS. Badania
byly przeprowadzone na hamowniach podwoziowych oraz
torach testowych i trwaty rok.

4. Metodologia badan

Rozwoj projektu ,,Powerful” opiera si¢ na intensyw-
nych badaniach. Aby uzyska¢ wyniki badan wykorzysta-
no trzy rézne metody badan. W okresie dwoch lat silnik
zostatl uruchomiony na stanowisku silnikowym w grupie
Volkswagena w celu okreslenia najlepszego technicznego
rozwigzania i kalibracji. W ciagu pot roku pojazd zostat
przebadany na stanowisku podwoziowym, a takze w warun-
kach drogowych w celu kalibracji PCM, silnika i w ptywu
na uktad oczyszczania spalin. Ostatnie miesigce projektu
charakteryzowaty si¢ bezposrednim polaczeniem badan

Fig. 20. Rear compartment with ES1000 and preparation for PEMS

Rys. 20. Przestrzen bagazowa z uktadem ES1000 i przygotowanie do pomiarow z uzyciem PEMS
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Fig. 21. Structure of electronic research components

Rys. 21. Schemat struktury elektronicznych komponentow pomiarowych

Additionally to the obliged NEDC tests road testing
without and with PEMS (Portable Emission Measurement
System) have also been performed. Fully equipped the
vehicle weight without driver has been increased by the
PEMS to 1820 kg corresponding to inertia class 4250 Ibs,
which drastically increased the challenge especially for the
handling of the NO_raw emissions.

5. Results

The aim of “Powerful” is to stay below a certain CO, and
emission level in the standard New European Driving Cycle
containing urban and extra urban cycles.

silnikowych i badan na hamowni podwoziowej. Bezpo-
srednie reakcje pojazdu byly przekazywane do hamowni
silnikowej, gdzie opracowano zmiany, ktore zastosowano
nastgpnego dnia w pojezdzie. Jest to powigzanie pomigdzy
dwoma metodami wydajnej i szybkiej kalibracji uktadu
oczyszczania spalin z silnikiem.

Ponadto test NEDC w warunkach drogowych prze-
prowadzono bez uzycia oraz z uzyciem przeno$nego
systemu pomiaru emisji spalin (PEMS). Masa pojazdu
wyposazonego w PEMS wzrosta do 4250 lbs (1820 kg),
co spowodowato drastyczne zwigkszenie emisji, zwlaszcza
dla surowych norm NO .

Fig. 22: Validator equipped with PEMS
Rys. 22. Pojazd weryfikacyjny wyposazony w system PEMS
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Fig. 23. NEDC with main CO,-penalty contributors

Rys. 23. Test NEDC i gtowne czynniki wptywajqce na wzrost emisji CO,

Fig. 23 shows a NEDC test, which can be used as
a sample to demonstrate the different phases and activities
performed by engine, gas system and EATS. It is a combi-
nation of finding the best compromise of several measures,
which are creating additional CO,, but are necessary to
control the emission level. A CO, penalty is inevitable.

The example of an NEDC describes the different con-
tributors to the CO,-penalty. The given example is the first
calibration which leads to the accomplishment of the NO -
target of 72 mg/km. At the bottom of the figure the different
measures to run the EATS are shown.

The first applied measure (marked in orange) is the
internal heating. As soon as the oxidation catalyst reaches
a certain temperature (ca. 200 °C) the engine changes the
combustion to create higher exhaust gas temperatures. This
combustion mode creates higher HC emissions, which will
only be converted by the catalyst at temperatures above
200 °C. HC emissions and the cold catalyst avoid an earlier
starting of the heating mode. This engine mode is less ef-
ficient and leads to a CO,-penalty.

The second measure is the external heating (green
marking). To use the exothermic reaction of the LNT in the
advanced EATS the reformate gas is dosed in upstream LNT.
This can be done when the LNT reaches around 120 °C.
The effect can be seen in Fig. 18 (time = 550 s), when the

5. Wyniki badan

Celem projektu Powerful byto spelienie przez pojazd
norm emisji CO, i emisji zwigzkow toksycznych w tescie
NEDC, zaréwno w czesci miejskiej jak i pozamiejskiej.
Rysunek 23 przedstawia test NEDC, ktory moze by¢ uzyty
jako przyktad do zademonstrowania réznych faz aktywno-
$ci silnika, systemu zasilania i EATS. Jest to kombinacja
kompromisowych nastaw uktadéw dokonanych po kilku
pomiarach, ktora skutkuje emisja dodatkowej ilosci CO,, ale
jest ona niezbedna do kontroli poziomu emisyjnosci.

Przyktadowy przebieg testu NEDC wskazuje na glowne
czynniki powodujgce wzrost emisji CO,. Podany przyktad
jest zwiazany z pierwszg kalibracja umozliwiajaca uzy-
skanie emisji NO_na poziomie 72 mg/km. W srodkowej
czesci rysunku przedstawiono wyniki pomiarow temperatury
w poszczegdlnych sktadowych EATS.

Pierwszym zastosowanym S$rodkiem jest wewngtrzne
ogrzewanie. Po przekroczeniu przez reaktor utleniajacy za-
tozonej temperatury (ok. 200 °C) silnik tak steruje procesem
spalania, by zwigkszy¢ temperature spalin. Taki tryb spalania
powoduje wzrost emisji HC, ktore moga zosta¢ konwerto-
wane wylacznie w reaktorze pracujacym przy temperaturze
ponad 200 °C. Emisja HC oraz chtodny reaktor katalityczny
blokuja wlaczenie trybu wewnetrznego podgrzewania. Ten
tryb powoduje zmniejszenie sprawnosci silnika, co w kon-
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Fig. 24. Improvements of NO /CO,-levels during vehicle testing (NEDC)
Rys. 24. Obnizenie pozioméw emisji NO_i CO, w fazie testow pojazdu (NEDC)

temperature (black graph) in the LNT (“NSK” in diagram)
rises rapidly after starting the external heating. The reformate
gas contents CO, which leads to a CO,-penalty.

While the internal heating can be stopped, the third meas-
ure starts. Starting at 200 °C the LNT stores NO, and needs
regular regeneration. Depending on the cycle the regenera-
tion of the LNT is activated and will be repeated regularly.
This is done by dosing bigger amounts of the reformate gas
to create rich condition (lambda < 1) in the catalyst. The use
of the gas leads to a further CO_-penalty (red marking).

Finally the use of LTC, which is helpful to keep the NO_
raw emissions low, adds another CO,-penalty caused by
the increased fuel consumption of this combustion process
(blue marking).

Figure 24 shows the steps made during the period of
vehicle testing in terms of NO_and CO, in NEDC-tests.

The first step has been made with vehicle #1 with a basic
Oxi-cat and DPF system and without the dedicated Powerful-
EATS. The engine was calibrated to EU5 emission levels as
an accepted base level for SCR-systems. This configuration
was instantly in the targeted CO,-window below 98 g/km.
the best test result showed 95 g CO,/km.

The same engine in vehicle #2 (validator)
in combination with the Powerful EATS delivered
a NO -reduction. Different adjustments and calibrations of
the EATS created a range of results showing the trade-off
between CO, and NO_. Only one parameter was achieving
the target, CO, or NO_, but not both at the same time.

These tests were fundamental for the calibration of EATS
and the engine. An updated EATS hardware with anew LNT
improved the NO -conversion. This improvement is based
on a better coating of the catalyst and on the circumstance,
that the catalysts were fresh without significant aging effects.
This update produced test results, which accomplished both,
the CO, target of below 100 g/km and the NO, target of 72
mg/km.

The last step was made by a final calibration towards
higher efficiency (less fuel efficiency penalty) by using the

sekwencji prowadzi do wzrostu
emisji CO,.

Kolejnym elementem jest
zewnetrzne ogrzewanie. Aby
przeprowadzi¢ egzotermiczng
reakcje w zaawansowanym Sys-
temie EATS zreformowany gaz
doprowadza si¢ do goérnej czesci
LNT. Mozna tego dokona¢, gdy
LNT osiagnie temperature ok.
120 °C. Wyniki pomiardéw tem-
peratury zostaly przedstawione
na rysunku 18 (t =550 s). Tempe-
ratura w LNT gwaltownie wzra-
sta po wlaczeniu zewnetrznego
ogrzewania. Zreformowany gaz
zawiera CO, przez co wzrasta
emisja CO,.

W chwili wylaczenia we-
wnetrznego ogrzewania, akty-
wowany jest trzeci uktad. LNT jest wlaczany przy 200 °C,
magazynuje NO_ i wymaga regularnej regeneracji. Rege-
neracja jest przeprowadzana w zalezno$ci od cyklu pracy
i regularnie powtarzana. Nast¢puje ona przez podanie duzej
obje¢tosci zreformowanego gazu, co ma na celu stworzenie
odpowiednich warunkow w reaktorze katalitycznym. Uzycie
gazu powoduje dalsze zwigkszenie emisji CO,.

Spalanie niskotemperaturowe, korzystne z punktu wi-
dzenia emisji NO_, powoduje kolejny wzrost emisji CO,
zwigzany ze zwigkszeniem zuzycia paliwa.

Rysunek 24 pokazuje postepy poczynione w trakcie
prowadzenia badan testowych pojazdu w odniesieniu do
emisji NO_ i CO, w tescie NEDC.

Pierwszy etap ukonczono w oparciu o pojazd #1 wypo-
sazony w typowy utleniajacy reaktor katalityczny i system
DPF, bez uktadu EATS wykonanego w ramach projektu
Powerful. Silnik spelnia norme emisji Euro5 na poziomie
bazowym dla pojazdéw wyposazonych w system SCR.
Wspomniana konfiguracja umozliwiata osiggnigcie zatozo-
nego celu dla emisji CO, — rezultat na poziomie 98 g/km,
natomiast najlepszy wynik wyniést 95 g/km.

Pojazd #2 (weryfikator) posiadajacy te samg jednostke
napedowa w potaczeniu z EATS wykonanym w projekcie
Powerful, charakteryzowat si¢ obnizona emisjag NO,.
Zrbéznicowane konfiguracje nastaw uktadu EATS stworzy-
ly pakiet wynikéw ulatwiajacych znalezienie rozwigzania
kompromisowego wzgledem emisji CO, i NO,. Mozliwe
byto spetnienie zatozen maksymalnej emisji jednego
z wymienionych sktadnikéw, nie bylo natomiast mozliwe
jednoczesne spetnienie zalozen maksymalnej emisji obydwu
sktadnikow.

Testy te postuzyly za baz¢ do kalibracji ukladu EATS
i silnika. Zmodyfikowany uktad oczyszczania spalin wyposa-
zony w nowy system LNT charakteryzowat si¢ usprawniong
konwersjg NO, . Poprawa ta byla zastugg zastosowania
nowych powlok reaktora katalitycznego, dzigki czemu jego
dzialanie bylo rowne dziataniu nowego reaktora. Konse-
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given margin between the achieved NO_ values and the
target. Considering a drop of catalyst performance by aging
effects some NO, conversion efficiency has been sacrificed
to reduce the CO, values. This has been done for example
by reducing heating measures. The final calibration is safely
on the target.

The results of NEDC testing are shown in Table 4. The
targets have been accomplished simultaneously even with
the increased inertia class of 3500 lbs.

Beside the NEDC also WLTC cycles have been inves-
tigated. It addresses situations of the real world driving by

kwencja byto jednoczesne spehienie zalozen maksymalnych
emisji na poziomie 100 g CO,/km oraz 72 mg NO /km.

Ostatnim etapem byta koncowa kalibracja ukierunkowa-
na na wzrost sprawnosci (obnizenie zuzycia paliwa), ktorej
przeprowadzenie bylo mozliwe dzigki réznicy miedzy osia-
gnigtymi i zatozonymi poziomami emisji. Majac na uwadze
spadek sprawnosci reaktora zwigzany z efektem starzenia,
obnizono emisj¢ CO, kosztem efektywnosci redukeji NO .
Dokonano tego m. in. poprzez ograniczenie podgrzewania.
Nastawy koncowe uplasowaty rezultaty prac w zalozonych
granicach.

Tab. 4. Project targets and results for CO, and emissions (EU6 minus 10%) in NEDC
Tab. 4. Zalozenia do projektu i osiggnigte wartosci emisji dla CO2 oraz pozostalych sktadnikow (Euro 6 minus 10%) w tescie NEDC

Parameter/parametr Target value/wartos¢ docelowa | Reached value/wartos¢ uzyskana | Accomplished?/realizacja? Unit/jednostka
CO, 98 94.4 Yes g/km
NO, 0.072 0.045 Yes g/km
CO 0.45 0.082 Yes g/km
HC +NO, 0.153 0.100 Yes g/km
PM 0.0045 0 Yes g/km

including higher loads and speeds and is characterised by
an increased dynamic compared to NEDC.

The experience made with NEDC and WLTC tests is an
increase of CO, by 5%. It is increasing in WLTC due to the
higher dynamic and maximum loads. The longer duration
of the cycle creates a higher ratio of warm conditions and
therefore reduces HC and CO emissions. At the same time
the increase of average temperature in combination with the
higher loads and the increased transience lead to higher raw
and tailpipe NO_-emissions.

Wyniki testow wg procedury NEDC przedstawiono
w tabeli 4. Zalozenia zostaly spelnione jednoczesnie, nawet
dla klasy bezwtadnosci zwigkszonej do 3500 Ibs.

Testy przeprowadzono nie tylko wg procedury NEDC,
ale réwniez WLTC. Odnosi si¢ ona do sytuacji w rzeczy-
wistych warunkach, réwniez z wigkszymi obcigzeniami
i predkosciami. W poréwnaniu do NEDC, charakteryzuje
si¢ wicksza dynamikg jazdy.

Z przeprowadzonych badan wynika, ze emisja CO,
w tescie WLTC jest wigcksza o 5% niz w tescie NEDC.

Tab. 5. Results for CO, and emissions (EU6 minus 10%) in WLTC in comparison to NEDC
Tab. 5. Wartosci emisji CO, i pozostatych zwiqzkéw z testéw wg procedury WLTC w odniesieniu do procedury NEDC

Parameter/ | Reference Value from NEDC/wartos¢ Reached Value/uzyskana wartosé Reached Value/uzyskana wartos¢ | Unit/jednostka
parametr referencyjna w tescie NEDC Test 1 Test 2

CO, 94.4 100.1 99.6 g/km
NO, 0.045 0.063 0.053 g/km

CcO 0.082 0.019 0.007 g/km

HC +NO, 0.100 0.089 0.070 g/km

6. Summary

The undertaken efforts regarding engine development
set up of the vehicles and calibration of engine and EATS
have contributed to a successful end of the “Powerful”
project by safely accomplishing the given CO, and emis-
sion targets. The link of all technical measures and their
intelligent use lead to an overall CO, reduction of about
15 g/km. With this research engine the potential of several
technical measures like improved turbo chargers, injection
components and friction reduction (PCM) has been dem-
onstrated. At the same time the task has been mastered to
use the best possible combination of measures to create
a sufficient overall NO -conversion with a minimised CO,
penalty.

Wynika to z wigkszej dynamiki jazdy, a zatem 1 wigkszego
obciazenia. Dtuzszy czas trwania testu zwigksza udziat pracy
w ustalonym stanie termicznym, a tym samym powoduje
obnizenie emisji HC i CO. Jednocze$nie wzrost $redniej
temperatury w polaczeniu z wigkszymi i bardziej zmiennymi
obcigzeniami skutkowat zwigkszeniem emisji NO_zaréwno
z silnika, jak i uktadu wylotowego pojazdu.

6. Podsumowanie

Podejmowane dziatania w zakresie rozwoju silnika,
skonfigurowanie go z pojazdem oraz dalsza kalibracja
z systemem oczyszczania spalin przyczynity si¢ do pomysl-
nego zakonczenia projektu "Powerful" przez osiagnigcie
zakladanego poziomu emisji CO, oraz pozostatych celow
emisyjnych. Powigzanie wszystkich srodkéw technicznych
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The downsizing concept demonstrates it’s potential
to reduce fuel consumption and CO,-emission, while the
increased NO_emission, which is a consequence of the in-
creased specific engine load, remains a challenge for systems
without active SCR.

Generally the Diesel engine still has potential of a further
improvement of fuel efficiency and emissions. It is still worth
spending efforts in internal combustion engines to contribute
to an environment friendly automotive future.
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i ich inteligentne wykorzystanie prowadzi do ogoélnego
zmniejszenia emisji CO, o 15 g/km. Dzigki wykorzysta-
niu potencjatu szeregu $rodkéw technicznych w silniku
badawczym, przedstawiono takie dzialania jak ulepszenie
turbodotadowania, wykorzystanie nowych wtryskiwaczy
i zmniejszenie tarcia. Jednocze$nie mozliwe bylo przez
wykorzystanie najlepszej kombinacji srodkow technicznych,
aby dokona¢ wystarczajgcej konwersji catkowitej NO, ze
zminimalizowaniem emisji CO,.

Koncepcja downsizingu pokazuje potencjal do zmniej-
szenia zuzycia paliwa i emisji CO,, podczas gdy zwigksza si¢
emisja NO, co jest konsekwencja zwigkszonego obcigzenia
silnika. Zwigkszona emisja NO, pozostaje duzym wyzwa-
niem technicznym dla systemow bez aktywnego SCR.

Ogolnie silnik o zaptonie samoczynnym ma nadal poten-
cjat dalszego rozwoju pod katem mozliwo$ci zmniejszenia
zuzycia paliwa i redukcji emisji spalin. Nadal wigc jest warto
poswigci¢ wysilki w pracach badawczych nad silnikami spa-
linowymi, ktére przyczynia si¢ do poprawy oddzialywania
na §rodowiska i wplyna na przyszto$¢ motoryzacji.
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Research-based assessment of the influence of hydrocarbon fuel atomization
on the formation of self-ignition spots and the course of pre-flame processes

The paper discusses the issues of the influence of the fuel spray formation on the generation of self-ignition spots and
the development of pre-flame processes in the cylinder of a model diesel engine. The investigations were carried out with
the use of 8-hole piezoelectric injectors for a standard diesel fuel and three other types of fuel that were mixtures of:
ethanol, butanol and gasoline in a variety of proportions. By applying optical methods of analysis the authors determined
the geometrical indexes of the forming of fuel spray and of fuel mass distribution in the longitudinal and transverse
cross-section of the fuel spray during the injection process. The location and number of the self-ignition spots in the
combustion chamber were evaluated on the basis of a comparison under the swirl vs. no swirl conditions.

Key words: diesel fuel injection, atomization, self-ignition

Badawcza ocena wplywu rozpylenia paliw weglowodorowych na tworzenie si¢ ognisk samozaplonu
oraz przebieg proceséw przedplomiennych

W artykule omowiono zagadnienia wplywu ksztaltowania sie strugi wtryskiwanego paliwa na tworzenie ognisk samo-
zaptonu oraz rozwoj procesow przedplomiennych w przestrzeni roboczej modelowego silnika spalinowego o zaptonie
samoczynnym. Badania wykonano wykorzystujgc 8-otworkowe wtryskiwacze piezoelektryczne dla standardowego oleju
napedowego oraz dla 3 innych paliw, ktore stanowity mieszaniny: etanolu, butanolu i benzyny w roznych proporcjach.
Stosujgc optyczne metody analizy okreslano wskazniki geometryczne powstajqcej strugi wiryskiwanego paliwa oraz
rozktad masy paliwa w przekroju podtuznym i poprzecznym strugi w trakcie trwania procesu wtrysku. Miejsce i liczbe
powstajgcych ognisk samozaptonu w przestrzeni spalania oceniano porownawczo w warunkach braku zawirowania
tadunku oraz przy jego wystepowaniu.

Stowa kluczowe: wirysk oleju napedowego, rozpylenie, samozapton

1. Introduction

The need to comply with exhaust emission standards will
force to search for alternative fuels to power the compres-
sion ignition engines. At the same time, expected reduction
of carbon dioxide emissions into the atmosphere makes it
desirable to apply ethanol, butanol and gasoline as additives
to diesel fuel. Mixtures of these fuels have properties similar
to diesel fuel, however, in some aspects surpass it. The paper
contains an assessment of the applicability of such mixtures
of fuels in terms of their properties for atomization, evapora-
tion and further combustion. Already authors' earlier work
focused on alternative fuels used in spark-ignition engines
[5] and in compression-ignition engines [6, 7].

Analysis of literature concerning application of modern
alternative fuels shows some significant aspects of this
problem:
a)application of ethanol as additive to diesel fuel in the

rate of 10-15% implicates lowering of PM emission by
20-27% and 30-41% respectively [1]. Such mixture has
lower density, lower cetane number and smaller viscosity
[2, 3]. The important barrier in application of this kind of
mixtures is limited mixing ability in lower temperatures.
Some research works are being currently performed for
working out of new fuel additives which should allow
to preserve homogeneity of the diesel fuel and ethanol
mixtures independently from the temperature;

1. Wprowadzenie

Koniecznos$¢ spelniania norm emisji spalin powoduje
poszukiwanie paliw alternatywnych do zasilania silnikow o
zaplonie samoczynnym. Jednoczes$nie ograniczenie emisji
dwutlenku wegla do atmosfery sprawia, ze w obszarze za-
interesowania jest etanol, butanol oraz benzyna jako dodatki
do oleju napedowego. Mieszaniny tych paliw maja wlasnosci
zblizone do oleju napedowego, jednak w niektorych aspek-
tach je przewyzszaja.

W artykule dokonano oceny mozliwo$ci zastosowania
takich mieszanin paliw w aspekcie wiasciwosci ich rozpylenia
oraz dalszego spalania. Wczes$niejsze prace autorow dotyczyty
paliw alternatywnych stosowanych w silnikach o zaptonie iskro-
wym [5] oraz w silnikach o zaptonie samoczynnym [6, 7].

Analiza literatury dotyczaca stosowania najnowszych
paliw alternatywnych wskazuje na nastgpujace aspekty:
a)zastosowanie etanolu jako dodatku do oleju napgdowe-

go w ilosci 10-15% powoduje zmniejszenie emisji PM
odpowiednio o 20-27% i 30-41% [1]. Mieszanina taka
wykazuje takze mniejsza gestos¢, mniejsza liczbe ceta-
nowa i lepkos¢ [2, 3]. Bariera w wykorzystaniu takich
mieszanin jest ograniczona sktonno$¢ do mieszania w ob-
nizonych temperaturach. Prowadzone sg obecnie badania
w celu opracowania dodatkow pozwalajacych zachowaé
jednorodno$¢ mieszaniny oleju napedowego i etanolu
niezaleznie od temperatury;
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b)application of the butanol additive to diesel fuel in amount
of 10% reduces the cetane number of fuel by 7% in
comparison to diesel fuel [8]; small additives of nitrate
of diethylohexyl (0.1%) are resulting in improvement of
cetane number, which reduces self-ignition delay of the
fuel. Investigation of the butanol additive (5-20%) into
diesel fuel performed by Kinoshita [9] showed an increase
in self-ignition delay when comparing to the diesel fuel,
however the improvement in thermal efficiency of the
combustion process has been confirmed.

c)application of the dietylether (DDE) as an additive to diesel
fuel allows for decreasing of self-ignition delay due to the
high cetane number of DDE. Investigations performed
by Biradar [10], where 5-10% DDE stand for additive
to diesel fuel, have indicated an increase of maximal
cylinder pressure and of maximal values of heat release
rates. Experiments conducted by Iranmanesh for DDE
additive up-to 10% [15] and up-to 20% [16] have showed
significant decreasing of NO,_ emission (up-to 51%) by
higher DDE-rates. Reaching on this way of the smaller
fuel viscosity leads to the improvement of fuel atomization
and of combustion process course, but PM emission has
not been improved simultaneously and CO emission has
been recorded even higher. Similar results were obtained
by Cui et al. [17] in which the application of ethanol and
diesel fuel mixtures has contributed to decreasing of PM
and NO_emissions by simultaneous increasing of CO and
hydrocarbons emissions. Despite the use of more volatile
ethanol, the self-ignition delay increased against this of
the diesel fuel, by low engine loads.

According to the examples discussed above, the share of
additives in the base fuel is being usually restricted to small
values. Only in cases of the ethanol application bigger shares
could be taken into account.

To meet future emission limits such fuel properties are
required which allow to decrease fuel density at the expense
of only a small limitation of fuel calorific value. It is also
required to reduce the viscosity of fuel in order to facilitate
its dispersion during the injection. The use of alternative
fuels (or fuel mixtures) should be capable of burning them
with a large participation of recirculated exhaust gases. This
requirement can be met only in the case of fuels with reduced
tendency to form particulate matter, and thus more volatile. In
this case it is indicated to use additives to diesel fuel in form
of gasoline components (e.g., ethanol, butanol or DEE).

The use of alternative fuels (or additions) results in
changes in atomization and their burning at a later stage.
Research conducted by Parka [11] indicate that the high-
ambient gas pressure is resulting in the fast breakup of
droplets and the small droplet size. In comparison of D100
and DE20 fuels, the droplet size of DE20 fuel was smaller
than that of D100 fuel due to the low kinematic viscosity
and surface tension.

The evaporation of liquid droplets has very important
influence on the ignition, combustion and exhaust emissions
with the atomization characteristics of spray and the mixing
process of air and fuel droplets [12]. Authors of the work

b)zastosowanie butanolu w ilosci 10% do oleju napedowe-
go zmniejsza o 7% liczbe cetanowa takiej mieszaniny w
stosunku do oleju napgdowego [8]; nieznaczne dodatki
azotanu dietyloheksylu (0,1%) powoduja poprawe liczby
cetanowej, co zmniejsza opoznienie samozaptonu paliwa.
Badania dodatku butanolu (5-20%) do oleju napedowego
prowadzone przez Kinoshit¢ [9] wykazaly zwigkszenie
opdznienia samozaplonu w stosunku do oleju napedowego,
jednak jednoczesnie stwierdzono polepszenie sprawnosci
cieplnej procesu spalania;

c)zastosowanie dietyleteru (DEE) jako dodatku do oleju
napedowego pozwala na zmniejszenie opdznienia samo-
zaplonu ze wzgledu na duza warto$¢ liczby cetanowej
dietyleteru DEE. Badania prowadzone przez Biradara
[10], w ktorych DEE stanowito 5-10% dodatku do oleju
napedowego, wskazuja na zwigckszanie maksymalnego
ci$nienia w cylindrze oraz zwigkszenie maksymalnych
wartosci szybko$ci wywigzywania ciepta. Badania prowa-
dzone przez Iranmanesha przy zawarto$ci DEE do 10%
[15] oraz do 20% [16] wykazaly mozliwosci znacznego
ograniczenia emisji NO_(do 51%) przy duzym udziale
dietyleteru. Uzyskanie mniejszej lepko$ci prowadzi do
poprawy rozpylenia paliwa, a tym samym do poprawy
procesu spalania, jednak zaczernienie spalin nie zostalo
znaczaco poprawione (a emisja CO nawet ulegta zwick-
szeniu). Podobne rezultaty uzyskano w badaniach Cui
iin. [17], w ktoérych zastosowanie mieszaniny etanolu
ioleju napedowego przyczynito si¢ do zmniejszenia emisji
sadzy oraz NO_ przy zwigkszonej emisji tlenku wegla
iweglowodorow w poréwnaniu do zasilania olejem nape-
dowym. Mimo zastosowania bardziej lotnego etanolu, przy
niewielkim obcigzeniu silnika, opdznienie samozaptonu
ulegto zwigkszeniu w poréwnaniu do zasilania paliwem
bazowym.

Jak wynika z przedstawionych tutaj przyktadow,
udziat dodatkéw w paliwie bazowym jest ograniczony
przewaznie do niewielkich ilo$ci. Jedynie w przypadku
etanolu mozna méwi¢ o znacznych udziatach tego do-
datku. W przypadku stosowania paliw pozwalajacych na
spetnienie przysztych limitow emisji spalin, wymagane
sg wlasciwosci pozwalajace na ograniczenie gestosci
kosztem niewielkiego ograniczenia warto$ci opatowej.
Wymagane jest takze zmniejszenie lepkosci paliwa
w celu utatwienia jego rozpylenia podczas wtrysku.
Stosowanie paliw alternatywnych (lub mieszanin paliw)
powinno pozwala¢ na ich spalanie z duzym udziatem
recyrkulowanych spalin. Wymaganie to moze by¢ spel-
nione tylko w przypadku paliw o zmniejszonej sktonnosci
do tworzenia czastek statych, a wigc bardziej lotnych.
W tym wzgledzie celowe jest stosowanie dodatkow do
oleju napedowego sktadnikéw benzyn (w postaci np.
etanolu, butanolu lub DEE).

Zastosowanie paliw alternatywnych (lub dodatkow)
skutkuje zmianami w ich rozpyleniu i w pdzniejszym
spalaniu. Badania prowadzone przez Parka [11] wska-
zuja, ze duze cisnienie gazu skutkuje szybkim rozpadem
kropel i ich malg §rednicg. Poréwnujac paliwa D100
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[13] stated, that DE20 fuel started to evaporate earlier, and
its final vaporized fuel mass was also larger than D100. It is
the reason why the volatility of DE20 is superior to that of
D100 and the active energy to evaporate in DE20 is lower
than that in D100. In addition, the high-injection pressure
in both fuels resulted in the fast and large evaporation due
to the active atomization.

Studies of ignition delay reported in the work [14] was
carried out with the use of fuels with similar cetane numbers.
A mixture of ethanol and butanol with the diesel fuel has been
used for this purpose, which its cetane number CN was 35
(40% ethanol or butanol 55%) and CN =40 (30% and 40%
ethanol, butanol). No significant differences in self-ignition
delay have been observed at variable engine loads for the
fuels with the same cetane number.

The authors’ work based on previous knowledge concern-
ing these fuels allowed for an assessment of the spray forma-
tion and atomization processes in terms of their geometrical
indexes. Research on pre-flame processes were designed to
determine the ability to self-ignition based on local values
of indexes of the combustion process.

2. Methodology of research

2.1. Investigated fuels

Research on the fuel atomization and generation of self-
ignition spots was conducted for diesel fuel and for mixtures
of diesel fuel (DF) with butanol (BUT) and ethanol (E20,
E100). These fuels have been marked as F1, F2, F3 and F4,
and their basic indicators are shown in table 1. One can notice
that for every fuels in order from F1 to F4 the calorific value
is reduced by ca. 20%, their density by ca. 3.5%, and viscos-
ity by ca. 55%. Ethanol additive to diesel fuel significantly
reduces the viscosity and density of the mixture; from this
reason the better and faster fuel atomization and shorten the
self-ignition delay was expected in this case.

2.2. Research stands

Information on issues affecting fuel atomiza-
tion and pre-flame combustion require analysis of
the injection and combustion using the respective
test stands. An analysis of the injection process,
the formation of sprays and liquid fuel distribu-
tion in sprays was carried out using a Constant
Volume Chamber (with back-pressure adjustable
in a wide range of values), which is schematically
shown in Figure 1.

To determine the self-ignition delay, as well
as the number and locations of self-ignition spots
a Rapid Compression Machine (RCM) has been
exploded, which is presented in Fig. 2.

2.3. Range of research

In order to obtain the comparative results the
research was carried out for three different values
of injection pressure and for 3 different fuel injec-
tion duration times. During most of the measure-
ments constant back pressure equal to 30 bar has
been maintained in the workspace; in one series
of measurement back pressure was increased up

oraz DE20, $rednice kropel paliwa DE20 sa mniejsze niz
$rednice kropel paliwa D100 z powodu matlej lepkosci
kinematycznej i napigcia powierzchniowego. Parowa-
nie kropel cieczy ma bardzo istotny wptyw na zapton,
spalanie i emisj¢ szkodliwych sktadnikow spalin wraz
z charakterystyka rozpylenia oraz procesem mieszania
powietrza io kropel paliwa [12]. Autorzy pracy [13]
stwierdzili, ze proces parowania paliwa DE20 zaczyna si¢
wczesniej, a catkowita masa odparowanego paliwa jest
rowniez wigksza niz paliwa D100. Przyczyna tego jest
rowniez wigksza lotno$¢ paliwa DE20 niz paliwa D100,
a takze mniejsza energia aktywacji parowania paliwa DE20
niz paliwa D100. Ponadto, duze ci$nienie wtrysku paliwa
obu paliw skutkuje szybkim i dlugim parowaniem podczas
rozpylenia paliw.

Badania op6znienia samozaptonu przedstawione
w pracy [14] prowadzono z wykorzystaniem paliw o podob-
nych liczbach cetanowych. Uzyto w tym celu mieszaniny
etanolu i butanolu z olejem napedowym, ktérych liczba
cetanowa wynosita 35 (dodatek etanolu 40% lub butanolu
55%) oraz CN = 40 (dodatek 30% etanolu oraz 40% buta-
nolu). Stwierdzono brak r6znic w opdznieniu samozaptonu
przy zmiennych warto$ciach obcigzenia dla tych paliw przy
jednakowej liczbie cetanowe;j.

Wtasne badania wykorzystujace wiedze¢ dotyczaca tych
paliw pozwolily na oceng proceséw rozpylenia (tworzenia
strugi) w aspekcie ich wskaznikow geometrycznych. Bada-
nia procesow wezesnoptomiennych mialy na celu okreslenia
zdolnosci do samozaptonu na podstawie lokalnych warto$ci
wskaznikow procesu spalania.

2. Metodyka badan

2.1. Paliwa poddane badaniom

Badania nad rozpyleniem paliwa i powstawaniem ognisk
samozaptonu przeprowadzono dla oleju napedowego oraz
dla paliw stanowigcych mieszaniny ON, butanolu oraz

Fig. 1. The scheme of Constant Volume Chamber for investigations of fuel injection

and atomization

Rys. 1. Schemat komory statej objetosci do badania rozpylenia paliwa
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Table 1. Characteristics of investigated fuels

Tablica 1. Charakterystyka zastosowanych paliw

Fuel/paliwo Fl1 F2 F3 F4
Composition/sktad ON 70% ON 45% ON 45% ON
30% E20 45% BUT 45% E100
10% DEE 10% DEE
Calorific value/wartos¢ opatowa [MJ/kg] 42.87 41.58 37.46 34.72
Density/gestos¢ [kg/m?] 835 813 812 805
Viscosity/lepkos¢ [mPa-s] 2.95 1.59 1.62 1.33
Air access ratio, A/A stoichiometric/A stech. [-] 14.53 14.21 12.85 11.83

Fig. 2. Optical access into combustion chamber of the Rapid Compression Machine

Rys. 2. Dostep optyczny do komory spalania w maszynie do pojedynczego cyklu spalania

to 40 bar. Different injection duration times and injection
pressures have resulted in different values of injected fuel
doses from 2.5 to 31 mg. Test plan of investigations on
injection performed in the Constant Volume Chamber is
presented in Table 2.

2.4. Rules of interpretation of fuel atomization
research results
In the assessment of the injection process and injected
fuel distribution, geometric indexes evaluated on the basis
of an assessment of the amount of light reflected from the

etanolu. Paliwa te oznaczono jako F1,
F2, F3 i F4, a ich podstawowe wskaz-
niki przedstawiono w tablicy 1. Mozna
zauwazy¢, ze dla poszczegblnych pa-
liw w kolejnosci od F1 do F4 wartos¢
opatowa zmniejsza si¢ o ok. 20%, ich
gestosé o ok. 3,5%, lepko$é o ok. 55%.
Dodatek etanolu do oleju napedowego
istotnie zmniejsza wiec lepko$¢ i ge-
sto$¢ mieszaniny; oczekiwano wigc w
tym przypadku lepszego i szybszego
rozpylenia paliwa oraz skrécenia zwtoki
samozaptonu.

2.2. Stanowiska badawcze

Problematyka zagadnien dotycza-
cych rozpylenia paliwa i okreslenia
proceséw przedptomiennych wymagata
analizy wtrysku 1 spalania z wyko-
rzystaniem odpowiednich stanowisk
badawczych. Analiz¢ procesu wtrysku,
tworzenia si¢ strugi paliwa oraz rozkta-
du cieklego paliwa w strudze prowa-
dzono wykorzystujac komore o statej
objetosci (z regulowang w szerokich
granicach wartoécig przeciwcisnienia),
ktora schematycznie przedstawiono narys. 1.

Do oceny czasu op6znienia samozaptonu, a takze liczby
i miejsc powstawania ognisk samozaptonu zastosowano
tzw. Maszyne Pojedynczego Cyklu (MPC), ktorej widok
przedstawia rys. 2.

2.3. Zakres badan

W celu uzyskania wynikéw poréwnawczych badania
przeprowadzono dla 3 r6znych wartos$ci ci$nienia wtrysku i
dla 3 roznych czasow wtrysku paliwa. W trakcie wigkszosci

Table 2. Test plan of investigations in the Constant Volume Chamber

Tablica 2. Plan badan w komorze stalej objetosci

P /P t o/t 0.3 0.5 0.7
inj Wir M
500 bar P, .. 30 bar 30 bar 30 bar
q, 2.5mg 9.1 mg 17 mg
800 bar P, 30 bar 30 bar 30 bar
q, 11.5mg 15 mg 25 mg
1000 bar Pl 30 bar/40 bar 30 bar/40 bar 30 bar/40 bar
q, 8 mg 18 mg 31 mg
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droplets of fuel have been applied. On this basis the droplet
distribution within the observation space has been identi-
fied and interpreted. The analysis includes the following
indicators: fuel spray penetration and fuel spray area (its flat
exposition). Spray penetration was being determined as an
average of eight (the number of injector holes) fuel sprays
recorded at the same time. Fuel spray area refers to the
area (his flat exposition) covered by droplets glowing with
reflected light of a defined level of luminance; this area was
determined as a total for all sprays of injected fuel (here
with 8 holes in injector).

Analysis of the distribution of fuel in cross and longi-
tudinal planes were made for a single fuel spray in order to
obtain real values, and not the average ones, Figure 3. The
distance from the axis of the injector to the cross-section of
spray under analysis was 72 pix = 14.4 mm.

Fig. 3. Methodology of fuel distribution in cross-section and longitudi-
nal section of fuel spray

Rys. 3. Sposob oceny rozkladu stezenia paliwa w przekroju wzdluznym
i poprzecznym strugi paliwa

3. Research on fuel atomization

3.1. Influence of injection pressure on fuel spray
geometrical indexes

Investigations on fuel spray atomization were carried out
in a Constant Volume Chamber. Sample pictures of sprays
of different fuels in the time 0.4 ms after start of injection is
shown in Fig. 4. Investigated fuels have been chosen to be
characterized by different physical properties (tab. 1), which
allows for an assessment of the impact of these properties to
changes in fuel atomization process, and their later combus-
tion. For comparison purposes, the medium value of spray
penetration for different fuels have been determined as well
as the area covered by the fuel aerosol; such a comparison
is shown in Figure 5.

Due to the limited internal diameter of research chamber
the maximal linear spray penetration is limited to 42 mm.
This value has been reached at injection pressure of 100 MPa
after time t = 1 ms from the start of injection (see e.g. Fig.
5b). In fact, spray penetration is limited by maximal linear
value of engine combustion chamber and the back-pressure
of the charge.

Analysis of spray penetrations at different injection pres-
sures does not indicate the existence of significant differences

pomiaréw utrzymywano stale przeciwcisnienie w przestrzeni
roboczej rowne 30 bar; w jednej serii pomiarowej przeciw-
ci$nienie zwigkszono do 40 bar. Rdzne czasy i ci$nienia
wtrysku skutkowaly roznymi wielkosciami wtryskiwanych
dawek paliwa od ok. 2,5 do 31 mg. Plan badan wtrysku pa-
liwa wykonanych w komorze o stalej obj¢tosci zestawiono
w tablicy 2.

2.4. Zasady interpretacji wynikéw badan rozpylenia
paliwa

W ocenie procesu wtrysku i rozprzestrzeniania si¢ paliwa
wykorzystano wskazniki geometryczne strugi oceniane na
podstawie oceny ilosci Swiatta odbitego od kropel paliwa
oraz rozktadu tak identyfikowanych kropel paliwa w prze-
strzeni obserwacji. W analizie uwzgl¢dniono nastepujace
wskazniki geometryczne strugi paliwa: zasigg oraz pole
powierzchni jej ptaskiej ekspozycji.

Zasieg wyznaczano jako warto$¢ rednig z o$miu (liczba
otworkow wtryskiwacza) jednoczes$nie rejestrowanych strug
paliwa.

Pole powierzchni odnosi si¢ do obszaru (jego plaskiej
ekspozycji) zajetego przez krople paliwa $wiecgce swiatlem
odbitym o zdefiniowanym poziomie luminancji; obszar ten
zostat okreslony sumarycznie dla wszystkich strug wtryski-
wanego paliwa (tutaj z 8 otworkdéw wtryskiwacza).

Analizy rozktadu paliwa w przekroju poprzecznym
i wzdluznym strugi wykonano dla pojedynczej strugi paliwa,
w celu uzyskania wartosci rzeczywistych, a nie usrednio-
nych, rys. 3. Odlegto$¢ analizowanego przekroju poprzecz-
nego od osi wtryskiwacza wynosita 72 pix = 14,4 mm.

3. Badania rozpylenia paliw

3.1. Wplyw ci$nienia wtrysku paliwa na wskazniki
geometryczne strugi

Badania rozpylenia paliwa prowadzono w komorze
o statej objetosci. Przyktadowe obrazy strug réznych paliw
w czasie 0.4 ms po rozpoczeciu wtrysku przedstawiono
na rys. 4. Paliwa dobrano tak, aby charakteryzowaty si¢
réznymi cechami fizycznymi (tab. 1), co pozwala na ocene
wptywu tych cech paliw na zmiany w procesie rozpylenia
i pozniejszego ich spalania. W celach poréwnawczych
wyznaczono wartosci §redniego zasiggu strug uzyskanych
podczas wtrysku réznych paliw, a takze pole powierzchni
obszaru objetego przez rozpylone paliwo; porownanie
takie przedstawiono na rys. 5. Ze wzgledu na ograniczony
wymiar wewnetrzny komory objetosci badawczej, maksy-
malny wymiar liniowy zasiegu strugi ograniczony jest do
42 mm. Taka warto$¢ uzyskano przy ci$nieniu 100 MPa
po czasie t = 1 ms od poczatku wtrysku (por. np. rys. 5b).
W rzeczywistosci zasigg strugi jest ograniczony odpowied-
nim wymiarem liniowym przestrzeni spalania oraz wyste-
pujacym w niej przeciwcisnieniem.

Analiza zasiggu strug wtryskiwanych przy réznych
ci$nieniach wtrysku nie wskazuje na istnienie istotnych
réznic w powstawaniu strug i rozpyleniu badanych paliw.
Maksymalne zmiany zasiggu obserwowane sg po okoto
1,5 ms od poczatku wtrysku i wynosza okoto 7% (co
w warto$ciach bezwzglednych stanowi zakres 30-40 mm) —
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Fig. 4. Sprays formation for different fuel at injection pressure 100 MPa;
injection time = 0.7 ms; time after SOI 0.4 ms

Rys. 4. Rozpylenie badanych paliw przy cisnieniu 100 MPa; czas wtry-
skut = 0,7 ms; czas od rozpoczecia wirysku wynosi 0,4 ms

rys. 5a. Zwigkszenie warto$ci ci$nienia wtrysku powoduje
zmniejszenie réoznic w zasiegu strugi. Najwieksze rdznice
uzyskuje si¢ na poczatku wtrysku paliwa, jednakze wyni-
kaja one wtedy glownie z niedoktadnosci obrobki materiatu
zdjeciowego, szczegblnie pod wzgledem uchwycenia chwili
poczatku wtrysku paliwa (rys. 5b). Najwigkszy zasieg strugi
wystapit dla paliw F1 1 F2, czyli paliw o najwigkszej gestosci
i lepkos$ci. Oznacza to, ze paliwa zawierajace najwigkszy
udziat oleju napedowego (a tym samym majace najwigksza
gestos$¢) najwolniej odparowuja. Paliwa takie ulegaja roz-
pyleniu na wigksze krople niz paliwa o mniejszej gestosci
ilepkosci. Wigksze krople maja wigksza bezwladnos$¢ i szyb-
ko$¢ poruszania sig, co skutkuje ich wigkszym zasiggiem.
W przypadku zastosowan silnikowych paliwa takie beda
wolniej odparowywac, co prowadzi zwigkszenia opdznienia
samozaptonu. Zjawisko to jest niekorzystne, gdyz ogranicza
predkos¢ obrotowg silnika spalinowego i pogarsza stopien
wypalenia paliwa, wigc takze sprawno$¢ cieplng procesu.
W przypadku paliw zawierajacych duzg ilo$¢ paliw
dodatkow w postaci etanolu i butanolu (paliwa F3 i F4
zawieraja tylko 45% oleju napedowego) nastepuje zmniej-
szenie zasiegu strugi paliwa. Zwigkszenie czesci lotnych
w paliwie skutkuje lepszym odparowaniem i prowadzi do
skrécenia okresu opoznienia samozaptonu. Ta wlasciwosé

Fig. 5. Analysis of fuel spray penetration (a, b) and spray area (c, d) of sprays of injected fuels (average values from 8 sprays, by injection pressure 80
MPa, Fig. a, c, and by injection pressure 100 MPa, Fig. b, d)

Rys. 5. Analiza zasiegu (a, b) i powierzchni (c, d) strug wtryskiwanego paliwa (wartosci usrednione z osmiu strug paliwa, przy cisnieniu wtrysku 80
MPa, rys. a, c, oraz cisnieniu witrysku 100 MPa, rys. b, d)
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in the formation of sprays and atomization of investigated
fuels. Maximal spray penetration changes are observed
after about 1.5 ms after SOI and are equal ca. 7% (what in
absolute terms represents a range of 30-40 mm) — Fig. Sa.
Increase of injection pressure reduces the differences in
spray penetrations for tested fuels. The biggest differences
are obtained at the beginning of the fuel injection, however,
they are then mainly due to inaccuracies in the processing
of imagery, especially in terms of capture of time of start
of injection (Fig. 5b). The largest spray penetration was no-
ticed for fuels F1 and F2, it means for fuels with the highest
density and viscosity. This means that the fuel containing
the largest share of diesel fuel (and hence having the highest
density) evaporate more slowly. Such fuels are spraying on
the larger drops than fuels with a lower density and viscosity.
Larger drops have a greater inertia and speed of movement,
resulting in their increased penetration. In the case of motor
applications, such fuels will evaporate more slowly, which
leads to increase of self-ignition delay. This is a disadvantage,
because it limits the speed of combustion and engine speed;
this reduces the rate of fuel burning-out and reduces thermal
efficiency of the process, as well.

In the case of fuels containing a large amount of additives
such as ethanol and butanol (fuels F3 and F4 contain only
45% of diesel fuel) reducing of spray penetration is being
observed. Increase of volatile molecules in fuel results in bet-
ter evaporation and leads to a shortening of the self-ignition
delay. This property facilitates the use of such fuels when
working with a large share of recirculated exhaust gases in
cylinder.

Analysis of the fuel sprays area (Figure 5 c-d) allows the
conclusion that with the smaller injection pressure this area
is significantly smaller and stabilizes after the end of injec-
tion (about 0.6 ms, Fig. 5 ¢); after this time, the decreasing
of the sprays area indicates the evaporation process of fuel,
and with the loss of this area the speed of evaporation can
be estimated. It is also noted the greater area covered by
fuel aerosol for fuels with smaller density, which is easier
to atomize. At the time of approximately 0.5 ms after start
of injection the biggest area of sprays is reached by more
volatile fuels like F3 and F4, and maximal differences of
analyzed areas for all fuels achieve 10% range.

The reduction of the area covered by the drops of fuel
after the injection can be applied for estimation of the fuel
evaporation rate. In Figure 5c the high speed of fuel loss
(evaporation) with regard to fuel F3 can be observed. In the
case of larger injection pressure (here 100 MPa) a greater
penetration of fuel sprays and larger areas covered by fuel
spray were observed. Evaporation process of fuel could be
observed in this case only after the time ca. 1.5 ms after SOL.
Such studies, however, should be carried out in conditions of
increased charge temperatures in the research area.

From the comparative analysis of the spray penetration
and of the area of fuel atomization it could be concluded
that at high injection pressure, and hence the energy of fuel
sprays, the impact of the type of injected fuel is negligible.
The impact of this can be clearly seen at smaller injection

ulatwia wykorzystanie takich paliw podczas pracy z duzym
udziat recyrkulowanych spalin.

Analiza powierzchni strug wtryskiwanego paliwa (rys.
5c-d) pozwala zauwazy¢, ze przy mniejszym ci$nieniu
wtrysku powierzchnia ta jest istotnie mniejsza i stabilizuje
si¢ po zakonczeniu wtrysku (po ok. 0.6 ms, rys. 5¢); po tym
czasie zmniejszanie si¢ powierzchni strugi wskazuje na
proces parowania paliwa, a z ubytku powierzchni mozna
oszacowaé predkos$¢ parowania. Daje si¢ takze zauwazy¢
wigksza powierzchni¢ obszaru objetego przez rozpylone pa-
liwo dla paliw o mniejszej gestosci, czyli tatwiej ulegajacych
rozpyleniu. W czasie okoto 0,5 ms od rozpoczecia wtrysku
najwieksza powierzchni¢ uzyskuja paliwa najbardziej lotne
F3 i F4, a maksymalne rdznice analizowanej powierzchni
dla wszystkich paliw wynosza 10% .

Na podstawie zmniejszania si¢ obszaru objetego kro-
plami paliwa po zakonczeniu wtrysku mozna wnioskowaé
o0 szybkosci parowania paliwa. Na rys. 5¢ mozna zaobserwo-
wac duzg szybkos¢ ubytku paliwa (parowania) w odniesieniu
do paliwa F3. W przypadku wickszego ci$nienia wtrysku
(tutaj 100 MPa) obserwowano wigkszy zasieg strug paliwa
oraz wigksze obszary objete rozpylonym paliwem. Proces
parowania paliwa mozna by bylo w tym przypadku obser-
wowac jedynie po czasie ok. 1.5 ms po poczatku wtrysku.
Badania takie nalezatoby jednak przeprowadzi¢ dodatkowo
w warunkach zwigkszonej temperatury powietrza w prze-
strzeni badawczej.

Z analizy porownawczej uzyskanych wynikéw w za-
kresie analizy zasiggu strugi wtryskiwanego paliwa oraz
obszaru objetego efektem jego rozpylenia mozna uzna¢, ze
przy duzych ci$nieniach wtrysku, a wigc réwniez energii
strugi wtryskiwanego paliwa, wpltyw rodzaju wtryskiwanego
paliwa jest nieznaczny. Wptyw taki daje si¢ jednak wyraznie
zauwazy¢ przy wtrysku z mniejszymi wartosciami ci$nienia
paliwa; wowczas paliwa (lub ich mieszaniny) o charakterze
bardziej lotnym i o mniejszej gestosci sprzyjaja mniejszej
penetracji do wnetrza komory oraz lepszemu rozpyleniu
1 szybszemu parowaniu. Ta wtasciwo$¢ pozwala oczekiwaé
réwniez lepszej sktonnosci do wezesniejszego samozapto-
nu.

Chceac potwierdzi¢ te spostrzezenia podjeto dalszg analize
w celu okre$lenia rozktadu paliwa we wtryskiwanej strudze,
zardwno w jej przekroju poprzecznym, jak i w przekroju
wzdhuiznym, wzdluz rdzenia strugi.

3.2. Wplyw ci$nienia wtrysku na rozklad paliwa w
przekroju wzdluznym i poprzecznym strugi paliwa

Badania geometrii strugi wtryskiwanego paliwa (zasiggu
i powierzchni) poparto analiza luminancji $wiatta odbitego
od strugi w przekroju poprzecznym oraz przekroju podtuz-
nym przyjmujac, ze jest ona miarg koncentracji kropel paliwa
w obserwowanym obszarze. Na rys. 6 przedstawiono porow-
nanie takich rozktadow w przekrojach poprzecznych strug
dla dwoéch czasow po rozpoczeciu wtrysku: dla t = 0,5 ms
oraz t= 0,8 ms. Poréwnanie przeprowadzono dla wszystkich
badanych paliw od F1 do F4. Z porownanie tego wynika,
ze po uptywie czasu 0.3 ms nastepuje znaczne zmniejszenie
luminancji dla paliw F2 i F4. Paliwa te zawieraja w swoim
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pressure values; the fuel
(or mixtures thereof) which
are more volatile and less
dense foster less penetra-
tion to the interior of the
chamber and applying bet-
ter and faster evaporation.
This property allows you to
expect also better ability to
self-ignition.

Confirmation of these
observations needed fur-
ther analysis in order to
determine the distribution
of fuel in sprays, both in its
cross-section, and in a lon-
gitudinal section along the
spray core.

3.2. Influence of

injection pressure

on fuel distribution

along cross- and

longitudinal section

of the spray

Investigations of fuel
spray geometry (spray pen-
etration and spray area) have been supported by the analysis
of luminance of light reflected from fuel droplets in cross
and longitudinal section of sprays. It was assumed that
the light luminance could stand for the measure of the fuel
droplets concentration in the observed area. In Figure 6 the
comparison of such distributions in cross sections of spray for
two times after start of injec-
tion SOI has been presented,
namely fort=0.5 msand t=
0.8 ms. This comparison has
been evaluated for all inves-
tigated fuels: from F1 up-to
F4. This comparison shows,
that after the time 0.3 ms the
luminance of fuel droplets is
getting significantly reduced
for fuels F2 and F4. These
fuels contain ethanol, what
significantly influences on
the reduction of fuel concen-
tration in the spray core.
Increasing the fuel in-

jection pressure up to 100
MPa and elongation of the
injection time to 0.7 ms re-
sult in similar observations
(Fig. 7). F3 fuel still has the
smallest spray luminance
which points to the rapid
growth of the volatile phase
(evaporation) in the fuel.

Rys. 7. Rozkiad koncentracji paliwa w przekroju poprzecznym strug réznych paliw przy P

Fig. 6. Fuel concentration distribution in cross-section of the sprays of different fuels; injection pressure

P, = 80 MPa, back-pressure 3 MPa

Rys. 6. Rozkiad koncentracji paliwa w przekroju poprzecznym strug réznych paliw; cisnienie wtrysku
P . = 80 MPa, przeciwcisnienie 3 MPa

sktadzie etanol, co wptywa na istotne zmniejszenie st¢zenia
paliwa w rdzeniu strugi.

Zwigkszenie ci$nienia paliwa do 100 MPa oraz wydtu-
zenie czasu wtrysku do 0.7 ms skutkuje podobnymi obser-
wacjami (rys. 7). Nadal paliwo F3 wykazuje najmniejsza
luminancje strugi co wskazuje na szybki przyrost fazy
lotnej (parowanie) w tym paliwie. Natomiast zwigkszenie

Fig. 7. Fuel concentration distribution in the cross-section of sprays of different fuels by P, ;=100 MPa;

back-pressure in the chamber 3 MPa
=100 MPa;

wir

przeciwcisnienie w komorze 3 MPa
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Fig. 8. Fuel mass distribution in the longitudinal section of the spray of different fuels; chamber back-pressure 3 MPa, injection pressure
P, ;=80 MPa, injection duration t, , = 0.3 ms

Rys. 8. Rozkiad koncentracji paliwa w przekroju podtuznym strug roznych paliw; wtryskiwanie do komory przy przeciwcisnieniu 3 MPa w kolejnych
przedziatach czasu (warunki wtrysku P, = 80 MPa, t , = 0,3 ms)

While increasing the injection time increases the fuel quan-
tity dispensed by the injector. A large mass of fuel causes
that the fuel distribution in fuel sprays after 0.5 and 0.8 ms
after start of injection does not bring substantial changes.
Increased fuel dose causes that after the time 0.8 ms the fuel
concentration in spray is increased, reflecting the delayed
evaporation.

Analysis of fuel distribution in cross section of spray of
fuel F3 (Fig. 6 and 7) shows a significantly lower its concen-
tration (a mixture of diesel fuel, butanol and DEE) regardless
of the time of observation. Despite the fact that the density
of this fuel (p = 805 kg/m?) differs a little from fuel density
of fuel F2 (p = 813 kg/m?), the distribution of fuel in the
cross-section of spray indicates greater volatility, resulting
in a lower luminance of fuel drops in this section.

It should be noted that this fuel has in its composition 45%
of butanol. Previous observations have been also confirmed
by the analysis of longitudinal sections. It is apparent from it
that the fuel F3 indicates the smallest fuel concentration in
this section which is indicated by low luminance value (Fig.
8). This phenomenon is observed particularly intensively
during the atomization process for t > 0.5 ms.

Increasing the fuel injection pressure up to 100 MPa and
elongation of the injection duration up-to t,;=0,7ms results
in similar changes. F3 fuel shows the smallest luminance val-

czasu wtrysku powoduje zwigkszenie ilosci wyptywajace-
go paliwa z wtryskiwacza. Duza masa paliwa powoduje,
ze analiza rozkladu paliwa w strudze po 0.5 oraz po 0.8
ms od rozpoczgcia wtrysku nie przynosi istotnych zmian.
Zwigkszona dawka paliwa powoduje, ze po czasie 0.8 ms
koncentracja paliwa w strudze jest zwigkszona, co $wiadczy
0 opdznionym parowaniu.

Analiza rozktadu paliwa w przekroju poprzecznym strugi
wtryskiwanego paliwa F3 (rys. 6 1 7) wskazuje na znacznie
mniejsza jego koncentracje¢ (mieszanina ON, butanolu oraz
DEE) niezaleznie od czasu obserwacji. Mimo, ze gestosé
tego paliwa (p = 805 kg/m®) niewiele rozni si¢ od gestosci
paliwa F2 (p = 813 kg/m?®), rozktad paliwa w przekroju
strugi wskazuje na wigksza lotno$¢, co skutkuje mniejsza
luminancja przekroju kropel paliwa. Nalezy zauwazyc¢,
ze paliwo to zawiera w swoim sktadzie 45% butanolu.
Poprzednie spostrzezenia potwierdza rowniez analiza prze-
kroju wzdtuznego. Wynika z niego, ze paliwo F3 wykazuje
najmniejsza koncentracj¢ w tym przekroju o czym $wiad-
czy niewielka warto$¢ luminancji (rys. 8). Zjawisko to jest
obserwowane szczegolnie intensywnie w czasie rozpylenia
dlat> 0,5 ms.

Zwigkszenie ci$nienia wtrysku paliwa do 100 MPa i wy-
dtuzenie czasu wtrysku do t = 0,7 ms skutkuje podobnymi
zmianami. Paliwo F3 wykazuje najmniejsze wartosci lumi-
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Fig. 9. Fuel mass distribution in the longitudinal section of the spray of different fuels; chamber back-pressure 3 MPa, injection pressure
P.= 100 MPa, injection duration = 0.7 ms

Rys. 9. Rozktad koncentracji paliwa w przekroju podtuznym strug réznych paliw,; wtryskiwanie do komory z przeciwcisnieniem 3 MPa w kolejnych
przedziatach czasu (warunki wirysku P, = 100 MPa, t , = 0,7 ms)

ues (Fig. 9), which proves greatly its evaporation. However,
the decrease in luminance is definitely smaller than with the
smaller injection pressure 80 MPa.

Differentiated atomization of these fuels causes that
there are also expected the differences in their flammability
and pre-flame processes course. To determine such differ-
ences the research of self-ignition delay was carried out in
a Rapid Compression Machine. The results of these tests
are shown below.

4. Determination of self-ignition ability of tested
fuels

Self-ignition delay of hot flames was defined in the fol-
lowing way: this is the time counted from the moment in
which in the image appears fuel at the tip of the injection
nozzle, until the moment in which in the image appears
the first outbreak of a hot flame, which ensures a further
continuous development. This method of self-ignition delay
determination is saddled with a mistake arising from the
half of the interval time between following images; by the
application of filming frequency by 60 000 FPS this time
amounts <.8.3 pus.

An example of a sequence of images for the as-sessment
of self-ignition delay of hot flames is shown in Fig. 10.

A research on the phenomenon of the self-ignition and

nancji (rys. 9), co $wiadczy o znacznym jego odparowaniu.
Jednak spadek luminancji jest zdecydowanie mniejszy, niz
przy mniejszym cisnieniu wtrysku 80 MPa.
Zrdéznicowane rozpylenie tych paliw powoduje,
ze spodziewane sg rowniez réznice w ich zapalnosci
i przebiegu procesoOw przedptomiennych. W tym celu
przeprowadzono badania samozaplonu paliw w Maszynie
Pojedynczego Cyklu. Wyniki tych badan przedstawiono
ponize;j.
4. Ocena sklonnosci badanych paliw
do samozaplonu

Okreslenie czasu opdznienia samozaplonu goracych
ptomieni zdefiniowano w sposob nastgpujacy: jest to czas
liczony od chwili, w ktorej na zdj¢ciu pojawia si¢ wtrysk
na koncowce rozpylacza, az do chwili, w ktorej na zdjeciu
pojawiaja si¢ pierwsze ogniska goracego ptomienia, ktore
gwarantujg dalszy ciagly jego rozwoj. Ten sposob okreslania
op6znienia samozaptonu obarczony jest btedem wynikaja-
cym z potowy czasu odstgpu pomig¢dzy kolejnymi zdjeciami;
przy zastosowanej czgstotliwosci filmowania 60 000 FPS
czas ten wynosi < 8.3 us.

Przyktad sekwencji zdj¢¢ dla oceny czasu opoznie-
nia samozaptonu goracych ptomieni przedstawiono na
rys. 10.
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Fig. 10. Sequence of images showing the method of determining of the self-ignition delay of hot flames

(P, =100 MPa, t, . =0.5 ms, fuel F4)

inj

Rys. 10. Sekwencja zdjec¢ obrazujqca sposob okreslenia czasu opoznienia samozaptonu gorgcych ptomieni
(P, =100 MPa,t = 0,5ms)—fuel F4

combustion process was carried out by adjusting injection
duration to equal the energy contained in fuel (for different
fuels with different calorific values). Because of this the
dose of fuel at a pressure of 50 MPa has been reduced to
approximately 16.6 mg, and at a pressure of 100 MPa to
9.3 mg. These values correspond to the equivalent energy
of diesel fuel. It was found that the injected fuel dose will
have energy equal to Q =713 J.

In Figure 11 there are presented two following images:
the first one for the inception of the first self-ignition spots,
subsequent to depict the further development of these spots
into regular flame.

The comparison was made for a single dose of fuel
injected, for two cases of fuel injection pressure P =50
MPa (images on the left side) and 100 MPa (right side), for
which the time of self-ignition of hot flames (t,. — time of
start of combustion) has been determined and then referred
to the time of the start of injection (t,, = 0.0). This value is
specified as self-ignition delay of individual fuels.

From the images presented in Fig. 11 it could be con-
cluded, that the short self-ignition delay occurs for injection
of F2 and F4 fuels, regardless of injection pressure and size

Badania zjawiska samo-
zaptonu i procesu spalania
prowadzono dostosowujac
czas wtrysku do jednakowe;j
energii zawartej w dawce
paliwa (dla réznych paliw).
Z tego wzgledu ograniczono
wielko$¢ dawki paliwa przy
cisnieniu 50 MPa do okoto
16,6 mg, a przy ci$nieniu
100 MPa do wartosci 9,3
mg. Wartosci te odpowiadaja
ekwiwalentowi energetycz-
nemu olejowi napgdowemu.
Ustalono, ze wtryskiwana
dawka bedzie miata energie
rowng Q =713 J.

Na rysunku 11 przed-
stawiono obok siebie dwa
kolejne zdjecia: pierwsze dla
chwili powstania pierwszych
ognisk samozaptonu, nastep-
ne kolejne dla zobrazowa-
nia dalszego rozwoju tych
ognisk. Porownanie prze-
prowadzono dla pojedynczej
dawki wtryskiwanego pali-
wa, dla dwoch przypadkow
ci$nienia wtrysku paliwa
P .= 50 MPa (obrazy z
lewej strony) oraz 100 MPa
(obrazy z prawej strony), dla
ktérego wyznaczono czas
pojawienia si¢ samozaptonu
goracych ptomieni (ozna-
czenie ty . — time of start of
combustion) odnoszac go do chwili poczatku wtrysku (tg,
= 0,0). Wielko$¢ t¢ okreslono jako czas opdznienia samo-
zaplonu poszczegolnych paliw.

Z przedstawionych na rys. 11 obrazéw wynika, ze
najmniejsze opo6znienie samozaptonu wystepuje podczas
wtrysku paliwa F2 oraz F4, niezaleznie od wielko$ci ci$nie-
nia i dawki. W przypadku tych paliw, zwickszenie ci$nienia
wtryskiwanego paliwa i mniejsza dawka powoduja skrocenie
okresu op6znienia samozaplonu o 0,2 ms. Mniejsze cisnienia
paliwa powoduja, ze paliwo F3 uzyskuje najwigksze war-
tosci opoznienia samozaplonu oraz najmniejsza dynamike
rozwoju ptomienia.

Podobne warunki zaobserwowano przy zwigkszeniu
ci$nienia paliwa. Wynika z tego, ze duza zawarto$¢ paliw
benzynowych znacznie zmniejsza st¢zenie paliwa w strudze,
jednak nie pozwala na skrocenie opdznienia samozaptonu
paliwa. Wtasnosci te wynikaja z przeciwnych wlasciwosci
paliw cechujacych si¢ odmiennymi liczbami: cetanowg oraz
oktanowa.

Warunki tatwej zapalnosci paliwa F2 potwierdzaja ba-
dania wcze$niejsze (rys. 6), w ktdrych uzyskano mniejsza
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Fig. 11. Images of self-ignition spots and early flame propagation for hydrocarbon fuels for variety of injection pressures and fuel doses

Rys. 11. Obrazy samozaplonu paliw weglowodorowych wtryskiwanych przy roznych cisnieniach paliwa dla réznych dawek

of fuel dose. In the case of these fuels, a higher injection  powierzchni¢ strugi rozpylanego paliwa. Jednak analiza
pressure and a smaller fuel dose result in shortening of self-  przekroju poprzecznego i wzdtuznego nie wskazuje jedno-
ignition delay for 0.2 ms. Lower fuel pressures are causing  znacznie na mniejsze st¢zenie paliwa w rdzeniu strugi (rys. 7
for fuel F3 the greatest delay values and the smallest flame  i8). Pozwala to na stwierdzenie, Ze mieszanina oleju napgdo-

development dynamics.

Similar condi-
tions were observed
by increasing the
fuel pressure. It fol-
lows that the high
content of petrol
significantly re-
duces the concen-
tration of fuel in
sprays, however,
does not allow
for shortening of
self-ignition delay.
These properties
arise from the op-
posite properties of
fuels characterized
by cetane or octane
numbers.

Easy flamma-
bility conditions
confirm earlier tests
of fuel F2 (Fig. 6),
which resulted in

wego z etanolem jest paliwem pozwalajacym na uzyskiwanie

Fig. 12. Values of self-ignition delay for investigated fuels in 5 series of measurements

Rys. 12. Wartosci opoznienia samozaptonu dla kolejnych prob badawczych
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a smaller area of fuel sprays. However, the cross-sectional
and longitudinal analysis of sprays does not indicate clearly
to the smaller fuel concentration in the core planes (Fig. 7
and 8). This allows to declare that a mixture of diesel fuel
with ethanol is the fuel with small self-ignition delay values.
It makes possible to get bigger engine speeds because of
shorter duration of combustion. Quick evaporation of ethanol
will be conducive to a small particulates and hydrocarbons
emissions. Similar conclusions are to be drawn from the fuel
properties of the F4. Much larger amount of ethanol (45%)
results in reducing of self-ignition delay. However, participa-
tion in the fuel of 30% DEE does not impact significantly
on the reduction of self-ignition delay in relation to fuel
F2. Analysis of images from Fig. 11 allows to declare that
self-ignition spots occur when fuel sprays are still visible. In
the case of fuel F2 ignition delay time is the same (1.6 ms)
but the fuel in sprays had already evaporate (no lighting of
sprays by appearing of light-emitting flame).
Research on the self-ignition of fuels were con-ducted
with five replications. The values obtained in subsequent
attempts were correlated with the average values (Fig. 12).
It was a certain uniqueness results of self-ignition delays that
may result from the limited repeatability of charge movement
in chamber, which significantly affects the rate of formation
of self-ignition spots. However, the overall picture has been
confirmed: fuel F4 has the greatest propensity to combust,
better than fuel F2 and F1 fuel (diesel).
Summary
The research reported here show the applicabil-ity of
alternative fuels in combustion systems of compression igni-
tion (CI) engines. These fuels are characterized by various
physical and chemical properties, which leads to different
conditions of fuel atomization and combustion. In particular,
it should be noted that:
a)mean values of fuel atomization indicators do not indicate
clearly on the existence of significant differences in their
values; this note mainly applies to fuel spray penetration
at different injection pressures and injected doses;

b)for smaller values of the injection pressure the differences
in spray penetration are increasing for some fuels; about
0.8 ms after start of the injec-tion fuel containing ethanol
has a much larger sur-face area of sprays than the other
fuels;

c)evaluation of fuel distribution in sprays indi-cates that
fuels with ethanol have a greater rate of evaporation;

d)fuel containing ethanol are shortening the self-ignition
delay, faster evaporation of fuel, and as a consequence
the reduction of emissions of toxic compounds is being
expected.

niewielkich warto$ci opoznienia samozaptonu. Umozliwia
to uzyskanie duzej wartosci predkosci obrotowej podczas
spalania (krotki czas trwania spalania). Szybkie odparowanie
etanolu bedzie sprzyjato niewielkiej emisji czastek statych
oraz weglowodorow. Podobne wnioski nalezy wyciagnac
z wlasnosci paliwa F4. Znacznie wigksza ilo§¢ etanolu (45%)
powoduje, ze uzyskuje si¢ zmniejszenie opdznienia samo-
zaplonu. Jednakze udziat w paliwie 30% DEE nie wptywa
W znaczacym stopniu na skrocenie opoznienia samozapltonu
w stosunku do paliwa F2. Analiza obrazow zrys. 11 pozwala
na stwierdzenie, ze ogniska samozaplonu pojawiaja si¢, gdy
widoczne sg jeszcze strugi paliwa. W przypadku paliwa F2
czas opdznienia samozaplonu jest ten sam (1,6 ms) jednak
strugi paliwa zdazyty juz odparowac (brak o§wietlenia strug
przez pojawiajacy si¢ ptomien).

Badania samozaptonu paliw przeprowadzono z pigcio-
krotnym powtérzeniem. Wartosci uzyskane w kolejnych
probach zestawiono z warto$ciami §rednimi (rys. 12). Stwier-
dzono pewng niepowtarzalno$¢ uzyskanych wynikow op6z-
nienia samozaptonu, ktére moga wynika¢ z ograniczonej
powtarzalnos$ci ruchu fadunku w przestrzeni spalania, ktory
istotnie wptywa na szybkos¢ tworzenia si¢ ognisk samoza-
ptonu. Jednak ogoélny obraz ulegt potwierdzeniu: paliwo F4
wykazuje najwigksza sktonno$¢ do samozaptonu, lepsza od
paliwa F2 oraz od paliwa F1 (oleju napgdowego).

Podsumowanie

Przedstawione badania wskazuja na mozliwosci zastoso-
wania paliw alternatywnych w systemach spalania silnikow
o zaptonie samoczynnym. Paliwa te charakteryzuja si¢
innymi wtasciwosciami fizykochemicznymi, co prowadzi
do odmiennych warunkéw rozpylenia paliwa i spalania.
W szczegolnosci nalezy stwierdzic, ze:

a) $rednie wartosci wskaznikow rozpylenia paliwa nie wska-
zuja jednoznacznie na wystgpowanie roznic w przebiegu
tych wskaznikow; uwaga ta dotyczy gltéwnie zasiggu
strugi paliwa przy zréznicowanych ci$nieniach i dawkach
wtrysku;

b) przy mniejszych wartosciach ci$nienia wtrysku roznice
w rozwoju strugi zwigkszaja si¢ dla réznych paliw; paliwo za-
wierajace etanol ma znacznie wigksza powierzchnig strugi niz
pozostate paliwa po okoto 0,8 ms od rozpoczgcia wirysku;

c) ocena rozktadu paliwa w strudze wskazuje, ze paliwa
z dodatkiem etanolu charakteryzuja si¢ wigksza szybko-
$cig parowania;

d) paliwa zawierajace etanol wykazuja skrocenie okresu
opdznienia samozaptonu, szybsze odparowanie paliwa,
aw konsekwencji tego nalezy si¢ spodziewaé zmniejsze-
nia emisji sktadnikow szkodliwych spalin.
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Nomenclature/Skrdty i oznaczenia

DEE Diethylether/dietyleter
P Air back-pressure/przeciwcisnienie powietrza

air/back

P . Fuel injection pressure/cisnienie wtrysku paliwa

1nj
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FEV HiFORS: A new passenger car Diesel injector with continuous rate shaping
for 2500 bar injection pressure

This paper presents the HiFORS continuously rate shaping injector for injection pressures of 2500 bar and above
developed by FEV GmbH and the Institute for Combustion Engines, RWTH Aachen University. The development process
from concept definition to hydraulic and deisgn layout, material choice and manufacturing is discussed. The hydraulic
operating properties are verified by injection test rig investigations. Optical investigations are conducted in an optically
accessible high pressure, high temperature chamber using shadowgraphy and OH chemoluminescence detection, thereby
capturing both liquid and gaseous penetration as well as combustion areas. Single cylinder investigations are carried out
at a 0.4 dm’ research engine in different operating points from low part load to full load. Compared to a serial production
piezo injector, base measurements using conventional square injection profiles already show reduced combustion noise
at improved NO -soot trade-off as well as lowered HC and CO emissions. Detailed investigations at part load operating
points explore the potential of different continuous rate shaping patterns, while the injector’s high injection pressure
capability of up to 2500 bar and its influence on engine performance is tested at full load operation points.

Key words: Diesel Injection System, Injection Hydraulics, Mixture Formation

1. Introduction

Increasing energy cost as well as fiscal incentives for low
CO, emission vehicles are strong drivers towards efficient
drivetrain concepts, resulting in a constantly high request for
Diesel engine driven passenger cars especially in Europe.
Despite of its outstanding thermodynamic efficiency, the
intrinsic pollutant emissions of the Diesel engine, mainly
nitrogen oxides and particulate matter, pose a significant
challenge against the background of strict European emis-
sion regulation. Exhaust gas aftertreatment systems, although
technically mature and highly efficient, considerably contrib-
ute to drivetrain cost both for manufacturers and, in the form
of increased fuel or additional AdBlue consumption, also
for customers. In addition, increasingly efficient combus-
tion processes resulting in low exhaust gas temperatures are
a limiting factor for aftertreatment effectiveness especially
in test cycle relevant cold start conditions.

Due to these considerations, combustion process opti-
mization not only towards low fuel consumption but also
minimized pollutant emission is gaining in importance; at
the same time, combustion noise has to remain as low as
possible to satisfy tight NVH requirements. The fuel injection
system is one of the main determining factors in achieving
these targets: today, commercially available passenger car
common rail systems employ pressures up to 2500 bar [1] and
sophisticated multiple injection patterns to optimize mixture
formation for combustion processes utilizing high boosting
pressures and exhaust gas recirculation (EGR) rates.

Injection rate shaping and its potential to further im-
prove combustion development have been approached in
numerous investigations in research and development. Out
of the need for low complexity and high cost-effectiveness
of commercial systems, the main path in the automotive
industry goes towards discontinuous processes using latest
servo injector designs or directly controlled injectors which

allow for a high number of single injection events at short-
est dwell times, thereby blurring the line between multiple
injection and digital rate shaping. However, when used for
continuous rate shaping, directly controlled injectors have
to face the drawbacks of needle seat throttling on mixture
formation [2]. On the other side, most experimental systems
for pressure modulated continuous rate shaping have a high
system complexity with additional high pressure components
and / or control elements which may be difficult to integrate
into an engine concept outside of the laboratory.

FEV and VKA’s approach of fully integrating a pressure
modulation system into a standard-sized passenger car injec-
tor has overcome these challenges. The new high pressure
fast opening rate shaping (HiFORS) injector has been specifi-
cally designed for state of the art injection pressures of up to
2500 bar combined with completely flexible continuous rate
shaping and shortest needle opening and closing times, thus
avoiding needle seat throttling as far as possible.

2. HiFORS injector

The HiFORS (High Pressure / Fast Opening / Rate Shap-
ing) injector has been developed with the aim to provide
a highly flexible tool for use in the development and study of
state-of-the-art diesel combustion processes. Considerations
particularly include the operation with both high EGR rates
and high boost pressures and the consequent demand for high
injection pressures [3] as well as the option of combustion
shaping on the basis of advanced control concepts [4, 5, 6].
Against this background, the following development objec-
tives have been set for the new injector:

— Injection pressures up to 2500 bar
— Injection rate shaping ability
— High needle opening and closing speeds.

Additional demands include lowest possible leakage,
which allows efficient injection system operation at high
injection pressures, as well as integration feasibility in
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a state-of-the-art diesel engine cylinder head. This means
significant restrictions on the amount of space available for
the individual injector components.

Similar to the former FEV FIRST injector [7], the
HiFORS features a two-stage hydraulic servo system which
transforms the actuation voltage of a single piezo actuator
into a corresponding injection pressure. In this concept, the
injector does not need any additional actuation elements or
connections.

2.1. Design concept

The aim of the injector design, see Fig. 1, is to find
a modular concept which provides maximum flexibility
for the use of the individual components in addition to the
functional flexibility of the injector. The individual injector
functions are carried out by separate modules. These can be
exchanged individually exists or in groups to adapt to chang-
ing operating conditions such as different fuels.

Fig. 1. HiIFORS injector

The actuation assembly, the servo hydraulics assembly
and the nozzle assembly form the main subsystems of the
injector. A clamping sleeve connects the modules to each
other and applies a sufficiently high contact pressure to the
contact planes between the components to ensure the tight-
ness of the high pressure loaded areas even at the highest
supply pressures.

The actuation assembly is enclosed by the connector
body which carries the hydraulic fittings for high pressure
inlet and drain as well as the electrical connections of the
integrated sensors and a piezo module taken from a serial
production injector. Inside the connector body, the extension
of the piezoelectric element is transmitted to the subsequent
servo hydraulic assembly by a transmission module which
can be carried out with or without a hydraulic coupler.

The injection rate shaping functional-
ity is carried out by the servo hydraulics
assembly. A pilot valve transmits the move-
ment of the piezo module into a control
pressure. The control pressure actuates
the main valve, which in turn controls the
injection pressure which is fed to the to the
nozzle assembly. The current configuration
is a compromise between the least possible
permanent leakage and optimum hydraulic
performance, using a pressure-balanced
pilot valve and a non-pressure-balanced

main valve. Depending on the application, i.e. in particular,
depending on the required injection pressure and viscosity
of fuel, the modules of the servo hydraulic group can be
replaced by other components with different valve concepts.
This enables the alternative operation with two hydraulic
pressure balanced valves for best performance at low rail
pressures, or with two non-pressure-balanced valves without
permanent leakage for fuels with reduced viscosity.

The nozzle assembly consists of the nozzle module taken
from a serial production injector, the adapter plate and the
nozzle holder carrying the nozzle spring. In addition, the
nozzle holder has an integrated inductive needle lift sensor
and a strain gauge based injection pressure sensor. These
sensors with are used to observe and evaluate the injection
process, and for the basis for an injection rate shape control
using appropriate algorithms [5].

2.2. Servo hydraulic system

Fig. 2 shows the injector’s hydraulic scheme. The piezo
actuator moves a pressure balanced, spring loaded 3/2-way
pilot valve with a maximum travel in the range of few pm.

The position of this valve governs the pressure inside
a control volume which can be adjusted to any value between
drain and rail pressure. An anti-cavitation valve in the drain
path increases the back pressure to a level which prevents
cavitation during high pressure drops at the pilot valve’s
control edges. The control pressure acts on the main valve
piston and opens the main valve until the resultant forces of
rail pressure, control pressure and injection pressure acting
on the main valve assembly are at equilibrium. Thus, the in-
jection pressure is directly dependent on the control pressure
and can be freely varied by adjusting the actuator voltage.
The main valve itself is a 2/2-way valve without pressure
balancing to minimize leakage. When the injection pressure
exceeds the nozzle needle’s opening pressure preadjusted by
spring tension, the nozzle opens very quickly and injection
begins. For end of injection, the piezo actuator is discharged
and the pilot valve is pushed back into its rest position.
Since the pressure in the relatively small control volume
drops very quickly, the spill valve, which was held closed
against injection pressure by pilot pressure and a preloaded
spring, now opens and allows for a quick pressure relief in
the nozzle volume to prevent a delayed end of injection with
unfavourably slowly decreasing injection pressures. Once
nozzle pressure drops below the nozzle opening pressure,
the needle shuts off the injector.

Fig. 2. Hydraulic layout
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2.3. Material choice and manufacturing process

Due to the utilization of high injection pressures, ensur-
ing the mechanical durability of the injector has special
importance. The crucial factor is the interaction of a high
strength of the base material, a favourable macro and micro
geometry of surfaces in contact with pressurized fuel and
the influence of the manufacturing process.

A powder metallurgy hot work steel has been chosen for
the high pressure carrying main injector components. Such
high-strength steels pose extraordinary challenges to the pro-
duction process, especially since many of the high pressure
enclosing geometries can reasonably only be manufactured
after hardening accompanied with further strength increase.
For the internal high pressure ducts which are largely shaped
as deep holes, sinker EDM has proved to be the only practi-
cable method of manufacture. Being a thermal manufactur-
ing process, however, EDM leads to some adverse effects
regarding fatigue strength, such as
— thermal residual stresses leading to micro cracks
— rough surfaces in the magnitude of R, = 10 pum
— uncontrolled changes of the material texture up to a depth

of 30 ... 40 um.

These effects reduce the fatigue strength of the respec-
tive work piece to such an extent that loading those with the
required pressures may become impossible. Therefore, as
a further manufacturing step, all high pressure enclosing sur-
faces have been reworked using electrochemical machining
(ECM), see Fig. 3. In just one step, this procedure allows to:

Fig. 3. ECM reworked surfaces

— ablate the surface areas
damaged by the EDM
process without affecting
the underlying base mate-
rial

— create a surface with
roughness < 2 pm

— deburr and round the bore
intersections in the inlet
of the pilot valve, which
has a favourable effect
on both flow and fatigue
strength.

3. Hydraulic operational
behaviour
The hydraulic investiga-
tions of the HiFORS injec-
tor have been carried out in
the injection laboratory of
FEV GmbH using an injec-

tion quantity indicator (EMI) and an indicator tube (injection
rate indicator, EVI).

3.1. Injection quantity measurements

Fig. 4 shows the profiles of the injection quantities over
the control period of the injector when using an 8-hole noz-
zle with a hydraulic flow of 740 cm?*/min at 100 bar. The
piezoelectric actuator is driven by a rectangular voltage
profile where the voltage level has been sufficiently high
to yield the maximum possible injection pressure at any
given rail pressure. The characteristic curves show a small

Fig. 4. Injection quantities for square actuation profile and maximum
actuation voltage with 8 hole nozzle, hydraulic flow rate 740 cm?*/min,
0.2 mm max. needle lift

quantity range with relatively steep increase in the injection
quantity, in which the opening and closing of the nozzle is
performed by purely ballistic needle movement. This range
is followed by a region with smaller quantity gradients in
which the nozzle needle opens completely and remains in
its open position until the end of the injection.

By actuation of the injector with lower piezo voltages, at
any time, an arbitrarily chosen lower injection pressure can
be utilized. This can be used, for example, to increase the
metering accuracy for small injection quantities.

Fig. 5. Pressure modulation for square actuation profile and 2200 bar rail pressure
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3.2. Pressure modulation

Fig. 5 shows the effect of varying the
actuation voltage for a square injection of
1 ms duration at a rail pressure of 2200
bar. The injection pressure measured in the
nozzle body follows the voltage variation.
Apart from the case of the smallest actuation
voltage, in all cases the nozzle fully opens
within 100 ps and closes just as quickly. EVI
measurements show that the injection rate
reaches its steady state value approximately
400 s after the hydraulic start of injection
and the drop of the injection rate at the end
of injection has a similar duration.

Apart from the case of the smallest
actuation voltage, the needle opening and
closing times are virtually independent of
the voltage level and take about 100 ...
150 ps. The bouncing effects in the needle
lift signal are caused by the measurement
technology and are not to be considered as
individual injection events.

Fig. 6 shows the collective injection
pressure map for different rail pressures and
driving voltages. Each rail pressure is con-
nected to a specific actuation voltage range
in which pressure modulation is possible.

3.3. Continuous rate shaping

Figures 7 and 8 show variations of the
typical boot and ramp injection patterns at
2200 bar. During the boot injection, the driv-
ing voltage is first raised to an intermediate
level 0of 70, 75, or 80 V. After a holding time
of 400 ps, the actuation voltage is raised
to 120 V, which is the required voltage for
the maximum injection pressure. The stepped increase in
actuation voltage is transferred to both the injection pressure
and the injection rate profiles. It is worth noting that for all
actuation profiles, the falling edge of the injection pressure
has almost exactly the same profile. This gives an indication
of the robustness of the servo system thus demonstrates the
good stability of the injection hydraulics.

Fig. 6. Maximum injection pressure for square actuation profile
in dependency of rail pressure and actuation voltage

Fig. 7. Variation of boot injection profile at 2200 bar rail pressure

Fig. 8: Variation of ramp injection profile at 2200 bar rail pressure

For ramp shaped injection, the actuation voltage voltage
is set to an intermediate threshold level before being continu-
ously increased to the maximum level. This actuation yields
continuously increasing injection pressure and injection rate
curves with freely selectable gradient. By fine tuning of the
actuation profile, potentially in combination with appropriate
control strategies, accurately tailored injection events can be
produced. These result in optimized combustion and cylinder

pressure gradients which can be adapted for example to

lowest pollutant and noise emissions and optimum utiliza-
tion of the mechanical load capacity of the engine.

4. Optical rate shaping investigations

The optical investigation of the HIFORS spray and
mixture formation and combustion properties were
conducted in a high pressure, high temperature optically
accessible combustion chamber at VKA, see Fig. 9, using
a 3-hole nozzle with a total hydraulic flow 0f 234 cm*/min

and identical spray hole geometries to the nozzle used
in the single cylinder investigations. The chamber’s ca-
pabilities and the data processing approaches utilized are
described in detail by Graziano et al [8]. The rate shaping
experiments were conducted in an air environment at
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a chamber pressure of 50 bar and temperature
of 800 K, simulating Diesel engine condi-
tions at begin of injection during part load
operation. Apart from square injection pro-
files, ramp and boot injection pressure shapes
at rail pressure levels of 1200 and 1800 bar
were used. The ramp profiles were shaped for
a fixed ramp duration of 1 ms independent
of the injection duration. The boot profiles
were defined to hold approximately half rail
pressure level for about half of the injection
duration before quickly rising to maximum
injection pressure.

The upper two diagrams in
Fig. 10 show spray formation
behaviour under the influence of
different injection rate shapes.
The individual injection dura-
tions have been chosen to yield
the same injection quantities
as a reference piezoelectrically
actuated servo injector at a du-
ration of actuation (DOA) of
800 ps. The liquid penetration
length of the injection sprays
shows no obvious dependency
on neither rail pressure level nor
rate shaping profile; this aligns
with literature, e.g. [9] where it
was found that the liquid spray
length is solely dependent on
spray hole diameter, physical
fuel properties and the thermo-
dynamic state of the cylinder
charge. The gaseous spray pen-
etration however results from
the impulse exchange between
liquid and surrounding gas including the entrainment of
ambient air and therefore shows a strong dependence on rail
pressure and injection pressure profiles. As a consequence of
combustion starting in the gaseous portion of the spray, both
lift-off length (i.e. distance from nozzle tip to combustion
zone) and overlap (distance from the tip of the liquid spray core
to the combustion zone) are reduced for lower rail pressures
as well as for rate shaping injection with reduced effective
injection pressure at the beginning of injection. Since these
values are indicators for the available distance and time for
mixture preparation, they explain the tendency of increased
soot formation due to non-sufficient oxygen availability when
employing rate shaping in engine operation.

5. Single cylinder engine investigations

5.1. Experimental design

The single cylinder engine investigations were carried
out on a 4-valve, 390 cm® engine with a compression ratio
of 15. The part load point definition by engine speed and
internal mean effective pressure (IMEP) covers the main

Fig. 9. Optical chamber set-up

Fig. 10. Optical investigation results for different injection rate shapes and injection pressures

operation range for relevant test cycles in a hypothetical
C-class vehicle as introduced by [4]; this includes fixed
centers of combustion taken from the engine’s reference cali-
bration with a close-to-production piezoelectrically driven
servo injector as well as target values for NO_emissions for
meeting EURO6 emission legislation, see Tab. 1.

The part load operating points are used for comparing
the HIFORS injector’s performance against the reference
injector without the use of rate shaping as well as the po-
tential analysis of rate shaping profiles in the higher load
operating points PL3 and PL4. The HiFORS injector’s high
pressure capability is explored in three full load operating
points at 2000, 3000, and 4000 min' by increasing engine
load as far as possible within given peak pressure, soot,
and exhaust gas temperature limits. All investigations were
carried out using a close to production nozzle module with
a hydraulic flow rate of 625 cm*/min on both reference and
HiFORS injectors.

5.2. Base investigations
The base investigations were carried out in form of
exhaust gas recirculation (EGR) sweeps in the defined part

40

COMBUSTION ENGINES, No. 2/2014 (157)



FEV HiFORS: A new passenger car Diesel injector with continuous rate shaping...

Tab. 1. Single cylinder engine operating point definition

Operating point Engine speed IMEP Prai Proake Center of Combustion Spec. NO_ target
min™! bar bar bar °CAATDC g/kWh
PL1 1500 43 720 1.07 5.8 0.2
PL2 1500 6.8 904 1.50 6.6 0.2
PL3 2280 9.4 1399 2.29 9.2 0.4
PL4 2400 14.8 1800 2.60 10.8 0.6
FL1 2000 27.0 (ref.) 1800 (ref.) 2.46 - -
FL2 3000 29.0 (ref.) 2000 (ref.) 2.70 - -
FL3 4000 28.6 (ref.) 2000 (ref.) 3.00 - -

load operating points using a reference piezoelectrically
actuated servo injector with and without pilot injection
and the HiIFORS injector without pilot injection. Due to
the HIFORS injector’s hydraulic layout, the needle opens
while nozzle pressure is still being built up, resulting in
a steep ramp-shaped injection pressure trace similar to former
cam-driven Ul systems even for rectangular actuation volt-
age profiles. As a consequence, the mass flow rate during

Fig. 11. Burning rate and cylinder pressure traces for HIFORS and production injectors at part load operating point PL4,
indicated specific NO_emissions = 0.5 g/kWh

ignition delay is reduced, with the
effect of reduced maximum burning
rate and a less steep cylinder pressure
gradient very similar to the reference
injection with pilot event, see Fig.
11. An additional pilot injection for
the HiFORS injector is therefore
considered obsolete.

Fig. 12 shows overall results of
the EGR sweeps when recalculated
to the respective specific NO_ tar-
gets for EUROG calibration. While
point FL1 shows no reasonably
measurable soot emissions at all for
all injection patterns, in part load
points FL2 to FL3 the filter smoke
numbers of the HiFORS injector
are even lower than those of the
reference injector with single main
injection; this is contributed to the

relatively quick needle operation without long times under
the effect of seat throttling, resulting in excellent mixture
formation from the very beginning of injection. Only in
high part load point PL4, the HIFORS injector’s soot emis-
sions are higher than both reference injections. This might
be caused by higher internal pressure losses between fuel
supply and nozzle which become evident at longer injection
durations when nozzle opening and closing effects have less
impact. The combus-
tion sound level is in
all operating points
comparable to the
reference injector
with pilot injection,
thus confirming the
approach of omitting
the pilot injection
for the HiFORS in-
jector. The indicated
efficiency of the Hi-
FORS injector also
follows the reference
injector with pilot in-
jection in points PL2

Fig. 12: Emissions, efficiency and combustion sound at part load operation for HiIFORS and produc-

tion injectors
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Fig. 13. Low boot rate shaping variation at part load operating point PL4. Blue: square injection profile; red: maxi-
mum boot length injection profile; grey: intermediate injection profiles

to PL4, while in the low load point PL1, with short injection
duration and therefore high importance of needle opening
and closing behaviour, the HiFORS injector has significant
advantages.

5.3. Rate shaping

Rate shaping investigations were carried out in higher
part load operating points PL3 and PL4 where injection
duration is sufficiently long to allow for significant altera-
tions of the injection rate shape while, in contrast to full load
conditions, combustion sound and NO, reduction still play a

role compared to purely
performance driven re-
quirements which prefer
rectangular injection
profiles. In both points,
variations of the ramp
profile with decreasing
slope steepness and low,
medium, and high boot
profiles with increas-
ing boot level durations
were investigated. All
values shown in Tab. 1
including the indicated
NO, emission level were
fixed throughout the var-
iations by adaptation of
begin and duration of
injection and EGR rate.
Fig. 13 shows the exam-
ple of the low level boot
profile variation at PL4.
The investigation starts
with a square injection
(blue curve) and the
typical resultant cylin-
der pressure profile of
a Diesel engine combustion without pilot injection. When
introducing and extending the boot level in the actuation
voltage profile, the injector’s hydraulic system will follow
and form the according boot shape in the injection pressure
profile. Due to the increasing period of fuel being injected
at low injection rates, for constant engine load the total in-
jection duration must increase; at the same time, the begin
of injection is shifted to earlier points to keep the center
of combustion constant. For increasing boot durations, the

Fig. 14: Soot-sound trade-off for different injection rate shapes at part load operating points PL3 and PL4
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Fig. 15. Single cylinder engine behaviour at full load operating point FL1

cylinder pressure rise caused by combustion starts earlier and
tends to form a less steep pressure rise gradient. The profile
variation is ended when rate shaping duration becomes so
long that the injection pressure does not reach the maximum
defined by the square injection anymore (red curve).

Since combustion sound reduction at moderate drawbacks
especially in soot emission is one of the main aims of injec-
tion rate shaping, the relation between these two parameters
is shown in Fig. 14 for both rate shaping part load operating
points. In both cases, the variation start with square injection
profiles in the lower right-hand corner at low soot emissions
and relatively high combustion sound levels. By applying
rate shaping patterns with increasing shaping durations, the
combustion yields reduced sound levels and increased soot
emissions. All profiles follow very similar operating point
dependant paths within the measurement fluctuations. How-
ever, in both cases the ramp variations only show limited
capability in altering the engine’s soot-sound behaviour, the
same applies for the high boot profiles in PL3.

The variation trajectories for PL3 and PL4 have quite
different characteristics. At PL3, sound level improvement
can only be achieved by increasing soot emissions up to
a point where further rate shaping only leads to more soot
without any more sound benefit, with the critical parameters
placed at about 83 dB and a filter smoke number of 1.0. At
PL4, the potential for combustion sound reduction at limited
additional soot emissions is smaller, but using the medium
boot level there is the possibility to lower combustion sound
by 1 dB without any drawbacks in soot formation.

5.4. Full Load Operation

In the full load operating points, the potential of sig-
nificantly increased rail pressures on engine performance
is investigated. The operating points are defined by engine

speed and upper limits for cylinder peak pressure, exhaust
temperature and soot emissions, while engine load is in-
creased in combination with adaptation of center of combus-
tion as far as possible within these limits. For the exemplary
full load operating point FL1 shown in Fig. 15, the effective
limits are peak cylinder pressure at 180 bar and a maximum
filter smoke number of 1.0. The rail pressure for the HIFORS
injector is varied from 1600 to 2500 bar, while the reference
injector was operated at 1800 bar rail pressure.

The results show that by using increased injection pres-
sures, the maximum engine load can be increased from
around 26.85 bar IMEP at 1600 bar rail pressure to 27.5
bar at 2500 bar rail pressure, thus improving the indicated
engine full load performance by 2.4 % without any need to
improve the thermal or mechanical capabilities of engine
components. To stay within peak pressure limits, the center
of combustion (CoC) has to be slightly shifted from around
10.75to 11.25 °CA ATDC, resulting in an increase of exhaust
temperature from 692.5 to 708 °C and consequently a drop
of indicated efficiency from 41.8 to 40.8 %. Due to the shift
of combustion center and therefore lower peak cylinder
temperature, the indicated NO, emissions are lowered from
8.6 to 7.65 g/kWh while higher cylinder pressure gradients
during combustion at increased injection pressure lead to
higher combustion sound level of 86.0 at 2500 bar rail pres-
sure compared to 85.25 at 1600 bar.

Compared to the reference injector, the HiIFORS injec-
tor’s high injection pressure capability enables higher engine
full load performance at better indicated efficiency although
the combustion center has to be shifted to later points at high-
est rail pressures. Given a fixed full load target, this opens up
the possibility to optimize the combustion process by using
nozzles with smaller hydraulic flow rates which improve
operation behavior within the whole engine operation range.
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As another conclusion, for optimized utilization of highest
injection pressures at full load conditions, the respective
engine’s peak pressure capability should be increased to
avoid the need for combustion center shift with its impact
on engine efficiency.

6. Summary and Outlook

FEV GmbH and the Institute for Combustion Engines,
RWTH Aachen University, have developed the HiIFORS
injector as a highly flexible research tool for developing
and testing modern diesel combustion processes. The piezo-
electrically actuated injector contains a spring-loaded noz-
zle needle with an upstream control valve which not only
governs the start and duration of injection of injection, but
also the flexible injection rate. The rapid opening and clos-
ing action of the nozzle needle, ensures short times in the
area of small needle lifts even at small injection rates, so
that the harmful influence of needle seat throttling can be
largely minimized.

The presented injector is capable of injection pressures
of'up to 2500 bar. This pressure capability has been achieved
by appropriate manufacturing processes and special surface
treatment of all high pressure containing volumes. Further-
more, the leakage losses have been significantly minimized,
thus making it possible to significantly reduce the thermal
load of the injector.

The capability of the injector regarding high injection
pressures and flexible rate shaping and is proven by injection
test rig investigations. The influence of injection at different
rail pressure levels with variable injection rate profiles on

mixture formation and combustion in a laboratory environ-
ment is investigated by high pressure, high temperature
optical chamber experiments. While the liquid spray core
length remains constant for all variations, both reduced rail
pressures and rate shaping approaches decrease gaseous
spray penetration, resulting in combustion start closer to
the nozzle tip with less spray development time and length
needed for optimum mixture formation.

The new injector’s impact on engine operation is
analyzed using a single cylinder research engine. Injector
performance is tested against a piezoelectrically actuated
close to production servo injector using identical nozzles.
Base EGR sweeps show significant advantages in NO -soot
trade-off in low to medium part loads while maintaining
combustion sound level and indicated efficiency of a standard
injection pattern with pilot injection. The continuous rate
shaping functionality opens additional potential for combus-
tion sound reduction at moderately increased soot emissions.
At full load operation, the injector’s high pressure capability
enables both increased engine performance and improved
indicated efficiency compared to the reference injector.

Next steps will include the integration of the HIFORS in-
jector into advanced closed-loop combustion control systems
[5, 10], thereby fully exploring the ability of continuous rate
shaping to form an optimum Diesel combustion process.

Acknowledgment

The research leading to these results has received funding
from the European Union Seventh Framework Programme
[FP7/2007-2011] under grant agreement No. 234032.

References

[1] Matsumoto S. et al.: Der neue Diesel-Magnetventil-Injektor
von Denso. In: MTZ — Motortechnische Zeitschrift 74 (2) (pp.
146-150), 2013.

[2] Predelli O. etal.: Kontinuierliche Einspritzverlaufsformung in
Pkw-Dieselmotoren — Potenziale, Grenzen und Realisierung-
schancen. In: 31. Internationales Wiener Motorensymposium,
Vienna 2010.

[3] Herrmann O.E. et al.: Ultra High Pressure Fuel Injection for
minimized Engine-Out Emissions of HD Diesel Engines. In:
Diesel and Gasoline Direct Injection VI, Berlin 2010.

[4] Rottmann M.: Einspritzratenformung am schnelllaufenden
DI-Dieselmotor. PhD thesis, RWTH Aachen 2011.

[5] Hinkelbein J.: Entwicklung einer Verbrennungscharakteri-
stikregelung mittels Einspritzver-laufsmodulation bei direk-
teinspritzenden Dieselmotoren. PhD thesis, RWTH Aachen
2010.

Paul Grzeschik, Dipl.-Ing. — Project Engineer Engine
Design. Institute for Combustion Engines, RWTH
Aachen University.

e-mail: grzeschik@vka.rwth-aachen.de

[6] Kremer F. et al.: Verbrennungsratenregelung — Baustein zur
weiteren Komfortsteigerung CO,-optimierter Dieselmotoren.
In: Engine Combustion Processes X, Munich 2011.

[7] Laumen H.-J. etal.: Flexible Einspritzverlaufsformung - Auch
bei PKW-Dieselmotoren ein wirkungsvolles Mittel zur Redu-
zierung von Verbrauch und Schadstoffemissionen? In: Diesel
and Gasoline Direct Injection IV, Berlin 2006.

[8] Graziano B. et al.: Investigation on the Ignition Sensitivity of
2-MTHEF, Heptane and Di-n-butylether. In: Proceedings of the
European Combustion Meeting 2013, Lund 2013.

[9] Siebers D.L.: Scaling Liquid-Phase Fuel Penetration in Diesel
Sprays based on Mixing-Limited Vaporization. SAE Technical
Paper Series 1999-01-0528, 1999.

[10] Schnorbus T.G.: Zylinderdruckgefiihrtes Einspritzmanagement
beim Dieselmotor. PhD thesis, RWTH Aachen University
2010.

Hermann-Josef Laumen, Dr.-Ing. — Senior Technical
Specialist Fuel Injection Systems. FEV GmbH.

e-mail: laumen@fev.com

44

COMBUSTION ENGINES, No. 2/2014 (157)



Article citation info:

CZAJKA, J., WISLOCKI K., PIELECHA, 1., BOROWSKI, P. Examination of the influence of multi-injection strategy on thermodynamic
indexes of engine cycle and on the emission of toxic compounds. Combustion Engines. 2014, 157(2), 45-59. ISSN 2300-9896.

Jakub CZAJKA
Krzysztof WISLOCKI
Ireneusz PIELECHA
Przemystaw BOROWSKI

PTNSS-2014-204

Examination of the influence of multi-injection strategy on thermodynamic
indexes of engine cycle and on the emission of toxic compounds

The main target of this work was to investigate on the 1-cyl. research engine concerning practical realization possi-
bilities of cold-flame-combustion when operating with high and very high Exhaust Gas Recirculation (EGR) rates. After
determining of possibilities of lowering NO_and Soot emissions for EGR rates ca. 40-60% some further investigation on
optimization of SOI and CoC parameters were performed. Additionally, some preliminary investigations of the optimiza-
tion of combustion parameters when applying various strategies of multi-injection have been conducted and analyzed.

Key words: diesel engine, exhaust gas recirculation, low temperature combustion, injection strategies

Badanie wplywu strategii wielocz¢sciowego wtrysku paliwa na termodynamiczne
wskazniki pracy silnika i na emisj¢ skladnikow spalin

Glownym celem badan bylo uzyskanie efektu spalania niskotemperaturowego skutkujgcego zmniejszeniem emisji NO.
wraz z jednoczesnym zmniejszeniem emisji sadzy (czqstek statych) dzieki zastosowaniu duzego stopnia recyrkulowanych
spalin. Po uzyskaniu mozliwosci obnizenia emisji NO_ i sadzy przy zastosowaniu recyrkulacji spalin o udziale 40-60%,
prowadzono dalsze badania nad optymalizacjq parametrow SOI'i CoC. Dodatkowo, prowadzono wybrane wstepne badania
optymalizacyjne parametrow procesu spalania przy stosowaniu roznych strategii wtrysku wieloczesciowego.

Stowa kluczowe: silnik ZS, EGR, niskotemperaturowe spalanie, strategie wtrysku paliwa

1. Introduction and motivation for the research

Reducing emissions of exhaust gas toxic compounds
is now mainly possible in two ways. There are: applying
the internal engine methods (e.g. exhaust gas recirculation
systems, modern combustion systems) or by use of engine
external methods like exhaust aftertreatment systems [6—9].
It is possible to apply external exhaust gas recirculation
systems (low and high pressure) and internal exhaust gas
recirculation. Emissions standards impose the search for
new concepts of the combustion process. To these may
include homogeneous combustion systems (HCCI — Homo-
geneous Charge Compression Ignition) or low temperature
combustion (LTC — Low Temperature Combustion). It is
also possible to use exhaust aftertreatment systems con-
taining DOC (Diesel Oxidation Catalyst), DPF (Diesel
Particle Filter), SCR (Selective Catalytic Reduction), or a
combination thereof [6-9].

1. Wprowadzenie i uzasadnienie badan

Ograniczenie emisji skladnikow szkodliwych spalin
jest obecnie gldwnie mozliwe dwoma sposobami. Sa to:
zastosowanie wewnatrzsilnikowych sposobow ich ograni-
czania (np. uktady recyrkulacji spalin, nowoczesne systemy
spalania) lub przez zastosowanie pozasilnikowych uktadow
oczyszczania spalin [6-9]. Mozliwe jest stosowanie uktadow
zewnetrznej (nisko i wysokotemperaturowej) i wewnetrznej
recyrkulacji spalin. Standardy emisji spalin wymuszaja
poszukiwanie nowych koncepcji procesu spalania. Do nich
mozna zaliczy¢ uktady spalania homogenicznego (HCCI —
Homogeneous Charge Compression Ignition) lub spalanie
niskotemperaturowe (LTC — Low Temperature Combustion).
Mozliwe jest stosowanie uktadow oczyszczania spalin za-
wierajacych systemy DOC (Diesel Oxidation Catalyst), DPF
(Diesel Particle Filter), SCR (Selective Catalytic Reduction)
lub ich kombinacji [6-9].

Table 1. Control parameters of engine operating points suggested by Volkswagen

Table 1. Control parameters of engine operating points suggested by Volkswagen

engine injection center injection intake manifold EGR Compression
speed/predkosé quantity/dawka of combustion/ | pressure/cisnienie | pressure/cisnie- cooled/udziat
obrotowa paliwa centrum spalania wirysku nie w kolektorze spalin

dolotowym chtodzonych

[rpm] [mg/stroke] [°CA aTDC] [bar] [mbar] [%] [bar]

1 1000 12 9 440 1017 0-50 36-38

2 1500 12 10 600 1017 0-59.2 36-38

3 1500 23 11 1200 1213 0-64.8 36-38

4 2000 17 8 1180 1120 0-56.5 36-38

COMBUSTION ENGINES, No. 2/2014 (157)

45



Badanie wplywu strategii wieloczesciowego wtrysku paliwa...

One of the most desirable solution to control the com-
bustion process is using e.g. a low temperature combustion
to reduce emissions of nitrogen oxides and particles. This
concept is based on the reduction of the combustion tem-
perature (leading to reduction of the production of NOx by
the use of a high share of recirculated exhaust gases) with
a concomitant reduction of the compression ratio [3, 4].
Such conditions increase the period of mixing the fuel and
at the same time extend the self ignition delay of fuel. For
this reason, it becomes necessary to use the strategy of divi-
sion of fuel dose for simultaneous reducing of emissions of
hydrocarbons and carbon monoxide.

Applying of fuel dose division in the LTC system [1] has
allowed further reduction of emissions of hydrocarbons and
carbon monoxide. In the case of small loads, it is achieved
by reducing of the time of the interval between doses and
reducing of the size of the second dose (up to a size 0of 20%).
By medium and high loads the further reducing of the sound
level generated by the combustion process has been achieved
by use of the injection of two doses, so as to achieve two-
stage combustion.

Current works also apply to application of dual fuel
systems: diesel, gasoline and ethanol [2], where the petrol
fuel was injected into the intake manifold with the significant
participation of the recirculated exhaust gas. Regardless of
the fuel mixtures (petrol-diesel or E85-diesel fuel) identical
start of combustion was achieved, wherein E85-diesel fuel
mixture was combusted with small share of EGR and smaller
amount of fuel dose injected into the intake manifold. A
mixture of petrol-diesel allowed to obtain a two-stage com-
bustion, and combustion of a E85-diesel mixture resulted in
a high one-stage of the heat release.

2. Main problem and methodology of research

The research was created on 1-cylinder research engine
for determining of it operational parameters for different
EGR-rates varying from 0% up-to 60% of exhaust gases.
Main target here was to determine the possibility of achiev-
ing the cold-flame-combustion-effect resulting with reduced
NO, emission and simultaneously getting any reduction of
soot emission, using different injection strategy.

Taking into consideration the results of earlier performed
tests by Volkswagen, 4 test points were suggested. The

Fig. 1. Location of operating points on the engine operating map

Rys. 1 Polozenie punktow pracy na mapie pracy silnika

Jednym z najbardziej pozadanych rozwigzan stero-
wania procesem spalania jest wykorzystanie np. spalania
niskotemperaturowego w celu ograniczenia emisji tlenkoéw
azotu oraz czastek statych. Koncepcja ta bazuje na ograni-
czeniu temperatury spalania (prowadzacej do ogran—iczenia
powstawania NO_ przez zastosowanie duzego udziatu re-
cyrkulowanych spalin) z jednoczesnym obnizeniu stopnia
sprezania [3, 4]. Warunki takie zwigkszajg okres mieszania
paliwa co jednocze$nie wydtuza okres samozaptonu paliwa.
Z tego powodu konieczne staje si¢ wykorzystanie strategii
podziatu dawki paliwa, w celu jednoczesnego ograniczenia
emisji weglowodordw i tlenku wegla.

Zastosowanie podziatu dawki paliwa w systemie LTC
[1] pozwolito dodatkowo na ograniczenie emisji weglowo-
doréw i tlenku wegla. W przypadku matych obcigzen uzy-
skano to dzigki skroceniu czasu przerwy miedzy dawkami
1 ograniczeniu wielkos$ci drugiej dawki (do wielkosci 20%).
Podczas $rednich i duzych obcigzen uzyskano dodatkowo
ograniczenie poziomu dzwigku generowanego przez proces
spalania w wyniku wtrysku dwéch dawek, tak aby uzyskac
spalanie dwustopniowe.

Obecne prace dotycza réwniez zastosowania uktadow
dwupaliwowych: oleju napgdowego, benzyny i etanolu
[2], w ktorych paliwa benzynowe wtryskiwano do kanatu
dolotowego przy znacznym udziale recyrkulowanych spa-
lin. Niezaleznie od mieszanin (benzyna-olej napedowy lub
E85-olej napedowy) uzyskano jednakowy poczatek spalania,
przy czym E85-olej napedowy spalano przy mniejszym
udziale EGR i mniejszej porcji dawki paliwa wtryskiwanej
do kolektora dolotowego. Mieszanina benzyna-olej nape-
dowy pozwalata na uzyskanie spalania dwustopniowego, a
spalanie mieszaniny E85-olej napedowy skutkowato duzym
jednostopniowym wywigzywaniem ciepla.

2. Problem i metodyka badawcza

Badania przeprowadzono na jednocylindrowym silniku
doswiadczalnym w celu okreslenia wskaznikéw operacyj-
nych silnika pracujacego dla réznych wartosci recyrkulacji
spalin w zakresie od 0% do 60% ilo$ci tadunku w cylindrze.
Glownym celem badan byto okreslenie mozliwosci uzyska-
nia efektu spalania niskotemperaturowego skutkujacego
zmniejszeniem emisji NO_ i jednoczesnego uzyskania
zmniejszenia emisji sadzy (czastek statych) dzigki zasto-
sowaniu zmienionej strategii
wtrysku paliwa.

Uwzgledniajac wyniki weze-
$niejszych badan przeprowadzo-
nych przez firm¢ Volkswagen,
zaproponowano 4 punkty obcig-
zenia silnika. Wynikaja one z te-
stu silnikowego NEDC. Wartosci
poszczegdlnych parametréw dla
danych punktow pracy silnika sa
podane w tablicy 1. Rozmiesz-
czenie tych punktow pracy na
charakterystyce ogolnej silnika
pokazano narys. 1.
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points are relative to the NEDC test. Values of individual
parameters for a given operation point are presented in Table
1. The location of operating points on the engine operating
map is shown in Fig. 1.

In order to perform a cold-flame-combustion process in
this investigation was used fuel whose parameters are shown
in Table 2. In this study, was done a comparison of results
obtained using, a fuel RF (EU5-CEC-Diesel Fuel) and F4
(75% Naphtha + 25% HVO). From the comparison shown
in Fig. 2 it has been found that by applying of fuel F4 the
substantial reduction of soot (PM) emission by high EGR-
rates should be achieved against Reference Fuel (RF), Fig.
2, especially by higher EGR-rates. For F4 the level of NO_
emission was kept at similar values as for RF fuel, slightly
better by lower EGR-rates. For high EGR-rates NO_emis-
sion is getting much lover, what implicated effects of LTC.

Table 2. Specific features of the fuel used in research

Tabela 2. Specyfika paliwa wykorzystywanego w badaniach

Feature/ Units/ RF/wartosci Results/
wielkos¢ Jjednostka referencyjne wyniki
Cetane Number/liczba CFR 54.4 511
cetanowa

Density@15 deg C/ kg/m? 835 740
gestos¢

Distillation IBP/destylacja °C - 96.3
Distillation FBP/desty- °C 362.7 290.3
lacja

Sulfur/siarka mg/kg <10 <3.0
Aromatics/aromatyczne % vIv 3.0 0.0
Net heating value/wartosé MJ/kg 42.87 44.19
opatowa

3. Methodology

In test-bed investigations of AVL research engine main
measured values were: M (torque), G, (fuel consumption)
and n (engine speed). Based on these data some other indexes
were calculated:

Indicated power:

Indicated specific fuel con-
sumption:

Specific emission was cal-
culated emission density, air
density and air and fuel con-
sumption:

Soot

W celu uzyskania niskotemperaturowego procesu spala-
nia w tych badaniach zastosowano paliwo, ktérego parametry
przedstawiono w tablicy 2. W tych badaniach poréwnano
wyniki otrzymane przy uzyciu paliwa referencyjnego RF
(EU5-CEC-olej napedowy) i paliwa F4 (75% nafta + 25%
HVO). Na podstawie poréwnania przedstawionego na rys. 2
stwierdzono, ze stosujac paliwo F4 mozna uzyska¢ znaczne
zmniejszenie emisji sadzy (czastek statych) w stosunku
do zasilania olejem napedowym, szczeg6lnie przy duzym
stopniu recyrkulacji spalin. Dla paliwa F4 emisja NOx
utrzymywala si¢ na takim sam poziomie, jak w przypadku
zasilania olejem napedowym (RF) i byla nieznacznie nizsza
przy mniejszych warto$ciach stopnia recyrkulacji spalin. Dla
wigkszego udzialu spalin, emisja NOx znacznie si¢ obniza,
co wskazuje na wystapienie spalania niskotemperaturowego
LTC.

3. Metodyka

W badaniach stanowiskowych na silniku AVL mierzono
gtéwne wskazniki operacyjne: Mo (moment obrotowy),
Be (sekundowe zuzycie paliwa) i n (predkos¢ obrotowa
silnika). Na podstawie tych wielko$ci obliczano pozostale
wskazniki: moc indykowana, indykowane jednostkowe
zuzycie paliwa.

Jednostkowa emisje obliczano na podstawie gestosci
emisji, ggstosci powietrza oraz zuzycia powietrza i paliwa
dla sadzy, CO, HC, CO, i sprawnosci indykowane;.

Wspoélczynnik kowariancji dla §redniego ci$nienia
uzytecznego, COV(IMEP), jest powszechnie uznawang
zmienng do oceny powtarzalnosci spalania, i jest definio-
wany nastepujaco:

gdzie: o i p oznaczajg odpowiednio odchylenie standar-
dowe i warto$¢ §rednig wynikajaca z liczby nastepujacych
po sobie cykli spalania; w przeprowadzonych badaniach
wykorzystano 20 lub 30 cykli spalania do wyznaczenia
kazdego usrednienia.

Fig. 2. Soot and NO, emissions when using RF and F4 fuels vs EGR-rate

Rys. 2. Emisja sadzy i tlenkow azotu przy uzyciu paliwa RF i F4 z wykorzystaniem roznego udziatu

recyrkulacji spalin
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The coefficient of variation for the indicated mean effec-
tive pressure, COV(IMEP), is a commonly accepted variable
for combustion stability, and is defined as:

where: ¢ and p are the standard deviation and the mean va-
lue, respectively, over a number of consecutive combustion
cycles. In the performed experiments, 20 or 30 combustion
cycles were used for calculating each estimate.
The investigations were performed for cooled external
EGR. Investigations were carried out for various values
of EGR-rate in the range from 0% up to 60-65% of EGR,
depending on the possibility of reaching stable operating
conditions of engine. In order to optimize the combustion
process, in terms of thermodynamic indexes and the emission
of toxic compounds, the following tests was carried out, the
results of which will be presented in subsequent chapters:
1. Single fuel dose — optimization of COV for F4, by chang-
ing SOI
Optimization of CoC changes in range of ca. 6.5 to ca. 13°
ATDC.

2. Divided fuel dose, F4 injection strategy 1 vs. RF single
fuel dose

3.Divided fuel dose, PF 6 injection strategy 2

4. Test bed and measuring apparatus

The main research goals for investigations on a 1-cyl.
research engine were:

Badania prowadzono wykorzystujac zewnetrzna,
chtodzong recyrkulacje spalin. Pomiary wykonywano dla
réznych warto$ci stopnia recyrkulacji (EGR) w zakresie
od 0% do 60-65%, w zalezno$ci od mozliwosci uzyskania
stabilnych warunkéw pracy silnika. W celu optymalizacji
procesu spalania pod wzgledem wskaznikow termodyna-
micznych i emisji zwiazkow toksycznych, przeprowadzono
kolejne testy, ktérych wyniki zaprezentowano w kolejnych
rozdziatach:

1. Pojedyncza dawka paliwa — optymalizacja réwnomier-
nosci pracy silnika (COV) dla paliwa F4 przez zmiany
chwili poczatku spalania (SOI).

Optymalizacja zmian centurm spalania CoC (Centre of

Combustion) w zakresie od ok. 6,5 do ok. 13° po GMP.
2. Dzielona dawka paliwa, paliwo F4, strategia wtrysku nr

1 w stosunku do pojedynczej dawki wtryskowej 1 paliwa

RF (olej napedowy).

3. Divided fuel dose, F4, injection strategy 2.

Dzielona dawka paliwa, paliwo F4, strategia wtrysku 2.

4. Stanowisko badawcze i aparatura pomiarowa

Gloéwne cele podjetych badan byty nastepujace:

1. Przeprowadzenie w rzeczywistym silniku spalinowym
weryfikacji wptywu strategii wtrysku roznych paliw na
wybrane wskazniki fizyczne, termodynamiczne i che-
miczne;

2. Stwierdzenie wplywu stopnia recyrkulacji spalin na ana-
lizowane wskazniki procesu spalania;

3. Wyjasnienie, czy paliwo F4 umozliwia spalania nisko-
temperaturowe.

Aby wymienione celu mozna bylo osiagna¢ nalezato
przystosowac silnik do wymaganych pomiarow i wyposazy¢
stanowisko badawcze w odpowiedni a aparatur¢ kontrolno-
pomiarowa. Dostosowanie silnika do wymaganego stopnia
sprezania 16,2:1 wymagato odpowiedniego doboru uszczel-
ki podgtowicowej (rys. 3). Do dalszych badan wybrano
uszczelke o wysokosci 2,5 mm, ktoéra umozliwita uzyskanie
odpowiedniego ci$nienia tadunku pod koniec suwu sprezania
(36-37 bar, bez dotadowania). Wymieniono takze ttok w celu
dostosowania komory spalania do zastosowanego wtryski-
wacza (rys. 4). Dla badan na silniku AVL Konieczna byta

Fig. 3. Compression pressure for different cylinder gaskets, no super-
charging
Rys. 3. Cisnienie spre¢zania dla réznych grubosci uszczelek pod glowicq,
silnik niedotadowany
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1. Verification on the real
engine of the influence of
the injection strategy on
the selected physical, ther-
modynamic and chemical
indexes, for different fu-
els.

2. Statement of the influence
of the EGR-rate on the
analyzed indexes of the
combustion process.

3. Anexplanation of whether
a fuel F4 will allow low-
temperature combustion.

To achieve the above
goals it was necessary to ad-
just the engine to the foreseen
tests and outfit with appropri-
ate control-measuring equip-

Fig. 4. New piston in AVL 5804 engine
Rys. 4. Nowy tlok w silniku AVL 5804

adaptacja ksztattu komory spalania w ttoku, zeby uzyskiwac

ment. The accommodation of engine compression ratio to the  wyniki najbardziej zblizone do oryginalnej komory spalania
required value of 16.2:1 by the change of gasket was done  w badawczym silniku Volkswagena.

firstly (see Fig. 3). The
piston was also changed in
order to fit the combustion
chamber to the applied
injector (see Fig. 4).

2.5 mm cylinder gasket
which provided expected
level of charge pressure
at the end of compression
course (3637 bar, without
supercharging) has been
chosen for further inves-
tigation.

For the investigations
on AVL research engine a
adaptation of piston bowl
was necessary to achieve
result closer to the origi-
nal combustion chamber
in Volkswagen research
engine.

According to the pro-
posed measuring points
(see Tab. 1) the engine was
equipped with a Bosch CR
system 4th generation that
allows injection under the
pressure exceeding 200
MPa (Fig. 5). A compressor
supercharging system was
applied as well.

The planned tests re-
quired new design of the
EGR system. The one used
is of the external-type,
high pressure EGR with

Fig. 5. Test stand: AVL 5804 engine, fuel system: Bosch CP4 pump, mechanical driven supercharging
Rys. 5. Stanowisko badawcze: silnik AVL 5804, ukiad paliwowy: pompa Bosch CP4, doladowanie mechaniczne
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Fig. 6. EGR system
Rys. 6. System recyrkulacji spalin

exhaust cooling (Fig. 6). For proper interpretation of the
influence of EGR-rate on engine operational indexes follow-
ing measuring data had to be controlled and recorded: mass
of inlet air, temperature and pressure of inlet air, charging
pressure, temperature of EGR, temperature of exhaust-air
mixture measured before intake valve, CO,-rate at inlet
(in percent), temperature of exhaust gases after the exhaust

Fig. 7. Measured CO, at inlet and exhaust to determine the EGR-rate using Testo 360

Rys. 7. Pomiar CO,w kanale dolotowym i wylotowym w celu okreslenia stopnia recyrkulacji

spalin z wykorzystaniem Testo 360

Zgodnie z proponowanymi punktami badawczymi (por.
tabl. 1) silnik byl wyposazony w system wtryskowy Bosch
CR 4-tej generacji, ktoéry umozliwia wtrysk pod ci$nieniem
200 MPa (rys. 5). Zostal takze zastosowany system mecha-
nicznego dotadowania sprezarkowego.

Podejmowane badania wymagaty zastosowania nowej
konstrukeji system recyrkulacji spalin. Zastosowano system
typu recyrkulacji zewnetrznej, wysokoci-
$nieniowy z chtodzeniem spalin (rys. 6). Dla
wlasciwej oceny wptywu stopnia recyrkulacji
spalin na wskazniki operacyjne silnika ste-
rowaniu i pomiarom poddano nastepujace
wielko$ci: masa powietrza dolotowego,
temperatura i ci$nienie powietrza doloto-
wego, ci$nienie dotadowania, temperatura
recyrkulowanych spalin, temperatura mie-
szaniny spaliny-powietrze przed zaworem
dolotowym, zawartos¢ CO, w powietrzu
dolotowym (w %), temperatura spalin za
zaworem wylotowym, ci$nienie wydechu,
zawarto$¢ sktadnikow toksycznych w spa-
linach jak: CO,, CO, HC, PM, NO_, O, i
warto$¢ wspotczynnika nadmiaru powietrza
byty takze mierzone w gazach spalinowych.
Do okreslenia stopnia recyrkulacji wykorzy-
stywano urzadzenie Testo 360 (rys. 7). Do po-
miaru pozostatych skladnikow toksycznych
CO, [%], CO [ppm], HC [pm], NO_ [ppm]
zastosowano urzgdzenie Horiba Mexa 7100D
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valve, exhaust pressure, content
of toxic compounds like CO,,
CO, HC, PM, NO_, O, and
lambda value were measured
at the engine exhaust as well.
To determine the AGR-rate was
used Testo 360 (Fig. 7).

To measure toxic compounds
like CO, [%], CO [ppm], HC
[pm], NO_[ppm] was used
Horiba Mexa 7100D (Fig. 8) and
for PM — AVL MSS (Fig. 8).

5. Results and discussions

5.1. Single fuel dose —
optimization of COV for
F4, by changing SOI

In investigations conducted
on engine operating with higher
EGR-rates the worse operating
stability resulted with higher
CoV-values of IMEP has been
observed. Next series of measurements has been undertaken
then to check the possibilities for bettering this situation
by advancing or delaying of SOI for keeping expected
value of CoC (Centre of Combustion, heat released 50%)
predefined for 11° ATDC. The research results achieved
for CoC changes in range of ca. 6.5 to ca. 13° ATDC and
its influence on energetic indexes of the engine are shown
in Figure 9.

From results in Figure 9 it could be observed that lower-
ing of CoC (advancing SOI) most energetic indexes are
getting higher for lower EGR-rates. For EGR-rate 60% CoC
value achieves his optimal value by ca. 9-10° ATDC.

Fig. 9. Some selected energetic indexes of the engine plotted vs. CoC [deg. ATDC] for fuel F4 and various EGR-rates:

0, 20, 60%

Rys. 9. Wybrane wskazniki energetyczne okreslone wzgledem CoC [st. po GMP] dla paliwa F4 przy réznym udziale EGR:

0, 20, 60%

Fig. 8. Measured toxic compounds using Horiba Mexa 7100D and AVL MSS
Rys. 8. Pomiar emisji skladnikow szkodliwych spalin z wykorzystaniem Horiba MEXA 7100D i AVL MSS

(rys. 8a) a do pomiardéw czastek statych (PM) — urzadzenie
AVL MSS (Fig. 8b).

5. Wyniki i ich interpretacja

5.1. Pojedyncza dawka paliwa — optymalizacja
powtarzalnoSci spalania dla paliwa F4 przez
zmiane poczatku wtrysku

W badaniach prowadzonych na silniku pracujacym z du-
zymi warto$ciami stopnia recyrkulacji spalin obserwowano
najgorsza rownomierno$¢ pracy wynikajaca z duzych warto-
$ci kowariancji §redniego ci$nienia indykowanego. Kolejne
serie badawcze podjeto w celu sprawdzenia mozliwosci
poprawy tej sytu-
acji przez przyspie-
szanie lub opo6znia-
nie kata poczatku
wtrysku utrzymujac
przy tym oczekiwa-
ne wartosci CoC

($rodek spalania,

wywiazanie 50%

ciepta) wstepnie

ustalone na 11° po

GMP. Wyniki uzy-

skane dla zmiany

kata srodka spala-
nia CoC w zakresie
of ok. 6,5 do ok. 13°
po GMP1 jej wptyw
na wskazniki ener-
getyczne silnika
przedstawiono na

rys. 9.

Z wynikow
przedstawionych
na rys. 9 mozna
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Fig. 10. Exhaust and EGR temperature vs. CoC [deg. ATDC] for fuel F4 and for various EGR-rates: 0, 20, 60%
Rys. 10. Temperatura spalin oraz temperatura EGR okreslone wzgledem CoC [st. po GMP] dla paliwa F4 przy réznym udziale EGR: 0, 20, 60%

When observing the influence of EGR-rates on thermo-
dynamic indexes (see Figure 10) it could be stated, that for
all CoC values Texh is getting lower with higher EGR-rates
(except 20%).

It was already mentioned, that advancing or delaying
of SOI has its influence on the stability of engine operating
which could be measured in form of covariance of IMEP
(CoV-IMEP), Fig 11.

From this results it could be stated that worse engine op-
erating stability occurs by advanced injection at middle EGR-

wywnioskowac, ze przyspieszajac wystapienie srodka
spalania (CoC) przez przyspieszenie poczatku wtrysku
paliwa wickszo$¢ wskaznikéw energetycznych ulega
zwigkszeniu dla malych warto$ci stopnia recyrkulacji
spalin. Dla stopnia recyrkulacji 60% kat wystapienia
srodka spalania osiaga swoja warto$¢ optymalna przy
ok. 9-10° po GMP.

Z oceny wptywu stopnia recyrkulacji spalin na wskazniki
termodynamiczne cyklu silnikowego (por. rys. 10) wynika,
ze dla wszystkich przypadkow zmiany srodka spalania CoC

Fig. 11. Some selected ecological indexes of the engine plotted vs. CoC [deg. ATDC] for fuel F4 and various EGR-rates: 0, 20, 60%

Rys. 11. Wybrane wskazniki ekologicznosci okreslone wzgledem CoC [st. po GMP] dla paliwa F4 przy roznym udziale EGR: 0, 20, 60%
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rate 20%. By retarding of injection (CoC by 11-13° ATDC)
stability of engine operating is acceptable, even for higher
EGR-rates. In cases of retarding of injection specific fuel con-
sumption is getting higher. However then specific emissions
of soot and NO_ are getting lower at the same time.

5.2. Divided fuel dose, F4 injection strategy 1 vs. RF
single fuel dose

When searching for optimal operating condition for the
engine fed with fuel F4 a multi-injection has been examined.
At the beginning the injection strategy No. 1 has been chosen:
it is one pilot injection and main injection with adjustable
SOI2 of the main dose. SOI1 of pilot dose was kept constant
for all investigations in this series.

The results for this series of investigations are shown in
Figure 12. It should be noted, that in the investigated operat-
ing point No. 3 it was not possible to achieve CoC (Q50%)
earlier than 11° ATDC when operating by 60% EGR-rate.

The influence of injection strategy on emission of select-
ed toxic compound has been examined as well. The results
of it is shown in Fig. 13. It was stated, that when operating
by 60% EGR-rate emissions of HC and CO are getting high,
CO, is getting low and indicated efficiency eta-i is getting
low — these results suggest poor combustion conditions.

Fig. 12. Injection strategy 1: influence on CoV-IMEP (a), Soot (b), b, (¢), NO_(d) for different CoC by various

EGR-rates; engine operating
point 3

Rys.12. Strategia wtrysku 1: wptyw na CoV-IMEP (a), czgstki state (b), b, (c), NO_(d) dla réznych wartosci
CoC przy zmiennym udziale EGR; 3 punkt pracy silnika

Further, for the variation of CoC changes of energetic
indexes of the engine have been examined. The achieved
results are shown comparatively in Fig. 14. From this analy-
sis it was concluded, that when operating by 60% EGR-rate
P, and IMEP low, Pc-max are getting slightly lower, what
indicates poor combustion conditions.

temperatura spalin zmniejsza si¢ wraz ze wzrastajacym
stopniem EGR (z wyjatkiem EGR = 20%).

Jak stwierdzono wcze$niej, wyprzedzanie lub opoéznianie
kata poczatku wtrysku ma swdj wpltyw na rownomiernosé
pracy silnika, ktora moze by¢ mierzona wspdtczynnikiem
kowariancji $redniego ci$nienia indykowanego (COV-
IMEP), rys. 11.

Na podstawie przedstawionych wynikoéw mozna stwier-
dzi¢, ze gorsza rownomiernos$¢ pracy silnika pojawia si¢
przy wyprzedzonym wtrysku dla §rednich wartosci stopnia
recyrkulacji spalin 20%. Opdzniajac wtrysk paliwa (zacho-
wujac jednak CoC przy 11-13° po GMP) rownomierno$é
pracy silnika jest akceptowalna, nawet dla duzych wartos$ci
stopnia recyrkulacji spalin. W przypadku opdznienia wtry-
sku wzrasta jednostkowe zuzycie paliwa. Jednakze w tych
samych warunkach zmniejsza si¢ jednostkowa emisja sadzy
(PM) oraz NO..

5.2. Dzielona dawka paliwa F4, strategia wtrysku
nr 1 w stosunku do pojedynczej dawki oleju
napedowego

W celu okreslenia optymalnych warunkow pracy silnika
zasilanego paliwem F4 przebadano zasilanie wtryskiem
wieloczgsciowym. Na poczatek wybrano strategie wtrysku
nr 1: polega ona na wtrysku
jednej dawki pilotujacej i daw-
ki gtdéwnej ze zmiennym katem
poczatku jej wtrysku SOI2.
Kat poczatku wtrysku dawki
pilotujacej utrzymywano staty
dla wszystkich pomiarow w tej
serii badawczej.

Wyniki tej serii badawczej
pokazano narys. 12. Mozna na
nim zauwazy¢, ze w badanym
punkcie pracy silnika nr 3,
przy pracy silnika ze stopniem
recyrkulacji 60%, nie mozna
byto uzyska¢ srodka spalania
(CoC, Q=50%) wczesniej niz
przy kacie 11° po GMP.

Wplyw strategii wtrysku
paliwa na emisj¢ wybranych
toksycznych sktadnikow spa-
lin takze poddano badaniom.
Ich wyniki przedstawiono
na rys. 13. Stwierdzono, ze
pracy silnika z recyrkulacja
60% wzrasta emisja HC i CO,
podczas gdy zmniejszajg si¢
wowczas emisja CO, oraz sprawnos¢ indykowana procesu
— te wyniki wskazujg na zte warunki spalania.

Nastepnie okreslono takze wptyw zmian potozenia
srodka spalania CoC na wskazniki energetyczne silnika.
Otrzymane wyniki pokazano na rys. 14. Na podstawie ich
analizy stwierdzono, ze podczas pracy silnika z recyrkulacja
60% moc indykowana silnika i jego $rednie ci$nienie indy-
kowane sa mate, ci$nienie maksymalne w cylindrze Pc-max
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Fig. 13. Injection strategy 1: influence on CO (a), CO, (b), HC (c), eta-i (d) for different CoC by various EGR-

Rys. 13. Strategia wirysku 1: wptyw na CO (a), CO, (b), HC (c), eta-i (d) dla réznych wartosci CoC przy zmien-
nym udziale EGR; 3 punkt pracy silnika

From the analysis of exhaust and EGR temperatures it
has been noticed, that when operating by 60% EGR-rate
these temperatures are lower than in other cases, but still
high enough for aftertreatment system.

5.3. Divided fuel dose, F4
injection strategy 2

For the next stage of
research another injection
strategy has been selected,
namely strategy 2 which was
defined in chapter 2. In this
case the start of pilot injec-
tion (SOI1) has been varied
while main dose location
(SOI2) remained constant.

As in the research in
point 4.2 the measurements
were performed for detec-
tion of instability of engine
operating (CoV — covariance
of IMEP), NO_and Soot
emissions, specific fuel con-
sumption b, Fig. 15.

There are some conclu-
sions achieved from this
series of experiments. It was
noted that for injection strat-
egy 2 CoV-IMEP was bigger
as for strategy 1, but accept-

rates; engine operating point 3

Fig. 14. Injection strategy 1: influence on P, (a), P

zmniejsza si¢ nieznacznie, co
wskazuje na niedobre warun-
ki spalania.

Na podstawie analizy
temperatury spalin oraz tem-
peratury recyrkulowanych
spalin stwierdzono, ze przy
pracy silnika z recyrkulacja
60% te temperatury sa mniej-
sze niz w innych przypad-
kach, jednak wystarczajaco
wysokie dla system oczysz-
czania spalin.

5.3. Dzielona dawka pali-
wa F4, strategia wtrysku
nr 2

W kolejnym etapie badan
zastosowano inng strategie
wtrysku paliwa, mianowicie
strategi¢ nr 2, ktéra zostata
zdefiniowana w rozdz. 2.
W tym przypadku zmienia-
ny byt poczatek wtrysku
dawki pilotujacej (SOI1),
natomiast chwila wtrysku
dawki gtéwnej pozostawata
niezmienna.

Tak jak w badaniach

z rozdziatu 5.2, pomiary prowadzono w celu wykrycia
niestabilnosci pracy silnika (COV — kowariancja $redniego
ci$nienia indykowanego) oraz stwierdzenia emisji NO_
i sadzy, jednostkowego zuzycia paliwa b, rys. 15.

c-max

EGR-rates; engine operating point 3

c-max

(b), IMEP (¢), lambda (d) for different CoC by various

Rys.14. Strategia wtrysku 1: wpbyw na P, (a), P_ (b), IMEP (c),lambda (d) dla réznych wartosci CoC przy
zmiennym udziale EGR; 3 punkt pracy silnika
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Fig. 15. Injection strategy 2: influence on CoV-IMEP (a), NO_ (b), Soot (c), b, (d), for different CoC by

various EGR-rates; engine operating point 3

Rys.15. Strategia wirysku 2: wptyw na CoV-IMEP (a), czqstka stata (b), b, (c), NO_(d) dla réznych
wartosci CoC przy zmiennym udziale EGR; 3 punkt pracy silnika

able for all cases. The NO, emission was observed slightly
better as for strategy 1. In this case the Soot emission getting
was getting higher when SOI retarded — this tendency was
stronger for higher EGR-rates. It was also observed that the
indicated fuel consumption was getting lower for retarding
SOI: lower values for small and medium EGR-rates have
been achieved.

Another comparison has been done for CO, CO,, HC
emissions and for indicated efficiency eta-i, Figure 16. In
this case it was concluded, that CO
emission occurred biggest for EGR
60%, but better as for strategy 1. In
this case big CO emission resulted in
lower CO, emission. The highest HC
emission was observed for EGR 60%
and for SOl =-13...—10° BTDC. It
was also noted that for biggest EGR-
rate the eta-i value are getting-up by
retarding SOI.

In the same conditions
the comparison of Pi, IMEP,

P__ .., A has been performed. The

achieved results are shown in Fig. 17.

On their basis it could be concluded

that for EGR 60% the highest values

of P, and IMEP could be achieved by

retarding SOI; the tendency in P
changes are almost the same.

From the analysis of exhaust and
EGR temperatures it was concluded,
that when operating by 60% EGR-
rate T was much lower than in
other cases, but still enough high
for aftertreatment system. The T,
achieved by application of strategy

c-max

Z tej serii badan uzyskano na-
stepujace wnioski. Stwierdzono, ze
dla strategii wtrysku 2 kowariancja
$redniego cis$nienia indykowanego
(COV — IMEP) byta wigksza niz
dla strategii nr 1, ale jednocze$nie
byla zadowalajaca we wszystkich
przypadkach. W przypadku strategii
1 stwierdzono nieznacznie mniejsza
emisj¢ NO . W tym jednak przy-
padku emisja sadzy wzrastala, gdy
opo6zniano poczatek wtrysku paliwa
— tendencja ta okazata si¢ silniejsza
przy wigkszych wartos$ciach re-
cyrkulacji spalin. Zaobserwowano
takze zmniejszanie jednostkowego
zuzycia paliwa przy opoznianiu
poczatku wtrysku paliwa; przy tym
uzyskiwano mniejsze warto$ci dla
matych i $rednich wartosci recyrku-
lacji spalin.

Kolejne poréwnanie zostato prze-
prowadzone dla emisji CO, CO,iHC
oraz dla sprawnosci indykowanej,
rys. 16. W tym przypadku stwierdzono, ze emisja CO oka-
zuje si¢ najwicksza dla recyrkulacji 60%, jednak mniejsza
niz w przypadku strategii 1. W tym przypadku duza emisja
CO wynikata z malej emisji CO,. Najwigkszg emisj¢ HC
obserwowano dla recyrkulacji 60% oraz kata wyprzedzenia
wtrysku SOI=-13...—10° przed GMP. Zauwazono takze, ze
dla duzych warto$ci recyrkulacji warto$¢ sprawnos$ci indy-
kowanej ro$nie przy op6znianiu poczatku wtrysku.

Fig. 16. Injection strategy 1: influence on CO (a), CO, (b), HC (c), eta-i (d) for different CoC

by various EGR-rates; engine operating point 3

Rys.16. Strategia wtrysku 2: wpbyw na CO (a), CO, (b), HC (c), eta-i (d) dla réznych wartosci CoC
przy zmiennym udziale EGR; 3 punkt pracy silnika
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2 was higher than by
strategy 1.

Similarly to inves-
tigations performed for
strategy 1, the analysis
of indicated parameters
of the engine has been
evaluated as well. From
the data achieved by in-
dicating of engine cylin-
der pressure some other
parameters and indexes
could be determined.
There were: cylinder
pressure Pcyl, heat re-
leased Q, cylinder pres-
sure rate dP/da, heat
released rate dQ/da.. The
achieved results are pre-
sented in Fig. 18.

From the results
shown here it could be
stated, that with lightly
bigger EGR-rate (here
20%) the combustion
process is getting faster
(faster dP/da. and dQ/dov)
and for highest EGR-rate
(here 60%) this process is
getting much slower. In this last case some compensation of
this effect could be achieved by advancing of SOI.

Further investigations of cylinder pressure history have
led to the conclusion, that cylinder pressure traces could be
influenced much by adjustment of SOI, as it is presented
in Fig. 19.

Fig. 18. Selected cylinder indexes history resulted from engine indicating; comparison for various
EGR-rates from 0% up-to 60% when applying injection strategy 2

Rys. 18. Wybrane wskazniki pracy silnika okreslone na podstawie indykowania cylindra; porownanie
réznych udziatow EGR od 0% az do 60%, przy zastosowaniu strategii wtryskowy 2

Fig. 17. Injection strategy 2: influence on P, (a), P

Rys.17. Strategia wtrysku 2: wplyw na P, (a), P

e (D), IMEP (), lambda (d) for different CoC by various EGR-
rates; engine operating point 3

(b), IMEP (c), lambda (d) dla réznych wartosci CoC przy zmien-

c-max

nym udziale EGR; 3 punkt pracy silnika

W tych samych warunkach przeprowadzono poréwnanie
mocy indykowanej P, sredniego cisnienia indykowanego
IMEP, maksymalnego cisnienia w cylindrze P i wspot-
czynnika nadmiaru powietrza A. Uzyskane wyniki pokazano
na rys. 17. Na ich podstawie stwierdzono, ze recyrkulacji
spalin 60% mozna uzyska¢ najwigksze wartosci P, i IMEP
przez opdznienie poczatku wtrysku paliwa; podobng ten-

dencj¢ wykazuje P_ .

Z analizy temperatury spalin i spa-
lin recyrkulowanych wywnioskowa-
no, ze przy pracy silnika z recyrkulacja
spalin 60% temperatura spalin byta
duzo nizsza niz w innych przypad-
kach, ale jednoczes$nie wystarczajaco
duza dla pracy systemu oczyszczania
spalin. Temperatura spalin otrzymana
przez zastosowanie strategii wtrysku
nr 2 byta wyzsza niz przy zastosowa-
niu strategii nr 1.

Podobnie jak dla badan przepro-
wadzonych dla strategii wtrysku nr 1,
takze w tym przypadku przeprowadzo-
no indykowanych parametrow pracy
silnika. Z danych uzyskanych przez
indykowanie ci$nienia w cylindrze
silnika mozna byto wyznaczy¢ takze
inne wskazniki. Byty to: ci$nienie
cylindra P wywiazywanie ciepta
Q, szybkos$¢ narastania cisnienia dP/
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Fig. 19.Comparison of cylinder pressure traces for fuel F4 (PF 6), high EGR-rate 60%, CoC = 11°
ATDC = constant and various SOI: —11...—15° BTDC; results achieved in operating point 3: n =1500

pm, q, = 23 mg

Rys. 19. Porownanie przepiegow cisnienia w cylindrze dla paliwa F4 (PF6), dla duzego udziatu
EGR 60%, state CoC = 11° po GMP i réznego SOI: —11 ...—15° przed GMP; wyniki uzyskane w 3
punkcie pracy silnika: n = 1500 obr/min; q,= 23 mg

6. Summary and conclusions (which multi-
injection strategies are better in respect of
in-cylinder heat release and exhaust emissions)

For reducing of NO_ emission from operating engine
realization of combustion process by lower flame tempera-
tures seems to be necessary. Such investigations have been
undertaken for research engine operating on F4 fuel. The
influences of EGR-rate, CoC, SOI and injection strategy (No.
1 vs. No. 2) have been examined. The achieved results are
shown in the figure 20. Based on research
found the following conclusions:

1. When fueling with F4 NO_ emission
slightly lower for small EGR-rates, for
high EGR — very low.

2. Fueling with F4 NO_ emission lower
for CoC = 11-12° ATDC; lower when
operating with higher EGR-rates.

3. For F4 injection strategy 1 das not al-
low to operate with late SOI (CoC >
11° ATDC); possible only for EGR =
= 60% — than the lowest NO_emission
was achieved.

4. For F4 injection strategy 2 allows to
operate with various SOI; the lowest
NO, emission was achieved for highest
EGR-rate.

In this circumstances it has been ex-
amined if with the same methods it would
be possible to reduce the emission of Soot
(or PM — particles) (Fig. 21), some conclu-
sions are:

1. When fueling with F4 Soot emission
slightly lower for small EGR-rates, for

da, szybkos¢ wywigzywania ciepta
dQ/da..

Na podstawie pokazanych tutaj wy-
nikow stwierdzono, ze przy nieznacz-
nie zwigkszonym stopniu recyrkulacji
spalin (tutaj 20%) process spalania ule-
ga przyspieszeniu (wigksze wartosci
dP/da1dQ/da), a dla wigkszych warto-
sci recyrkulacji (tutaj 60%) ten proces
ulega znacznemu spowolnieniu. W tej
ostatniej sytuacji spadek ten moze by¢
skompensowany przez wyprzedzenie
kata poczatku wtrysku.

Dalsze badania przebiegu cisnienia
w cylindrze doprowadzity do wniosku,
ze przebiegi cisnienia w cylindrze
mogg by¢ w znacznym stopniu ksztat-
towane przez dobor kata poczatku
wtrysk, jak pokazano na rys. 19.

6. Podsumowanie i wnioski
Dla obnizenia emisji NO_z pracu-
jacego silnika wydaje si¢ konieczne
prowadzenie procesu spalania przy
obnizonej temperaturze ptomienia. Takie badania podj¢to
w silniku badawczym zasilanym paliwem F4. W badaniach
oceniano wplyw stopnia recyrkulacji spalin, polozenia
srodka spalania CoC, kata poczatku wtrysku oraz strategii
wtrysku (poréwnujac strategi¢ nr 1 w stosunku do strategii
nr 2). Uzyskane wyniki pokazano na rys. 20. Na podstawie
tych badan sformutowano nastepujace wnioski:
1. Przy zasilaniu paliwem F4 emisja NO_ jest nieznacznie
mniejsza dla matych wartosci stopnia recyrkulacji spalin,

Fig . 20. Methods of lowering NO_emission by changes in EGR-rate, CoC, SOI, injection

strategy — all for operating point 3

Fig. 20. Methods of lowering NO_emission by changes in EGR-rate, CoC, SOI, injection

strategy — all for operating point 3
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dla duzej recyrkulacji spalin — bardzo
mata;
2. Przy zasilaniu paliwem F4 emisja
NO, jest mniejsza dla srodka spalania
CoC przy 11-12° po GMP; mniejsza
emisja jest obserwowana przy pracy
silnika z wigksza recyrkulacjg spalin;
3. Dla paliwa F4 strategia wtrysku nr 1
nie pozwala na pracg silnika z p6znym
wtryskiem paliwa ($rodek spalania
CoC jest wowczas opOzniony ponizej
11° po GMP); ta strategia jest mozliwa
tylko dla recyrkulacji 60% — wdwczas
osiggnigto najmniejszg emisj¢ NO ;
4. W przypadku paliwa F4 strategia
wtrysku nr 2 umozliwia prace silnika
z roznymi katami poczatku wtry-
sku; najmniejsza emisja NO_ zostata
uzyskana dla najwigkszych warto$ci
recyrkulacji.

Dla tych warunkow podjeto badania

Fig. 21.Methods of lowering soot emission by changes in EGR-rate, CoC, SOI, injection strategy —  zmierzajace do oceny, czy wykorzysta-

all for operating point 3

nie podobnych metod post¢gpowania

Rys. 21. Sposoby obnizania emisji czqstki statej przez zmiany: udziatu EGR, CoC, SOI oraz wybor — ymozliwi zmniejszenie emisji sadzy

strategii wtrysku — wszystko dla 3 punktu pracy silnika

high EGR — much lower against that for RF.

2. Fueling with F4 Soot emission lower for higher EGR-rates
and lowest for CoC = 12—13° ATDC.

3. For F4 inj. strategy 1 das not allow to operate with late
SOI (CoC > 11° ATDC); possible only for EGR = 60% —
than the lowest soot emission was achieved.

4. For F4 injection strategy 2 allows to operate with various
SOI; for highest EGR-rate the higher Soot emission was
achieved, lowest when no EGR.

Similar studies were done for searching of possible reduc-
tion of fuel consumption by LTC process. The results from

Fig. 22. Methods of lowering specific fuel consumption by changes in EGR-rate, CoC, SOI,

injection strategy — all for operating point 3

Rys. 22. Sposoby obnizania jednostkowego zuzycia paliwa przez zmiany: udzialu EGR, CoC,

(lub czastek stalych), rys. 21; oto kilka
wnioskéw z tych badan:

1. Przy zasilaniu paliwem F4 emisja sadzy (PM) jest nie-

znacznie mniejsza dla matych wartos$ci recyrkulacji spa-
lin; dla duzej recyrkulacji spalin jest znacznie mniejsza
w stosunku do emisji wystepujacej przy zasilaniu olejem
napedowym (RF);

. Przy zasilaniu paliwem F4 emisja sadzy jest mniejsza przy

wigkszej recyrkulacji spalin oraz mniejsza przy potozeniu
srodka spalania CoC = 12-13° po GMP;

. Dla paliwa F4 strategia wtrysku nr 1 nie pozwala na

prace silnika z duzym opdznieniem wtrysku (CoC > 11°
po GMP); to jest jednak mozliwe tylko przy recyrkulacji
60%, przy ktorej uzyskuje si¢ najmniejsza
emisje¢ sadzy;

4. Dla paliwa F4 strategia wtrysku nr 2
umozliwia prace silnika z réznymi katami
wyprzedzenia wtrysku; przy najwigkszej
recyrkulacji spalin uzyskano najwigksza
emisj¢ sadzy; najnizsza emisja sadzy wy-
stapila przy pracy silnika bez recyrkulacji
spalin.

Podobne studia zostaly przeprowadzone
dla stwierdzenia mozliwosci obnizenia zu-
zycia paliwa w procesie spalania niskotem-
peraturowym LTC. Ich wyniki zestawiono
na rys. 22. Mozna na nim zauwazy¢, ze
dla najwigkszej recyrkulacji spalin (60%)
jednostkowe zuzycie paliwa silnika pra-
cujacego na paliwie F4 jest nieznacznie
wigksze niz dla silnika pracujacego na oleju
napedowym (RF). Ten efekt moze by¢ nie-

SOI oraz wybor strategii wirysku — wszystko dla 3 punktu pracy silnika znacznie Zmniejszony przez przyspieszenie
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them have been summarized in Fig. 22. As one can see, for
the highest EGR-rate (60%) the specific fuel consumption for
engine operating with fuel F4 (PF 6) is slightly higher than
for engine operating with RF. This effect could be slightly
reduced by advancing CoC. For further optimization of
engine operating injection strategy No. 2 seems to be better
than strategy No. 1 because it allows to operate the engine
with various SOI. Later SOI of pilot injection leads to lower
values of bi for all investigated EGR-rates. In this case EGR
20% was better one.

kata $rodka spalania. Dalsza optymalizacja pracy silnika jest
mozliwa przez zastosowanie strategii wtrysku nr 2, ktora jest
lepsza od strategii nr 1, gdyz umozliwia pracg silnika przy
réznych katach wyprzedzenia wtrysku (SOI). Pdzniejszy
wtrysk dawki pilotujacej prowadzi do zmniejszenia jednost-
kowego zuzycia paliwa bi dla wszystkich badanych warto$ci
stopnia recyrkulacji spalin. W tym przypadku stwierdzono,
ze najkorzystniejsza jest recyrkulacja 20%.
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Combination of LNT and SCR for NO_reduction in passenger car applications

The removal of NO_and particulate emissions in light-duty diesel vehicles will require the use of aftertreatment methods
like Diesel Particulate Filters (DPF) and Selective Catalytic Reduction (SCR) with urea and Lean NO_ Trap (LNT)
(Euro 6 and beyond). A new concept is the combination of LNT + SCR, which enables on-board synthesis of ammonia
(NH ), which reacts with NOx on the SCR catalyst. The main application for this kind system will be lighter passenger
cars, where LNTs may be used instead of full urea-SCR system. That particular combinatory system was investigated by
developing platinum (Pt) and rhodium (Rh) containing LNTs and SCR catalysts in this study. In the use conditions, the
maximum temperature may reach temperatures up to 800 °C and NOx reduction reactions should proceed without NO,
assistance in the SCR position after LNT and DPF. PtRh/LNT with the total loadings of 85 g/cft (2.8 g/L) and higher
resulted in a high NO_ efficiency above 80-90% with a broad operation window in the laboratory simulations. In the
experimental conditions, a higher NH, concentration after LNT was essential to simulate well the operation of SCR
catalysts. The developed Cu-SCR catalyst showed a high hydrothermal durability up to the ageing temperature of 800 °C
and a wide operation window without the NO, assistance (NO only in feed). Fe-SCR and V-SCR catalysts were more
dependent on NO,. A studied concept had an air injection after LNT to keep SCR condition always in lean side, where the
SCR reaction was promoted by oxygen resulting in high reduction selectivity to nitrogen (N,) without NH , emissions. The
simulations in reaction conditions and system design resulted in the proposals for the optimal design and main reaction

mechanism in DOC + DPF + LNT + SCR systems.
Key words: NO, SCR, LNT, catalysts, diesel

1. Introduction

Fuel consumption (CO,, price) has become a driving
force in engine and vehicle development. A low fuel con-
sumption of diesel engines has resulted in their wide use also
in light-duty applications, even if the fuel economy savings
are increasing as a function of the weight of vehicle [1].
Efficient and economic NO_and PM (particulate matter)
removal methods are the main challenges of future aftertreat-
ment systems (ATS) for diesel engines. The demand for the
simultaneous fuel consumption (CO,) and emission decrease
limits the possibilities to apply many of developed ATSs.

The selective catalytic reduction (SCR) of NO_ by urea
on sulfur-tolerant vanadium-SCR or thermally stable zeolite-
SCR catalysts has been applied commercially world-widely.
Urea is the source for ammonia, which selectively reacts
with NO forming nitrogen (N,) in lean exhaust gases. The
SCR reactions are promoted at low temperatures by NO,
formed on diesel oxidation catalysts (DOC). The exhaust gas
recirculation (EGR) in diesel engines decreases NO, emis-
sions by decreasing combustion temperatures with the costs
higher PM emissions. Urea-SCR for light-duty vehicles has
limitations in urban driving conditions, where exhaust gas
temperatures are below 200 °C [2]. An external heating of
the SCR system is a method to maintain conditions in SCR
window (> 200 °C) in urban driving or light-off region [3].
Urea/NH,-SCR is thus a very selective and efficient method
but it requires urea solution stored in the vehicle and injec-
tion systems. Ammonia formation by urea hydrolysis has
also limited rate (evaporation, thermolysis, hydrolysis and
deposits) at low temperatures.

Lean NO_ traps (LNT) have been also applied for NO_
removal particularly in light-duty applications, where the
required periodic enrichments (A < 1) are not able to harm
the fuel economy with the same magnitude like in heavy-duty
applications. However, the injected fuel forms reductants for

NO_ and no additional reductant tanks are needed. NO_is
first adsorbed in lean on alkali or earth alkaline metals (like
barium) as nitrates, which are then reduced to nitrogen during
short rich peaks (for 2-5 s at 1-3 min intervals). Precious
group metals (PGM, like platinum and rhodium) as active
metals are necessary to form efficiently NO, in lean and to
catalyze NO reduction during rich periods. The NO_adsorp-
tion sites adsorb efficiently also almost all SO_ in exhaust
gas, which results in the known S-poisoning (sulfation) of
LNT. Sulfur regeneration in longer rich periods above 600 °C
regenerates LNT back to active state to adsorb again NO_.
The periodic rich peaks for nitrate and sulfate regeneration
increase the fuel consumption up to 10% compared to fully
lean diesel combustion. However, the longer rich peaks result
in the risk of NH, emissions. Control strategies for LNT
regeneration have been tailored to avoid these drawbacks
but the prevention of harmful side product formation limits
also the possible NO_ reduction capacity.

The combinatory properties have been applied in new
systems utilizing ammonia, formed on LNT, downstream
on SCR catalyst [4-6]. NH, formed during rich periods are
stored on the SCR catalyst where it subsequently reacts with
NO_ passing LNT [6]. Copper (Cu) and iron (Fe) zeolites
have been mainly used as SCR catalysts due to high ther-
mal durability requirements (> 700 °C). The high ammonia
adsorption capacity is important for the SCR catalyst to
maximize the NH, buffer for lean NH,-SCR. The use of
reformer unit and by-pass for LNT may enhance the LNT
regeneration [7]. Fuel is converted in a reformer to CO
and hydrogen which are more efficient, final reductants for
NO.,. Periodic enrichments on LNT during the by-pass flow
makes possible to have engine independent LNT regenera-
tion (no need for engine throttling to reach A values below
1 in LNT). A key question is also the order of LNT and DPF
in final systems. The regeneration and thermal management
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of the upstream unit is much easier than the downstream
unit. Because both DPF and LNT units are large (> engine
volume), it is difficult to heat up efficiently the either unit
in the downstream position.

The LNT based systems are compared by the order of
units and LNT regeneration strategies (Fig. 1). LNT may be
also is in close-coupled position before the diesel particu-
late filter (DPF) in systems A-C. That set-up improves the
low temperature NO, performance of LNT but limits DPF
regeneration. LNT can be coated on DPF structure, which is
also a commercial solution and integrates PM filtration and
NO, removal by LNT (8). The LNT regeneration varies and
can be based on engine enrichment (fuel), throttling and/or
introduced reformer gas.

Fig. 1. LNT and LNT + SCR configurations together with DOC + DPF for diesel applications. The shown A
values are related to the LNT regeneration period [9]. REF = Reformer

Carbon (soot) accumulated in DPF is oxidized by short ac-
tive regeneration periods (1-2 min by the interval of about few
hundreds kilometers) at temperatures above 600 °C or passively
by the NO, assistance in normal driving conditions when the
exhaust temperature is above 250 °C. The DPF regeneration
(max. 700-800 °C) causes the main thermal durability require-
ments for LNT and SCR catalysts in these kinds of systems.

In our studies, the development of LNT and SCR cata-
lysts were summarized and optimized for the combinations
of LNT and SCR. The reaction studies were a tool to interpret
key reaction paths in this combinatory system. The laboratory
simulations were targeting to develop the full-scale catalysts
to be applied in FEV, VKA and VW in the same work packa-
ge in this EU funded Powerful project.

2. Experimental and methods

2.1. Catalysts
The LNTs in the experiments were based on metal sub-
strates (500 cpsi, foil thickness 50 pm), where an alumina
based porous coating (about 150 g/L), active metal and NO_
trap compounds were added. Thermally stable rare earth
element (REE, e.g. Ce) based oxygen storage and thermal
stabilizer material were added as promoters for LNT. Plati-
num and rhodium were impregnated on catalysts resulting
in an even noble metal dispersion on washcoat [10]. Finally,
the samples were dried and calcinated at 550 °C in air. The
surface area (BET) of LNT coating was between about
130-140 m%/g.
SCR catalysts were also based on metallic substrates
(600/500 cpsi, 50 um), where
SCR catalysts with V, Fe and
Cu as active metals were coated
(about 170 g/L). The surface
area (BET) of Cu and Fe cata-
lysts was about 400-500 m?/g
and the BET area of TiO2 based
V-SCR catalyst was about 100
m?/g. The support for Cu and Fe
was optimized in the develop-
ment to reach the target proper-
ties (stability and promotion of
Cu and Fe, operation window)
for NO, reduction.

The same optimized cata-
lyst compositions were fur-
ther coated on 500 cpsi metal-
lic substrates and canned for
a converter for full-scale engine
experiments, where LNT was
1.4 L and SCR catalyst 1.9 L by
the volume.

2.2. Laboratory experiments

Simulated gas mixtures
were created from bottle gases
by mass flow controllers. The
catalyst samples were located
in metallic or quartz reactors
heated by conventional resist-
ance or fast IR furnaces, where the diameter of samples
was 14 mm. The compositions of exhaust gases were
analyzed by FID (HC), IR (CO, CO,), chemiluminescence
(NO,, NO, NO,) and FTIR (e.g. NH,, N,O, individual
HCs).

The activity of samples were measured in laboratory
experiments, where a cycle includes longer lean and short
rich periods simulating conditions in LNT and LNT + SCR
systems. The lean-rich cycles were repeated for five times
with these mixtures (Table 1). The feed gas composition
simulated common lean exhaust gas analyzed with diesel
engines. The absence of NO, simulated the D or F systems
(no DOC + DPF before LNT). A light hydrocarbon, propene
was the only HC in the feed gas to make the fast variation
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of the inlet composition possible in transient condition. The
total flow rate was 5.3 L/min.

Table 1. Experimental conditions in laboratory simulations

Mixture Lean Rich Rich + air
NO_, ppm 500 1500 1065
CH, % 0.1 0.1 0.07
CO, % 0.25 5.73 4.07
H,, % 0.08 2.0 1.42
CO,, % 10 10 7.1
H,0, % 10 10 7.1

N, bal. bal. bal.

A 1.41 0.81 1.20
Duration, s 30-120 5-15 5

Hydrothermal ageing was performed parallel for 12 samples using

10% water in air at 700-800 °C for 20 h

The surface area and pore size distribution were detected
by the standard BET (Brunauer-Emmet-Teller) method with
nitrogen adsorption-desorption isotherms (Sorptomatic
1990). The NH, adsorption-desorption was detected by the
activity test reactor by adsorbing NH, at 200 °C by a step ex-
change experiment (0 — 500 ppm NH; in nitrogen, 42.000 h™")
and then the desorption of NH, was detected in the pres-
ence of 10% oxygen in nitrogen (Temperature programmed
Oxidation (TPO) experiment) by a ramp of 20 °C/min up
to 600 °C [11].

2.3. Engine-bench experiments for catalyst
development

The engine experiments were conducted with a 1.2L
turbocharged diesel engine equipped with DOC+DPF system
before LNT+SCR [12]. The experimental conditions were
simplified for catalyst development purposes and these
experiments were done using all-in-line system together
with the assistance of engine management system to make
periodic enrichments to purge LNT. After system develop-
ment, the lean period was 150 s and rich period 15 s with A
0f0.95 in the selected conditions. The emissions after engine,
DOC+DPF, LNT and SCR were measured by the sample
gas collected to the FTIR analyzer (Gasmet) calibrated for
exhaust gas components. A values and temperatures were
detected also in these positions.

3. Results and discussions

3.1. Development of Lean NOx Traps

NO, adsorbent containing LNTs have been used also
commercially since 1990’s, first for lean gasoline and later
for diesel passenger car applications. Platinum and rhodium
are the most active platinum group metals (PGMs) to form
NO, in lean phases and reduce NO_ in rich periods. The de-
velopment was thus focused on PtRh catalyst compositions
with higher loadings like above 80 g/cft. Ceria containing
oxygen storage compounds (OSC) were used as promoters
in the coating to enhance LNT performance.

The rich periods are decreasing fuel economy and their
duration should be minimized together with the target NO_

conversion. The rich periods cause higher CO, HC, PM
and ammonia peak concentrations which magnitude can
be are controlled by adjusting the lean-rich timings. Usu-
ally nitrates in LNT are not completely reduced during rich
peaks to avoid the flow-through of reductants (CO/HC) and
NH, emissions but a part of nitrates remains on the catalyst
surface. The presence of a SCR catalyst after LNT enables
to utilize more complete reduction steps because ammonia
will be cut down by SCR.

The development of LNTs was based on periodic
lean-rich excursions (L60s/R5s, L = Lean, R = Rich) with
hydrothermally aged (700 °C/20 h) samples. Pt as a main
catalytic metal together with Rh was needed as well as NO_
adsorbents, oxygen storage compounds to have an active
LNT (Fig. 2). The co-operation of Pt, Rh, OSC and NO_
adsorbent were optimized tailoring the relative concentra-
tions, raw materials and preparation methods. The Pt-only
LNT showed also quite high NO_efficiency, being the most
active at high temperatures. Even if Rh had minor effect in
these laboratory simulations, it has a role in transient enrich-
ment peaks to maintain a high efficiency with a low amount
of unwanted side products. It was seen that a high Pt loading
resulted in a slight improvement in light-off region below
200 °C, which is important for light-duty driving conditions
(9). In addition, the Pt reserve has also a role to improve the
durability of LNT in long-term use.

Fig. 2. NO_ efficiency by Pt and Rh loadings (g/cft in the legend) on
Ba and rare earth containing LNT by a laboratory simulations (samples
hydrothermally aged at 700 °C/20 h, SV 30.000 h™, timing L60s/R5s)

In our simulations, the oxygen storage compounds
(Ceria) were found to promote the total NO_ conversion to
nitrogen and NH,. Therefore, the oxygen storage capacity
(OSC) has not a buffering effect like detected in a passive
TWC + SCR system in near to stoichiometric mean condi-
tions with lean gasoline application [13]. It is important to
use thermally stable, sulfur-resistance oxygen storage com-
pounds in LNTs. The ceria promotion for LNT reactions has
been also proposed for Pt catalysts earlier [14].

3.2. Development of SCR catalysts for LNT + SCR
concept

Various copper, iron and vanadium based SCR catalysts
were screened by NH_-SCR, LNT + SCR and durability stud-
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ies (surface area, ammonia adsorption capacity and activity
with NO and NO + NO,) in the preliminary studies [9]. Be-
cause LNT + SCR systems are mainly applied for light-duty
applications which test and driving conditions are focused on
low temperatures (100-250 °C), the catalyst evaluations were
also zoomed in that region. In DOC + DPF + LNT systems,
the peak temperatures are above 700 °C on DPF and LNT.
The SCR catalyst located after LNT should be active in NO
only SCR reactions (standard SCR), because NO, formed on
DOC or catalyzed DPF have been consumed in LNT. Cop-
per based SCR catalyst showed a wide operation window
without NO, and also a good low temperature functionality
(Fig. 3). The Fe-SCR catalyst was more dependent on the
promotion of NO, at low temperatures. Therefore, the iron
catalyst had a limited low temperature SCR activity in the
absence of NO,. However, NO, promotion was clear both on
Cu and Fe SCR catalysts aged at 800 °C. It can be assumed
that NO, promotion has a higher effect on aged than on fresh
catalyst, which has more active catalyst surface available.
Cu and Fe catalyst showed stable SCR activity up to ageing
temperatures of 800 °C. V-SCR had a limited durability and
it was similar to Fe-SCR catalysts also highly dependent
on NO, promotion at low temperatures [9]. As a summary,
copper and iron based SCR catalysts were thus most durable
for the target application. Therefore, the Cu-SCR1 catalyst
was applied for full-scale LNT + SCR studies with diesel
engine due to the observed properties at low temperatures
and for SCR after LNT.

Fig. 3. NO, efficiency on hydrothermal aged (800 °C for 20 h) copper
and iron SCR catalysts in standard SCR reaction (no NO,, SV 50.000 h™',
NH,/NO = 1)

Many SCR catalysts may lose NH, adsorption capacity
in the ageing conditions in the SCR position after LNT and
DPF. The Cu-SCR catalysts showed a stable NH, adsorption
capacity at 200 °C up to the ageing temperatures at 800 °C
(Fig. 4). A V-SCR catalyst had lower adsorption ability at
200 °C and it still lost the adsorption capacity after ageing
at 700 and 800 °C. PtRh/LNT had also a low ability for am-
monia adsorption but that was only 5% of that of Cu-SCR1
as fresh.

After adsorption steps, SCR catalysts were treated in
temperature programmed oxidation (TPO) in lean gas
mixture (Fig. 5). The ammonia desorption as a function of
temperature at 200—600 °C is a fingerprint about the ammonia

adsorption strength on catalyst surface. A part of ammonia
was oxidized to NO and N, O (not shown here), which relative
amounts varied by the catalyst type and ageing state. The Cu-
SCR catalysts with a high adsorption capacity and strength
after ageing at 700-800 °C were thus the most potential for
LNT + SCR applications, where NH, formed in rich periods
will be adsorbed downstream on the SCR unit and further
utilized in SCR reactions in lean periods.

Fig. 4. Relative, coating weight based NH, adsorption capacity of studied
SCR catalysts and PtRh/LNT at 200 °C as fresh and hydrothermally aged

Fig. 5. Ammonia desorption from HT800 aged SCR catalysts in TPO
experiments between 200-600 °C (10% oxygen in nitrogen). Adsorption
capacity totally filled by NH, at 200 °C before that TPO

3.3. Effect of reaction conditions on LNT+SCR
performance

Duration of lean phase

After optimizing the PtRh/LNT and SCR catalyst compo-
sition [9, 12], the selected, most active catalysts were applied
for LNT + SCR simulation with synthetic feed gases. The
lean-rich timing has the direct effect on the NO_ storage and
reduction abilities. In real-life, the lean-rich timing correlates
directly to fuel economy: the shorter is the rich period and
the longer is the lean period, the better is the fuel economy.
Enrichments increase always the fuel consumption with
diesel engines optimized to economic lean combustion. Both
the duration and frequency of rich periods are meaningful.
NO_ adsorption capacity depends on the duration of lean
period, if the surface is mainly emptied of adsorbed NO_by
the efficient reduction. The long, two minutes lean period
resulted in lower NO_ activity in the laboratory simulations
particularly at high temperatures, where the NO_ storage
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capacity became limiting and the real residence time is
shorter due to the temperature effect (Fig. 6). The relative
NH, formation was lower with 120 s lean experiments. Too
short 30 s lean period did not anymore improve the mean
NO, conversion compared to the standard 60 s lean one but
that short lean period between efficient enrichments (5 s with
A =0.86) had a slight negative effect.

Fig. 6. The effect of the lean phase duration (30-120 s, rich 5 s) on NO_
efficiency and NH, formation with 80PtSRh/LNT1 + Cu-SCR1
(30.000 + 60.000 h™")

LNT+SCR simulations

The NO, efficiency was higher with the assistance of
SCR than with LNT only with the same total space velocity
at low temperatures. At high temperatures, LNT only were
detected to reach higher NO_ efficiency with the same total
catalyst volume but the presence of SCR unit prevents the
ammonia emissions. The NO_ adsorption (storage) capacity
per coating amount (grams) on NO_ adsorbents decreases
a function of temperature, which limits the high temperature
NO_ conversion. This is also a reason together with the fuel
economy, why LNTs are not that competitive with urea-SCR
catalysts in heavy-duty applications (highway trucks) which
have exhaust gas temperatures of about 300-550 °C in the
driving conditions and test cycles.

NO, conversion and the emissions of NH, and N,O were
detected in the comparison between LNT only and the LNT
with a varying SCR unit (Fig. 7) LNT only resulted in high
mean NH, formation due to very rich peaks (A = 0.82 for
5 s) in simulation. In these conditions, it was possible to
utilize SCR functionality in reaction studies downstream
LNT. Both copper and iron based SCR catalysts were able
to cut ammonia down and increased particularly the low
temperature activity, which is important for passenger car

applications. The LNT volume was the same in every ex-
periment (30.000 h') and SCR was an additional volume
after that fixed LNT. When that SCR unit was added after
the LNT only, the NO_conversion was higher and NH; slip
still lower but that design meant 50% larger total volume. In
this simulation, N, O formation was related solely to HC-SCR
(propene as HC) at low temperatures in lean side, almost no
side reaction to N,O was detected during enrichment peaks
and the type of SCR catalyst had negligible effect on N,O
formation. However, in real exhaust gas HCs are less active
for HC-SCR than one of most reactive HC, propene used in
this simulation. Relative HC-SCR effect on N,O formation
may be about 10-30% (the fraction of HC-SCR reactive HCs
in diesel exhaust) of these observed formation rates in real
diesel exhaust gases. The same HC-SCR reaction will hap-
pen in the real system first on Pt-based DOC, located before
LNT. Therefore, the presence of LNT in diesel system does
not increase the potential for N,O formation.

Fig. 7. The effect of SCR catalyst type on the NO_ efficiency together
with NH, and N,O formation in L60-RS5 laboratory simulation (LNT
+ SCR =75+ 75 mm = 30.000 + 30.000 h', 80 g/cft Pt and 5 g/cft Rh
on LNT, LNT only = 75 mm = 30.000 h™")

The Cu-SCR catalysts were able to promote the LNT
performance with suppressed NH, formation particularly at
low temperatures. In this lean-rich condition, the presence
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of the SCR unit resulted in lower NH, formation compared
to large LNT only. Cu-SCR catalysts are able to promote
LNT also with a smaller volume (60.000 h™'), opposite to
Fe-SCR catalyst [9]. The NH, emissions were quite high
(max. 40-50%) with LNT only, which experimental condi-
tions made the effect of SCR quite dominating. NH, forma-
tion-% and N,O formation-% were calculated by the inlet
NOx concentration. All detected N-O and N-H compounds
originated from feed NO .

The promotion of Fe-SCR catalyst on NO_
conversion was similar like with Cu-SCR cata-
lyst. The total NO_ efficiency was slightly lower
than with the Cu catalyst at high temperatures.
That large Fe-SCR unit (30.000 h™') was able to
promote also low temperature SCR but our other
studies showed that SCR below 300 °C was more
limited with Fe-SCR than with Cu-SCR when
SV was 60.000 h™! over SCR unit [9]. The use of
Fe-SCR resulted in higher NH, emissions (max.
42%) than the use of Cu-SCR (max. 14%). This
difference is a key property to use Cu-SCR in the
further full-scale studies.

The LNT + SCR design was optimized in
many other experiments by varying the volume of
catalyst units and lean-rich timings. The optimal
design was targeting the maximal NO_ efficiency
and minimal NH; slip after the complete system.
Any additional volume of units should be avoided
to keep pressure drop and costs of the units low.

3.4. Shifting SCR unit to lean during the LNT
regeneration-air addition

In LNT + SCR system the ammonia concentra-
tion can be adjusted to a higher level after LNT than
in LNT-only systems, because formed ammonia
will react on the SCR unit. This combination results
in a higher total NO_ efficiency but traces of NH,
may be left even after the SCR unit, because the
conventional SCR catalysts are not good in long
rich or stoichiometric periods. It is difficult to store
all formed NH, on the SCR unit in rich and to have then
the reaction with stored NH, and feed NO in lean. After the
change from rich to lean the NH,/NO, (gaseous+adsorbed)
ratio is very high, which results in NH, slip. In conventional
NH,-SCR systems, the NH,/NO_ ratio is fixed near to the
value of 1 with the known (model-based) NH, storage
on the SCR catalyst surface. In LNT + SCR system, that
NH,/NO _ ratio varies in the wide range. The continuous lean
SCR condition promoted SCR and thus total NO_efficiency
to N, with lower NH, emissions. Oxygen and NO, promote
the SCR reactions on conventional SCR catalysts, which
promotion is missing in rich.

Therefore, an approach is to keep the SCR unit continu-
ously in lean side, also during LNT regenerations. In by-pass
LNT + SCR systems [12] the SCR unit will be also always
in lean side, which functionality we also simulated in this
experimental procedure. In our laboratory simulations, A
was 1.2 on the SCR unit by the assistance of an additional

air injection for the SCR unit, when A was at the same time
0.81 on LNT during regeneration periods (Fig. 8).

The lean condition had a minor effect on detected NO_
conversion, but the selectivity to desired N, instead of am-
monia was higher with this air assistance. The use of air
addition made the volume of the SCR unit more critical,
opposite to the results without air addition. The increase of
SCR catalyst volume (111.000 — 30.000 h™') dropped NH,
formation degree from 30 to 5% in L60-R5 conditions [9].

Fig. 8. The effect of air addition before the SCR unit on NO_ efficiency and NH,
formation with fresh LNT and SCR catalyst combinations in L60-R5 conditions

(37 mm + 75 mm = 60.000 h™' + 30.000 h™")

3.5. Engine experiments for catalyst development

LNT and SCR catalysts developed by the small-scale
samples were further prepared as full-scale and examined as
combinations with the 1.2 L engine in lean-rich operation.
Higher NH, emissions were detected after LNT due to the
long rich period (15 s), even if A was not that low as in the
rich mixture of laboratory experiments. The combination
of LNT and SCR was installed in series by flow direction
without any air addition, which was too complicated to add in
this experimental set-up. However, ammonia adsorbed in rich
period will react later in lean period also in this set-up.

The assistance of SCR unit for LNT performance was
well seen in these experiments (Fig. 9). The Cu-SCR1 cata-
lyst promoted NH,-SCR reaction, which increased the total
NO _ efficiency and removed NH,, formed on LNT, out from
exhaust outlet. In the selected two engine points the mean
temperature was after SCR about 180 and 270 °C in that
lean-rich operation. NO,_ conversion increased from 43 to
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95% in the point of 180 °C and from 80 to 96% in the point
of 270 °C. In these experimental conditions, the SCR unit
was necessary to reach the target NO, conversion without
ammonia emissions. These simulation results were used as
a base for the LNT and SCR catalyst samples used in the
partners’ engine and vehicle studies in this joint Powerful
EU program.

Fig. 9. The effect of Cu-SCR1 on the NO_conversion and NH, formation with 80PtSRh/LNT
in two engine points with a 1.2 L diesel engine (LNT 1.4 L, SCR 1.9L). The shown values are
mean values by the last 5 cycles of 8 repeated cycles in L120-R15 cycling in both engine point

3.6. Reaction mechanism in LNT + SCR system

The reaction mechanism in this combinatory system can
be described by the known LNT and SCR reaction paths. The
LNT operation can be calibrated to form more ammonia than
with known LNT only systems. The formed NH, will react
on the SCR unit. NH, is formed with the A values below 1
in known 3-way catalyst reactions. The main NO_ reactions

on LNT can be presented as follows [9, 10, 15, 16]:
NO +0.50, «> NO, (1) NO, formation and
decomposition in lean
(2) NO, adsorption in
lean and desorption
in rich
(3) NH, formation in rich

NO, +0.5 0, + BaO < Ba(NO,),

NO +2.5 H, — H,0 + NH,

C,H,+2NO+4.50,—3CO,+N,+3H,0 (4)CH,-
SCR in lean

C,H,+2NO+50,—3CO,+N,0+3H,0 (5)N,0
formation in lean

NO +CO — CO,+0.5N, (6) NO reduction
by CO in rich

2NO+2H,—»N,+2HO (7) NO reduction
by H, in rich

The adsorbed NO_ (nitrate, nitrite) on
BaO will be desorbed and decomposed to
NO in reducing conditions, which equi-
librium is controlled by thermodynamics
and kinetics. NO is reduced by CO or H,
formed from partial HC oxidation, water
gas shift and gas reforming reactions. The
gaseous NO, concentrations in the LNT
reactor outlet are very low in lean-rich
conditions, due to adsorption (in lean)
and reducing (in rich) conditions. Propene
represents HCs in our experiments and
those equations and it is also a source for
the final reductants (H, and CO) of NO..
C,H.-SCR on PtRh/LNT results also in
alow NO, conversion around at 200-300 °C
(eq. 4). N,O is a by-product in this reac-
tion sequence (eq. 5). The oxygen storage
capacity (OSC) has also a role in lean-rich
excursions and 3-way catalyst performance
but those reactions are not included in this
general NO_ reaction path description. The
detailed surface reaction mechanisms are
much more complex [17] but the above
reactions describe the main paths related
to reaction rates of observed reactants and
products in reactor inlet and outlet.

NH, formed in LNT will adsorb and
react on SCR catalyst mainly in rich phase.
Standard SCR is the main NO,_ reduction
path in that after LNT position. A part of
NH, may be oxidized also back to NO,
particularly at higher temperatures. NH, is
presented below to react with gaseous NO
as an adsorbed intermediate but it has been also presented
mechanisms where both reactants are adsorbed or NH, is in
gas phase. However, NH, adsorption step has a key role in
this LNT + SCR system to move adsorbed NH, to be utilized
in the following lean period. Therefore, ammonia adsorption
was included in this simplified reaction set. The NO_main
reactions on SCR unit can be presented as follows:

NH, +* <> NH* (8) NH, adsorption on
surface site (*) in rich
4NH,*+4NO+0,—4N,+6H,0+4* (9) SCR with
NO only in lean

NH*+NO —-N,+1.5HO+* (10) SCR in rich
4NH*+30,—-2N,+6HO+4* (11) NH,
decomposition in lean
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4NH*+50,—>4NO+6H,0+4* (12) NH,
oxidation to NO in lean

In more detailed surface mechanism, many other surface
intermediates and competing reaction paths exist. In fact,
SCR reaction (on Cu) and I\'IH3 adsorption (on support)
proceed on separate catalyst sites.

4. Summary

The LNT and SCR catalysts were developed and opti-
mized for LNT + SCR applications. Pt-Rh catalysts with op-
timized support, PtRh loadings, NO, adsorbents and oxygen
storage compounds resulted in an efficient LNT composition.
The Cu-SCR catalysts showed a good durability up to 800 °C
and a wide operation window without NO, assistance. Fe-
SCR and V-SCR catalysts had lower NH, adsorption capacity
and they were dependent on NO,, which promotion is not
possible to apply in the SCR position after LNT and DPF. The
SCR unit after LNT was able to increase total NO_efficiency
and remove NH, emissions during powerful enrichments.

The design of LNT + SCR was optimized for the develo-
ped concept by catalyst volumes (SV) and lean-rich timing.
The concept variation for real diesel applications with DPF
units was analyzed. The main application for this kind system

will be light-duty vehicles, where the use of LNTs is known
and the low temperature NO, removal is the main target.
The use a SCR unit after LNT enabled to reach higher NO_
efficiencies by the use of heavier enrichments without NH,
emissions, because NH, is consumed in SCR. The detected
N,O formation in our simulations was mainly related to
HC-SCR on PtRh/LNT in lean side because of the reactive
propene, which was the only hydrocarbon in our feed gas.
In real exhaust gas, the HC fraction active for HC-SCR is
very low and N,O will be much lower.

In a developed concept and simulation, air was injected
between LNT and SCR to keep the SCR unit in lean side
during LNT regeneration. As a consequence, SCR reactions
were promoted by oxygen also during enrichments, when
the main NH, formation occurs. The main benefit of the air
addition was the improved NO_ reduction selectivity to N,
with low NH, emissions in the final exhaust gas.
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Potentials for NO_and CO, reduction of combined NSC + passive SCR system
in Diesel passenger car application

The stringent pollutant and CO, emission limitation in upcoming legislation norms for Diesel passenger car applications
force the introduction of exhaust aftertreatment systems with maximum purification and energetic efficiency. The state-
off-the-art technologies for NO, reduction, NO,_ storage and reduction catalyst (NSC) and selective catalytic reduction
catalyst (SCR), show challenges for robust performance under strongly extended emission relevant operation conditions
from cold start to high engine load and speed. One technical solution is the combination of NSC and passive SCR.

This paper presents the experimental results obtained in the EU project “Powerful ”. On engine test bench and demon-
strator vehicle, an exhaust aftertreatment system combining NSC, passive SCR and fuel reformer technology was devel-
oped and experimentally investigated steady-state and on road. The engine independent NSC operation offers potentials
Jor lowered fuel consumption penalty by avoiding engine rich operation. The intrinsic NH, formation during the NSC
regeneration is used for additional NO_conversion on the passive SCR and reduces NO_ and CO, emission.

Key words: exhaust aftertreatment, NSC, SCR, fuel reformer

1. Introduction

The upcoming worldwide more stringent emission
legislation and CO, restriction are highly challenging
for modern Diesel engine and aftertreatment technology.
Beside the more restrictive worldwide exhaust emission
standards and the lowering of Greenhouse Gas (GHG)
emissions, new emission evaluation test procedures, like
WLTC (Worldwide harmonized Light vehicles Test Cycle),
RDE (Real Driving Emissions) and PEMS (Portable Emis-
sions Measurement System) result in enlarged emission
relevant engine operation area. Additionally, the higher
dynamic profiles increase the demands to the DeNOx cata-
lysts as NO, concentrations and mass flows typically rise
under these operational conditions. Thus either in case of
SCR systems (Selective Catalytic Reduction) higher urea
consumption or in the case of NSC systems (NO_ storage
and reduction catalyst), more frequent purging intervals
are required. Beside the increased coverage of engine load
and speed also the emission testing including cold start
and high temperature cycles demands an extended active
temperature range of aftertreatment systems. On the one
hand, moving to lower absolute emission levels by engine
internal measures progressively cause drawbacks in CO,
emission and system cost and complexity. On the other
hand, increased combustion efficiency, decreased friction
losses by improved engine technologies, low pressure EGR,
refined boosting or electrification lead to lowered exhaust
gas temperatures and raise the kinetic based challenges of
exhaust aftertreatment functionalities. Increased exhaust
purification activity requires sufficiently high exhaust gas
temperature. Under these conditions, the cold start is espe-
cially challenging. However, an active heating strategy to
overcome the cold start problem is facing a trade-off with
fuel consumption penalty and thus CO, emissions. The
optimization of the trade-off between emission minimiza-
tion and fuel economy is very complex. Furthermore, OBD
regulations request expanded durability over lifetime on
high catalysis activity and selectivity level. For meeting

all, partly contrary, emission requirements, an optimum
interaction of advanced engine internal and exhaust after-
treatment functionalities is demanded.
On the aftertreatment side, advanced combined systems
offer the best overall performance by the benefit of syner-
gistic effects. Besides the well-established and mandatory
DPF-technology, Diesel engines demand also the installa-
tion of high efficient NO_ reduction technologies for the
forecasted EU-6 norms, at least for the majority of vehicles.
However, neither the SCR nor the NSC technology offers
optimum performance and consumer acceptance at the same
time throughout the broad real driving operation window.
Merits of the SCR technology are the continuous high NO_
performance at temperatures above 200 °C. However, in-
creased urea consumption for high NO,_ conversion under
real driving and the consequently necessary urea refilling by
the customer, urea crystallization constraints and the limited
activity and high dependency on the NO,/NO -ratio at low
temperature with necessary heating measures are demerits of
an SCR only system. In contrary, the NSC offers potential at
low temperature by pure NO_ adsorption and does not rely
on additional working media. However, the NSC’s demer-
its are the additional fuel consumption by regular exhaust
enrichment and the small operation window with limited
NO_ reduction at low temperature and limited NO_ adsorp-
tion capacity at high temperature. Combined NSC and SCR
systems offer various potentials. As schematically shown in
Fig. 1, NSC and SCR combination systems can generally be
classified in 3 types:
1.NSC + SCR based system: active NSC + active SCR
Both systems are independently and actively operated. The
active SCR is based on a second working fluid as reducing
agent, i.e. NH,-carrier (e.g. liquid urea).

2.SCR based system: passive NO,_ adsorber (PNA) + active
SCR
The active SCR is supplemented by an upstream positioned
PNA, which only adsorbs and desorbs NO_

3.NSC based system: NSC + passive SCR
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Only the NSC is operated actively. The passive SCR is
based on the NH, emission during the NSC enrichment
and does not rely on a second working media.

The highest degree of freedom regarding NO_ conversion
potential offers the combination type 1. Beside the extended
active temperature coverage towards low temperature by
NSC and towards high temperature by SCR, this combina-
tion provides an improved robustness of the DeNOx control

Fig. 1. NSC and SCR combination types

strategy, since the required efficiencies of both components
(NSC and SCR) are lower than for NSC or SCR only systems.
Furthermore, the urea consumption can be reduced by NO_
conversion of the NSC operation as well as additionally by
NH, formation during the NSC regeneration. However, this
concept features the highest packaging, costs and system
complexity and is also dependent on a second working fluid.
Furthermore, to avoid high NSC NO_ load at engine start,
that might cause NSC NO, desorption without conversion
at the cold SCR, comparably to the later described PNA
difficulty, the NSC NO_ load has to be kept always below a
certain controlled level. This mostly permanent active NSC
operation causes CO, emission increase due to the required
periodic rich engine operation. A multiplicity of control
interactions between the active NSC and the active SCR
need to be taken into account but also offer optimization
potentials beyond the solely addition of two active systems.
The NSC regeneration demand can be defined depending on
the current SCR activity. At high SCR activity, the NSC can
be operated at higher NO_load. Hence, fuel consumption
penalty can be reduced by less frequent NSC enrichment
and higher reductant consumption efficiency due to higher
NO,-OSC ratio (OSC: Oxygen Storage Capacity, described
later). At higher NO_load, even the on-board NH, formation
might be increased. In parallel, the urea consumption can
be reduced on the one hand by NO, reduction on the NSC
and on the other hand by partial replacement of urea by on-
board generated NH,.

In type 2 the active NSC is replaced by a PNA with the
target of intermediate NO, storage during cold start and NO_

release after SCR light-off. However, this intended task of
the PNA requires specific adsorber components with NO_
storage capability up to 200 °C and thermal desorption at an
air-to-fuel-ratio (A) > 1 in the temperature range of 180 °C
to max. 250 °C. Such NO, adsorber is not commercially
available today. Additionally, the PNA functionality is
only sufficiently applicable in case of low initial NO_ load.
High initial NO_ load negatively influences the adsorption
efficiency or even the total NO_ conversion by thermal
NO, desorption at cold SCR. Therefore, somehow active
operation of the PNA might still be required for keeping the
NO, load on low levels resulting in increased control logic
algorithms and CO, emission [1].

The third combination type is primarily an NSC system.
In contrary to conventional NSC applications, the intrinsic
ammonia (NH,) formation during the NSC regeneration is
not intended to be avoided but is desired. By this on-board
formed NH,, the NO_ conversion can be enhanced by
a downstream positioned SCR. The SCR is passively oper-
ated and does not require a second working fluid without
the disadvantages of a urea dosing system and additional
hardware costs or urea refilling efforts.

In this paper, the exhaust purification and CO, emission
potentials of a combined NSC and passive SCR system are
investigated and discussed. The concept is in line with the
requirement specification of the 7" Framework Program of
the European Union, demonstrating emissions of 10 % below
EU6 legislation (e.g. NO_emission of 72 mg/km) without
urea dosing system at total CO, emission of 98 g/km and
and fuel consumption penalty of less than 2 %. Additionally,
the system performance needs to be demonstrated in real
driving conditions, too. To fulfil the requirements especially
with strong focus on CO, emission, the concept is based on
engine independent NSC regeneration by integrated on-board
exhaust fuel reforming, with the potential of higher reduct-
ant generation efficiency than conventional Diesel engine
internal enrichment. The investigated aftertreatment system
is described in more detail in the next chapter.

2. Description of aftertreatment concept

2.1. Overall concept

One main functionality of the combined concept of
NSC and passive SCR is the NH, formation on the NSC
during the rich NSC regeneration. According to the state of
knowledge [2—-6], inside the reaction front, which axially
propagates through the NSC during the rich regeneration,
NH, is intermediately formed by over-reduction of NO,.
The formed NH, re-oxidizes by reaction with surface NO_
or oxygen (OSC: oxygen storage capacity) downstream the
reaction front. At the end of the NSC regeneration, when the
rich reaction front reaches the catalyst outlet, the intermediate
NH, cannot be re-oxidized anymore and gets typically emit-
ted as NH, spike. Based on this NH, formation process, the
concepts for NSC and passive SCR combination systems can
be generally differentiated between parallel or quasi-parallel
layouts and sequential layouts. Figure 2 gives a general and
schematic overview.

COMBUSTION ENGINES, No. 2/2014 (157)

69



Potentials for NO_and CO, reduction of combined NSC + passive SCR system

Fig. 2. Schematic overview of general layout concepts for NSC and pas-
sive SCR combination systems

The intention of a parallel layout in a multilayer design
[7] resp. of a quasi-parallel layout in a multi in-line design is
the in-situ utilization by storage and conversion of the axial
NH, formation during the LNT regeneration. By this layout
the intermediate NH, does not get re-oxidized but stored on
the SCR layer resp. slice. Thereby, high NH, amounts might
be used for NO_conversion on the SCR. Nevertheless, the
impact of the acid SCR on the alkaline NSC surface and its
storage performance of acid NO,_on the one hand as well as
the SCR poisoning by hydrocarbons (HC) and the absence of
O, during the rich operation on the other hand is still open.

In the sequential layout, the passive SCR is operated only
by the NH,, which is being emitted from the NSC at the end
of'the NSC regeneration. The design can be set up as single-
path [8], bypass [9] or dual-path concept. The single-path
concept requests in any case a specific engine operating mode
for NSC regeneration. Comparable to conventional NSC
application, the NSC regeneration can be done by engine
internal enrichment. Optionally, an in-line reformer catalyst
might be installed upstream NSC for increasing H, and CO
and decreasing HC concentrations and thereby improving
especially the regeneration efficiency at low temperature.
However, due to the necessity of high reformer
operation temperatures usually in the range of
800 — 950°C for sufficient reforming activity,
the capability of an in-line reformer is limited.
In case of reductant breakthrough, the SCR is
operated at an air-to-fuel-ratio below 1 with the
risk of HC poisoning. Alternatively, an out-line
reformer might be controlled in optimum op-
eration range, resulting in enhanced reformate
composition regarding H, and CO concentration.
Nevertheless, the engine still has to be at least
operated at A = 1 to minimize excess O, and
high exothermic reactions on the NSC during
the regeneration. In contrary to the single-path
concept, both bypass and dual-path concepts do
not require any engine internal operation mode
change. The engine can be operated independ-
ently at A > 1 due to the local enrichment only of

the NSC. In the dual-path concept the two NSC are operated
alternatively by switching the exhaust gas flaps. The NSC
bypass in the bypass concept is only activated during the
NSC regeneration.

As best compromise between NO_ reduction perform-
ance at cold and high temperature, CO, emission, system
modularity for application of various operation strategies
and system complexity the bypass concept is chosen. Main
target is the investigation of the interaction of an NSC and
a passively operated SCR fulfilling the required specification
of none additional working fluid.

Figure 3 shows the simplified method of operation of the
investigated exhaust aftertreatment system combining on-
board fuel reformer assisted under-floor NSC with exhaust
bypass and passive SCR. The complete hardware design
and system integration as well as the software functional
development and control algorithms have been developed.
Basically, the system is discontinuously operated in two
operation modes. During NO_ adsorption mode, the total
system is operated under lean condition. The NSC path is
opened, the NSC bypass is closed. NO_ treatment takes place
cither by NO, adsorption on the NSC or continuous reduction
on the SCR by previously stored NH,. The integrated on-
board fuel reformer is inactive. For the regularly necessary
NSC regeneration, the NSC is locally enriched by opening
the bypass path, closing the NSC path and feeding H, and
CO containing reformate gas at low space velocity via the
activated fuel reformer. The exhaust paths are actuated by
two serial exhaust flaps. The on-board exhaust fuel reformer
is described in more detail in the next chapter.

2.2. Reformer concept

The integrated on-board fuel reformer is predominantly
operated by exhaust gas, which is taken downstream DPF.
Diesel is injected by an air-assisted, low-pressure injector at
a significant under-stoichiometric air/fuel ratio (A, = 0.35
—0.80) and is catalysed to a H,- and CO-rich synthesis gas.
The completely new developed on-board fuel reformer is
a coaxial design and shown in more detail in Fig. 2.

Fig. 3. Simplified method of operation of final layout of NSC based combination system,
with under-floor NSC plus exhaust bypass, passive SCR and integrated exhaust gas fuel

reformer

70

COMBUSTION ENGINES, No. 2/2014 (157)



Potentials for NO_and CO, reduction of combined NSC + passive SCR system

The reaction enthalpy, which is released in the ring-
shaped reformer catalyst, supports fuel vaporisation via
internal heat transfer. The reforming reaction process can be
described by superposition of exothermic partial oxidation
(POx) by the residual oxygen in the exhaust gas as well as

Fig. 4. CAD design of the fuel reformer

the secondary air, and endothermic steam (SR) and CO,
reforming (DR) which occurs via H,0 and CO, introduced
by the exhaust gas. Additionally, the reforming products are
temperature-dependently in chemical equilibrium, among
others mainly according to the water-gas shift (WGS) and
methanation reaction. In comparison to pure POx, exhaust
gas reforming exhibits favourable thermal behaviour as well
as benefits regarding H, and CO yield, due to the endother-
mic part of the reaction. The reformer operation is strongly
dependent on the exhaust gas composition. Fuel is injected
by feed-forward control of A, ; depending on the fraction
of molar oxygen to the total amount of reactant oxygen
sources (O,, H,O and CO,) and space velocity. Additionally,
fuel supply is corrected by closed-loop control of reformer
temperature in terms of maximizing H, and CO as well as
minimizing HC concentration in the reformate, while com-
plying with temperature limits.

3. Experimental

3.1. Test bench

The full-scale experiments for
investigating the NO_ purification
behavior of the combination system
as well as the performance of the
fuel reformer were conducted with
a high efficient 1.4 L 3-cylinder
Diesel engine on a transient engine
test bench. The investigated systems
(NSC+SCR, fuel reformer) were
placed under-floor downstream the
serial close-coupled DOC+DPF unit
and low-pressure EGR branch. The
catalysts were thermally conditioned
by several hours of DPF regeneration
operation. The control logic of the
EATS, which was completely new
developed, was running on a rapid
control system independently from

the engine. A few necessary informations were transferred
between engine and EATS control via ECU bypass. For
steady-state investigations, the engine operation (speed, load,
operation mode) was set in order to adjust target conditions
at the NSC (temperature, NO_ concentration, exhaust mass
flow, air-to-fuel-ratio). Additionally, transient test cycles
(NEDC, WLTC, FTP75, CADC, highway, ADAC) were
conducted in order to evaluate and calibrate the system
performance and operation strategy. The emissions were
measured by different analyzers (CLD: NO_, NO; NDIR:
CO, CO,; Magnos: O ; FID: THC; FTIR: NO, NO,, CO, CO,,
H,O,NH,, N,O, CH,; LDS: in-situ NH,; mass spectrometer:
H,) and sensors (NO_, A) at various positions (engine out,
downstream DPF, upstream and downstream SCR). The gas
composition of the out-line exhaust gas fuel reformer was
calculated based on emission measurements in the full ex-
haust gas flow and the dilution factor. Based on the achieved
on-board reformate gas composition, a reformate substitute
gas was applied in parallel, containing molar fractions of
20 % H,, 20 % CO and 60 % N..

Two different NSC formulations (“NSC A” and “NSC
B”) were tested, with 1.4 1 volume each. The PGM loading
was 85 (“PGM low”) or 130 g/cft (“PGM high”). The SCR
catalyst was copper zeolite based with a volume of 2.9 1 in
engine and vehicle experiments.

3.2. Vehicle

In parallel to the test bench investigations, the system
was also integrated into a Volkswagen Golf Variant for
investigating cycle (NEDC, WLTC) and off-cycle (RDE)
performance. The same catalytic converters were used as for
the test bench activities. Figure 5 shows the final integration
of the aftertreatment system into the demonstrator vehicle.

4. Steady-state test bench results

4.1. Exhaust gas fuel reformer
The following Fig. 6 shows the reformer performance
as summary achieved under steady-state conditions. Fig.

Fig. 5. Final integration of the aftertreatment system into the vehicle
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6a shows a comparison of the realized H, and CO molar
concentrations with those attainable under stoichiometric
conditions as function of A, . The concentrations are close
to the maximum yield and demonstrate high fuel conver-
sion. Compared to rich diesel engine operation, substan-
tially higher concentrations can be achieved. Fig. 6b shows
a comparison of the achieved ratio of heating values (HVR)
as well as the reductant yield Y, , (ratio of oxygen consump-
tion potential of the reducing agent generated in the exhaust
gas relative to the additional fuel introduced to reach rich
operation) in contrast to corresponding theoretically attain-
able pure POx values. At lean engine operation and conse-
quently predominantly exothermic reactant composition,

Fig. 6. Reformer output as function of relative reformer air/fuel ratio: a) measured and stoichio-
metric H, and CO molar concentrations in reformate; b) measured and theoretical POx values
only H, + CO are considered) of the

reformer, engine relative air/fuel ratio of the exhaust gas supply to the reformer

for ratio of heating values (HVR) and reductant yield (Y

Red”

due to thermal reasons a low A,
must be set. With decreasing engine
lambda and consequently increasing
endothermic reactant composition,
Mg Must on one hand be enleaned
to support endothermic reaction
enthalpy. On the other hand, it offers
high reformate quality. In contrast to
HVR, Y, , is an important indicator
for NSC regeneration in terms of CO,
emissions.

In addition, Fig. 7 shows Y, , by
fuel reforming in comparison to die-
sel engine enrichment of various en-
gine calibrations as function of brake
mean effective pressure (BMEP).
The theoretical optimum reductant
yield is represented by the direct
use of fuel for the NSC regeneration,

e.g. by fuel injection upstream NSC with closed exhaust
flap. In this case, the reductant yield is 100 %. Compared to
actual engine calibrations for rich operation, the reformer
generally exhibits considerably higher efficiency and thus
represents a potential decrease in CO, emissions for NSC
regeneration. The reductant loss of the reformer is based on
partial oxidation of fuel by molar oxygen. The reductant
loss of engine enrichment is caused by internal combustion
efficiency loss at kEngme =1 due to intake throttling and post
injection. Furthermore, by use of a reformer instead of the
engine, the NSC regeneration can in principle even be con-
ducted during idle or start-stop operation. In contrary, rich
engine operation is limited to BMEP above a certain level,
depending on combustion stability and
acoustic behaviour.

4.2. Base investigation of NSC

The NSC base experiments were
performed in order to screen two full-
scale NSC variants (NSC A with high
PGM and NSC B with high PGM).
The NH, formation yield (molar ratio
of cumulated NH, amount during NSC
regeneration to initial NSC NO, load at
NSC regeneration start) is an important
parameter for operating the combined
system. The NSC regeneration strategy
has a high impact on NH, formation and
emission. Figure 8 shows an exemplary
NSC regeneration.

The bypass system offers high
degree of freedom for NSC regenera-
tion strategy by flexible adjustment of
reformate gas dosing and exhaust flap
actuation, Fig. 8b). The regeneration
period is divided in 3 phases. In phase
I, the NSC reduction takes place (typical
A = 1). The completion of

downstream NSC

Fig. 7. Reductant yield of additional fuel for NSC enrichment by fuel reforming in comparison to
Diesel engine enrichment of various engine calibrations as function of brake mean effective pressure

(BMEP)
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Fig. 8. Exemplary NSC regeneration as function of time at 250 °C:
a) NH, concentration upstream SCR and 1 upstream and downstream
NSC, b) reformate gas flow and NSC flap actuation; Phase I: time till
A-breakthrough (A, - <0.95), Phase II: regeneration duration
after A-breakthrough, Phase III: time between end of reformate dosing

and NSC flap opening (various flap opening strategies possible)

Fig. 9. NH, yield of NSC regeneration as function of NSC temperature
for various regeneration durations after A-breakthrough downstream
NSC (operation by reformate substitute). NSC A (high PGM) and NSC
B in comparison

enrichment is identifiable by A-breakthrough (A~
< 0.95). Phase II defines the regeneration duration after
A-breakthrough. Specific to
the bypass system, in phase
III after end of dosing the
NSC exhaust flap opening
can be actuated by vari-
ous strategies. As shown in
Figure 8a), in line with the
literature, the NH, emission
occurs at the end of phase
I. The NSC enrichment in
conventional application is
stopped at the end of phase
I in order to avoid reductant
and NH, slip. However, the
lean exhaust gas downstream
SCR due to the bypass system
offers reductant slip oxida-
tion and hence elongated
rich duration, which results

in enlarged NH, emission. Figure 9 shows the NH, yield as
function of temperature for various regeneration durations
after A-breakthrough in comparison for NSC A (high PGM)
and NSC B.

For both NSC, the NH, yield strongly increases by pro-
longed NSC enrichment after A-breakthrough and saturates
at higher durations. However, it must be mentioned that
the NH, emission occurs roughly in parallel to reductant
breakthrough. Therefore, high NH, formation causes in-
creased reductant slip. For both NSC, the NH, yield shows
a maximum at medium temperature (200-250 °C). NSC A
shows significantly higher NH, yield compared to NSC B.
For the further investigations, NSC A was used due to the
higher NH, formation compared to NSC B and also due to
the better NO_adsorption (not shown).

4.3. Investigation of NSC + passive SCR combination

The NSC + SCR experiments are conducted for inves-
tigating the interaction of NSC and passive SCR and its
impact on the total NO_ purification behavior. Additional
focus is the definition of the optimum operation strategy
and a pre-calibration of the aftertreatment control for later
implementation into the demonstrator vehicle.

Figure 10 shows the correlation of NO_ conversion, fuel
consumption penalty and NO, raw emission level for NSC
only and NSC + SCR exemplarily at 230 °C.

Generally, increasing NO_ conversion progressively
causes the drawback of increasing fuel consumption pen-
alty. The NO_ conversion converges asymptotically against
a maximum. Furthermore, higher NO_raw emission shows
significantly negative impact on NO_conversion for certain
fuel consumption and maximum achievable NO_conversion.
Hence, for achieving high NO_ conversion at reasonable
fuel consumption, the NO, raw emission must be limited. In
comparison to NSC-only, NSC + SCR shows high benefits
regarding fuel consumption and NO_ conversion. For the
given example, high maximum total NO_conversion of up
to > 95 % is achievable at low fuel consumption penalty
of = 1 % for reasonable NO_raw emissions. At high NO_

Fig. 10. Correlation between NO_conversion and fuel consumption penalty as function of NO_raw emission
level: a) NSC only, b) NSC + passive SCR; T

s = 230 °C, operation by reformate substitute, NSC A
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raw emission level, the total NO_ conversion decreases but
is significantly higher than for NSC-only. At certain NO_
conversion, significant lower fuel consumption is attainable
by the NSC + SCR.

Significant influence on the total NO_performance and
especially on the conversion share between NSC and SCR
is given by the NSC NO,_ load. Figure 11 shows the NO_
conversion efficiencies, NO_ conversion shares of NSC
with bypass and passive SCR and the related fuel consump-
tion penalty as function of NSC NO, load exemplarily at
250 °C.

In contrary to conventional NSC application, the NSC
NO,_ slip caused by decreased adsorption efficiency at
increased NO, load level does not automatically drop the

Fig. 11. NO_ conversion, related fuel consumption penalty and NO_ conversion
share of NSC with bypass and passive SCR as function of NSC NO, load;

Ty = 250 °C, operation by reformate substitute, NSC A

system NO_ conversion but can be converted by the passive
SCR up to a certain NO_load due to the increasing NSC
NH, yield. The passive SCR achieves a maximum of 40 %
conversion. The cycle integrated NH,-NO -
ratio upstream SCR (a) is > 1 for NSC NO_
load below 1.1 g/I. For higher NO_ loads, a. is
dropping below the stoichiometry of 1, which
results in corresponding decrease of SCR and
therefore also of total NO_ conversion. With
elongating NO_ adsorption duration resp.
higher NO, load, the NO_ conversion distribu-
tion is significantly shifted from NSC to SCR
(75%1/25%at0.25 g/INO, load to 60 % /40 %
at 1.2 g/l NO, load). A great potential of the
conversion shifting between NSC and SCR is
the impact on the fuel consumption penalty.
By expanding the NO_ adsorption duration
towards higher NSC NO_ loads, the fuel con-
sumption penalty can almost be halved. This
benefit is mainly based on three effects. First,
higher NO_ load enables lower regeneration
frequency. Second, the higher the NO_ load,

the more reductant is relatively consumed for NO_ reduction
instead of OSC reduction [10], which takes place in parallel.
Third, NH, as reductant carrier is highly efficient utilized for
further NO_ conversion on the passive SCR.

Summarizing, Figure 12 shows the steady-state NO_
conversion and fuel consumption penalty of the NSC +
SCR system for two system variants with on-board gener-
ated reformate and reformate substitute as function of NSC
temperature.

The attained NO_ conversion is comparable for both,
operation with the integrated on-board reformer as well
as operation with reformate substitute. The system with
the higher PGM loaded NSC achieves slight increase in
conversion at T < 250 °C. At 250 °C almost complete con-
version is achieved at fuel consumption penalty of =
1.5 %. The operation strategy of NO_adsorption and
regeneration is optimized with regard to maximum
total NO_ conversion and suitable fuel consumption
penalty. The SCR significantly contributes to the total
NO, conversion. At T <250 °C the total steady-state
NO, conversion drops due to reduced NSC activity
as well as NH, yield. The fuel consumption penalty
increases due to higher NSC regeneration frequency
as well as lower engine fuel consumption due to lower
engine load. Nevertheless, 65-70 % steady-state NO_
conversion at 185 °C resp. 30 % steady-state NO_
conversion at 150 °C are still achieved. In transient
operation, higher conversion rates can be achieved
due to pure NO, adsorption at the NSC as well as
SCR conversion with previously stored NH,. At
T > 350 °C the steady-state NO_ conversion drops
due to decreasing (for thermodynamic reasons) NO_
adsorption capacity of the NSC as well as lower NH,
yield of NSC regeneration. The decreased NSC NH,
yield causes limited steady-state SCR conversion in
contrast to urea based SCR operation. However, during tran-
sient operation, complete conversion can still be maintained
by the SCR for short time, e.g. during DPF regeneration, by

Fig. 12. Steady-state NO_conversion and fuel consumption penalty of NSC + SCR system
with reformate and reformate substitute as function of NSC temperature; EU4 NO_raw

emission level
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consuming previously stored NH, depending on SCR NH,
load and NO, mass flow. This represents high NO_perform-
ance benefits compared to conventional NSC application.

5. Transient investigation

Figure 13 compares NO_ conversion and exhaust
temperatures in cold start and high load cycles measured
on engine test bench. Diagram a) shows steady-state and
cycle-integrated NO_conversions of NSC + SCR as func-
tion of steady-state and cycle-integrated NO_mass flow
weighted NSC temperature. Diagram b) shows exhaust
gas temperatures upstream DOC and downstream DPF
representative for close-coupled and under-floor exhaust
temperature level.

Positioning close to the engine is advantageous for cold
cycles, resp. mainly cold operated applications. However,
operation at high-load in real driving is critical for an NSC
based system with only passive SCR, due to the NO_ con-

Fig. 13. Comparison of NO_conversion and cycle exhaust temperature; a) steady-state and cycle-
integrated NO_ conversion of NSC + SCR as function of steady-state and cycle-integrated NO_mass
flow weighted NSC temperature, b) Temperature close-coupled and under-floor for transient cycles;

operation by reformate substitute on engine test bench

version drop at high temperature.
Additionally, low-pressure EGR
increases exhaust mass flow and
hence space velocity and NO_
mass flow over NSC. The highly
transient temperature profile can
cause risk of thermal NO_ des-
orption and NSC degradation.
On the opposite, an under-floor
positioned system is challenging
at cold start and requires active
heating measures with negative
implications for CO, emission.
However, in warm condition at
200-350 °C e.g. during real driv-
ing, the NSC based system shows
optimum NO_ performance. Due
to the requirement of demonstra-
tion of emission purification in
cold start cycles and under real

driving condition as well as for packaging reasons, the NSC
+ SCR system is placed under-floor.

The final results measured in the demonstrator vehicle
are shown exemplarily for RDE operation in “normal”
vehicle driving in Figure 14 and summarized in Figure 15.
The under-floor positioned aftertreatment system requires
in cold start cycles significant fuel consumption penalty by
heating but only minor by NSC enrichment. However, in
real driving warm operation the system performance show
high NO, conversion and realizes low NO, emission at low
fuel consumption penalty of less than 2 %.

6. Summary

For the specific requirements of the EU project “Pow-
erful” with focus on NO_and CO, emission, a combined
aftertreatment system comprising NSC, NSC-bypass, passive
SCR and exhaust gas fuel reformer was chosen and studied.
The position of the NSC is crucial for the NO_conversion
in cold started cycles on the one hand
and high engine load operation and
high exhaust gas temperature on the
other hand. Due to the focus on real
driving emissions, the aftertreatment
system is placed under-floor. The
undertaken investigations on the
engine test bench and vehicle testing
confirm the challenge of the NO -CO,
trade-off. For the mostly NSC based
system, the under-floor position is
critical in short cold start operation,
like NEDC and requests heating
measures. It is less critical and even
advantageous for more dynamic and
longer test cycles like WLTC and es-
pecially real driving. Once the system
is heated up, the NO_ conversion is
sufficient and the engine can run in the

Fig. 14. Transient NO_ conversion and fuel consumption penalty of NSC + SCR system with reformate
substitute in RDE (Real Driving Emissions) “normal vehicle driving”
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most efficient mode. This is highly beneficial
for NO_and CO, emission in real world driv-
ing, where the new aftertreatment concept can
show full potential also in combination with
highly efficient Diesel-engines.
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