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Abstract

Downsizing and turbo charging in combination with
direct injection is now commonly regarded as a key
technology for gasoline engines to cope with the
challenges of fuel economy enhancement and drive-
ability improvement. In a strategy to meet future fleet
CO, emission limits, it is a cornerstone of any tech-
nology walk. In view of stepwise more stringent limits,
it has to be extended by additional technology ele-
ments in order to further augment the fuel economy
improvement potential beyond the initial achieve-
ments. Here, stratified part load operation can be-
come an attractive solution again if the maximum fuel
economy potential of a spray guided gasoline DI
combustion system is available. While the combina-
tion of turbo charged DI and spray guided stratified
operation exhibits some key development challenges
to be resolved, it also provides attractive synergies
for emission concepts up to PZEV capability just by
injection strategy.

The analysis of a vehicle application with different
power/weight ratios reveals that the fuel economy
potential is sensitive as expected to the drive cycle
applied but it can provide an attractive additional fuel
economy benefit at reasonable cost/benefit ration for
the customer.

1. Introduction

Gasoline engine technology is currently entering a
new phase of intense development and technology
deployment based on two major drivers : On one
hand the further intensified pressure for fuel econ-
omy improvement which has got another accelera-
tion by recent US fuel price increases and the unex-
pected devastations of US refinery capacity by natu-
ral forces, leaving the customer in an unprecedented
uncertainty in terms of energy supply resulting in
much more cautious purchase decisions regarding
vehicle size and powertrain technology. In Europe
this trend is already ongoing some longer while a
trend to even heavier vehicles is also noticeable. On
the other hand, driveability refinement and torque
characteristics are powertrain attributes which are

meanwhile positively associated primarily with mod-
ern Diesel engines and therefore the gasoline en-
gine is endangered to loose its classical footprint as
being the more refined engine for the demanding
customer.

Based on these scenarios implied by the market
situation, the development of technology is imminent
which enables the gasoline engine to catch up or
even overtake again in the race for customer satis-
faction [1].

It is meanwhile widely accepted that engine downsiz-
ing in combination with pressure charging (primarily
turbo charging) is the most appropriate technology
bundle to address the two key challenges mentioned
above at the same time. It also has been discussed
in depth, that direct injection is a technology with
high synergy potential to further enhance the merits
of turbo charging [2-4].

Fuel economy improvement enabled by downsizing
is nowadays a key element for each OEM to be con-
sidered in fleet CO, reduction strategies as they are
requested by the ACEA commitments.

While the first stage of 140 g/km CO, may still be
achievable for a wide range of vehicles in the Euro-
pean market with moderate technology efforts or just
a downsizing approach alone as they are already in
some examples on the market, the next level of 120
g/km CO, or even a futuring to 100 g/km CO, for
many vehicles requires a CO, reduction by more
than 50% relative to current status. If those ex-
tended requirements are considered, downsizing
can only be one element in a chain of technologies
to be applied. Figure 1 represents an example sce-
nario for CO, reduction starting from today's status
assuming some basic fuel economy technologies
like twin VCT already being applied. The available
technology options for CO, reduction can basically
be arranged into 3 groups :

For the scenario shown here which applies to a ve-
hicle with 1450 kg ITW with about 125 hp engine,
aggressive friction reduction (including options like
on-demand water pump, offset crank, variable oil
pump) and thermal management (including options
like split cooling and heat storage) as well as high
CR enabled by homogeneous direct injection pro-
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vide an initial CO, emission reduction by about
6.5%, rising the cost to about 140% of the base. The
following significant step down in CO, is achieved by
downsizing including a change of the engine archi-
tecture to the next smaller engine family plus turbo
charging. These two measures together provide
further 14.5% CO, reduction in the example while
the cost rises to about 175% of the base. Here the
cost for the turbo charging system is partially com-
pensated by cost reductions from the architecture
change.

This technology bundle takes us into the ballpark of
135 — 140 g/km CO, for a vehicle with initially 170 —
175 g/lkm. This may already be sufficient to achieve
a fleet average of 120 g/km if a respective amount of
smaller vehicles is in the OEM fleet. But since this is
not necessarily the case, an additional technology
step has to be considered. While up to this point all
technologies applied are additive in terms of fuel
economy or CO, reduction since they are address-
ing independent potentials, we now have to consider
also partially conflicting technologies which are to
some extent addressing the same thermodynamic or
physical potentials. A stop-start system (which can
be laid out as a direct start system on a gasoline DI
engine [5]) is still a straightforward solution providing
3 — 6% fuel economy with high dependency on op-
erating conditions as well as on the idle FE en-
hancement actions already applied before. One of
the most attractive technologies to be applied on top
of downsizing with direct injection is stratified part
load operation as long as the fuel economy en-
hancement vs. homogeneous operation as well as
the stratified window size are significant enough to
achieve an attractive cost benefit ratio.

Agressive structural
friction + thermal
management actions
+high CR

Downsizing +
Turbocharging incl.
Architecture step

down

175 7 Additional 2750
technologies :
tand

stratified operation

150 7 250.0

Down
\
N

Downsizing & Turbocharging

N\

125 1 225.0

Base PFI TI-VCT

\.,

Stratified Lean Operation

100 1 200.0

751 175.0

CO2 Emission [g/km]
Architecture Step
Variable Oncost [%]

50 1 150.0

Stop/Start (Direct Start)

N
R

Homogeneous Direct Injection High CR

259 125.0

Friction & Thermal Management Actions
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A key enabler to reconsider this approach is the
spray guided stratified combustion system [6] with its
best possible fuel economy improvement vs. homo-
geneous operation.

Figure 2 displays a load sweep at 2000 rpm compar-
ing the BSFC of homogeneous, wall guided stratified
and spray guided stratified operation under the

boundary condition of reduced CR as required for a
turbo charged engine.

It is obvious, that the SGDI benefit is available in the
entire stratified load range which can reasonably be
extended up to 5.5 — 6 bar BMEP maximum in order
to still achieve a remaining BSFC improvement.
Taking emission constraints into account, the practi-
cal use will be limited to about 5 bar BMEP.

Stratified operation enhances fuel economy primarily
by dethrottling the gasoline engine during part load
operation and thus approaching the benefits of the
Diesel engine process to the highest possible extent.
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Fig.2: BSFC of homogeneous, WGDI and SGDI
operation.

Downsizing acts similar in principle by shifting en-
gine operation for the same output torque to a higher
internal load with corresponding lower throttling
losses.

Overlaying these two technologies will inevitably
result in a partial conflict, since a reduced amount of
the drive cycle will benefit from stratified dethrottling.
In Figure 3, the load/speed distributions for NEDC
and a typical real world drive cycle are shown as
overlay on the stratified operational area for a natu-
rally aspirated engine as well as a downsized engine
assuming downsizing to 70% of the original dis-
placement.

The effect of reduced usage of stratified operation in
the downsized case is obvious especially for the real
world cycle which represents a considerable amount
of highway and cross country driving. But neverthe-
less, an attractive amount of the speed/load distribu-
tion can still be covered in stratified mode. Since the
speed/load distribution is significantly influenced by
the power to weight ratio of the vehicle, it is worth to
be investigated, for which vehicle/powertrain applica-
tion this technology combination may deliver an at-
tractive cost/benefit ratio. This aspect will therefore
be analyzed in more detail in a later section of this

paper.
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Fig. 3: Speed / load distribution and stratified window
size for NEDC and real world conditions.

2. Combustion System Development for Down-
sized Charged Engines
and Stratified Operation

Downsized turbo charged gasoline DI engines have
been developed so far primarily for homogeneous
operation [2, 3, 7] using side mounted fuel injectors.
Within these development activities, characteristic
layout requirements have been identified in order to
achieve the maximum synergistic benefits from the
combination of turbo charging and direct injection.
These are primarily based on the enhanced charge
cooling efficiency enabling increased compression
ratios to be used without knock issues as well as the
ability to apply an efficient scavenging of the com-
bustion chamber from residuals at low engine
speeds, resulting in a substantial improvement of the
low end torque capabilities which are essential for
true downsizing concepts.

Besides these improvement opportunities, the mix-
ture preparation under charged full load conditions
at low to medium engine speeds is a critical aspect
for a direct injected TC engine since a large amount
of fuel has to be evaporated and mixed in a consid-
erably shorter time span than it is available in a PFI
engine. This can only partially be overcome by the
enhanced fuel atomization and spray penetration of
the high pressure DI injection system. A DI TC en-
gine therefore requires a high degree of internal
charge motion as it can be created by high tumble
intake ports [4]. Those intake ports can be carefully
developed to achieve at the same time a high flow
coefficient [8] even though this has not the same
priority as for a naturally aspirated engine.

On most of the DI-TC concepts presented so far,
standard swirl type injectors have been applied. Only
recently, the first production application of multihole

injectors was presented [3] on a highly charged en-
gine concept.

If the two concepts of TC downsizing and spray
guided stratified part load operation have to be
merged, only multihole injectors [6] or Piezo out-
wardly opening injectors [8, 9] can be taken into
account. For the concept behind this analysis, sole-
noid multihole injectors were applied in order to
achieve a cost efficient solution which can be im-
plemented not only in premium products but also in
cost-sensitive market segments with high impact on
fleet CO, emissions.

Within the combustion system development proc-
ess, two partially conflicting elements have to be
combined with the most reasonable compromise :
The high charge motion level as it is required for
excellent full load combustion characteristics (knock,
emissions, sfc) as well as a spray pattern which is
suitable for full range stratified operation despite the
presence of the high charge motion level. For natu-
rally aspirated SGDI engines, usually a moderate
charge motion is targeted for the benefit of best
possible combustion system robustness.

2 main aspects of the optimization process will
therefore be discussed here:

1. Full load homogenization
2. Stratified part load robustness

The optimization of charge homogenization and wall
wetting minimization under charged full load condi-
tions was significantly supported by detailed CFD
simulations. In Figure 4, some examples are dis-
played, visualizing the process starting from an initial
situation (baseline) using a spray pattern as it was
developed for a naturally aspirated SGDI concept
[6]. This approach reveals deficiencies in terms of
large scale mixture distribution under the new high
tumble conditions with a flat top piston as can be
seen from the AFR distribution especially in the lon-
gitudinal section of the combustion chamber as well
as the AFR histogram below.

After a number of spray pattern iterations, a suitable
solution serving homogeneous full load and stratified
part load requirements was found and its mixture
preparation performance with flat top piston as well
as with stratified central bowl piston are shown in
Figure 4 as cases B and C. The cross tumble mixing
deficiency is clearly reduced and only a lean pocket
in the intake squish area remains which is further
reduced when the stratified bowl piston is applied.
The more complex piston shape enhanced the
transformation of the tumble motion into turbulence
close to TDC.

The improvements indicated by the simulation re-
sults could be proven on the engine dyno with full
load characteristics of the bowl piston engine even
exceeding those of the flat piston version in terms of
knock limit and resulting specific fuel consumption.
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Fig. 4: Full load mixture formation optimization using
CFD simulations.

The second focus of combustion system develop-
ment is the robustness in stratified mode. A mini-
mum robustness window in terms of spark timing
variation and injection timing variation has to be
available in the entire stratified operation area in
order to cope with usual production tolerance devia-
tion from the ideal layout state. For a wall guided
gasoline DI combustion system, the interaction of
the fuel spray with the piston bowl and its possible
deteriorations due to surface deposits as well as
long term changes of the charge motion structure
are key elements for definition of the required ro-
bustness window size. A spray guided combustion
system with central injector and spark plug (close
spacing) is primarily affected by positioning toler-
ances between spray and spark location which can
be affected by a number of single component toler-
ances. The injection and ignition event is a primarily
time-based process and therefore it makes sense to
describe the required robustness window more in
time domain instead of the crank angle domain usu-
ally applied for wall guided combustion systems.

The development started again with the direct trans-
fer of a spray layout from a naturally aspirated SGDI
engine into the downsized high charge motion TC
engine. As it can be observed in figure 5, initially a
strong setback in terms of stratified robustness had
to be realized, leaving the engine in an unacceptably
unstable condition. This underlines that charge mo-
tion has a critical influence on the ignition robust-
ness of a close spacing spray guided combustion
system even though it could be argued that around
ignition timing, the spray induced flow field is the
dominant element.

During the following optimization process a combi-
nation of spray pattern, combustion chamber ge-
ometry and charge motion was identified which pro-
vided the required stratified robustness in the entire
stratified operation area while at the same time sat-
isfying the needs for homogeneous combustion as

outlined before. For the example in figure 5, the
targeted robustness area for this speed / load point
is indicated by the hexagon which can only be ful-
filled by the optimized NA and TC layouts.

n =2000 rpm ; BMEP = 4 bar

rure ° e

Injection Timing

Spark Timing ———

TC layout, high charge motion,
TC-optimized spray pattern

NA layout, moderate charge motion,
base spray pattern

TC layout, high charge motion,
base spray pattern

Fig.5 : Optimization of stratified robustness under TC
charge motion conditions

As a result, a combustion system could be devel-
oped which serves both homogeneous and stratified
requirements and the differentiation between differ-
ent applications depending on market requirements
can be limited to the calibration level and exhaust
aftertreatment .

3. Emission Reduction for Downsized Engines
and Synergies from Stratified Engine Layout

The combination of a stratified spray guided direct
injection concept with turbo charging

and downsizing offers on one hand a new field of
strategies for homogeneous emission

minimization and on the other hand requires the appli-
cation of lean NOx reduction technology as soon as
full stratified operation is calibrated.

The use of a turbocharger for engine downsizing has
both positive and negative benefits with respect to
exhaust gas emissions. A high degree of exhaust
gas mixing occurs through the turbocharger resulting
in excellent mixing prior to the exhaust catalyst and a
high utilization of the available catalyst frontal area.
The main negative impact is with respect to catalyst
light-off since the increased mass of the turbocharger
and increase in contact surfaces with the exhaust
gas results in a delay in catalyst light-off when com-
pared to naturally aspirated engines. Figure 6 shows
a comparison of pre and post turbocharger exhaust
gas temperatures over the first 100 seconds of the
NEDC. At 20 seconds the inlet gas temperature to
the turbocharger is 600°C whilst the post turbo-
charger gas temperature, where the catalyst would
nominally be located, is only at 400°C. The pre-
turbocharger temperature is representative of the
pre-catalyst temperature for a naturally aspirated
engine.
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Fig.6: Comparison of pre and post turbo charger
exhaust gas temperatures during the first 100sec of
the NEDC

The delay in catalyst light-off depicted in Figure 6
could have implications to the ability of turbocharged
engines to meet stringent emission legislation without
a significant increase in system cost through the use
of technologies such as dual wall manifolds and tur-
bochargers, pre-turbocharger catalysts or turbo-
charger bypass systems.

DI engines have already demonstrated the ability to
generate significant exhaust gas heat flux through
the use of split injection. This strategy separates the
delivered fuel into an injection during the intake
stroke with a second injection later in the engine
cycle. This produces a localized rich mixture at the
spark plug within a lean bulk charge. This enables
more stable combustion with extreme spark retard
settings.

Here, the spray guided central injecting combustion
system offers a new range of flexibility in terms of
injection strategies and split ratios to be applied.
Figure 7 shows a comparison between PFI, wall
guided DI and SGDI technologies with respect to the
exhaust gas heat flux capability of the different com-
bustion systems.
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Fig.7: Comparison of exhaust gas heat flux meas-
urements for different combustion systems under
chilled fluid operating conditions 1200rpm, 1bar
BMEP, 20°C Oil and coolant temperatures

The improved stratified capability of the SGDI com-
bustion concept enables greater levels of exhaust

gas heat flux to be achieved at lower hydrocarbon
emissions. 10 kW/I can be regarded as a natural
boundary here since for the applied speed and load,
it represents almost unthrottled operation of the en-
gine

The aggressive spark retard values can be used to
supply sufficient heat to light the catalyst off even
with a turbocharger pre catalyst.

Figure 8 compares exhaust gas temperatures for the
SGDI turbo charged concept to the PFI naturally
aspirated engine.
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Fig.8: Exhaust system temperature comparison for a
PFI and SGDI turbo charged applications

The emission reduction potential can be taken even
a step further from EU V requirements to the condi-
tions of PZEV requirements in the FTP cycle.

Using the SGDI capability to run aggressive spark
retard the pre-turbocharger temperature reaches
700°C after 15seconds of the FTP cycle. Comparing
the pre-catalyst temperatures shows that the SGDI
turbo concept can achieve similar catalyst warm-up
as a naturally aspirated PFI engine which has a close
coupled catalyst location. During this time period it is
important that the exhaust gas emissions, particularly
hydrocarbons remain under control. Figure 9 shows
cumulative feedgas emissions for a PFI PZEV con-
cept and an SGDI turbo charged engine.
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Fig.9: Cumulative feedgas HC and NOx emissions
for a PFI naturally aspirated PZEV concept and SGDI
turbo charged application over the first 40sec of the
FTP cycle.
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The HC emissions are comparable at 20 seconds for
both applications while the increase in HC emissions
after 20 seconds for the SGDI turbo charged applica-
tion is due to calibration maturity and therefore it can
be assumed that there is no detriment in HC emis-
sions with the SGDI turbocharged application com-
pared to a PFI application. At 40 seconds the
feedgas NOx emissions for the SGDI turbo charged
application are approximately half the PFI values.
This demonstrates a benefit in the SGDI technology
in reducing cold start NOx emissions despite running
more aggressive retarded spark timings.

An important aspect with respect to stratified DI op-
eration is the overall business case particularly to
aftertreatment system costs to control the lean NOx
emissions. Over recent years increased development
and understanding of Lean NOx Trap (LNT) technol-
ogy for gasoline applications has resulted in an im-
provement in the overall LNT operating efficiency.
Figure 10 shows a comparison of "Gen 1" LNT tech-
nology utilized on early stratified DI engines.
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Fig.10: Comparison of first generation (Gen 1) LNT
technologies with latest LNT technologies (Gen 2)

Through development in the LNT washcoat formula-
tion improved performance can be observed for
equivalent precious metal loading, "Gen 2" LNT.
Further optimization studies of the dispersion of the
precious metal within the LNT has resulted in a re-
duction of approximately 40% of the precious metal
loading with an overall increase in LNT performance
compared to earlier LNT technologies, "Gen 2 PGM
Optimised".

Figure 11 depicts the relative overall lean aftertreat-
ment cost for different LNT technologies assuming a
1.6 Itr engine displacement.

These have to be put in relation to the achievable
fuel economy benefit for assessment of a
cost/benefit ratio as it will be done in the next section.
Through the development and improved understand-
ing of LNT technologies for gasoline applications the
overall cost/benefit relationship has become much
more favorable now for stratified lean operation.
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Fig.11: Relative on cost of different LNT lean after-
treatment technologies.

Based on current knowledge there is potential to re-
duce the lean aftertreatment cost further by continuous
development of LNT washcoats and precious metal
dispersion and through the development of novel LNT
adaptive strategies which closely monitor the LNT
state and adapt to it over the lifetime of the vehicle to
ensure the maximum capacity of the LNT is constantly
utilized.

4. Fuel Economy in Vehicle with Regard to
Power/Weight Ratio and
Drive Cycle

A conclusive assessment of fuel economy benefits
to be achieved in vehicle by stratified operation on a
downsized DI-TC engine was conducted by power-
train/vehicle simulation. Since the power/weight ratio
of a vehicle was expected as a key influencing factor
here, a downsized stratified DI-TC engine with 1.6
Itr. displacement, 125 kW and 240 Nm max. torque
was installed in 4 different vehicles. The respective
vehicle data are summarized in the following table :

B C CD Van
cw [] 0.36 0.32 0.30 0.32
A [m?] 2.06 2.18 2.25 2.60
cw* A [m?] 0.742 0.698 0.675 0.832
CWT [kg] 1150 1375 1485 1715
Power/weight|[kW/kg] 0.11 0.09 0.08 0.07

Fuheer @ 1000rpm
dynamic |[N]
static |IN]

4930
7148

4774
6923

4840
7018

4969
7205

The gearing strategy for all vehicles was carried out
to the following rules :

- 6-Speed Gearbox
- 1st Gear Selection:
Similar Force at wheel at low engine speed
: Fwheet @ 1000 pm
- Top Gear Selection
Top Speed @ rated Power unless Grade
Power Index <92%
- Intermediate gears progressively stepped
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An example for the resulting constant drive resis-
tance curves is shown in figure 12 including the indi-
cated maximum speeds achievable in stratified
mode.

A tolerance band of 30 — 50 Nm around the nominal
constant speed torque has to be assumed in order
to be robust against usual fluctuations of torque
demand during real worl constant driving.
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Fig.12: Gearing strategy for CD-Car with achievable
stratified steady speeds

The tolerance band for 6" gear in figure 12 indicates
that stratified operation would likely be left during
many upward excursions as long as the combustion
system does not allow a hysteresis of stratified load
excursions above the nominal window limit without
immediate mode switch to homogeneous operation.
The achievable fuel consumption reduction along
the nominal drive resistance curves is shown in fig-
ure 13 for the upper gears of a CD-car.
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Fig.13: Fuel consumption benefit in upper gears vs.
vehicle speed

A similar analysis was carried out for all 4 vehicles
applying the NEDC drive cycle as well as a real
world drive cycle and the ADAC Autobahn cycle. In
each case the expected fuel economy losses due to
LNT purge events were considered an included in
the fuel economy benefit analysis.

The results are summarized in figure 14 for all vehi-
cles investigated. The results are displayed as a
function of the average cycle vehicle speed as a

characteristic parameter describing the cycle or
subsets of cycles like the NEDC urban part and ex-
tra urban part. Similar subsets were created for the
real world cycle as well.

It is obvious that the average cycle vehicle speed is
a governing parameter since for all 4 vehicle a simi-
lar strong trend is found with significant fuel econ-
omy benefits up to 16% in low speed cycles or cycle
subsets and a subsequent exponential decay of the
potential up to highway speeds as it could be ex-
pected for such a low part load oriented concept.
Another important observation is the relatively small
impact of vehicle power/weight ratio with a maximum
difference of about 2% (absolute) between the light-
est and the heaviest vehicle at low average cycle
vehicle speed
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Fig.14: Resulting cycle fuel economy benefit for
different drive cycles and power/weight ratios

Using the cost assumptions mentioned in the after-
treatment section for latest LNT technology, the cost
/ benefit ratio for a stratified concept as an extension
of an existing homogeneous SGDI-TC engine con-
cept is analyzed in figure 15, benchmarking it
against a typical threshold of about 50%/percent fuel
economy.
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Fig.15: Cost / benefit ratio of stratified operation on a
downsized SGDI-TC engine

It can be concluded that stratified operation is an
attractive extension of a downsized SGDI-TC engine
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concept for a sufficiently wide area of operation con-
ditions and even though the analysis shows a high
sensitivity to driving conditions, this technology has
the potential to provide additional value for the cus-
tomer.

5. Summary and Outlook

The relevance of the technology combination of
downsizing and turbo charging for achievement of
the two major challenges for the future of gasoline
engines — fuel economy improvement at simultane-
ous driveability enhancement — has been outlined.
The importance for fleet CO, reduction strategies
was exemplified. Within such strategy considera-
tions it became obvious that future strategy exten-
sion to even lower CO2 levels will require the com-
bination of downsizing with additional fuel economy
technologies whereas stratified part load operation is
an attractive choice. If specific development issues
for the merger between TC full load requirements as
well as stratified part load robustness requirements
are resolved, the fuel economy potential of a spray
guided stratified combustion system can contribute
significantly to the overall fuel economy improve-
ment depending on the drive cycle applied. An
analysis of drive cycle fuel economy under consid-
eration of different power/weight ratios and different
cycle characteristics revealed the expected sensitiv-
ity of fuel economy vs. the average cycle velocity.
Besides the fuel economy aspect, emission per-
formance of the stratified spray guided combustion
system provides attractive opportunities. Cold start
emissions could be significantly reduced by applying
aggressive split injection late spark strategies for cat
heating, enabling a reduction of the start-up cumula-
tive emission below PZEV levels only by injection
strategy.

Therefore the stratified system layout provides bene-
fits by optimum synergy between the stratified layout
and homogeneous operation which enables a full
commonality solution that can be differentiated de-
pending on market demands just by changes of the
calibration and aftertreatment equipment.

This technology combination can be regarded as a
solution providing high value for the customer as
well as a solid futuring potential in terms of fuel
economy upgrade.
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