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ABSTRACT

This experimental work was concerned with comparison of inlet valve actuation
strategies in a thermodynamic single cylinder spark ignition research engine
equipped with a mechanical fully variable valvetrain on both the inlet and exhaust.
The research involved study of the effects of the valvetrain on combustion, fuel
economy and emissions when used to achieve variable valve timing alone and when
applied together with early inlet valve closing for so-called unthrottled operation.
The effects of such early inlet valve closure were examined using either fully
variable events or by simulating two-stage cam profile switching. While fully
variable operation enabled the maximum fuel savings over the widest operating
map, it was apparent that two-stage switching mechanisms can provide an
attractive compromise in terms of cost versus CO, benefit on engines of moderate
to large capacity. However, from speed-load maps obtained in the current study it
would appear that a wide range of inlet valve durations would be necessary to
obtain fuel savings sufficient to warrant a system any more sophisticated than
current variable valve timing mechanisms in future aggressively downsized gasoline
engines.

ABBREVIATIONS
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1 INTRODUCTION

The ability to vary the inlet and exhaust valve events of the spark ignition engine is
well known to facilitate improved compromise between performance, fuel economy
and emissions. Variable Valve Timing (VVT) is certainly an established technique for
improving the fuel economy of the gasoline engine (1-3). There are several
mechanisms by which VVT influences fuel consumption:

e Increasing or delaying valve overlap, which increases trapped residuals and
reduces pumping work

e Late Inlet Valve Closure (IVC), which decreases pumping losses

e Late Exhaust Valve Opening (EVO), which can increase expansion work

As a result, fuel economy can typically be improved by up to ~5% over the
European drive cycle. The choice of optimum VVT strategy is highly dependent on
exhaust manifold design, compression ratio, cam phasing limits due to clash, part-
load residual dilution tolerance and the importance of Wide Open Throttle (WOT)
performance relative to part-load fuel consumption and emissions. A dual-
independent VVT strategy offers high overlap potential and reasonable compromise
between maximising WOT torque and minimising part-load fuel consumption and
emissions. This is particularly true for hardware combinations that benefit from high
overlap at both WOT (for scavenging) and part-load (to increase trapped residuals).
An alternative strategy that could be used is high overlap retard, which can
potentially give even lower fuel consumption than a maximum overlap strategy (4).
However, WOT torque can be compromised, particularly at low speed unless very
wide range, fast response cam phaser units can be used (5).

In more recent years, there has also been considerable interest in fully variable
valvetrain systems for additional improvements, such as:

e Further reduction in throttling losses via load control directly at the inlet valve(s)

e Increased thermal efficiency through greater expansion ratio

e Reduced tailpipe emissions under cold-start (direct fuel injection) conditions via
late Inlet Valve Opening (IVO)

Numerous fully variable valvetrain strategies exist depending on application, but
the currently reported work is most concerned with those SI engine strategies
claiming to enable improved part-load fuel efficiency. During his useful study in a
similar vein, Tuttle compared the effects of Late Inlet Valve Closing (LIVC) and
Early Inlet Valve Closing (EIVC) in a single cylinder research engine. In early
experiments (6), IVC was delayed through 60-96° crank. Fuel consumption was
observed to reduce by up to 6.5% and was accompanied by lower engine-out
emissions of NOx (~24%) but similar hydrocarbon levels. Regardless, Tuttle
concluded that 96° was the maximum delay that could be tolerated due to loss of
effective compression ratio, which would significantly limit the attainable speed-
load map (assuming no external compression was available). In subsequent work
(7), it was concluded that the EIVC strategy was favourable for part-load, allowing
de-throttled operation over a wider speed-load window, albeit reliant on 200° crank
range of inlet valve closing.

To date, there still remains significant interest in the thermodynamic effects of EIVC
operation. For example, in a recent study Cleary and Silvas (8) investigated EIVC at
part-load (1300rpm/3.3bar net IMEP) in a single cylinder PFI engine. It was
observed that such a strategy led to reduced in-cylinder turbulence, associated with
the increased time under closed valve conditions. In turn, this resulted in prolonged
combustion duration, reduced in-cylinder gas temperatures, reduced engine-out
emissions of NOx (up to 25%) and increased values of unburned hydrocarbons



(also 25%). The deterioration in burn rate could be reduced by switching to a LIVO
strategy but, under the reduced valve duration conditions tested, the pumping
losses were worse than the conventional throttled benchmark case.

The benefits achieved by EIVC operation are highly dependent on the valvetrain
system employed. At one end of the spectrum, various electro-magnetic and
electro-hydraulic systems have been proposed. Such camless systems have been
reported to allow the greatest potential for reduction in SI engine breathing losses
(9, 10,) and/or can be used to realize advanced modes of operation such as
Controlled Auto Ignition (11, 12). However, in general these systems often still
have significant issues to overcome including packaging, noise and cost. The
majority of fully variable valvetrain systems entering production have been
mechanically based as these arguably present a viable step on a cost-benefit basis.
For example, Unger et al. (13) recently summarised the design and development of
the second generation Valvetronic system, capable of providing up to ~12%
reduction in fuel consumption at part-load. Improvements claimed in the second-
generation iteration included more aggressive valve lift profiles, re-optimization of
the inlet port masking, friction reductions and integration of the control system
within the main engine control unit. Elsewhere, Shimizu and co-workers (14)
recently reported on the benefits of the new production Valvematic system, a well-
packaged continuously variable valve lift system offered in conjunction with dual
VVT. These workers reported up to ~10% improvement in fuel economy could be
achieved during typical part-load operation, with similar percent improvement in
power. Another mechanical fully variable system recently introduced is the Nissan
VVEL (15, 16), which enables relatively aggressive inlet lift profiles to be used with
fuel economy benefits similar to those above. Elsewhere, Sellnau and co-workers
(17) have demonstrated how two-stage mechanical valve actuation can allow viable
further compromise on a cost-benefit basis, achieving 5.5% improvement in fuel
economy and ~46% reduction in NOx over an EPA drive cycle.

The above systems were all used with port fuel injection. However, the combination
of EIVC with homogeneous Direct Injection (DI) has also begun to warrant interest,
with the potential for further fuel savings if used together with increased
compression ratio. For example, workers on the "“Hotfire” collaborative project
recently examined such effects in both optical and thermodynamic single cylinder
SI engine assemblies (18, 19). During this study, greatest fuel consumption
benefits could be achieved if just one of the two inlet valves was actuated.
However, the swirl dissipated quickly once the valve closed and the fuel economy
benefits recorded varied substantially depending on which of the two inlet valves
was activated.

The main objective of the currently reported work was to assess the fuel economy
benefits of various valvetrain systems of different complexity. To this end, a single
cylinder engine has been prepared with a fully variable valvetrain on both the inlet
and exhaust to allow the effects of variable valve timing, two-stage cam profile
switching and finally fully variable unthrottled operation to be quantified using a
common hardware platform.

2 EXPERIMENTAL SETUP

2.1 Engine Assembly

The experiments were performed in a naturally aspirated single cylinder four-valve
per cylinder spark ignition research engine. Some general details of the unit are
presented below in Table 1.



Table 1: Basic engine characteristics

No of cylinders 1

Bore (mm) 82.5

Stroke (mm) 88.9

Geometric compression ratio 9.8:1

Variable Valve Timing Fully Variable (Inlet & Exhaust)

Interchangeable (port fuel

Fuel injection injection used in this study)

Spark plug NGK single electrode
Ignition coil Bosch coil-on-plug
Fuel 95 RON unleaded gasoline

The base engine assembly is illustrated in Figure 1. The engine was designed to
provide a low-cost single cylinder assembly. As such, the bottom-end was based on
a modified industrial Lister-Petter diesel sub-assembly, re-fitted with a prototype
water-cooled barrel and bespoke con-rod and piston assemblies. Sections through
the prototype cylinder head assembly are illustrated in Figure 2. This head was
designed to allow study of port, side direct or central direct fuel injection using a
common platform. The ports and combustion chamber geometry were based on
those of an Audi FSI production engine.

This modular single cylinder assembly also allows straightforward conversion
between the existing thermodynamic setup and fully optical operation, with the
latter demonstrated recently under both port and side direct fuel injection operation
(20, 21). The currently reported work has so far only been concerned with
thermodynamic operation. The port fuel injection setup used throughout this study
included a production injector and prototype flat-topped piston, with the fuel spray
targeting the back of the inlet valves as per a typical production engine application.
The valvetrain valve lift profiles had been designed to maintain acceptable dynamic
loads at engine speeds up to 6500rpm. Prior to running the test engine, the valve
lift versus duration was measured by spot facing the valves and fitting the cylinder
head sub-assembly to an in-house motoring rig. A laser differential vibrometer
system was then used to obtain direct valve velocity measurements via the laser
Doppler interferometry technique (results are shown later). During these tests, the
cylinder head oil circuit was connected to an oil conditioning rig that controlled oil
temperature and pressure to engine-like motoring conditions (90°C+2°C, 3bar

gauge).

Prototype Head

Water-cooled
Barrel

, & //' P |
Lister Bottom-end / y (‘,' g e

;I

Figure 1: Base engine assembly (thermodynamic setup)
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Figure 2: Cylinder head assembly duration in proportion. The profiles

showing port, side direct or of the cams were designed so as to
central direct fuel injection using ensure acceptable dynamic forces
a common hardware platform were produced regardless of phase.

In summary, the opening and closing cams act in tandem to produce a mean cam
(and hence valve) lift curve. By advancing the phasing of the inner shaft relative to
the outer shaft, the closing of the valve is advanced, hence allowing reduced lift
and duration to be achieved. The phasing of the closing cam was controlled using a
prototype wide range (140° crank) hydraulic cam phaser, denoted in Figure 4 as
the “VLD Phaser”. In order to then achieve fully variable valvetrain operation, a
second hydraulic VVT cam phaser was fixed to the outer tube, providing 40° crank
timing range. Similar ranges were available on the exhaust, however during the
current study the exhaust VLD phaser remained locked in the maximum lift setting.

An additional point to note regarding the adoption of this valvetrain was that the
cylinder head used in the current work did not include any form of inlet port
masking (sometimes alternatively referred to as port shrouding). Most mechanical
VVA systems entering production are known to include such masks, which
effectively reduce the flow area in to the cylinder at the back of the inlet valves and
hence increase forward tumble ratio. However, during this initial work it was
decided necessary to omit such masks and obtain a baseline data set. An
alternative less common approach might be to attempt to invoke increased swirl
but unfortunately one limitation of the VLD system available was that symmetrical
valve lifts had to be used. Furthermore, the effects of such swirl during EIVC
operation are arguably less well understood.
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Figure 4: Single cylinder VLD assembly with the VLD and
VVT cam phasers of the inlet camshaft identified

2.2 Test Apparatus

During the experiments, the cylinder head was fitted with a Kistler 6041A water-
cooled in-cylinder pressure transducer, the face of which mounted flush with the
combustion chamber walls. Pressure data acquisition was performed using a
SMETEC Combi system. The corresponding pressure data analysis was performed
using AVL Concerto Version 3.8. Corresponding thermodynamic parameters were
evaluated as the average of values compiled over 300 engine cycles. The engine-
out emissions were sampled using a Horiba MEXA 9100 analyser. Fuel flow
measurements were performed using a coriolis fuel flow meter assembly, calibrated
in-situ to provide a maximum reading error of <0.5% at the minimum fuel flows
reported.



3 RESULTS

3.1 EIVC & VVT Effects

The objective of these first tests was to study EIVC when combined with internal
EGR, such as if the engine were to be fitted with a fully variable valvetrain on the
inlet and fixed valvetrain on the exhaust. Shown in Figure 5(a) are corresponding
maps produced at 1500rpm/3.2bar IMEPn (MBT spark timing, A=1, 95RON pump
gasoline). This net IMEP was equivalent to that generated in a suitable multi-
cylinder production engine at a reference brake load of 2.62bar BMEP (a mapping
site used by some OEMs). The “baseline” data point marked on the map indicates
the valve timing settings for a typical non-VVT multi-cylinder engine, with overlap
fixed to allow acceptable performance across the speed-load map. During the
experiment, the exhaust valve lift remained locked at the maximum value of
8.9mm. EVC was also held fixed at 9°aTDC. The fuel injection timing also remained
constant and was set for best fuel economy at the “baseline” condition
(EOI=400°bTDCF). The most advanced IVO setting shown was governed by valve-
to-piston clash, with 1mm clearance maintained.

Shown in the corners of the valve timing map are four valve lift cartoons that help
illustrate the valve events occurring in different areas of the map. In the top right-
hand corner the engine inlet was throttled, with maximum valve lift and minimum
valve overlap applied. In the bottom right-hand corner, IVO was advanced for
increased overlap and internal EGR. Moving horizontally from right to left, in the
bottom left-hand corner the engine was operating with the highest possible valve
overlap and also reduced inlet duration and lift for an unthrottled EIVC strategy.
Finally, in the top left-hand corner, the unit was operating with minimum valve
overlap while maintaining EIVC operation. It is important to note that the inlet
plenum pressure could be increased to between 0.99-1.0bar absolute across the
entire left-hand side of this map, with full unthrottled operation hence achieved at
all IVO timings studied.

Observing Figure 5(a), up to 11% improvement in net Indicated Specific Fuel
Consumption (ISFCn) was possible at this site when combining EIVC and inlet VVT.
Of this benefit, ~3% was attributable to VVT as seen in the bottom-right hand
corner of the map. The remaining ~8% was associated with EIVC operation. The
inlet valve duration and lift at the best ISFC site were 112°crank/2.23mm. The
corresponding standard deviation in gross IMEP (c IMEPg) remained well within
acceptable limits (0.06bar). It was therefore apparent that higher amounts of
internal EGR could be tolerated in this engine at this site. Otherwise, it was
interesting to note the island of worst ISFC occurred with IVC around 180°. When
IVC occurs after 180°, the motion of the piston can push air back up in to the inlet
system. When throttled, this resulted in slightly higher inlet plenum pressures and
hence marginally lower pumping losses than incurred with IVC at ~180 °.

The next tests were concerned with combining a fully variable inlet valvetrain with
exhaust VVT (a slightly higher cost solution but still considered to be feasible for
production). As such, shown in Figure 5(b) are percent ISFC measurements made
at equivalent test conditions to those employed in Figure 5(a), but now with the
exhaust event retarded by 34° and EVC fixed at 43°aTDC. An exhaust phase shift of
34° is well within the capability of typical production cam phasers. Up to ~13%
improvement in fuel economy was possible c.f. a fixed valvetrain solution, with
~6% benefit attributed to dual independent VVT and ~7% associated with
throttleless effects. Advancing the inlet event beyond this point soon resulted in
degradation in stability and hence fuel consumption; the dashed line superimposed
on the map illustrates where the stability limit of =0.12 was reached. The 0-10%
and 10-90% Mass Fraction Burned (MFB) periods were arguably more strongly



influenced by increasing internal EGR than EIVC. However, this was not always the
case as discussed in more detail later on.

 \n M
15
10-] EVC
57
o 0
[a] 4
‘= 57 ; .
5/—10*_
> -154 (2N 5 VT 2, .. Baseline
204 N (Non-VVT)
-26 1 o
B L) L e L S A S S L R
80 100 120 140 160 180 200 220 240 260
IVC (°aTDC)
(@)
% Net ISFC
45
— e - - - EVC
40—
35*7
30*7
254
20*7
o 154
a j
= 10+
© j
< 5]
o 4
= 0
-5+
10
15*7
-20*7
25*7
-30 L e W B S R S
80 100 120 140 160 180 200 220 240 260
IVC (°aTDC)
(b)

Figure 5: Percent ISFC maps when combining EIVC with (a) inlet VVT and
(b) exhaust VVT at 1500rpm/3.2bar IMEPn. Dashed line superimposed
on (b) shows combustion stability limit of c IMEPg=0.12.

In order to understand why VVT further improves part-load fuel economy when full
unthrottled operation has already been achieved it is useful to consider the inlet
valve lift curve shown in Figure 6(a). As previously discussed, this curve was
measured on a motoring cylinder head valve motion rig. This characteristic S-
shaped curve is typical of many production mechanical variable valvetrains; where
valve lift must be reduced at the lowest valve durations in order to maintain
acceptable kinematic loads on the valvetrain across the engine speed operating
range. Superimposed on the figure are dashed lines denoting the values of inlet
valve duration and lift required when operating firstly using EIVC operation without
variable valve timing (solid line) and secondly when combining EIVC with the
maximum valve overlap possible (dashed line). This data was produced at the



typical part-load operating site of 2000rpm/2.7bar IMEPn (MBT spark timing
maintained, A=1). In brief, the adoption of variable valve timing in addition to EIVC
operation resulted in increased trapped residual mass until the acceptable
combustion stability limit of cIMEPg=0.12 was approached. In order to then
maintain engine load, it was necessary to increase the valve duration and lift from
107°/1.97mm to 125°/2.99mm as indicated. In turn, this resulted in reduced
throttling at the inlet valve itself, with operation forced much nearer to the point of
inflection on the S-shaped curve and hence a more aggressive valve lift profile
event achieved. The corresponding reduction in the pumping loop area of the log p
Log V diagram is illustrated in Figure 6(b).
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Figure 6: a) Values of valve lift for EIVC operation with and without VVT at
2000rpm/2.7bar IMEPNn and (b) corresponding pumping loop diagrams

In conclusion, most mechanical Variable Valve Actuation systems must endure low
valve lift at low valve duration, which can lead to throttling at the valve itself.
Under such circumstances, it seems the more EGR tolerated the better. Such
benefits might of course be reduced if, for example, camless operation with
trapezoidal wave valve lift profiles and/or faster rates of valve actuation could be
practically achieved. Otherwise, in terms of maximising lift at low duration, the
current VLD system performed relatively well for a mechanical system, with
reasonably aggressive lift profiles achieved as seen in Figure 6.

3.2 Speed-Load Maps

With the above observations understood, the effects of combining dual independent
VVT with EIVC could be mapped across a speed-load window. The low-cost bottom-
end available at the time of this work could only be used at speeds up to 2000rpm.
Nonetheless, a reasonable portion of the drive cycle could still be studied.
Therefore, shown in Figure 7 is a comparison of VVA effects over such a window.
The engine was operated at MBT spark timing, A=1 and with EOI=400°bTDC at all
shown sites. The left-hand column of graphs was produced using VVT alone. The
right-hand set was generated using VVT in combination with EIVC operation. The
overlap used at each site was governed by the EGR tolerance of the engine. Beyond
the overlap settings shown no additional improvements in fuel consumption could
be made. Observing the maps, the overlap varied from 26° to 65°, increasing with
speed and load. At higher engine speeds there is usually less time for the EGR to be
re-breathed from the exhaust manifold and hence higher overlap is required. It is
interesting to note that similar levels of overlap were tolerated with and without
EIVC. However, it is important to note that less internal EGR will have been trapped
in the VVT+EIVC case for a given level and phase of overlap due to the less
favourable EGR pressure ratio from exhaust to inlet during the breathing event.
This is also perhaps reflected in the differences in engine-out NOx.
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Figure 7: Speed load maps for a) VVT and b) EIVC+VVT operation

During the VVT-only tests, the engine was still operating under part-throttled
conditions, with corresponding values of inlet plenum pressure shown. When
adopting VVT4+EIVC, atmospheric inlet plenum pressures were achieved at all
shown sites. Corresponding values of inlet valve lift are shown, varying from 1.8-
5.8mm across the mapped regime and increasing with speed and load. As output



increases under unthrottled conditions, a longer inlet duration is required to inhale
an increased mass of fresh charge. Assuming at least an equivalent percentage of
EGR to that tolerated at lower load is still required, a higher mass of residual would
be needed and hence additional valve overlap would be necessary. The assumption
of at least equivalent EGR rate is deemed sensible, given EGR tolerance is well
known to increase with load in the SI engine (4). However a larger step change in
overlap than observed here would be required to claim any significant improvement
in such tolerance occurred with such relatively small change in output over the
map.

The values of percent ISFC shown in Figure 7 are expressed relative to the
“baseline” valve timing case (conventional throttled non-VVT operation). The effects
of VVT on fuel economy are well understood and the improvements recorded are
not too dissimilar to those reported in the literature (2-5). The additional use of
EIVC allowed further improvements in ISFC of 6-8% at lower loads. At higher
output, the benefit of EIVC operation dropped to ~2%. It is important to note that
these benefits were recorded under stable conditions, with the highest value of
cIMEP across each map equal to 0.08 (VVT) and 0.075 (VVT+EIVC) respectively.
When greater overlap was attempted the combustion stability soon deteriorated.
Overall, these results of course neglect any cylinder-to-cylinder breathing effects in
real engines and the friction losses of such a valvetrain. Unfortunately a single
cylinder cannot provide a representative friction baseline due to the high degree of
bottom-end friction and parasitic losses acting on the one cylinder alone.

At 2000rpm, it can be seen that it was not possible to combine VVT with EIVC
operation below 2.7bar IMEP. Each technology could be applied alone but not
together and this shall be discussed further later on. Another key point to note at
this speed was that the net IMEP values at two of the mapped sites (2.7bar and
4.7bar respectively) had been selected to match the indicated load produced at
2bar and 4bar BMEP in a multi-cylinder production engine. Comparison of these two
sites arguably gives some insight in to the indicated fuel economy gains available if
such a valvetrain was to be adopted on an aggressively downsized engine. When
capacity is reduced by 50%, the brake output will approximately double for a given
road-load requirement. By testing the engine at output equivalent to both 2bar and
4bar BMEP, it may be argued that some of the effects of halving an engine’s
capacity can be uncovered. This simplistic approach of course neglects differences
in compression ratio, in-cylinder flow, EGR tolerance, friction or in-vehicle gearing
which will be necessary in many cases to best utilise the downsizing principle.
Nonetheless, the data still highlights how the benefits of unthrottled EIVC operation
are significantly reduced in proportion to any degree of downsizing employed. In
summary, if capacity was to be halved, the additional benefit in indicated fuel
economy from fully variable EIVC operation would drop from 4.7% to 2.2% at the
example 2000rpm cruising point.

Finally values of the difference in 0-10% MFB period are also shown c.f. a
“baseline” throttled non-VVT case. When employing VVT+EIVC, the corresponding
isolines in the bottom right-hand figure indicate that the 0-10% MFB period was
heavily influenced by load at very low engine speeds. However, these isolines
became more diagonally inclined at the highest engine speed studied. Comparing
the 1500rpm/2.7bar and 2000rpm/2.7bar sites, the 0-10% MFB period increased
by 12° crank. The associated 0-10% MFB time period increased from 3.3ms to
4.65ms from 1500rpm to 2000rpm, clearly demonstrating the combustion period
was prolonged. As a result, it was not possible to combine VVT and EIVC with the
hardware available at the highest speed and lowest loads, which may be
unacceptable in any practical application. In conclusion it seems efforts are required
in future work to increase the flame speed under light loads and also moderate
engine speeds.



3.3 Cam Profile Switching

Set out in Figure 8 are inlet valve duration/lift sweeps performed at the speed-load
sites in the corners of the VVT+EIVC speed load map. Two data sets are shown at
each site. The low overlap data was obtained with the inlet and exhaust cam timing
fixed as per the non-VVT engine baseline setting. The high overlap data set was
gathered at the maximum possible overlap setting at each site, where combustion
stability could be maintained below the acceptable limit of ¢ IMEPg>0.12 across the
sweep. The dashed lines superimposed on the figure illustrate the best possible fuel
economy benefit with the inlet valve duration/lift set to a fixed value of 125°/3mm
in an attempt to simulate the effects of two-stage cam profile switching (CPS). At
higher loads it was found that, when combined with VVT, fully unthrottled operation
could not be achieved with a 3mm lift CPS system. Only by reducing the valve
overlap back to as far as the non-VVT setting was it still possible to achieve load.
Under such conditions, the improvement in fuel consumption was not too far away
from that obtained with the fully variable valvetrain, with 3.9% saving c.f. 5.7% for
fully variable actuation at 2000rpm/6bar IMEP. This 3.9% represented the best fuel
economy available from this CPS setting at this site; no other combination of inlet
or exhaust valve timing achieved load with 3mm lift. The CPS system performed
better with VVT at 2000rpm and lower load, with 11% improvement in fuel
economy still achieved c.f. 12% with the fully variable system. Such a speed-load
site is often quoted to be a typical cruising condition for moderate-to-large capacity
engines and hence such substantial savings are not without significant merit over
typical drive cycle assessments. However, the major limitation of such a CPS
system was selecting a valve duration/lift large enough to capture the high load
sites (and hence avoid excessive transitions) but also still achieve fuel savings at
the lowest speeds and loads visited during the drive cycle. In the 3mm case studied
here it can be seen that the improvement at the idle site was 4.7%, which
compares to 10% via fully variable operation.
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Figure 8: Comparison of inlet valve lift sweeps performed at the
speed-load sites in the corners of the VVT+EIVC speed-load maps



Set out in Figure 9 is a cost-benefit analysis of various spark ignition engine
technologies based on experimental fuel consumption measurements and cost
information available to the authors at the time of publication. The datum case
used in the analysis was a four cylinder 2.0litre PFI engine operating with a fixed
valvetrain. With specific respect to the current study, inlet cam profile switching
combined with dual VVT would appear to present a very attractive compromise.
However, such an analysis must be treated with caution in terms of generic
application. For example, the data shown is compared to a naturally aspirated
baseline and therefore does not readily account for combination of such valvetrain
technologies with engine downsizing or down-speeding, both of which are widely
foreseen to become dominant gasoline engine technologies within key markets in
the short-to-medium term. From the speed-load maps obtained in the current study
it would appear that a wide range of inlet valve lifts would be required to obtain an
operating map sufficient in size to warrant a VVA system any more sophisticated
than VVT in such an engine. The relative cost-benefits of other emerging (and
arguably competing) technologies such as stop-start must also be considered.
However, the possible benefits of fully variable inlet valve operation at moderate
and higher loads should also not be neglected (Miller cycle operation, for example)
and this should be the subject of future work.

MAHLE Powertrain Cost/Benefit Analysis
(based on 4 Cyl 4V PFI Baseline)
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Figure 9: Cost-benefit diagram for various engine technologies

4 CONCLUSIONS

The effects of combining VVT with EIVC have been studied in a thermodynamic
single cylinder research engine under port fuel injection conditions. During full
unthrottled (EIVC) operation the following conclusions were made:

e At the typical part-load cruising site of 1500rpm/3.2bar IMEP, EIVC operation
allowed fuel consumption reductions of up to 8%. The addition of inlet VVT
allowed further savings of up to 3%. Exhaust VVT then enabled yet more small
improvements of 2%.

e The maximum fuel economy benefits achieved were limited by increased O-
10% mass fraction burned periods and the onset of unstable combustion. This



effect seemed most limiting at low speed and very low loads (very early IVC
with the lowest valve lifts) but also moderate loads at higher speeds.

e During unthrottled EIVC conditions at constant speed and load, increasing the
valve overlap and hence internal EGR rate allowed greater inlet valve duration
and lift to be used. In turn, this reduced the throttling across the inlet valves
and enabled higher gas exchange efficiency.

e Most mechanical EIVC systems must endure relatively low valve lifts at low
valve durations, which can lead to throttling at the valve itself. It would
therefore appear that the more EGR tolerated, the better.

e The effects of EIVC on NOx emissions were typical of those reported elsewhere,
with engine-out values reduced by up to ~40%. Unburned hydrocarbons were
increased by up to ~70% at the lowest speeds and loads but the lack of port
masking must be considered. These differences in emissions decreased as the
valve duration was increased at higher loads.

e Under 50%-downsized conditions, the fuel economy benefit of EIVC operation
fell from 4.7% to 2.2% at a typical 2000rpm cruising site.

e Two-stage cam profile switching is an attractive compromise in terms of cost-
benefit but only provided a large enough operating window can be achieved,
which is highly dependent on both engine capacity and vehicle transmission
ratios.

Future work shall be concerned with study of the effects of inlet port masks, so far
omitted from any engine test work, on flow, combustion, performance and
emissions when operating in such valvetrain modes. Synergy between such VVA
and alcohol-blended fuels shall also be examined at both low and higher loads.

5 ACKNOWLEDGEMENTS

Thanks to Hugh Blaxill, Neil Fraser and Mark Potts of MAHLE Powertrain and
Hermann Hoffman, Oliver Fritz and Joerg Reuckauf of MAHLE ZRV for their support.

6 REFERENCES

1. Kramer, U. and Phlips, P.: “Phasing Strategy for An Engine With Twin Variable
Cam Timing”, SAE Paper No. 2002-01-1101, (2002).

2. Moro, D., Minelli, G. and Serra, G.: “Thermodynamic Analysis of Variable Valve
Timing Influence on SI Engine Efficiency”, SAE Paper No. 2001-01-0667,
(2001).

3. Roberts, C.E. and Stanglmaier, R.H.: “Investigation of Intake Timing Effects on
the Cold Start Behaviour of a Spark Ignition Engine”, SAE Paper No. 1999-01-
3622, (1999).

4. Cairns, A., Irlam, G. and Blaxill, H.: “Exhaust Gas Recirculation for Improved
Part and Full Load Fuel Economy in a Turbocharged Gasoline Engine”, SAE
Paper No. 2006-01-0047, (2006).

5. Schéfer, J. and Balko, J.: “High Performance Electric Camshaft Phasing
System”, SAE Paper No. 2007-01-1294, (2007).

6. Tuttle, J.: “Controlling engine load by means of Late Intake Valve Closing”, SAE
Paper No. 800794, (1980).

7. Tuttle, J.: “Controlling engine load by means of Early Intake Valve Closing”,
SAE Paper No. 820408, (1982).

8. Cleary D., Silvas G.: “Unthrottled Engine Operation with Variable Intake Valve
Lift, Duration and Timing”, SAE Paper No. 2007-01-1282, (2007).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hannibal, W., Flierl, R., Stiegler, L. and Meyer, R.: “Overview of Current
Continuously Variable Valve Lift Systems for Four-Stroke Spark-Ignition
Engines and the Criteria for their Design Ratings”, SAE Paper No. 2004-01-
1263, (2004).

Sauer, C., Kulzer, A., Rauscher, M. and Hettinger, A.: “Analysis of Different
Gasoline Combustion Concepts with Focus on Gas Exchange”, SAE Paper No.
2008-01-0427, (2008).

Allen, J. and Law, D.: “"Advanced Combustion Using a Lotus Active Valve Train:
Internal Exhaust Gas Recirculation Promoted Auto-Ignition”, Proceedings of the
IFP International Congress 2001, p.p. 85-100, (2001).

Koopmans, L., Strom, H., Lundgren, S., Backlund, O. and Denbratt, I.:
“Demonstrating a SI-HCCI-SI Mode Change on a Volvo 5-Cylinder Electronic
Valve Control Engine”, SAE Paper No. 2003-01-0753, (2003).

Unger, H., Schneider, J., Schwarz, C. and Kock, K-F., “VALVETRONIC -
Experience from 7 years of Series Production and a Look into the Future”, 29.
International Wiener Motorensymposium, (2008).

Shimizu, K., Fuwa, N., Yoshihara, Y. and Hori, K.: * The New Toyota variable
Valve Timing and Lift System”, Aachener Kolloquium Fahrzeug und
Motorentechnik, (2007).

Tsuruta, S.: “The Innovative Variable Valve Event and Lift System (VVEL) for
the New Nissan V6 and V8 Engine”, 29. International Wiener
Motorensymposium, (2008).

Fujita, T., Onogawa, K., Kiga, S., Mae, Y., Akasaka, Y. and Tomogane, K.:
“Development of Innovative Variable Valve Event and Lift (VVEL) System”, SAE
Paper No. 2008-01-1349, (2008).

Sellnau, M., Kunz, T., Sinnamon, J. and Burkhard, J.: “2-step Variable Valve
Actuation: System Optimisation and Integration on an SI Engine”, SAE Paper
No. 2006-01-0040, (2006).

Stansfield P.A., Wigley G., Garner C.P., Patel R., Ladommatos N., Pitcher G.,
Turner J.W.G., Nuglisch H., Helie J.: “Unthrottled Engine Operation using
Variable Valve Actuation: The Impact on the Flow Field, Mixing and
Combustion”, SAE Paper No. 2007-01-1414, (2007).

Patel, R., Ladommatos, N., Stansfield, P., Wigley, G., Garner, P., Pitcher, G.,
Turner, J.W.G. and Nuglisch, H.: “"Comparison between Unthrottled, Single and
Two-valve Induction Strategies Utilising Direct Gasoline Injection: Emissions,
Heat-release and Fuel Consumption Analysis”, SAE Paper No. 2008-01-1626,
(2008).

Malcolm, 1.S., Aleiferis, P.G., Todd, A.R., Cairns, A., Hume, A., Blaxill, H.,
Hoffmann, H. and Rueckauf, J.: “A Study of Alcohol Blended Fuels in a New
Optical Spark Ignition Engine”, IMechE Performance, Fuel Economy and
Emissions Conference, London, (2007).

Malcolm, 1.S., Aleiferis, P.G., Todd, A.R., Cairns, A., Hoffmann, H.: “An Optical
Study of Spray Development and Combustion of Ethanol, Iso-Octane and
gasoline Blends in a DISI Engine”, SAE Paper No. 2008-01-0073, (2008).
Lancefield, T., Lawrence, T., Ahmed, A. and Hamouda, H.B.H.: “VLD - A
flexible, modular, cam operated VVA system giving variable valve lift and
duration and controlled secondary valve openings”, SIA Conference on Variable
Valve Actuation, IFP Rueil, (2006).

Bunsen, E., Grote, A., Willand, J., Hoffmann, H., Fritz, O. and Senjic, S.: “Fuel
consumption improvements by variation of intake valve lift and timing - A
mechanically fully variable valvetrain system for a 1.6l gasoline engine with
direct injection”, Haus der Technik Variable Valvetrain Congress, (2007).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


