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ABSTRACT

This body of work dimensions the HCCI fuel economy benefits and required
aftertreatment performance for compliance with emissions regulations in North America
and Europe. The following parameters were identified as key factors influencing the
benefit of implementing HCCI over driving cycle:

e Power-to-weight ratio
Operation range of HCCI
Conditions of the driving cycle
Application of constraints that cause “un-natural” mode transitions
Application of transition penalties
Available after-treatment performance

e Constraints imposed by emissions regulations
This study shows that development priorities for attaining maximal fuel economy benefit
during urban driving cycles differ greatly in North America and in Europe due to
differences in emissions regulations. The combined effect of increasing power-to-weight
ratio, increasing the operation range of HCCI, removing operational constraints on HCCI
implementation, and reducing fuel penalties associated with transitions into and out of
HCCI mode is shown to double the emissions-constrained fuel economy benefit of HCCI
during the new European driving cycle. These factors are shown to have modest impact
on fuel economy benefit of HCCI during the North American city driving cycle when
compliance with the more stringent emissions regulations is required. In order to attain
maximal fuel economy benefit and comply with emissions regulations in California,
improving conversion efficiencies in the aftertreatment of lean engine exhaust must be a
primary focus. Fuel economy benefit of HCCI during the highway driving cycles is
shown to be most responsive to the amount of time the engine spends in the speed and
load range of HCCI operation. Time spent in HCCI mode during these driving cycles is
most heavily influenced by changes in power-to-weight ratio and upper load limit for
HCCL

Thesis Supervisor: John B. Heywood
Title: Sun Jae Professor of Mechanical Engineering and Director of the 21%' Century
Laboratory for Energy and the Environment
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Chapter 1

Introduction

1.1 Background
When a well-mixed mixture of fuel and air that is diluted with air and/or previously

burned (residual) gases is compressed in an engine to such a high temperature that it
auto-ignites, the engine is said to operate in homogeneous charge compression ignition
(HCCI) mode. HCCI involves no flame propogation, as in a traditional spark-ignition
engine. The combustion is controlled by chemical kinetics.

Heat release during an HCCI combustion event can be extremely rapid, which makes it
theoretically possible to approach ideal Otto-cycle (constant volume) combustion. It is
possible for the combustion event to be too rapid. Typical HCCI combustion events occur
in 12 to 20 crank angle degrees (CAD), while typical spark-ignition engine combustion
events occur in 40 to 60 CAD. It becomes a challenge to find the valve-timing allowing
the in-cylinder mixture to do an optimal amount of work on the piston when the
combustion event lasts only 12 CAD (~one quarter of a millisecond). Additionally, the
rapid rates of pressure rise are a source of engine “knock” that can be alarming to the
driver and detrimental to the structure of the engine over time.

To avoid critically rapid rates of pressure rise in the cylinder, the mixture used for HCCI
combustion must be sufficiently diluted with air and/or residual gases. When too diluted,
however, these mixtures can cause the engine to misfire if they are not sufficiently
warmed via compression. For these reasons, HCCI combustion can comprise only part of
the speed/load portion of naturally aspirated engine’s operational range. A possible area
for HCCI operation in a naturally aspirated, port-fuel injected, camless engine for
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passenger car application is shown schematically in Figure 1. It is possible to operate the
engine in HCCI mode at a relative air-fuel ratio of 1 or lower, but high dilution with
residual gases is still required to limit the heat release rate. The maximum load for HCCI
in a naturally aspirated engine is necessarily lower than that of a traditional SI operation.
Raising the pressure in the intake manifold, boosting, allows for higher loads to be
attained in HCCI operation, but engine knock can become a major concern for noise,
vibration, and harshness control.

>

Engine load, bar BMEP

Sl operating region

13%

Values show % reduction in
fuel consumption

Engine speed

Figure 1: Schematic of the HCCI operating range as a portion of a naturally aspirated SI
engine’s operating range.

HCCI combustion has the potential to reach Diesel engine efficiency (40 — 45%) without
the associated high NOx and particulate emissions. A practical way of realizing 4-stroke
HCCI operation is to trap large amounts of residual gases so that the auto-ignition
temperature of the fuel is reached during the compression stroke. This can be done by
closing the exhaust valve early, as described by the cited references. The trapping of
residual gases therefore fulfills two prerequisites for HCCI combustion: dilution and heat.
Residual gas fraction typically comprises 40 — 60% of the in-cylinder mass. An early
closing of the exhaust valve coupled with a late opening of the intake valve is often
referred to as “negative valve overlap” (Figure 2, captured from Reference 1)
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Valve timing example for Sl and HCCI combustion mode

Valve lift

0 90 180 2'}0 360 450 540 650 720
Crank angle [CAD]

Figure 2: Typical valve timing events for HCCI operation with negative valve overlap
and SI operation with early intake valve closing. This figure comes from SAE paper
2003-01-0753.

Sl and HCCI mode

Sl mode

Cylinder pressure [bar]

0.2 0.5

0.65 0.1
Displaced volume [dm?]

Figure 3: Pressure-volume diagram in log-log scale of a SI cycle with early intake valve
closing and an HCCI cycle with negative valve overlap. The engine was operated un-
throttled at 2 bar BMEP and 2000 rpm. This figure comes from SAE paper 2003-01-

0753.

During normal use of the engine in a passenger car, the engine is required to switch
seamlessly between the two operation modes. Twin-independent valve timing enables the
engine to operate at low load without throttling, which is an important aspect of making a
seamless transition. A main advantage of operating throttle-less, in this context, is that
engine control is substantially simpler during a mode transition.
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HCCI combustion is initiated when the auto-ignition temperature is reached at the end of
the compression stroke; this means that the engine must be firing before the switch to
HCCI mode can be made. Operating the engine in HCCI mode while the engine is cold
may not be possible because the heat losses during the compression stroke and at the top-
dead-center piston position are too large.

The auto-ignition timing of the HCCI combustion process is very sensitive to pressure
andtemperature changes at the beginning of the compression stroke. This is not the case
for ST operation, where the start of combustion is determined by the spark timing. In
order to assure a successful mode change, the control variables, such as fueling rate and
residual mass fraction, have to be estimated with precision. If the control parameters are
not set correctly, the mode switch can fail or combustion can proceed with high cycle-to-
cycle variation and/or knocking. The possibility of this scenario makes the switch into
HCCI mode more difficult than the switch out of HCCI mode, since spark-ignited
combustion is less sensitive to ambient conditions. However, during a switch into HCCI
mode, the change in fuel conversion efficiency must also be estimated. The engine’s fuel
conversion efficiency during HCCI operation is much higher than during SI operation,
but it depends on the tuning parameters; when this change is not correctly estimated, a
discontinuity in torque can occur during the transition.

1.2 Context and Scope
A step toward bringing HCCI closer to applicability in the automotive industry is
presenting an argument for net benefit in vehicle fuel economy under the tightening
constraints of emissions regulations. Challenges facing HCCI in a vehicle context include
narrow operating range,
limited applicability in vehicles with moderate to low power-to-weight ratios,
robustness,
noise, vibration and harshness,
complexity in controlling the HCCI combustion process,
complexity in controlling transitions between HCCI and spark-ignition (SI)
modes of operation,

7. non-negligible penalties associated with fuel economy and NOx as a result of

these transitions,
8. added hardware, added production and warranty costs,
9. increased engine-out hydrocarbons, increased tailpipe NOx, and consequent
increased difficulty in meeting near-zero emissions constraints.

These challenges must be addressed and shown to be outweighed by the benefit of
reduced fuel consumption in order for the development of an HCCI-SI engine system to
be worthwhile for vehicle application. This body of work is a modeling exercise that does
not aim to explore how robustness, noise, vibration, and harshness could be removed
from the list of factors that have potential in limiting HCCI implementation. Also, this
work does not add to the referenced papers offering detailed accounts of how the
combustion process could be better controlled. The remaining items on the list above are
highlighted factors that could most directly prevent the HCCI process from realizing its
full potential in reducing vehicle fuel consumption.

AR o
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The Ford Ranger truck, with a 2.3 liter inline 4-cylinder engine and estimated test weight
of 3375 pounds, is used as context. In this body of work, it is quantified how a change in
vehicle power-to-weight ratio, a higher engine load limit for HCCI combustion, and
changes in HCCI implementation strategy could further improve vehicle fuel economy.
Some of these changes are also shown to exacerbate the problem of meeting stringent
emissions constraints.

Increased hydrocarbon emission as a result of HCCI implementation is mentioned in this
body of work but not treated as a point of focus in the discussion of engine-out and
tailpipe emissions. Meeting near-zero emissions standards for hydrocarbons is difficult
with an SI engine coupled with a three-way catalyst for aftertreatment, and while HCCI
implementation is not expected to make the challenge easier, it is also not expected to
make the challenge notably more difficult. Complying with emissions regulations for
carbon monoxide is relatively simple with a three-way catalyst, with and without HCCI
implementation. This claim is substantiated with numbers but not thoroughly discussed
otherwise in this body of work.

The impact of HCCI implementation on engine-out and tailpipe NOx, however, is central
to the discussion of emissions and emissions compliance. While HCCI implementation
markedly reduces engine-out NOX, the reduction is not so great as to eliminate the need
for the conversion of NOx in the engine exhaust. The engine exhaust during HCCI mode
is either lean of stoichiometric or diluted, creating an environment in the three-way
catalyst that is highly unfavorable for NOx conversion. A discussion of additional
aftertreatment requirements therefore ensues.

The emissions regulations considered in an analysis of the city driving cycle in North
America are those listed in Tier 2, Bins 5, 4, 3, and 2. For hydrocarbons and NOXx, Tier 2,
Bin 2 is equivalent to PZEV without the constraint on evaporative emissions. The
proposed Euro 6 is considered in the analysis of the new European driving cycle.

Lowering emissions from engine exhaust and achieving high catalyst conversion
efficiencies are of crucial importance in meeting the more stringent of these regulations.
Sophisticated catalyst models are neither developed nor employed in this body of work.
Both engine-out and tailpipe emissions are estimated. Mathematical regressions based
upon an extensive database of engine emissions are used to estimate emission indices for
carbon monoxide, hydrocarbons, and NOx. A simple catalyst model is then implemented
to estimate the combinations of three-way catalyst light-off times and steady-state
conversion efficiencies required to meet each of the various emissions constraints.

In the analysis of the city driving cycle, the problem of maximizing fuel economy via
HCCI implementation is approached from two different directions. As a result of the first
approach, a number of implementation strategies are explored, and the cycle-averaged
lean NOx conversion efficiency required to meet each of the emissions constraints is
calculated for each strategy. In the other approach, a fixed lean NOx conversion
efficiency is assumed and the upper load limit for HCCI is lowered until tailpipe NOx
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levels comply with each of the emissions standards. A maximum fuel economy allowed
by each set of regulations is thereby calculated for each strategy.

Changes in implementation strategy typically specify when a transition out of HCCI
mode into SI mode must occur. From the standpoint of maximizing fuel economy, the
most favorable strategy is one allowing the engine to operate in HCCI mode whenever
engine speeds and engine loads are within HCCI operation range. This best-case scenario
is explored extensively. Implementation strategies including combinations of additional
constraints relating to feasibility concerns are also explored in this work. Transitions into
SI mode, for example, are a cause for marked increase in fuel consumption during the
city driving cycle. (The Ford Ranger executes over 250 gear shifts during this test cycle,
and there is a penalty associated with fuel and with NOx each time a transition occurs as
a result of a gear shift.)

1.3 Modeling Approach
The vehicle with its standard engine is modeled with Ford-internal programs (ESA and

CVSP). Several driving cycles are chosen and half second-by-half second data are
obtained for each by these engine and vehicle simulation programs. The data include fuel
flow rates, engine speeds and engine torques. With these data, engine-out emissions are
calculated, fuel economy over driving cycle is estimated, and, with the use of a simple
catalyst model, tailpipe emissions are estimated. Aftertreatment requirements are then
discussed in terms of the combinations of catalyst light-off times and steady-state
efficiencies needed to meet various emissions standards. The process repeats with
increasingly more complex engines including an HCCI capable one. Engines modeled
include:

1. 2.3L port fuel-injected,

2. 2.3L direct-injected,

3. 2.3L direct-injected with variable valve timing, and

4. 2.3L HCCI-SI engine system.
For the sake of exploring options, these engines were modeled first without an EGR
schedule and then again with a fixed EGR schedule (obtained from Ford). Adding
exhaust gas recycle lowers engine-out emissions and slightly reduces fuel consumption
but increases system and warranty costs. The vehicle was first modeled with an estimated
test weight of 3375 pounds and then again with an estimated test weight of 2375 pounds
for the sake of exploring how power-to-weight ratio effects fuel economy and HCCI
applicability. Estimating fuel consumption and tailpipe emissions over four driving
cycles for four different engines, with and without EGR, in a vehicle with two different
weights, would sum to 64 iterations through a detailed procedural analysis.

The fourth engine, however, was not analyzed without an EGR schedule. This is because
EGR is necessary for minimizing NOx in the engine exhaust and therefore realizing the
maximum fuel economy benefit of HCCI given emissions constraints. The fourth engine
was analyzed with 68 different implementation strategies at each vehicle weight.
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1.4 The driving cycles
The four driving cycles considered in this body of work are:
1. EPA city
2. EPA highway
3. New European driving cycle (NEDC)
4. US06

A driving cycle is a standardized pattern of vehicle speed in time. The vehicle speeds are
prescribed in steps, typically one second or one half-second in duration. In a calculation
of the torque required from the engine at the end of each time step, the vehicle speed is
assumed to vary linearly due to a constant acceleration during the time step. The
following are plots of the four driving cycles studied in this work.
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Figure 4: The city driving cycle.

The city driving cycle has been used for the emissions testing of light duty vehicles in
North America. Since Model Year 2000, two other driving cycles have also been
included in emissions testing. The US06 cycle (below) simulates aggressive highway
driving, and the second driving cycle accounts for the use of air-conditioning. The city
driving cycle is partitioned into three phases. Phase 1, or the "cold phase", lasts 505
seconds and includes the cold start. This portion of the driving cycle is most important for
determining after-treatment requirements for emissions compliance. The catalyst is cold
during the start of this phase, the “light-off” period, and many of the engine emissions
pass through the after-treatment system unconverted during this time. Phase 2, or the
"transient” phase, lasts 1372 seconds; the catalyst is expected to perform at or near its
steady state conversion efficiency, well above 99%, during this phase. The engine is off
during the last 10 minutes of this phase. Phase 3, or the "hot" phase, is a duplicate of
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Phase 1 that begins after the 10 minute soak period. The catalyst is still fully warmed at
this time. Total time for the driving cycle is 2477 seconds. Fuel economy and emissions
calculations for this driving cycle use a weighted average. Consumed fuel and emissions
during phase 1 are multiplied by a factor of 0.43, while consumed fuel and emissions
during phase 3 are multiplied by a factor of 0.57. The weighting factor for phase 2 is I.
The total distance traveled in the 2477 seconds is 11.04 miles; the weighted distanced
traveled is 7.45 miles. The following table includes additional details about this test
cycle.

Total time 2477 seconds

Total distance (weighted) 7.45 miles

Average vehicle speed (0 — 1372 seconds, 31.45 kph or 19.66 mph
unweighted), Ford Ranger test vehicle

Average engine speed (0 — 1372 seconds, 1323.5 rpm
unweighted), Ford Ranger test vehicle

Average engine load (0 — 1372 seconds, 2.27 bar

unweighted), Ford Ranger test vehicle
Table 1: Details regarding the city driving cycle.
The time period between 0 and 1372 seconds includes phases | and 2 without the 10

minute soak. The unweighted average over this time period is equivalent to the weighted
average over the total time period minus the 10 minute soak.
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Figure 5: The highway driving cycle

The highway driving cycle is used as part of determining the fuel economy of light duty
vehicles.
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Total time 765 seconds

Total distance 10.26 miles

Average vehicle speed , Ford Ranger test 77.63 kph or 48.52 mph
vehicle

Average engine speed , Ford Ranger test 1940.6 rpm

vehicle

Average engine load , Ford Ranger test 3.87 bar

vehicle

Table 2: Details regarding the highway driving cycle.
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Figure 6: The new European driving cycle.

The new European driving cycle (NEDC) is noted in this work because it is used for both
emissions and fuel economy testing in Europe. The cycle starts cold and includes five

segments. The first segment, lasting 200 seconds, repeats three times and simulates urban
driving patterns. The fifth segment, which begins immediately after the end of the fourth,

simulates highway, or “extra urban” driving patterns. The following table includes some
details about this test cycle.
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Total time 1160 seconds

Total distance 6.84 miles
Average vehicle speed, Ford Ranger 33.58 kph or 20.99
test vehicle mph

Average engine speed , Ford Ranger 1390.7 rpm
test vehicle

Average engine load, Ford Ranger test ~ 2.37 bar
vehicle

Table 3: Details regarding the new European driving cycle.
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Figure 7: The US06 driving cycle.
The USO06 driving cycle is a more aggressive version of the highway driving cycle. The

following are details about this test cycle. It is noted that the average engine load over the
course of this driving cycle is substantially higher than for the other three driving cycles.
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Total time 600 seconds

Total distance 8.00 miles
Average vehicle speed, Ford Ranger test ~ 77.19 kph or 48.24
vehicle mph

Average engine speed, Ford Ranger test 2325.3 rpm
vehicle

Average engine load, Ford Ranger test 4.54 bar

vehicle

Table 4: Details regarding the US06 driving cycle.

The EPA city and highway driving cycles are relevant for reporting fuel economy
numbers in North America. The metro-highway fuel economy is calculated as a weighted
average of the fuel economy for the city cycle and the fuel economy for the highway
cycle.
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This fuel economy calculation is reported in addition to fuel economy numbers for each
of the city and highway driving cycles separately.
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Chapter 2
Engine and Vehicle Models

In this body of work, the most important difference between the three spark ignition
engines is in how much fuel they consume at various speed and load (torque) conditions
over each of the four driving cycles. Estimates of emission indices for carbon monoxide
(CO), hydrocarbons (HC), and nitrogen oxides (NOx), are unchanged for the three
engines, and so the difference in engine-out emission is due solely to the difference in
fuel consumption. The third spark ignition engine, with direct injection and twin-
independent variable camshaft timing, consumes the least amount of fuel and therefore
has the lowest total engine-out emission. The following are descriptions of how each of
the three engines is modeled.

2.1 Engine Systems Assessment Program (ESA)

Development of the Engine System Assessment Program (ESA) began with Ford's
Research Staff in the early 1980's. ESA's first major application was the Gasoline Engine
Technology Consensus document, published in 1985. A total of over 70 engine designs
were evaluated by ESA, with displacements ranging from 1.2 to 7.5 liters.

Using ESA methodology helps eliminate ambiguity from the engine feature assessment
process, and it simplifies the evaluation of future engine technological changes
consistently. The ESA program is designed to provide a rapid assessment of the effects of
relative changes in engine design variables on performance and fuel consumption.
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Used in this manner, the program has wide appeal for those involved in fuel economy
trade-off studies or performance calculations. It is also possible to predict various engine
output quantities on an absolute basis if there is knowledge important engine geometric
parameters related to friction and volumetric efficiency.

ESA can do comparisons between competing engine designs and can be used to assess
the effects of design choices, such as bore/stroke ratio, on fuel consumption or low torque
capability. ESA can make fuel economy and performance estimates that are generally
accurate to within 3%, with intake manifold and friction calibrations.

The benefit in using a program such as ESA lies not in its ability to reproduce test results
but rather to provide a consistent method of assessing engine-to-engine differences and
determining the best choices to be made from several alternatives. Actual test data can
and usually does contain a significant amount of variability that can be traced to engine
hardware, test conditions, data recording equipment and operator error. ESA result are
not expected to provide exact correlation, but rather similar trends and similar engine-to-
engine differences.

2.1.1 Engine #1: 2.3L, port fuel injected, inline 4 cylinder
This engine represents what is currently in the Ford Ranger truck. The parameter list in

Appendix A was given to ESA as input so that performance curves and fuel flow as a
function of engine speed and engine torque could be obtained.

These parameter values are contained in an engine input file for the 2.3L PFI engines. A
similar input file for a 2.0L engine is also required by ESA because it contains a
performance curve, shown in Figure 1, in addition to appropriate values for the list of
parameters above. ESA compares the two input files and generates performance curves,
shown in Figure 2, for the two 2.3L PFI engines by scaling the performance curve for the
2.0L engine. Only one plot is shown for the two PFI engines because the EGR schedule
has no effect on engine torque.
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Performance Curves for the 2L Engine
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Figure 8: Given performance curves for the 2.0L engine

Performance Curves for the 2.3L PFlI Engines
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Figure 9: ESA-generated performance curves for both 2.3L PFI engines (with and
without EGR)

In addition to generating performance curves, ESA outputs fuel flow rates as functions of

engine speed and engine torque in the form of tables. The following is an example of a
fuel flow table output by ESA for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-Ib Ib/hr Y%
500 -5 0.637 6.34
500 0 0.828 7.53
500 10.46 1.218 10
500 19.11 1.533 12
500 27.88 1.849 14
500 36.75 2.165 16
500 45.71 2.481 18
500 54.75 2.798 20
500 63.85 3.115 22
500 73.01 3.433 24
500 83.67 3.853 26
500 92.51 4.548 28
500 98.36 4.83 29.4
500 108.2 5.233 31.7
650 -5 0.774 6.01
650 0 1.012 7.16
650 3.65 1.184 8
650 12.47 1.592 10
650 21.42 1.999 12
650 30.48 2.408 14
650 39.63 2.817 16
650 48.86 3.226 18
650 58.16 3.637 20
650 67.52 4.048 22
650 76.92 4.459 24
650 87.69 5.002 26
650 97.23 5.901 28
650 103.3 6.266 29.4
650 113.7 6.793 31.7
800 -5 0.917 5.76
800 0 1.201 6.88
800 5.08 1.486 8
800 14.23 1.991 10
800 23.45 2.495 12
800 32.81 3.001 14
800 42.25 3.508 16
800 51.02 3.971 18
800 56.22 4.22 20
800 61.31 4.462 22

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-lb lbmr %
800 73.11 5.1 24
800 92.97 6.433 26
800 101.7 7.329 28
800 108.1 7.781 29.4
800 118.9 8.439 31.7
1000 -5 1.116 5.49
1000 0 1.461 6.55
1000 6.88 1.929 8
1000 16.18 2.551 10
1000 24.71 3.109 12
1000 32.17 3.585 14
1000 39.35 4.037 16
1000 46.83 4.51 18
1000 55.32 5.053 20
1000 63.57 5.576 22
1000 85.48 7.106 24
1000 98.44 8.48 26
1000 107.9 9.386 28
1000 114.6 9.962 29.4
1000 126.1 10.81 31.7
1250 -5 1.381 5.24
1250 0 1.8 6.25
1250 8.48 2.501 8
1250 17.91 3.267 10
1250 26.6 3.96 12
1250 34.62 4.588 14
1250 42.73 5.222 16
1250 50.54 5.826 18
1250 59.54 6.533 20
1250 68.16 7.204 22
1250 88.52 8.948 24
1250 104.7 11.2 26
1250 115 12.12 28
1250 122.1 12.86 29.4
1250 134.3 13.97 31.8
1500 -5 1.661 5.16
1500 0 2.155 6.14
1500 8.5 2.973 8

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-lb Ib/hr Yo
1500 18.39 3.927 10
1500 27.46 4,783 12
1500 34.77 5.457 13.8
1500 35.47 5.521 14
1500 43.84 6.295 16
1500 52.6 7.106 18
1500 61.95 7.978 20
1500 72.14 8.935 22
1500 93.75 11.15 24
1500 107.8 13.59 26
1500 118.3 147 28
1500 125.7 15.49 29.4
1500 138.3 16.82 31.8
2000 -5 2.272 4.98
2000 0 2.913 5.9
2000 10.63 4.254 8
2000 20.33 5.462 10
2000 29.33 6.565 12
2000 37.06 7.491 14
2000 44,82 8.418 16
2000 54.38 9.588 18
2000 64.94 10.89 20
2000 78.62 12.63 22
2000 100.8 15.59 24
2000 115.8 18.96 26
2000 127 20.51 28
2000 134.8 21.58 29.4
2000 148.3 23.45 31.8
2500 -5 2.977 4,96
2500 0 3.764 5.84
2500 12.01 5.635 8
2500 22.42 7.231 10
2500 32.1 8.691 12
2500 40.31 9.894 14
2500 49.61 11.28 16
2500 59.99 12.85 18
2500 71.43 14.61 20
2500 83.75 16.55 22

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm fi-lb Ib/hr %o
2500 98.37 18.92 24
2500 120.2 23.96 26
2500 131.6 27.39 28
2500 139.6 28.81 29.4
2500 153.6 31.3 31.8
3000 -5 3.791 5.16
3000 0 4.724 6.03
3000 11.31 6.828 8
3000 21.5 8.689 10
3000 29.94 10.19 12
3000 37.97 11.6 14
3000 46.84 13.18 16
3000 57.32 15.08 18
3000 68.66 17.16 20
3000 83.02 19.9 22
3000 107.3 24.96 24
3000 119.6 29.14 26
3000 130.5 32.66 28
3000 138.5 34.35 29.4
3000 152.3 37.29 31.8
3500 -5 4.71 5.2
3500 0 5.79 6.04
3500 11.74 8.317 8
3500 22.97 10.71 10
3500 31.14 12.38 12
3500 39.26 14.03 14
3500 48.51 15.94 16
3500 59.35 18.23 18
3500 70.41 20.57 20
3500 86.09 24.1 22
3500 109.5 29.7 24
3500 123.5 34.85 26
3500 134.7 39.32 28
3500 143.1 41.04 29.4
3500 157.4 44.54 31.8
4000 -5 5.748 5.28
4000 0 6.975 6.09
4000 11.83 9.878 8

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-Ib Ib/hr %
4000 24.25 12.92 10
4000 36.68 15.96 12
4000 49.11 19.01 14
4000 61.53 22.05 16
4000 73.76 25.07 18
4000 85.78 28.07 20
4000 97.72 31.06 22
4000 112.1 34.94 24
4000 126.4 4011 26
4000 137.9 46.2 28
4000 146.3 48.56 29.4
4000 161 52.74 31.2
4500 -5 6.882 5.45
4500 0 8.26 6.25
4500 10.97 11.28 8
4500 23.51 14.74 10
4500 36.04 18.2 12
4500 48.56 21.65 14
4500 61.04 25.1 16
4500 73.29 28.52 18
4500 85.36 31.92 20
4500 97.33 35.3 22
4500 109.3 38.68 24
4500 126.2 45.54 26
4500 137.8 52.43 28 .
4500 146.2 55.11 29.4
4500 160.9 59.76 31.8
5000 -5 8.145 5.78
5000 0 9.677 6.59
5000 8.68 12.34 8
5000 20.99 16.12 10
5000 33.28 19.9 12
5000 45.54 23.67 14
5000 57.74 27.43 16
5000 69.75 31.16 18
5000 81.55 34.87 20
5000 93.28 38.56 22
5000 105 42.25 24

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-1b Ib/hr %
5000 121.5 49.72 26
5000 132.9 57.24 28
5000 1411 60.15 29.4
5000 1565.2 65.14 31.8
5500 -5 9.562 6.3
5500 0 11.25 7.14
5500 5.06 12.96 8
5500 16.84 16.95 10
5500 28.58 20.94 12
5500 40.27 24.92 14
5500 51.94 28.89 16
5500 63.5 32.85 18
5500 74.75 36.76 20
5500 85.94 40.65 22
5500 97.03 44.52 24
5500 112.9 52.41 26
5500 123.8 60.34 28
5500 131.7 63.41 29.4
5500 144.8 68.57 31.8
6000 -5 11.17 7.08
6000 0 13.02 7.99
6000 10.99 171 10
6000 21.92 21.16 12
6000 32.78 25.22 14
6000 43.57 29.26 16
6000 54.33 33.29 18
6000 64.84 37.27 20
6000 75.23 41.25 22
6000 85.52 45.18 24
6000 100.3 53.22 26
6000 110.4 61.27 28
6000 117.8 64.41 29.4
6000 129.5 69.48 31.7
6500 -5 12.88 8.18
6500 0 14.9 9.19
6500 4.01 16.52 10
6500 13.85 20.52 12
6500 23.62 24.49 14

Table 5: Fuel flow rates for the PFI engine with EGR.
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engine brake fuel flow
speed torque rate EGR
rpm ft-Ib ib/hr %%
6500 33.32 28.45 16
6500 42.98 32.41 18
6500 52.6 36.35 20
6500 62 40.25 22
6500 71.31 4413 24
6500 84.66 52.01 26
6500 93.84 59.92 28
6500 100.4 63.01 29.4
6500 110.5 67.72 31.5
6600 110.5 67.72 31

Table 5: Fuel flow rates for the PFI engine with EGR.

52



2.1.2 Engine #2: 2.3L, direct injected, inline 4-cylinder

The ESA input file for the 2.3L DI engine is similar to the input file for the 2.3L PFI
engine. In the parameter list in Appendix A, only parameters numbered 13, 48, and 60
change in the direct-injection case. The surface area/volume ratio increases from 1.00 to
1.03; the compression ratio increases from 9.7 to 10.5; the friction penalty for the balance
shafts increases from 0.02413 bar to 0.04413 bar to estimate the torque required to drive
the high pressure fuel pump. The reference performance curve in the input file describing
the 2.0L engine remains unchanged. Figure 3 shows the ESA generated performance
curves for the two 2.3L DI engines. The values for each performance curve for the DI
engines vary by up to 2% from the values for each performance curve for the PFI
engines.

Performance Curves for the 2.3L DI Engines
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Figure 10: ESA-generated performance curves for both 2.3L DI engines (with and
without EGR)

2.1.3 Engine #3: 2.3L, direct injected, inline 4-cyl engine with twin-independent
variable camshaft timing

The engines with variable camshaft timing were modeled to differ from the DI engines
only in terms of fuel flow rates and, consequently, emissions. Performance curves for this
third engine are estimated to be identical to the performance curves for Engine #2. It is
noted that the torque curve for this engine is realistically flatter than that of the direct-
injection engine without variable cam timing. Ford data was used to estimate the amount
of spark retard associated with the variable camshaft timing system as a function of
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engine speed and engine torque. The percent reduction in fuel consumption was then
estimated as a function of cam retard on a half second-by-half second basis as a post-
processing exercise. This was done after CVSP provided engine speeds and engine loads
on a half second-by-half second basis over driving cycle. The table in Appendix B shows
the data used to estimate the effect of TI-VCT on fuel flow rate.

2.2 Exhaust Gas Recycle

The adopted EGR schedule is shown in Figure 4 as a function of speed at varying intake
manifold pressures. Motivation to explore the possible use of EGR as a means of
lowering engine-out emissions stems from the challenge of meeting near-zero emissions
constraints. EGR is not applicable when the engine is idling, however, and therefore does
not lower engine emissions during the cold start portion of the city driving cycle.
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Figure 11: Percent exhaust gas recycle as a function of engine speed at different intake
manifold pressures.

2.3 Corporate Vehicle Simulation Program (CVSP)

CVSP is a vehicle simulation and analysis tool. A vehicle can be accurately modeled in
CVSP when everything that can affect fuel economy and performance — from curb
weight to torque loss of each component — is known. A central database contains a
variety of standard vehicle models, and these models can be optionally modified. The
following three elements are central to using CVSP effectively:

e vehicle definition,
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s test requests, and
e report requests.

In CVSP, a vehicle is defined using eight systems. These systems are composed of
component models representing actual hardware. The eight systems are:

1. The core system includes weight, drag, and geometry.

2. The engine system defines the engine used, including the performance map, the
fuel map, and the exhaust losses.

3. The accessory and auxiliary system defines the accessories and auxiliaries used
on the vehicle. These include but are not limited to power steering loads and air
conditioning.

4. The electrical system defines power sources and loads, including the alternator
and battery.

5. The transmission system specifies the type of transmission (manual, automatic,
or continuously variable), the number of gears and the gear ratio.

6. The strategy system works with the transmission system to define the vehicle
shift strategy. When available, a production shift schedule is used; otherwise, the
gear shifting schedule is estimated within CVSP.

7. The driveline system specifies the type of coupling that exists between the
transmission and wheels. Such couplings include independent suspension, 4-
wheel drive, and trans-axle. This system also describes the characteristics of the
transfer case, the final drive, and the bearings.

8. The wheel system is used to define the characteristics of the tires and wheels.
Size, rolling resistance and traction are included in the description.

In most cases, a complete definition of a vehicle requires all eight systems.

Test requests allow the defined vehicle to be "test driven" through fuel economy driving
cycles, performance runs, or gradeability tests among other possible tests. Multiple
driving cycles may be selected, multiple performance analyses may be conducted, and
options such as trailer towing, type of grade, and location of the test are available.

Samples of data obtained from Ford’s Corporate Vehicle Simulation Program are
included in Appendix C.

2.4 Air-Fuel Ratio

The half second-by-half second output of Ford's Corporate Vehicle Simulation Program
(CVSP) does not incorporate a cold start strategy, which is applicable in the EPA City
and New European driving cycles, or oscillation in the air-fuel ratio about the
stoichiometric value of 14.6. The schedule for air-fuel ratio (AFR) was therefore created
for each driving cycle. Emissions in the engine exhaust were subsequently calculated as
functions of the fabricated air-fuel ratio schedule and the engine speeds and engine
torques that were output by CVSP.
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The imposed cold start strategy consists of a rich spike in the AFR for 1 second followed
by up to 20 seconds lean. The rich spike corresponds to an AFR of 12.5; the lean portion
corresponds to an AFR of 16.5, ending when the engine stops idling. In an engine, the
lean portion of the cold start would be accompanied by a 30 crank angle degree (CAD)
spark retard. In an internal communication at Ford, each degree of spark retard was
reported to correspond to a 10% reduction in NOx emission (Heywood, Figure 11-13)
and a 5 deg C increase in engine exhaust temperature. A description of how hydrocarbons
are estimated during the cold start period will be discussed in detail. Oscillations in the
AFR about the stoichiometric value of 14.6 occur after the lean portion of the cold start in
the city and NEDC driving cycles at a frequency of 1.5 Hz and an amplitude of 0.15. The
frequency of oscillation was assumed from vehicle data (see Figure 5), and the amplitude
of oscillation was adopted in the process of insuring that the total grams of CO over
driving cycle did not exceed 8.4% of the total grams of fuel.
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Figure 12: Air-fuel ratios from a Ford Ranger truck executing the city driving cycle. This
graph isolates an idle portion of the city driving cycle.
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Constructed A/F Schedule
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Figure 13: Constructed schedule for air-fuel ratio with simple cold start strategy and
controlled oscillation about the stoichiometric value of 14.6
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Chapter 3
S| Engine Emission Estimates

3.1 Engine emissions after the cold start

Emission indices COEIL, HCEI and NOXEI are estimated on a half second-by-half second
basis using Ford internal regressions that were transcribed into MATLAB. The
regressions were derived from data under idle and non-idle conditions as well as slightly
rich conditions. EGR is not employed under idle conditions, and the regressions do not
account for EGR under slightly rich conditions. No regressions are available under
slightly lean conditions. Therefore, when EGR is present, the oscillating waveform is
neglected and emission indices are calculated using the stoichiometric value of the AFR
only. The script files used to calculated emission indices are included in Appendix J.

3.1.1 Slightly lean, no EGR, not idling

When the AFR is slightly lean of the stoichiometric value and no EGR is present,
emission indices are estimated by linearly interpolating between estimates under
stoichiometric conditions and assumed values for the indices when the air-fuel ratio is at
its peak value of 14.75.

COEl,, =68
HCEI,, =HCEI,, —0.08
NOxEI,,, = NOxEI,, +0.8

{ean stoich

COE] and the corresponding mass flow rate of CO is calculated as
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COEI = COEI AFR-14.6 (COEI,

stoich O 5 stoich

o = COEI -1

- COEI fean )

Juel

Emission indices and mass flow rates for HC and NOx are calculated similarly.

HCEI = HCEI 10, =0 =122 (HCE .0, - HCEL,,)
My = HCEl -m,,,
AFR—14.
N Ox El = NOV El stoich _—146 (N 0.\: El stoich NO( El lean )

’hNo‘. = NO EI ”hﬁwl
It should be noted that while COEI,,; s strictly a function of air-fuel ratio only,

HCEI,;., and NOxEl,;., are also functions of engine speed, engine torque, engine
geometry, and EGR (if present).

3.1.2 Slightly rich, no EGR, not idling

When the AFR is slightly lower than the stoichiometric value of 14.6 and no EGR is
present, emission indices for CO, HC and NOx are calculated using regressions. COEI is
a function only of the air-fuel ratio. HCEI and NOXEI are functions of air-fuel ratio,
engine speed, engine torque, and engine geometry. The script files used to calculate the
emission indices under these conditions are included in Appendix J.

3.1.3 Idle mode

EGR is not employed when the engine is idling, even when it is present at other times
during the driving cycle. There is no change in how the emission index for CO is
calculated under these conditions. If the AFR is higher than 14.6, the approximation for
COEl,qy is used; if the AFR is slightly lower than 14.6, a regression for COEI under
slightly rich conditions is used. Emission indices for HC and NOx during idle mode are
calculated using regressions that do not account for the oscillatory pattern of the air-fuel
ratio. These regressions are functions only of engine speed, engine torque, and engine
geometry. The script files used to calculate HCEI and NOXEI while the engine is idling
are included in Appendix J.

3.1.4 Emission indices when EGR is present
COEI is a function only of air-fuel ratio and is calculated as described above, with or

without EGR. If, during a given time step in the driving cycle, the percent EGR is greater
than zero, the emission indices for HC and for NOx are approximated by HCEI,., and
NOxEL,;.+, respectively, which are functions of engine speed, engine torque, engine
geometry, and EGR. The oscillatory pattern of the air-fuel ratio is ignored in the
calculation of HCEI and NOxEI when EGR is present.

See Figures 11, 12, and 13 for graphical representations of emission indices for CO, HC,

and NOXx for Engine #3 (DI + TI-VCT) without EGR during a portion of the city driving
cycle. The engine is idling during the time period 680 — 693 seconds. Figures 14, 15 and

60



16 show these emission indices for Engine #3 with EGR during the same portion of the
city driving cycle.
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Figure 14: COEI for Engine #3 without EGR during a portion of the city driving cycle.
The engine is idling between 680 seconds and 693 seconds.
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Figure 15: HCEI for Engine #3 without EGR during a portion of the city driving cycle.
The engine is idling between 680 seconds and 693 seconds.
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Figure 16: NOXEI for Engine #3 without EGR during a portion of the city driving cycle.

The engine is idling between 680 seconds and 693 seconds.
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Figure 17: COEI for Engine #3 with EGR during a portion of the city driving cycle. The
engine is idling between 680 seconds and 693 seconds.
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Figure 18: HCEI for Engine #3 with EGR during a portion of the city driving cycle. The
engine is idling between 680 seconds and 693 seconds.
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Figure 19: NOXEI for Engine #3 with EGR during a portion of the city driving cycle. The
engine is idling between 680 seconds and 693 seconds.
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These plots support the fact that hydrocarbon emissions are affected only subtly by the
presence of EGR. EGR has the greatest impact on the amount of NOX in the engine
exhaust.

3.1.5 Engine exhaust temperature
The temperature of the engine exhaust gas stream is estimated as a function of engine

speed and engine torque only (no dependency on EGR). The following regression was

derived from the same set of data that were used to derive the emission indices for CO,
HC, and NOx.

T =271i5+(640+231(N—2500)_49(N—2500J 8214.SBMEP—6O_2[14.SBMEP—60J }([ COEI)

1.0231-0.2665——
2000 2000 40 40 100

Texh is shown in Figure 17 for Engine #3.
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Figure 20: Exhaust gas temperature in Kelvin for Engine #3 during a portion of the city
driving cycle. The engine is idling between 680 seconds and 693 seconds.

3.2 Engine emissions during the cold start

3.2.1CO
During the first second of the cold start, when the air-fuel ratio is 12.5, the emissions
index for CO is calculated using the regression for CO under rich conditions.

—3.8428

=64.09

COEI,.; ., =56.6393— 45.3573[%}

[AFR—IZ.ST
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During the lean portion of the cold start, the emissions index for carbon monoxide is
estimated as

COE[ = COEI stoich X ﬁ .
' AFR

3.22HC

The emissions index for hydrocarbons during the cold start was estimated by first
calculating the stoichiometric value of HCEI, as if the air-fuel ratio were always 14.6 as
outlined above, and then making two adjustments. The first adjustment was based on
work published in an SAE paper from Ford, 2005-01-3862. The following graph is
Figure 13 in this paper.

— VEHICLE
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Figure 21: Captured from work published in an SAE paper from Ford, 2005-01-3862.
Comparison of feedgas hydrocarbon emissions concentration during the FTP-75 driving
cycle.

A multiplication factor in the form of a dying exponential is used to mimic the shape of
the cold start portion of this graph.

2000 -t
HCEIL‘(JM _adjust1 = HCEIxrnich |:l £l (qﬁ - l]exp(_)}

The second adjustment is based upon data from an SAE paper from MIT, 2003-01-3237.
The following graph is Figure 4 in this paper.
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Figure 22: Captured from an SAE paper from MIT, 2003-01-3237. Comparison of HC
flow rate at 20 deg C fluids with charge motion.

These data show that a reduction factor is to be used to estimate the effect of spark retard
on hydrocarbon emissions during the fast idle (lean portion) of the cold start. The graph
shows data for up to 20 degrees of spark retard; this body of work assumes a 30 degree
spark-retard, and the appropriate reduction factor is therefore obtained via extrapolation.

HCEI - weer
6.5 :

cold _ adjust2 adjusr|

The second cold-start adjustment is made only when the air-fuel ratio is 16.5; the first
adjustment applies from =0 until the end of the fast idle. The following is a plot of the
calculated concentration of hydrocarbons of the form C3HS in the exhaust stream of
Engine #3 with EGR during a portion of the city driving cycle. The units are ppmC3, or
moles of C3H8 per million moles of constituents in the exhaust.
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Figure 23: Plot of hydrocarbon concentration in the exhaust of Engine #3 with EGR in
ppmC3.

3.2.3 NOx

NOx emissions during the cold start are estimated by reducing the NOxEI estimate under
the same speed and load conditions by 1-0.9%°=95.8%. This is due to the observation that
NOx emissions are reduced by 10% per degree of spark retard, and there is an assumed
30 degree spark retard during the lean portion of the cold start while the engine is idling.
This estimate agrees with Figure 11-13 in the text by Heywood, in which it appears that
NOx emissions would reduce by 85 — 90% with a 20 degree spark retard. The following
is a plot of the calculated concentration of NOx (as NO) in the exhaust stream of Engine
#3 with EGR during a portion of the city driving cycle.

3.2.4Exhaust gas temperature

Exhaust gas temperature is adjusted to account for the 30 degrees of spark retard during
the fast idle portion of the cold start. Each degree of spark retard has been observed to
correspond to a SK increase in exhaust gas temperature. Therefore, when the air-fuel ratio
is 16.5, the exhaust gas temperature is increased by 150K.

3.3 Constituents of engine exhaust
The composition of the engine exhaust gas is estimated on a half second-by-half second

basis using conservation of mass and an equilibrium expression for the water-gas shift at
1700K, which is an assumed in-cylinder equilibrium temperature. For a mixture of fuel
and air going into the engine, CO, CO2, C3HS8, H2, H20, N2, NOx (as NO), and O2 are
the primary constituents of the exhaust.

Into the engine:

Mfud CH_‘A S iﬂ(Oz +3.773N, )

Juel air
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Engine exhaust:

a0, +bH, +cN, +dC,H; +eCO + fCO, + gH,0 + hNO,

For an assumed equilibrium temperature of 1700K, the equilibrium constant for the water

gas shift is 3.388.

The eight coefficients, in moles/second, determining the exhaust gas composition are
calculated as follows.

_ My
M NO,

_1[3.773 A g,
2(4773F M

Juel

m/iwl
f=——=-3d-¢

Juel

rh/'upl
8e| —— |~4de
- M Juet

T e+3.388f

x2

-

:

g =1[%x8—2b—&1]

Juel

ge

b—f = K 00k = 3.388

a= l 1 A mﬂwl
204TI3F M,

a

T Y coeffs

xl)

x2—e—2f—g—h]

Figure 21 is a graphical representation of the quantity x,, , the mole fraction of oxygen in

the exhaust of Engine #3 with EGR. This calculation is the very beginning of a model

describing the amount of oxygen stored on the surface of the catalyst. Oxygen storage is

not included in this body of work, however.
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Figure 24: Plot of mole fraction of oxygen in the exhaust of Engine #3 with EGR. The

engine is idling between 670 and 693 seconds.

The total mass flow rate entering the engine is

. . A
mmnn‘ s mﬂzrl ]+F .

The total mass exiting the engine, according to the above coefficients, is
Moo =AM o +OM y +cMy +dM ., +eM o+ Mo + My, o +hM

engout

The percent difference between these two mass flow rates is illustrated graphically in
Figure 11.

—m
tertal engont
1 00( —_— ]
mﬂ el
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Error in calculating engine exhaust flow
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Figure 25: Graphical representation of the percent error associated with calculating the
mass flow rate of engine exhaust constituents.

The error shown in Figure 22 is largely due to inaccuracy in estimating hydrogen
concentration in the exhaust. The estimate assumes equilibrium at 1700K. The percent
difference between hydrogen entering the engine (in the fuel) and exiting the engine (in
H,, H>O and hydrocarbons of the form Cs;Hg) is shown in Figure 23.
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Figure 26: Graphical representation of the percent error associated with calculating the

mass flow of hydrogen through the engine.
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Chapter 4
S| Engine Data

There are six spark ignition engines, two estimated vehicle test weights, and four driving
cycles under study in this body of work. For each of these 48 cases, basic data are
obtained from CVSP, as shown in Appendix C, while engine emission flow rates and
temperatures are calculated on a half second-by-half second basis. Brake mean effective
pressure (BMEP) is related to engine torque:

4”/"{11{6 (N ) m)
vol(Lyx P (kPa)

atmn

BMEP(bar) =

The volume used in this expression is the total engine displacement, which is 2.26L for
the engines in this study.

The following table contains a sample of data, either obtained from CVSP or calculated,

for Engine #3 with EGR in the heavy (standard) vehicle during a portion of the city
driving cycle.
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City Driving Cycle

sec rpm r:;rlzsf;?cms kg/s from regressions | kg/s from regressions kg/hr
end time engine speed co HC NOx fuel flow
666 1304 3.9E-05 8.3E-06 8.0E-06 1.881
666.5 1231 5.2E-05 7.4E-08 6.5E-06 1.591
667 1231 3.4E-05 7.6E-06 7.1E-06 1.660
667.5 1062 1.6E-05 51E-06 1.5E-06 0.836
668 1028 1.8E-05 5.3E-06 1.4E-06 0.854
€68.5 1018 2.8E-05 5.4E-06 1.4E-06 0.857
669 1011 1.8E-05 5.4E-06 1.4E-06 0.860

Table 6: Engine-out data on a half second-by-half second basis for Engine #3 with EGR
in the heavy vehicle during a portion of the city driving cycle.

imposed K, miles
sec oscillation | regressions Nm bar % # kph weighted
end time AFR Texh brake BMEP EGR gear end distance
torque velocity
666 146 7071 441 24 487 5 426 21
666.5 14.45 676.7 353 1.9 3.01 5 42.6 2.12
667 146 686.6 38.3 21 3.40 5 426 212
667.5 14.75 627.6 6.4 04 0.08 5 42.2 2.13
668 14.6 621.9 84 05 0.10 5 41.8 213
668.5 14.45 616.3 8.9 0.5 0.07 5 414 213
669 14.6 619.3 9.4 0.5 0.05 4 41.0 214

Table 6: Engine-out data on a half second-by-half second basis for Engine #3 with EGR
in the heavy vehicle during a portion of the city driving cycle.

These data allow for the calculation of the following quantities for each of the 48 spark
ignition engine/vehicle/drive cycle combinations:

1. Fuel economy, mpg

1=0.5 2x3600x1.609344

gal _ fuel = Z'

vt -

l)+v(t)

fuel _economy =

riv, (¢ =1)+ i, r)

jx weight(t)

At
f=ihS [ 2% P X 3.785x 3600

dist

gal _ fuel

2. Fuel consumption, g/mi

Jx weight(t)
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(1 E=1)+ 1, (£) '
g _ _ﬁlel = Zr:{)j At(w x1000x welght(t)

g _ fuel

fuel _ consumption = ==
dist

Cumulative engine-out CO, g/mi
g _CO=" Az('"”’ (e~ 12)+ Mo (’))x 1000 weight(r)

=015

g_CO

dist

g_CO/mi=

Cycle-averaged COEI, %
§-Co/
COEI P —a

cyele _ave g B fu ey
mi

Cumulative engine-out HC, g/mi
Cycle-averaged HCEI, %
Cumulative engine-out NOx, g/mi

Cycle-averaged NOxEI %

A summary of these quantities for the 48 SI engine/vehicle/drive cycle combinations is
included in the tables below.

heavy = 3375 Ib ETW
Engine #1, PFI city highway NEDC USs06
noEGR | EGR | noEGr | EGR | noeGr | EGr | noEGr | Ecr
fuel economy 00 2409 | 2421 | 3198 | 3224 | 2341 | 2346 | 2036 | 2045
o/mi 11722 | 11664 | 8830 | 87.59 | 12063 | 12037 | 13870 | 138.09
He g/mi 159 174 097 | 109 | 162 1.76 1.42 148
%offuel |  1.36 1.49 110 | 124 | 1.34 1.46 1.02 1.07
NOX o/mi 5.83 3.99 567 | 374 | 632 471 10.41 9.06
%oftuel | 497 3.42 642 | 427 | 524 3.91 7.51 6.56
co omi 9.80 9.75 740 | 734 | 1013 | 1040 | 1150 | 1155
%offuel | 836 8.36 838 | 838 | 8.9 8.39 8.35 8.36

Table 7: Summary of key results for Engine #1 in the heavy (standard) vehicle over the

four driving cycles.
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heavy = 3375 Ib ETW

Engine #2, DI city highway NEDC Us06
noeGR | EGR | noech | EGR || noecr | EGR || noEGR | EGR
fuel economy P9 24.42 24.54 3249 | 3274 || 2376 23.81 20.40 20.56
g/mi 115.62 | 115.07 86.90 | 8624 || 11888 | 11861 | 13842 | 137.38
He g/mi 173 1.88 1.05 1.17 176 1.90 1.56 1.61
% offuel | 1.50 1.63 1.21 1.36 1.48 1.60 1.13 117
NOx @/mi 5.74 3.92 5.58 3.65 .22 4.59 10.38 9.03
%offuel | 4.96 3.40 6.42 423 5.23 3.87 7.50 6.57
co o/mi 9.67 9.62 7.28 7.22 9.98 9.96 11.56 11.47
%offuel |  8.36 8.36 8.38 8.38 8.39 8.39 8.35 8.35

Table 8: Summary of key results for Engine #2 in the heavy (standard) vehicle over the
four driving cycles.

heavy = 3375 Ib ETW

Engine #3, DI + TI-VCT city highway NEDC USs06
noEGR | EGR | noeGr | EGR || noecr | EGR | noEGR | EGR
fuel economy  ™MPY 25 61 25.73 3381 | 3406 || 2475 24.80 20.64 20.79
o/mi 11027 | 10975 | 8352 | 8291 || 11410 | 11387 || 13682 | 135.83
He omi 1.65 1.79 1.01 1.12 1.69 1.82 1.54 1.59
%offuel |  1.50 1.63 1.21 1.35 1.48 1.59 113 117
NOX @/mi 3.85 1.91 3.13 1.64 4.28 2.43 6.28 5.58
% of fuel | 3.49 174 3.75 1.98 375 2.13 4.59 411
o g/mi 9.22 9.18 7.00 6.94 9.58 9.56 11.43 11.34
%offuel |  8.36 8.36 8.38 8.38 8.39 8.39 8.35 8.35

Table 9: Summary of key results for Engine #3 in the heavy (standard) vehicle over the
four driving cycles.
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_light = 2375 Ib ETW

Engine #1, PFI city highway NEDC Usos
noEGR | £GR | noecr | £GR | noEGR | EGR | noEGR | EGR
fueleconomy M9 | 2622 | 2646 | 3241 | 3286 | 2588 | 2607 | 2273 | 2288
omi | 10770 | 10672 | 8743 | ss.e4 | 10042 | 10832 | 12424 | 123.42
He g/mi 1,51 165 094 | 109 | 153 1,65 1.28 1.37
%offuel | 1.40 1.55 108 | 127 | 1.40 1.52 1.03 1.11
NOX omi 497 3.31 563 | 346 || 538 3.85 9.07 7.38
%offuel | 461 3.10 646 | 403 | 493 3.55 7.30 5.98
co o/mi 9.01 8.93 730 | 720 | 9416 909 || 103e | 1033
%offuel | 836 8.37 838 | 838 | 840 8.40 8.37 8.37

Table 10: Summary of key results for Engine #1 in the light-weight vehicle over the four

driving cycles.

light = 2375 Ib ETW

Engine #2, DI city highway NEDC Uso6
noEGR | EGR | noEGr | EGR | noeGr | EGR || noEGR | EGR
fuel economy P9 2,66 26.80 3292 | 3335 2625 26.45 23,10 23.25
g/mi 10625 | 105.36 || 8579 | 8ae7 | 10758 | 10676 | 12225 | 121.46
o o/mi 8.89 8.81 7.19 7.09 9.03 8.96 10.22 10.16
%offuel | 837 8.37 8.38 8.38 8.40 8.40 8.36 8.36
He g/mi 1.64 1.78 1.02 1147 1.66 178 1.39 1.48
%offuel | 1.54 1.69 1.19 1.38 1.55 1.67 1.14 1.0
NOX gmi 4.89 327 5.54 3.39 529 3.76 8.95 7.21
%offuel | 461 3.10 6.46 4.00 4.92 3.52 7.32 5.94

Table 11: Summary of key results for Engine #2 in the light-weight vehicle over the four

driving cycles.
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light = 2375 Ib ETW

Engine #3, DI + TI-VCT city highway NEDC Us06

noEGR | EGR | noEGR | EGR | noEGR | EGR | noEGr | EcA
fueleconomy Mg | 2807 | 2830 | 3439 | 3484 | 2747 | 2788 | 2345 | 2359
omi_| 10060 | 9978 | 8211 | 8105 | 10280 | 10202 | 12042 | 119.71

He g/mi 156 | 168 | o098 | 112 | 159 170 137 145
%offuel | 155 | 169 || 119 | 138 | 1.54 1.66 1.14 121

NOX g/mi 325 | 157 | 366 | 145 | 362 194 6.23 4.14
%offuel | 323 | 158 | 446 | 179 | 3s2 1.90 5.17 3.46

co o/mi 842 | 835 | 688 | 679 | 863 857 | 1007 | 1001
%offuel | 837 | 836 | 838 | 838 | 840 8.40 8.36 8.36

Table 12: Summary of key results for Engine #3 in the light-weight vehicle over the four

driving cycles.
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Chapter 5

Aftertreatment for Spark-Ignition
Engine Feedgas Streams

5.1 Simple Three-Way Catalyst Model

Sophisticated three-way catalyst models are neither developed nor used in this body of
work. A simple model for a three-way catalyst is implemented to estimate tailpipe
emissions for spark-ignition feedgas streams. The two parameters of this simple TWC
model are the catalyst light-off time and the steady-state conversion efficiency. In this
body of work, the catalyst light-off time, denoted ¢s, is defined as the time required to
reach half of the steady state conversion efficiency.
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Figure 27: Plot of the TWC conversion efficiency as a function of time for t5p = 10 and
Nss = 100%.

Flow rates for CO, HC, and NOx are known as functions of time on a half second-by-half
second basis for the duration of each driving cycle. Implementation of this simple catalyst
model allows for the calculation of tailpipe flow rates for CO, HC and NOx on a half
second-by-half second basis. Tailpipe values are calculated as a fraction of the feedgas
values.

_100-n() .

€0 100 %

Tailpipe flow rates as functions of time are calculated for each driving cycle, but only the
tailpipe emissions from the city and new European driving cycles implicate emissions
compliance. The following tables show feedgas (engine-out) and tailpipe flow rates at 2
second intervals for Engine #3 with EGR in the heavy vehicle for the first 40 seconds of
the city and new European driving cycles when £5o = 10 and N5 = 99.8%.

80



Engine # 3 with EGR, heavy vehicle, city driving cycle

s Yo mg/s mg/s mg/mi my/s mg/s mg/mi mg/s mg/s mg/mi
time n(t) COfg COtp COtp HCfg HCtp HCtp NOxfg NOxtp NOxtp
0 0 179.9 179.9 0 18.4 18.4 0 3.1 3.1 0
2 0.4 37.0 36.8 146 255 254 2.4 0.3 0.3 0.2
4 1.7 37.0 36.3 18.8 245 241 5.3 0.3 0.3 0.3
6 6.4 370 34.6 23.0 23.5 22.0 8.0 0.3 0.2 0.3
8 207 37.0 29.3 26.8 22.7 18.0 10.4 0.3 0.2 0.3
10 49.8 37.0 18.5 29.7 218 11.0 121 0.3 0.1 0.3
12 75.6 37.0 9.0 31.4 211 5.1 13.1 0.3 0.1 0.4
14 90.6 37.0 35 32.2 204 1.9 13.6 0.3 0.0 0.4
16 96.7 37.0 1.2 325 19.7 0.7 13.7 0.3 0.0 0.4
18 98.8 37.0 0.5 326 19.1 0.2 13.8 0.3 0.0 0.4
20 99.5 37.0 0.2 326 18.5 0.1 13.8 0.3 0.0 04
22 99.7 53.6 0.2 32.6 19.8 0.1 13.8 9.9 0.0 04
24 99.8 86.4 0.2 32.7 28.3 0.1 13.8 18.4 0.0 0.4
26 99.8 114.0 0.2 32.7 33.9 0.1 13.8 29.7 0.1 0.4
28 99.8 53.1 0.1 327 18.0 0.0 138 10.0 0.0 0.4
30 99.8 69.6 0.1 32.7 220 0.0 13.8 13.2 0.0 0.4
32 99.8 29.3 0.1 327 10.8 0.0 13.8 11.2 0.0 04
34 99.8 17.8 0.0 328 8.3 0.0 13.8 1.4 0.0 0.4
36 99.8 17.8 0.0 32.8 8.1 0.0 13.8 14 0.0 0.4
38 99.8 17.8 0.0 328 7.9 0.0 13.8 14 0.0 0.4
40 99.8 26.0 0.1 32.8 9.9 0.0 13.8 4.6 0.0 04

Table 13: Feedgas (fg) and tailpipe (tp) emissions for Engine #3 with EGR in the heavy
(standard) vehicle for the first 40 seconds of the city driving cycle. Emissions in the units
of mg/mi are cumulative emissions divided by total drive cycle distance.
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Engine #3 with EGR, heavy vehicle, new European driving cycle

s % mg/s my/s mg/mi mg/s mg/s mg/mi mg/s myg/s mg/mi
time n(t) COfg COtp COtp HCfg HCtp HCtp NOxfg NOxtp NOxtp

0 0 179.0 179.0 0 18.2 18.2 0 3.0 3.0 0
2 0.1 36.8 36.7 36.7 28.3 28.2 6.4 0.7 0.7 0.6
4 0.4 36.8 36.6 47.4 271 271 14.5 0.7 0.7 0.8
6 0.8 36.8 36.5 58.1 26.1 259 22.2 0.7 0.7 11
8 1.7 36.8 36.1 68.8 2541 247 29.6 0.7 0.7 1.3
10 3.3 36.8 355 79.3 24.2 23.4 36.7 0.7 0.7 1.5
12 6.4 38.3 35.8 89.9 17.5 16.4 42.9 7.7 7.2 2.4
14 11.8 54.7 48.2 103.2 22.8 20.1 48.1 10.2 9.0 4.7
16 20.8 24.2 19.2 116.8 12.9 10.2 52.9 2.8 2.2 6.9
18 33.8 24.2 16.0 122.8 124 8.2 55.7 2.8 1.9 7.5
20 49.9 242 12.1 1276 12.1 6.0 57.8 2.8 1.4 8.0
22 63.9 24.2 8.7 131.2 11.7 4.2 59.4 2.8 1.0 8.4
24 75.8 17.3 4.2 133.5 8.9 2.2 60.4 1.5 0.4 8.6
26 84.7 20.7 3.2 134.8 11.5 1.8 61.0 2.9 0.5 8.7
28 90.8 20.7 1.9 135.7 11.2 1.0 61.4 2.9 0.3 8.8
30 94.6 20.8 11 136.3 1.0 0.6 61.6 3.0 0.2 8.9
32 96.9 20.8 0.7 136.6 107 0.3 61.8 3.0 0.1 8.9
34 98.2 20.8 0.4 136.8 10.5 0.2 61.8 3.0 0.1 8.9
36 99.0 20.8 0.2 136.9 10.2 0.1 61.9 3.0 0.0 3.0
38 99.4 20.8 0.1 136.9 10.0 0.1 61.9 3.0 0.0 9.0
40 99.7 20.8 0.1 137.0 9.8 0.0 61.9 3.0 0.0 9.0

Table 14: Feedgas and tailpipe emissions for Engine #3 with EGR in the heavy (standard)
vehicle for the first 40 seconds of the new European driving cycle. Emissions in the units

of mg/mi are cumulative emissions divided by total drive cycle distance.

Similar data are shown in Appendix D for all engines, with and without EGR, for both

the standard and light vehicles.
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5.2 SI Engine Emissions compliance

The following table shows current and proposed emissions regulations. In North
America, the important regulations are listed as Tier 2, Bins 5, 4, 3, and 2, with Tier 2,
Bin 2 agreeing with PZEV standards for HC and NOx without the constraint on

evaporative emissions. In Europe, the proposed Euro 6 regulation is of key concern. The

European regulation is converted from g/km to g/mi for the purpose of comparison.

mg/mi mg/mi mg/mi

co HC NOx
. std 4200 90 70

B|n5 e - [ s . N -

target 3150 67.5 52.5
N . std 2100 70 40
F target 1575 52.5 30
g _ std 2100 55 30

o Bin3 - :

g target 1575 41.25 22.5
= . std 2100 10 20
S target 1575 75 15
std 1000 10 20

PZEV (ip) -

target 750 7.5 15
std 1600 108.8 96

a Euro 5,6 A R, . .
target 1200 81.6 72

Table 15: Emissions regulations in North America and in Europe. The development

target for each regulation is 75% of the standard. The regulations for hydrocarbons are

for non-methane organic gases (NMOG)‘in North America and for non-methane
hydrocarbons in Europe.

Cumulative tailpipe emissions are calculated and compared to the development targets of
each of the standards. Appendix E includes tables of cumulative tailpipe emissions for a

range of catalyst performance measures for each of the three engines, with and without
EGR, at each vehicle weight, for the city and new European driving cycles. The tables
below show cumulative tailpipe emissions for the heavy (standard) vehicle executing
these driving cycles with Engine #3 with EGR.
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33751 ETW EPA CITY

t_50
5 7 10 12 15 20
average eff 98.8 98.7 98.6 98.5 98.4 98.2
gg  CO,mgmi 113.2 117.6 124.0 128.4 135.5 150.7
HC, mg/mi 24.5 27.1 30.9 33.4 37.1 43.3
NOx, mg/mi 19.5 19.6 19.8 19.9 20.2 22.2
average eff 99.1 99.0 98.9 98.8 98.7 98.5
993 CO,mgmi 85.8 90.1 96.6 101.0 108.1 123.3
HC, mg/mi 19.1 21.7 25.5 28.1 31.8 38.0
NOx, mg/mi 13.8 13.9 14.0 14.1 14.5 16.4
average eff 99.3 99.2 99.1 99.0 98.9 98.7
¥ 495 CO mgmi 67.5 71.8 78.3 82.7 89.8 105.1
g HC, mg/mi 15.5 18.1 22.0 24,5 28.2 34.4
3 NOx, mg/mi 10.0 101 10.2 10.3 10.7 12.6
:E average eff 99.5 99.4 99.3 99.2 99.1 98.9
% 997 CO, mgmi 49.2 53.5 60.0 64.4 716 86.8
5 HC, mg/mi 11.9 14.5 18.4 20.9 24.6 30.9
g NOx, mg/mi 6.1 6.2 6.4 8.5 6.8 8.8
T”; average eff 99.6 99.5 99.4 99.3 99.2 99.0
§ g9.8 CO. mgmi 40.0 44.4 50.9 55.3 62.4 77.7
] HC, mg/mi 10.1 12.7 16.6 19.1 22.8 291
NOx, mg/mi 4.2 43 4.4 4.6 4.9 6.9
average eff 99.7 99.6 99.5 99.4 993 99.1
99.9 CO mgmi 30.9 35.2 41.7 46.2 53.3 68.6
HC, mg/mi 8.3 10.9 14.8 17.3 21.1 27.3
NOX, mg/mi 2.3 2.4 2.5 26 3.0 5.0
average eff 99.8 99.7 99.6 99.5 994 99.2
100 CO.mg/mi 21.7 26.1 32.6 37.0 442 59.5
HC, mg/mi 6.5 9.1 13.0 15.5 19.3 25.6
NOx, mg/mi 0.4 0.5 0.6 0.7 1.1 3.0

Table 16: Cycle-averaged TWC conversion efficiencies and cumulative tailpipe
emissions for the heavy vehicle executing the city driving cycle with Engine #3 with
EGR. The cycle-averaged efficiency is not weighted



3375 1b ETW NEDC
t_50

15 16 17 18 19 20

average eff 97.7 976 97.5 g7.4 97.4 97.3
a9 CO, mg/mi 207.9 213.2 218.1 2227 227.0 231.2

HC, mg/mi 62.9 65.0 67.1 69.0 70.8 726

NOx, mg/mi 30.3 31.0 31.6 32.2 32.7 33.2

average eff 98.0 97.9 97.8 97.7 97.7 97.6
¢9.3 CO. mg/mi 179.6 184.9 189.8 194.4 198.8 202.9

HC, mg/mi 575 59.7 61.7 63.6 65.5 67.3

. NOx, mg/mi 23.0 237 24.3 24.9 25.4 25.9

average eff 98.2 98.1 98.0 97.9 97.8 97.8

o\t 99.5 CO, mg/mi 160.7 166.0 170.9 175.5 179.8 184.1
g HC, mg/mi 54.0 56.1 58.1 60.1 61.9 63.7
:"§’ NOx, mg/mi 18.2 18.9 19.5 20.1 20.6 21.1
§ average eff 98.4 98.3 98.2 98.1 98.0 98.0
% g07 CO,mgmi 141.8 147.1 152.1 156.7 161.1 165.3
‘37' HC, mg/mi 50.4 52.5 54.5 56.5 58.4 60.2
.3 NOx, mg/mi 13.4 14.0 14.7 16.2 15.7 16.2
Z average eff 98.5 98.4 98.3 98.2 98.1 98.1
El: 99.8 CO, mg/mi 132.4 137.7 142.6 147.2 151.6 155.8
w HC, mg/mi 48.6 50.7 52.8 54.7 56.6 58.4
NOx, mg/mi 10.9 11.6 12.2 12.8 13.3 13.8

average eff 98.6 98.5 98.4 98.3 98.2 98.2
99.9 CO, mg/mi 123.0 128.3 133.2 137.8 142.2 146.4

HC, mg/mi 46.8 48.9 51.0 52.9 54.8 56.6

NOX, mg/mi 8.5 9.2 9.8 10.4 10.9 11.4

average eff 98.7 98.6 98.5 98.4 98.3 98.3
100 CO.mgmi 1135 118.8 123.8 128.4 132.8 137.0

HC, mg/mi 45.0 472 49.2 511 53.0 54.8

NOx, mg/mi 6.1 6.8 7.4 8.0 8.5 9.0

Table 17: Cycle-averaged TWC conversion efficiencies and cumulative tailpipe
emissions for the heavy (standard) vehicle executing the new European driving cycle
with Engine #3 with EGR. Significantly longer light-off times are allowed by the
proposed Euro 6 standard for this driving cycle than by the more stringent North

American standards for the city driving cycle.

Knowing the cumulative emissions for the spark-ignition engines, particularly Engine #3
with EGR, is crucial for understanding of implementing an HCCI strategy with the

constraints of emissions regulations. The next sections describe the impact of various

HCCI implementation strategies on fuel economy and emissions when the HCCI system

is coupled with Engine #3 with EGR.
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Chapter 6

HCCI Engine System
and Aftertreatment Models

6.1 The Engine
A single cylinder engine and a five-cylinder, naturally aspirated, four-stroke and camless

(Otto), 2.4 liter engine were operated in HCCI mode with commercial gasoline. Both
engines were equipped with electromechanical valve actuators. The valve-timing was
adjusted in situ allowing for optimization of HCCI operation at different engine speed
and engine load conditions. HCCI engine operation requires that the fuel-air mixture be
very lean or highly diluted with residual gases from the combustion event of a previous
cylinder cycle. The dilution slows chemical kinets during combustion and prevents heat
from being released too rapidly and causing excessive engine knock. In this engine,
diluted mixtures were attained by trapping residual mass with variable valve timing.

Several tests were performed with different combinations of speed and load conditions
while varying the valve timing and the inlet manifold air pressure. Starting with
conventional SI combustion, the negative valve overlap was increased until HCCI
combustion was possible. The maximum engine loads for which data have been collected
is 4.5 bar BMEP, and the maximum engine speed is 3500 rpm.

The single cylinder engine was a Ricardo Hydra test engine equipped with 4-valve Ford
cylinder head. Electromechanical actuators for free valve timing replaced the
conventional camshafts. Ignition, port fuel injection, and engine speed were controlled by
a test bed engine management system (FEV ADAPT). The valve timing was controlled
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by an engine management system developed internally at Ford. A Kistler 6061b sensor
was used for cylinder pressure measurements.

The multi-cylinder engine was a Ford 5-cylinder electronic valve control (EVC) engine.
This engine had a 4-valve cylinder head. Electromechanical actuators for free valve
timing replaced the conventional camshafts. Ignition, port fuel injection, engine speed
and valve timing were also controlled by VRPS. Figure 25 comes from SAE paper 2003-
01-0753 and shows the Ford engine.

Figure 28: The Ford EVC 5-cylinder engine used for SI-HCCI-SI mode switch
investigations.

The following table lists the engine specifications.

Single Cylinder Multi-cylinder
Bore 83 mm
Stroke 90 mm
Compression ratio 13.2 11
Displaced volume 487 cc 2435 cc
Fuel (CEC legislative fuel) RF-08-A-85, 97 RON
Inlet temperature 25degC

Table 18: Ford engine specifications.
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6.2 HCCI Data

Characteristics of HCCI engine performance are in the form of regressions that come
from data collected at Ford using a single and multi-cylinder engine. These regressions
provide the following information:

l.

Air-fuel ratio as a function of brake engine torque (converted to brake mean
effective pressure in bar)

For BMEP < 1.4bar Or N <1200rpm
A=1.6.

For BMEP > |.4baror N > 1200rpm

A =1.454+0.224BMEP - 0.072BMEP"

Percent fuel consumption reduction as a function of brake engine torque
(converted to BMEP in bar)

For BMEP <1.4bar Or N <1200rpm
fc_reduction _ % = 21.275BMEP™*!
For BMEP > 1.4bar Ot N > 1200rpm
fe_reduction _% = 22.276 BMEP >

COEI as a function of engine speed and brake engine torque (converted to BMEP
in bar)

For BMEP <1.4bar or N <1200rpm

COEI = -3.57 +0.002N + 38BMEP — 22.6 BMEP"
For BMEP > 1.4baror N > 1200rpm

COEI =16.08 —0.00345N —3.177BMEP

HCEI as a function of engine speed and brake engine torque (converted to BMEP
in bar)

For BMEP < 1.4bar or N <1200rpm
HCEI =2.55
For BMEP > 1.4baror N > 1200rpm

HCEI =3.048 - 0.0007 LN +1.205BMEP — 0.366 BMEP’
NOxEI as a function of BMEP

For BMEP < 2.5bar or N <1200rpm
NOxEI =0.015
For BMEP > 1.4baror N >1200rpm

NOxEI =0.00016exp(1.958 BMEP)
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6. Exhaust gas temperature as a function of engine speed and brake engine torque
(converted to BMEP in bar)

For BMEP <1.4bar or N <1200rpm
Texh =24.8+0.080N +114BMEP
For BMEP > 1 .4baror N > 1200rpm

Texh =5.171+0.093N +93.332BMEP — 6.02BMEP"

Details about spark timing, camshaft profiles, exhaust valve lift, and fueling strategies are
buried in the above expressions, which are “end-result” expressions for the amount of
fuel going into the engine, the air-fuel ratio (as A=AFR/14.6), the emissions from the
engine, and the temperature of the exhaust gas stream. Details about the engine and how
successful operation was achieved can be found in the cited literature. This information is
supportive of, but not pertinent to, this body of work.

Appendix F contains tables of values for the quantities in the list above. Air-fuel ratio,
percent reduction in fuel consumption, and NOXEI are contained in the same table
because they are expressed as functions of brake engine torque only.

The Ford HCCI engine system can operate at idling engine speeds, but has a maximum
engine speed of 3500 rpm. The engine system is also capable of idle loads, but has a
maximum load limit of 4.5 bar BMEP. Achieving higher engine loads is desirable for
maximum benefit in fuel economy over driving cycle, but is not necessarily allowed by
the more stringent North American emissions regulations. As a percentage of the fuel, the
NOx emissions index climbs from 0.0015% at idle loads to 1.07% at 4.5 bar. As shown in
Table 12, the cycle-averaged NOx emissions index for Engine #3 with EGR 1s 1.74%. A
maximum of 1.07% is less than 1.74%, and a considerable reduction in engine-out NOx
is expected as a result of HCCI implementation. Tailpipe NOx, however, could climb
substantially as a result of HCCI implementation. The anticipated increase in tailpipe
NOXx is due to the fact that the NOx conversion efficiency when the feedgas is either lean
of stoichiometric or diluted is less than the steady-state NOx conversion efficiency of the
three-way catalyst, which operates optimally when the feedgas is stoichiometric.

6.3 Aftertreatment for the HCCI-SI engine system
The proposed aftertreatment system for the HCCI-SI engine consists of a three-way
catalyst in series with a lean NOx conversion system, as depicted in the diagram below.

. Three-way catalyst, 10 s ; _
Engine licht-off time. 99 8% Lean NOx conversion Tailpipe
exhaust stgady—state efficiency system, ~75% steady-state exhaust

Figure 29: Schematic of the model aftertreatment system.
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Among the available options for the lean NOx conversion system are the lean NOx trap
and the urea system that is currently used for diesel engines. The performance of both
technologies is heavily dependent on the age of the catalyst. A newer catalyst can convert
above 90% of the NOx in a lean feedgas stream, while a catalyst over 10 years in age
converts under 60% of the NOx in a lean feedgas stream. The leaner the feedgas stream,
the more often the surface of the catalyst in a lean NOXx trap needs to be regenerated.
Regeneration occurs with a rich excursion in the air-fuel ratio. A common regeneration
schedule involves 60 seconds of lean feedgas followed by 5 seconds of the rich
excursion. The primary benefit of the lean NOx trap over the Urea system is that it does
not require any additional chemicals (fuels) to operate. The primary disadvantage of the
lean NOX trap is that it requires a regeneration schedule that could interfere with the
HCCI implementation strategy and ultimately compromise the fuel economy benefit of
the HCCI-SI engine system. The urea system has NOx conversion efficiencies that are
similar to those of the lean NOx trap but requires an infrastructure that is not currently
available in North America; urea is not easily obtained in this fraction of the automotive
industry that is so heavily fueled by gasoline. The primary benefit of a urea system is
that it does not require a regeneration cycle that could compromise the fuel economy
benefit of HCCI. More information about lean NOx traps and urea systems can be found
in the cited literature.

In this body of work, the details of the aftertreatment system are not focal. The simple
model used for the three-way catalyst has been described, and this model applies to the
engine-out emissions whenever the engine operates in spark ignition mode. When the
engine operates in HCCI mode, the environment in the three-way catalyst is oxygen-rich,
and the three-way catalyst continues to operate optimally in converting hydrocarbons and
carbon moNOxide. In this model, it is assumed that, while the engine operates in HCCI
mode, none of the NOx in the engine exhaust is converted by the three-way catalyst. By
summing the amount of NOx (in grams) in the lean or diluted stream of engine exhaust, it
can be calculated what cycle-averaged conversion efficiency the lean NOx conversion
system would have to be in order to comply with each of the emissions standards.
Determining the required lean aftertreatment conversion efficiency is part of the
“Maximum Fuel Economy” challenge. By lowering the maximum load limit for HCCI
engine operation and thereby reducing the amount of time the engine operates in HCCI
mode, it can be determined what the maximum fuel economy over driving cycle could be
if the average lean NOx conversion efficiency is maximally 75%. This second approach
to assessing the fuel economy benefit of an HCCI-SI engine system is part of the
“Emissions Constrained” challenge. Preceding the discussion of these two approaches is
a description of the parameters that define when HCCI is to be implemented over driving
cycle and the penalties on fuel consumption and emissions that are incurred during the
transitions between HCCI and spark-ignition modes of operation.

6.4 Penalties Associated with Transitions

Public information regarding the penalties associated with the transitions between engine
operation modes is limited. Ideally, the fuel flow rate would change instantaneously
during a mode transition. In order to maintain constant torque output, however, the
fueling change is scheduled to occur over several engine cycles while the engine exhaust
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mixture is lean of stoichiometric. The gradual nature of the change results in a penalty
associated with fuel consumption and with NOx emission. There are no quantified
transition penalties associated with hydrocarbons or carbon moNOxide.

A
A HCCI fuel and engine- Actual HCCI fuel and engine-
out NOx flow rates / transition \ out NOx flow rates
Ideal Ideal
1+ transition transition
SI fuel and engine-out NOx flow rates
time

Figure 30: Exaggerated depiction of ideal and actual mode transitions. Penalties
associated with fuel and NOx occur while the air-fuel ratio is lean of stoichiometric.

Penalty information is available both into and out of HCCI mode for a single engine
speed and engine load condition. At an engine speed of 1500 rpm and an engine load of
2.62 bar BMEP, the fuel and NOx penalties are as follows:

HCCI to SI Sl to HCCI
mg of fuel 87.8 0.20
mg of NOx 44 0.42

Table 19: Penalties assocated with fuel and NOx during transitions into and out of HCCI
mode. The penalties for a transition from SI mode into HCCI mode are non-zero but
small compared to penalties for a transition from HCCI mode into SI mode.

Penalties are not published at other speed and load conditions, but they are assumed in
this body of work to scale linearly with the amount of fuel consumed (in HCCI mode) per
engine revolution. At time t=812s during the city driving cycle, the speed of Engine #3
with EGR in the heavy vehicle is 1509 rpm, and the brake mean effective pressure is
calculated from the brake torque to be 2.6 bar. The fuel flow rate at this time is 2.253
kg/hr. In HCCI mode, the percent reduction in fuel consumption at 2.6 bar BMEP is
22.276(2.6°3%) = 15.07%. The amount of fuel consumed per engine revolution in HCCI
mode at this time is therefore

2.253E6 mg (100-15.07)
G in™

60 i 100 221_13mg/
1509rpm rey
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At time t=490.5s during the city driving cycle, the speed of Engine #3 with EGR in the
lighter vehicle is 1497 rpm, and the brake mean effective pressure is 2.6 bar. The fuel
flow rate is 2.1512 kg/hr, and so the amount of fuel consumed in HCCI mode per engine
revolution is 20.34mg/rev.

When a transition occurs at a speed and load other than 1500 rpm and 2.6 bar BMEP, the
amount of fuel consumed in HCCI mode per engine revolution is calculated and
normalized by 21.13 mg/rev in the case of the heavy vehicle (20.34 in the case of the
lighter vehicle). This dimensionless quantity Xs... scales the transition penalties given
at 1500 rpm and 2.6 bar.

6.5 Exploratory Work

HCCI implementation is explored using models for both heavy and light vehicles, which
differ by 1000 pounds in estimated test weight. Exploring HCCI implementation in a
lighter vehicle serves to indicate the effects of power-to-weight ratio on fuel economy
benefit and aftertreatment requirement of HCCI implementation.

Another attempt to explore the effect of power-to-weight ratio was made by changing the
upper load limit for HCCI operation from 4.5 bar BMEP to 6 bar BMEP. No data on the
Ford engine is available above 4.5 bar BMEP; this artificial expanding of the operating
range was achieved by lowering all engine loads over driving cycle by 25%. It would be
a different vehicle, perhaps a much lighter vehicle, that could execute these portions of
driving cycle in a load range between 0 and 4.5 bar BMEP. Alternatively, a boosting
system that raises the manifold air pressure might be able to achieve an effect similar to
reducing all engine loads below 6 bar BMEP by 25%.

Higher loads are attained in HCCI mode by forcing more charge through the engine. The
larger quantities of charge have to be sufficiently diluted, likely with a combination of
trapped residuals and air, to ensure that the rate of in-cylinder pressure rise, dP/d:, does
not exceed a critical value. This (dP/dt).,ii.y marks the point at which reasonable engine
efficiency is difficult to maintain. HCCI combustion, by nature, typically lasts between
12 and 20 crank angle degrees (CAD). A typical spark ignition combustion event lasts
between 40 and 60 CAD and the start of combustion is around 30 CAD for maximum
brake torque timing. Rates of pressure rise above (dP/dt). i result in HCCI combustion
events that are so brief that optimizing the valve timing becomes more challenging. With
improper valve timing, such a brief combustion event could be complete tens of crank
angle degrees before the piston reaches top center to begin the expansion stroke. In this
under-optimized scenario, the gross work would also be suboptimal, resulting in low
engine efficiency. (Gross work is the work done on the piston by the gases during the
compression process minus the work done by the piston on the gases during the
expansion process.) In addition to lowering engine efficiency, these high rates of pressure
rise are associated with extreme cases of engine “knock,” which is alarming to the driver
and can be structurally harmful to the engine.

Avoiding undesirably high rates of pressure rise in the cylinder due to increased charge
can be achieved by diluting the charge mixture. Dilution consists of a mixture of trapped
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residuals and air. Residual gases from a previous combustion event are trapped in the
cylinder with appropriate valve timing; the exhaust valve closes early in the exhaust
process, well before the intake valve opens. Residual gases are hot and raise the
temperature of fresh charge. Air is cold, and so it is the relative proportion of trapped
residuals that is partially responsible for the timing of the combustion event.

A typical boosting system for a spark-ignition engine maximizes charge flow between the
engine speed at which brake torque is maximal and the engine speed at which the brake
power is maximal. A supercharger is capable of raising manifold air pressures, but is
connected to the engine system in a way that substantially increases friction losses. A
turbocharger raises manifold air pressures by taking advantage of hot exhaust gas
temperatures. Exhaust from an HCCI combustion event can be hundreds of degrees
cooler than the exhaust from a spark ignition combustion event. In the case of raising the
maximum load limit for HCCI from 4.5 bar BMEP to 6 bar BMEP, the engine speeds are
less than 3500 rpm, and a boosting system would need to be designed to raise manifold
air pressures with cool exhaust temperatures and without compromising fuel economy
gains with friction losses.

With boosting between 4.5 bar BMEP and 6 bar BMEP, the fuel flow rate would likely
remain the same, but the relative air-fuel ratio A would likely remain higher than 1. The
charge must be sufficiently diluted to prevent excessively high rates of pressure rise. The
leaner-than-stoichiometric charge would likely keep NOx levels in the engine exhaust
between 4.5 bar BMEP and 6 bar BMEP lower than they would be during spark ignition
operation. No data on the Ford engine is available to substantiate these projections.
Increasing the maximum load limit for HCCI from 4.5 bar BMEP to 6 bar BMEP in this
body of work is part of exploration into how greater gains could be achieved from HCCI
implementation over driving cycle.
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Chapter 7
HCCI Implementation Strategies

Half second-by-half second data is known for each of three spark ignition engines, with
and without EGR, in each of two vehicles executing four driving cycles. Modeling the
HCCI-SI engine system involves replacing spark-ignition engine data with HCCI engine
data whenever HCCI engine operation mode is possible and desirable. Penalties for
transitions into and out of HCCI mode are summed after the driving cycle is complete.

The simplest implementation strategy is one in which the engine operates in HCCI mode
whenever engine speeds are less than 3500 rpm and engine loads are less than 4.5 bar
BMEP. No transition penalties apply in this “best case” scenario. A slightly more
realistic case includes the penalties due to transitions. These two cases are Strategies |
and 2 on a list of 68. Strategies 3 and 4 address the question of whether an increased
upper load limit for HCCI could hypothetically better these “best cases.” Strategy 3 is
similar to Strategy |, with implementation constraints only on engine speed and engine
load, but the upper load limit is artificially increased from 4.5 bar to 6 bar BMEP.
Because no data is available for Ford HCCI system up to 6 bar BMEP, the increase in
upper load limit is accomplished by reducing all engine loads during the driving cycle
that are less than 6 bar BMEP by 25%. Strategy 4 is similar to strategy 2; the upper load
limit is increased from 4.5 bar to 6 bar BMEP and transition penalties apply.

The next six strategies explore the effect of adding operational constraints one at a time,

with and without transition penalties applying. Exploring each of these constraints first
without the penalties due to transitions and then with the penalty application is important
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for understanding which constraints have the largest impact on fuel economy and
aftertreatment requirements for emissions compliance.

The following are the three operational constraints explored in this body of work:

1. No gear-shifting allowed in HCCI mode
2. No transitions out of idle in HCCI mode
3. No HCCI during the first 2 minutes of a cold cycle

The operational constraint on gear-shifting arises from a concern regarding controls. It
might be easier, from a controls point of view, to manage a gear shift while maintaining
engine torque in spark ignition engine operation mode than in HCCI mode. This body of
work explores the impact of applying this constraint. The following is a diagram of gear-
shifts in Engine #3 with EGR during a portion of the city driving cycle.

60.00 6
§- 50.00 | |5
o 40.00 | o | 4
Q w
2 30.00 ®
) g =
2 20.00 -
B
S 10.00 | T2
>
0.00 1 , . ‘ 1
640 650 660 670 680 690
time (s)
|

Figure 31: Gear shifts in Engine #3 with EGR are frequent during this portion of the
driving cycle in the heavy vehicle.

During the portion of the city driving cycle between 640 and 690 seconds, engine speeds
and engine loads are well within HCCI operation range. Application of the operational
constraint on gear-shifting forces unnatural transitions out of HCCI mode. Similarly,
application of the second operational constraint, on transitions out of idle engine mode,
forces a transition where one would not occur due to natural constraints on engine speed
and engine load. The figure below shows mode transitions due to application of the first

two operational constraints.
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Figure 32: Transitions out of HCCI mode during this portion of the city driving cycle are
primarily due to application of the operational constraints on gear-shifting and transitions
out of idle.

The third operational constraint is proposed because of the lack of heat generated when
the engine operates in HCCI mode. Higher exhaust temperatures are required for
warming the three-way catalyst as quickly as possible. As discussed previously, short
light-off times are crucial for emissions compliance. The catalyst is expected to be fully
warmed within the first minute of a driving cycle that starts cold, but the third operational
constraints requires that the engine remain in spark ignition mode for the first two
minutes. Two minutes is the estimate for the amount of time required for all engine
systems to warm.

It is not yet known if these proposed operational constraints are realistic. This body of
work explores the impact of each on fuel economy and aftertreatment requirements.

Strategies 5 and 6 explore the impact of the gear-shifting constraint only, with and
without penalty application. The upper load limit for HCCI is 4.5 bar. The heavy vehicle
executes 254 gear shifts with Engine #3 during the city driving cycle.

Strategies 7 and 8 explore the impact of the constraint on transitions out of idle, with and
without penalty application. The city driving cycle includes 24 transitions out of idle
engine mode.

Strategies 9 and 10 explore the impact on the cold-start constraint, with and without
penalty application. Application of this operational constraint reduces opportunities for
the engine to operate in HCCI mode, but it also reduces the busyness of the engine as it
transitions between operation modes due to natural constraints, gear shifts, and transitions
out of idle.

The next six strategies, Strategies 11 through 16, explore the impact of applying two
operational constraints at a time, with and without transition penalties. The following four
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strategies explore the impact of applying all three operational constraints at a time, with
and without transition penalties. Strategies 17 and 18 use an upper load limit for HCCI of
4.5 bar BMEP; Strategies 19 and 20 use an upper load limit for HCCI of 6 bar BMEP.

The remaining strategies use an imposed constraint on the time required to operate in SI
mode as a means of reducing the number of transitions over driving cycle. This constraint
does not require that the driving cycle be known. Once a transition out of HCCI mode is
either required due to engine speed and engine load constraints or forced due to applied
operational constraints, an arbitrary amount of time must elapse in SI mode before the
next transition into HCCI mode. The required time periods chosen in this study are |
second, 4 seconds, 7 seconds, and 10 seconds.

Strategies 21 through 24 explore the impact of these busyness constraints with an upper
load limit of 4.5 bar BMEP and no transition penalties or operational constraints applied.
Strategies 25 through 28 are similar; the upper load limit for HCCI is increased to 6 bar
BMEP.

Strategies 29 through 36 are similar to Strategies 21 through 28, but transition penalties
and all operational constraints now apply.

Strategies 1 through 36 explore the impact of various constraints on fuel economy and
aftertreatment requirements for emissions compliance. These strategies are important in
the analysis of all driving cycles. In the analysis of the city and new European driving
cycles, the cycle-averaged lean NOx conversion efficiency required to comply with each
of the emission regulations is estimated. The first 36 strategies comprise the study that
focuses on vehicle fuel economy with no assumed limitation of the lean aftertreatment
system. The remaining 32 strategies are important in the analysis of the city driving
cycle only; they include an assumption that the lean NOx conversion efficiency is 75%
on average over the driving cycle. Complying with the emissions regulations is then a
matter of limiting the amount of NOx in lean engine exhaust, which is equivalent to
limiting the amount of time the engine spends in HCCI mode. This is accomplished by
lowering the upper load limit for HCCI from 4.5 bar BMEP to whatever maximum load
limit allowing tailpipe NOx levels to meet emissions standards.

Strategies 37 through 40 determine the upper load limit and fuel economy benefit of
HCCI when the regulations listed in Tier 2, Bin 5 are met with a lean NOx converter that
is 75% efficient. No operational constraints and no transition penalties are applied. The
times required in SI mode are | second (Strategy 37), 4 seconds (Strategy 38), 7 seconds
(Strategy 39), and 10 seconds (Strategy 40). Strategies 41 through 44 are similar to
Strategies 37 through 40, but the focus is on compliance with the regulations listed as
Tier 2, Bin 4. Strategies 45 through 48 focus on compliance with Tier 2, Bin 3;
Strategies 49 through 52 focus on compliance with Tier 2, Bin 2, which is equivalent to
PZEV for hydrocarbons and for NOx without the constraint on evaporative emissions.

Strategies 53 through 68 are similar to Strategies 37 through 52. In this final set of
strategies, transition penalties and operational constraints are applied.
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Natural constraints Operational Constraints g:s:;:isnst
engine BMEP transition gear shifting out-of-idle cold start required
speed upper | upper penalties constraint constraint constraint | time in Sl
limit, rpm limit, applied applied applied applied mode, s
strategy bar
Focus on Fuel Economy
1 3500 4.5 no no no no any
2 3500 4.5 yes no no no any § o
3 3500 6 no no no no any 23
4 3500 6 yes no no no any
5 3500 4.5 no yes no no any o
6 3500 4.5 yes yes no no any o 8
7 3500 4.5 no no yes no any » 8
8 3500 4.5 yes no yes no any '§. g;
9 3500 4.5 no no no yes any ® g-
10 3500 4.5 yes no no ves any -
i 3500 4.5 no yes yes no any 8
12 3500 4.5 yes yes yes no any a
13 3500 4.5 no yes ho yes any 5 8 7
14 3500 4.5 yes yes no yes any o % (]
15 3500 45 no no __yes yes any )
16 3500 4.5 yes no ves yes any o
17 3500 4.5 no yes yes yes any ~
18 3500 4.5 yes yes yes yes any :_ g
19 3500 6 no yes yes yes any 3 bt
20 3500 6 yes yes yes yes any -
21 3500 4.5 no no no no 1
22 3500 45 no no no no 4 g 4
23 3500 45 no no no no 7 35
24 3500 4.5 no no no no 10 232
23
38
25 3500 6 no no no no 1 £2s
26 3500 6 no no no no 4 TR R
27 3500 6 no no no no 7 33
28 3500 6 no no no no 10
29 3500 4.5 yes yes yes yes 1 -
30 3500 4.5 yes yes yes yos 4 g w
31 3500 4.5 yes yes yes yes 7 o 5
32 3500 4.5 yes yes yes yes 10 e é
33 3500 6 yes yes yes yes 1 a.. 2 'g_'
34 3500 6 yes yes yes yes 4 a Q‘
35 3500 6 yes yes yes yes 7 §_ )
36 3500 6 yes yes yes yes 10

Table 20: List of HCCI implementation strategies explored at each vehicle weight.
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Natural constraints Operational Constraints Busyne§s
Constraint
engine BMEP transition gear shifting out-of-idle cold start required
speed upper upper penalties constraint constraint constraint time in SI
limit, rpm limit, applied applied applied applied mode, s
strategqy bar
Focus on Emissions Compliance (city cycle only)
37 3500 T8D no no no no 1 z
38 3500 18D no no no no 4 N g.
39 3500 TBD no no no no 7 &3
40 3500 TBD no no no no 10 g
-
41 3500 TBD no no no no 1 §
42 3500 18D no no no no 4 N
43 3500 TBD no no no no 7 2 -:
44 3500 TBD no no no no 10 o
45 3500 TBD no no no no 1 5
46 3500 TBD no no no no 4 Sl3
47 3500 TBD no no no no 7 Sloe
48 3500 TBD no no no no 10 3
]
49 3500 TBD no no no no 1 slg
50 3500 TBD no no no no 4 n|e
51 3500 TBD no no no no 7 :'.; ﬁ
52 3500 TBD no no no no 10 ~]°
53 3500 TBD yes yes yes yes 1
54 3500 TBD _yes yes yes yes 4 3
55 3500 TBD yes yes yes yes 7 X
56 3500 TBD yes yes yes yes 10 g
ol
57 3500 TBD yes yes yes yes 1 §
58 3500 TBD yes yes yes yes 4 21%
59 3500 TBD yes yes yes yes 7 E 8
60 3500 TBD yes yes yes yes 10 §
)
61 3500 TBD yes yes yes yes 1 E
62 3500 TBD yes yes yes yes 4 -
63 3500 TBD yes yes yes yes 7 2 g
64 3500 TBD yes yes yes yes 10 g
g.
65 3500 TBD yes yes yes yes 1 3 &
66 3500 TBD yes yes yes yes 4 g
67 3500 TBD yes yes yes yes 7 _.—.;
68 3500 TBD yes yes yes yes 10 =~

Table 21: List of HCCI implementation strategies explored at each vehicle weight for the
city driving cycle only.
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Chapter 8
HCCI Calculations

The following 47 pieces of information were gathered about each of the 68 HCCI
implementation strategies:

1.

Maximum load limit for HCCI. This quantity is simply recorded. The upper load
limit is either 4.5 bar or 6 bar BMEP for the first 36 strategies.

Lean time, seconds. This quantity is the total time spent in HCCI mode over
driving cycle.

Lean time, % of the total time.

Lean fuel, grams. This quantity is the total fuel consumed by the engine when
operating in HCCI mode over the course of the driving cycle.

Lean fuel, % of total fuel consumed.

Lean distance, mi. The total distance traveled by the vehicle with the engine
operating in HCCI mode. This quantity gives an indication of how much of the
lean fuel is consumed while the engine is idling.

Lean distance, % of total distance.

Lean CO, g. The total amount of CO emitted by the engine while operating in
HCCI mode.

9. Lean CO, % of total CO.

10.

11

13.

14.
15.
16.
17.
18.
19.

Lean HC, g. The total amount of HC emitted by the engine while operating in
HCCI mode.

. Lean HC, % of total HC.
12,

Lean NOx, g. The total amount of NOx emitted by the engine while operating in
HCCI mode.
Lean NOx, % of total NOx.

SI time, seconds.

SItime, % of the total time.

SI fuel, grams.

SI fuel, % of total fuel consumed.
SI distance, mi.

SI distance, % of total distance.
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20.

21

26.
27.

28.
29.

30.

31

33.
34.

35.
36.

37.
38.
39.
40.
4].

42.

43

44.
45.
46.
47.

SICO, g.

. SI CO, % of total CO.
22.
23.
24.
25.

SIHC, g.

SIHC, % of total HC.
SINOx, g.

SINOx, % of total NOx.

Total number of transitions

Penalty fuel, g. The total amount of fuel consumed due to transitions over the
course of the driving cycle.

Penalty fuel, % of the total fuel consumed.

Penalty NOx, g. The total amount of NOx associated with transitions via
penalties.

Penalty NOx, % of total engine-out NOx.

. Fuel consumption, g/mi.
32.

% Fuel consumption reduction. The percent change in fuel consumed by Engine
#3 with EGR as a result of HCCI implementation.

Fuel economy, mpg.

9% Fuel economy benefit.

Total CO, engine-out, g/mi.

% CO reduction. The % reduction in the amount of CO emitted by Engine #3 with
EGR as a result of HCCI implementation.

Total HC, engine-out, g/mi.

% HC increase.

Total NOx, engine-out, g/mi.

% NOx reduction.

Tailpipe CO, mg/mi. The three-way catalyst is assumed to have a 99.8% steady-
state efficiency and t5p = 10 seconds.
Tailpipe HC, mg/mi.

. Tailpipe SI NOx, mg. The three-way catalyst is assumed to operate optimally

whenever the engine operates in spark-ignition mode. This quantity is calculated
by applying the simple three-way catalyst model to the NOx designated as “SI
NOx.”

Required lean NOx conversion efficiency for Tier 2, Bin 5 emissions compliance.
Required lean NOx conversion efficiency for Tier 2, Bin 4 emissions compliance.
Required lean NOx conversion efficiency for Tier 2, Bin 3 emissions compliance.
Required lean NOx conversion efficiency for Tier 2, Bin 2 emissions compliance.

Lean CO, lean HC, and lean NOx are quantities calculated as the amount of a given
emission generated during HCCI engine operation. Lean NOX, in particular, might be
better defined as the amount of NOx that is not converted by the three-way catalyst.
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However, this definition is not used because no oxygen storage is included in the model
of the three-way catalyst used in this body of work.

The mass flow rate of engine-out NOx generated during spark-ignition engine operation
is estimated using regressions in kg/s. The mass flow rate of engine-out NOx generated
during HCCI engine operation is estimated using regressions based on data collected at
Ford. The emission index for NOx during HCCI mode is almost always less than 1%,
while the emission index for NOx during SI mode is generally between 2 and 5%. The
amount of NOX, in grams, generated during a given half-second time period is calculated
using the average mass flow rate of NOx during the half-second time step. The estimate
of lean NOx during the half second time period after a transition into HCCI mode is
therefore higher than it would be if the transition had occurred several seconds earlier.
Lean NOx is therefore not only a function of the amount of time spent in HCCI mode, but
also of the number of transitions and the speed and load conditions where those
transitions occur. It is possible for the estimate of lean NOx to increase when time spent
in HCCI mode decreases due to the fact that the NOx emission index during SI mode is
part of the calculation. The following figure helps indicate how lean NOx is estimated.
Lean HC, lean CO, lean fuel, and lean distance are all calculated this way.

NOxXEI
A
NOxEI(t,) high
SI mode
\‘\\ NOxEI(t,) > NOxEI, average > NOxEI(t;+0.5s)
NOXEI(t,+0.5s) low
HCCI
| | | >
I l l Time, s
[5) { t+ 0.5s

Figure 33: Depiction of how lean NOXx is calculated.
The following tables contain values for each of these 47 quantities for each of the 68

implementation strategies in the case of the heavy vehicle executing the city driving
cycle.
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Heavy Vehicle, 3375 1b ETW

City Driving Cycle

City Driving Cycle Best Cases
ETW =3375 Ib 1 2 3 4
1 max load limit for HCCI (bar) 4.5 4.5 6.0 6.0
2 lean time (sec) 1614 1614.0 1753.0 1753.0
3 lean time % of total 85.99 85.99 93.39 93.39
4 lean fuel (@) 477.02 477.02 573.35 573.35
5 lean fuel % of total 66.37 65.60 82.60 81.99
6 lean distance (mi) 6.14 6.14 6.80 6.80
7 lean distance % of total 82.41 82.41 91.24 91.24
8 lean CO (g) 34.66 34.66 43.64 43.64
9 lean CO % of total 63.28 63.28 81.37 81.37
10 lean HC (g) 11.27 11.27 13.83 13.83
11 lean HC % of total 77.92 77.92 90.02 90.02
12 lean NOx (g) 1.27 1.27 117 1.17
13 iean NOx % of total 17.70 16.64 24.42 23.07
14 Sl time (sec) 263.0 263.0 124.0 124.0
15 Sl time % of total 14.01 14.01 6.61 6.61
16 Sl fuel (g) 241.73 241.73 120.75 120.75
17 Sl fuel % of total 33.63 33.24 17.40 17.27
18 Sl distance (mi) 1.31 1.31 0.65 0.65
2 5
2 o 3
g £ g £
D %) o T
58 | 2 | 58 | 3%
g s g oc 5
o g eg g o
g2 a we =
&S i z s &
8 E 5 =
a D 3 m
C E | e | 3
< ©

Table 22: Data collected for the “best-case” strategies, Strategies | through 4, for the
heavy vehicle executing the city driving cycle.
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City Driving Cycle Best Cases
ETW =33751b 1 2 3 4
19 Sl distance % of total 17.59 17.59 8.76 8.76
20 SICO(qg) 20.11 20.11 9.98 9.98
21 SICO % of total 36.72 36.72 18.61 18.61
22 SIHC (g) 3.19 3.19 1.53 1.53
23 SIHC % of total 22.07 22.07 9.97 9.97
24 SINOx{g) 5.91 5.91 3.62 3.62
25 SI NOx % of total 82.30 77.36 75.58 71.39
26 # of transitions 200 200 130 130
27 penalty fuel (g) 0.00 8.42 0.00 5.15
28 penalty fuel % of total 0.00 1.16 0.00 0.74
29 penalty NOx (q) 0.00 0.46 0.00 0.28
30 penalty NOx % of total 0.00 6.00 0.00 5.54
31 fuel consumption (g/mi) 96.48 97.61 93.17 93.87
32 % fuel consumption reduction 12.07 11.04 15.09 14.46
33 fuel economy (mpg) 29.27 28.93 30.31 30.08
34 % fuel economy benefit 13.73 12.42 17.77 16.90
35 total CO (g/mi) engine-out 7.35 7.35 7.20 7.20
36 % CO reduction 19.87 19.87 21.55 21.55
37 _total HC (g/mi) engine-out 1.94 1.94 2.06 2.06
38 % HC increase 8.50 8.50 15.19 15.19
39 total NOx (g/mi) engine-out 0.96 1.03 0.64 0.68
40 % NOx reduction 49.62 46.41 66.46 64.49
41 TP CO (g/mi, 10s, 99.8%) 33.64 33.64 4587 45.87
42 TP HC (g/mi, 10s, 89.8%) 10.14 10.14 10.24 10.24
43 TP SI NOx (mg, 10s, 99.8%) 11.83 11.83 7.23 7.23
44 required lean eta, T2B5 70.18 78.08 67.14 73.50
45 required lean eta, T2B4 83.36 87.77 81.49 85.07
46 required lean eta, T2B3 87.75 91.00 86.27 88.93
47 required lean eta, T2B2/PZEV{ip) 92.15 94.23 91.05 92.79
s 5
2 z 2 2
- £ g 8
85 B8 55 £8
gc S8 oc §3
o2 28 e o8
£2 o we <
g u 28 &
2 @ 8 2
2 5 ° F
7 ©

Table 22: Data collected for the “best-case” strategies, Strategies 1 through 4, for the
heavy vehicle executing the city driving cycle.
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Key Points:

1. The expanded HCCI load range allows for a larger portion of the total time to be
spent in HCCI mode. This is reflected in the difference in percentage of fuel
consumed in HCCI mode, in the total distance traveled during HCCI engine
operation, and in the difference in total emissions in lean engine exhaust.

2. The expanded load range also allows the engine to operate in HCCI mode for
longer periods of time, as reflected in the difference in number of transitions and
the amount of NOx generated as a result of transition penalties (in Strategies 2
and 4).

3. The NOx generated as a result of transitions is approximately the same proportion
of the total engine-out NOxX in Strategies 2 and 4.

4. Although there is substantially less total engine-out NOX in the case of Strategy 4
than in the case of Strategy 2, the required lean NOx conversion efficiency for
emissions compliance remains the same. The amount of NOx converted by the
three-way catalyst while the engine operated in SI mode is substantially less in
Strategy 4 than in Strategy 2.

5. Extended HCCI operation has resulted in a slight increase in tailpipe
hydrocarbons and a slight decrease in tailpipe carbon moNOxide.

6. The expanded operation range results in a fuel consumption difference of up to 3
g/mi, which is equivalent to a difference in fuel economy benefit of over 3%.

Expanding the upper load limit of HCCI has the greatest impact on the number of
transitions. Fuel economy and performance requirements of the lean NOx converter
improve marginally. The drop in number of transitions would be most apparent to the
driver of a vehicle whose engine noticeably switches operation modes every 9 seconds
(on average).

It should be reiterated that the operation range of HCCI was artificially expanded. The
data obtained from Ford provides an emissions index for NOx of 1.073% of the fuel at
4.5 bar BMEP. Whenever the operation range of HCCI is expanded in this model, the
emissions index for NOx is still 1.073% of the fuel at 6 bar BMEP. It is expected that, if
data were available at these higher load limits, the NOx emissions index would prove to
be substantially higher. The primary objective of expanding the operation range of HCCI
is to propose how raising the upper load limit might affect the fuel economy benefit of
HCCI. The model assumes a 12.3% fuel consumption reduction at 6 bar BMEP when the
operation range is expanded; the actual fuel consumption reduction at 6 bar is unknown.

Data for the remaining 64 strategies for the heavy vehicle executing the city driving cycle
are included in the tables below. Similar tables for the lighter vehicle executing the city
driving cycle and for each vehicle executing the other three driving cycles are included in
Appendix H.
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City Driving Cycle

One Constraint at a Time

ETW =3375 b 5 6 7 8 9 10
1 max load limit for HCCI (bar) 4.5 4.5 4.5 4.5 4.5 4.5
2 lean time (sec) 1495.5 1495.5 1602.0 1602.0 1506.0 1506.0
3 lean time % of total 79.68 79.68 85.35 85.35 80.23 80.23
4 lean fuel (g) 438.97 438.97 474.00 474.00 456.11 456.11
5 lean fuel % of total 60.41 59.10 65.88 65.00 63.08 62.38
6 lean distance (mi) 5.65 5.65 6.14 6.14 5.88 5.88
7 lean distance % of total 75.80 75.80 82.37 82.37 78.98 78.98
8 lean CO(g) 31.95 31.95 34.51 34.51 33.14 33.14
9 lean CO % of total 57.07 57.07 62.81 62.81 59.82 59.82
10 lean HC (g) 10.34 10.34 11.18 11.18 10.77 10.77
11 _lean HC % of total 72.04 72.04 77.35 77.35 73.98 73.98
12 lean NOx {(g) 1.22 1.22 1.30 1.30 1.22 1.22
13 lean NOx % of total 15.69 14.10 17.89 16.67 16.40 15.48
14 Sl time (sec) 381.5 381.5 275.0 275.0 371.0 371.0
15 Sl time % of total 20.33 20.33 14.65 14.65 19.77 19.77
16 Sl fuel (g) 287.69 287.69 245.53 245.53 266.92 266.92
17 Sl fuel % of total 39.59 38.74 34.12 33.67 36.92 36.51
18 Sl distance (mi) 1.80 1.80 1.31 1.31 1.57 1.57
19 Sl distance % of total 24.20 24.20 17.63 17.63 21.02 21.02
20 SICO(g) 24.03 24.03 20.43 20.43 22.22 22.22
21 8l CO % of total 42.92 42.92 37.18 37.18 40.11 40.11
22 SIHC(g) 4.01 4.01 3.27 3.27 3.79 3.79
23 S| HC % of total 27.95 27.95 22.65 22.65 25.99 25.99
24 S NOx({g) 6.54 6.54 5.95 5.95 6.23 6.23
25 S| NOx % of total 84.31 75.76 82.11 76.49 83.59 78.90
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Table 23: Data collected for the strategies highlighting effects of applying operational

constraints one at a time. Even-numbered strategies include transition penalties.

Application of the gear shifting constraint alone (Strategies 5 and 6) increases the number
of transitions by 150%. Over 500 transitions have a noticeable impact on the vehicle fuel
economy and put a greater demand on the performance of the lean NOx converter when
transition penalties are applied. Application of the constraint on transitions out of idle

(Strategies 7 and 8) increases transitions by 25% but has a marginal impact on fuel

consumption and aftertreatment performance requirements. Application of the cold-start
constraint (Strategies 9 and 10) serves to reduce transitions by 5%.
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City Driving Cycle One Constraint at a Time

ETW =33751b 5 (3 7 8 9 10
26 # of transitions 508 508 248 248 189 189
27 penaity fuel (q) 0.00 16.04 0.00 9.74 0.00 8.14
28 penalty fuel % of total 0.00 2.16 0.00 1.34 0.00 1.11
29 penalty NOx (g) 0.00 0.88 0.00 0.53 0.00 0.44
30 penalty NOx % of total 0.00 10.14 0.00 6.84 0.00 5.61
31 fuel consumption (g/mi) 97.54 99.70 96.59 97.90 97.06 98.15
32 % fuel consumption reduction 11.11 9.15 11.98 10.79 11.55 10.56
33 fuel economy (mpg) 28.95 28.32 29.24 28.85 29.10 28.77
34  %-fuel economy benefit 12.50 10.07 13.61 12.09 13.06 11.80
35 total CO (g/mi) engine-out 7.51 7.51 7.38 7.38 7.44 7.44
36 % CO reduction 18.10 18.10 19.62 19.62 18.96 18.96
37 total HC (g/mi) engine-out 1.93 1.93 1.94 1.94 1.95 1.95
38 % HC increase 7.64 7.64 8.38 8.39 9.23 9.23
39 total NOx (g/mi) engine-out 1.04 1.16 0.97 1.04 1.00 1.06
40 % NOx reduction 45.64 39.50 49.20 45.47 47.78 44 .68
41 TP CO (g/mi, 10s, 99.8%) 33.96 33.96 33.69 33.69 47.39 47.39
42 TP HC (g/mi, 10s, 99.8%) 10.11 10.11 10.14 10.14 17.02 17.02
43 TP 81 NOx {mg, 10s, 99.8%) 13.08 13.08 11.91 11.91 15.09 15.09
44 required lean eta, T2B5 68.93 81.93 70.75 79.26 69.22 77.41
45 required lean eta, T2B4 82.71 89.94 83.68 88.43 82.94 87.48
46 required lean eta, T2B3 87.30 92.61 87.99 91.48 87.51 90.84
47 required lean eta, T2B2/PZEV(ip) 91.89 95.28 92.30 94.54 92.09 94.19
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Table 23: Data collected for the strategies highlighting effects of applying operational
constraints one at a time. Even-numbered strategies include transition penalties.
Application of the gear shifting constraint alone (Strategies 5 and 6) increases the number
of transitions by 150%. Over 500 transitions have a noticeable impact on the vehicle fuel
economy and put a greater demand on the performance of the lean NOx converter when
transition penalties are applied. Application of the constraint on transitions out of idle
(Strategies 7 and 8) increases transitions by 25% but has a marginal impact on fuel
consumption and aftertreatment performance requirements. Application of the cold-start
constraint (Strategies 9 and 10) serves to reduce transitions by 5%.
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City Driving Cycle

Two Constraints at a Time

ETW =33751b 11 12 13 14 15 16
1 max load limit for HCCI (bar) 4.5 4.5 4.5 4.5 4.5 4.5
2 lean time (sec) 1483.5 1483.5 1397.5 1397.5 1494.5 1494.5
3 lean time % of total 79.04 79.04 74.45 74.45 79.62 79.62
4 lean fuel (g) 435.95 435.95 419.70 419.70 453.20 453.20
5 lean fuel % of total 59.93 58.53 57.45 56.27 62.61 61.81
6 lean distance (mi) 5.64 5.64 5.42 5.42 5.88 5.88
7 lean distance % of total 75.76 75.76 72.71 72.71 78.93 78.93
8 lean CO (g) 31.80 31.80 30.56 30.56 33.00 33.00
9 lean CO % of total 56.63 56.63 54.01 54.01 59.39 59.39
10 lean HC (g) 10.25 10.25 9.89 9.89 10.68 10.68
11 lean HC % of total 71.46 71.46 68.43 68.43 73.43 73.43
12 lean NOx (g) 1.24 1.24 1.17 117 1.25 1.25
13 lean NOx % of total 15.88 14.16 14.59 13.21 16.59 15.53
14 Sl time (sec) 383.5 393.5 479.5 479.5 382.5 382.5
15 Sl time % of total 20.96 20.96 25.55 25.55 20.38 20.38
16 Sl fuel {g) 291.49 291.49 310.88 310.88 270.59 270.58
17 Sl fuel % of total 40.07 39.14 42.55 41.68 37.39 36.91
18 Sl distance (mi) 1.81 1.81 2.03 2.03 1.57 1.57
19 8l distance % of total 24.24 24.24 27.29 27.29 21.06 21.06
20 SICO(g) 24.35 24.35 25.98 25.98 22.52 22.52
21 8l CO % of total 43.36 43.36 45.92 45.92 40.54 40.54
22 SIHC(g) 4.09 4.09 4.56 4.56 3.86 3.86
23 Sl HC % of total 28.53 28.53 31.54 31.54 26.55 26.55
24 SINOx (Q) 6.57 6.57 6.82 6.82 6.26 6.26
25 81 NOx % of total 84.12 75.01 85.40 77.30 8_3r.40 j.OG
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Table 24: Data for strategies highlighting effects of applying two operational constraints
at a time. Even-numbered strategies include transition penalties. Combinations involving

the gear-shifting constraint (Stategies 11-14) have high numbers of transitions.

Application of the cold start constraint lowers the number of transitions due to gear-
shifting. High numbers of transitions has modest impact on fuel economy but significant
impact on the requirements of aftertreatment performance.
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City Driving Cycle
ETW = 3375 Ib

Two Constraints at a Time

11 12 13 14 15 16
26 # of transitions 556 556 469 469 235 235
27 penalty fuel (g) 0.00 17.36 0.00 15.34 0.00 9.40
28 penalty fuel % of total 0.00 2.33 0.00 2.06 0.00 1.28
29 penalty NOx {g) 0.00 0.95 0.00 0.84 0.00 0.51
30 penalty NOx % of total 0.00 10.83 0.00 9.48 0.00 6.40
31 fuel consumption (g/mi) 97.65 99.98 98.07 100.13 97.16 98.42
32 % fuel consumption reduction 11.01 8.89 10.63 8.75 11.46 10.31
33 fuel economy (mpg) 28.92 28.24 28.79 28.20 29.06 28.69
34 % fuel economy benefit 12.37 9.75 11.89 9.59 12.94 11.49
35 total CO (g/mi) engine-out 7.54 7.54 7.59 7.59 7.46 7.46
36 % CO reduction 17.86 17.86 17.24 17.24 18.73 18.73
37 total HC (g/mi) engine-out 1.92 1.92 1.94 1.94 1.95 1.95
38 % HC increase 7.53 7.53 8.35 8.35 9.10 9.10
39 total NOx {g/mi) engine-out 1.05 1.18 1.07 1.18 1.01 1.08
40 % NOx reduction 45.21 38.56 43.98 38.11 47.37 43.77
4 TP CO (g/mi, 10s, 99.8%) 34.01 34.01 47.71 47.71 47 .44 47 .44
42 TP HC (g/mi, 10s, 99.8%) 10.11 10.11 16.99 16.99 17.01 17.01
43 TP SI NOx (mg, 10s, 99.8%) 13.15 13.15 16.28 16.28 15.16 15.16
44 required lean eta, T2B5 69.55 82.74 67.85 81.28 69.81 78.63
45 required lean eta, T2B4 83.05 90.40 82.23 89.65 83.27 88.16
46 required lean sta, T2B3 87.55 92.95 87.02 92.44 87.76 91.33
47 required lean eta, T2B2/PZEV (tp) 92.06 95.50 91.81 95.23 92.24 94.51

k=] E=]

2 2 5 5
g.é 25 3 8 o8 2 g
@ ® ] = ° 8 = 2= Dg
28 o2 = &L S g 5
ET g8 2c o 538 56
=) z o Ec 3¢ 5a
? ", 3§ o £Q £2 a0 @ C
=& =~z 3 £ c = = €S
20 gaBs.Q [N [ = = (31
02 = = == =0 = =0
[ o} Do ® [~ 37} [ =] @ © @ C
so5 | s=5 | 5§ 52 g | g&
S5a Saa c 5 c 8 =8 ="
$» o o S o S = c = gt
c oc') £ S o c 8 - o od
s £=2 Eg £5 28 o
o g e g s 5 £l Eo
= &8 B o B g2 83

o8 = 5 5 50 %

hat ) 5] 5 5

Q QO

Table 24: Data for strategies highlighting effects of applying two operational constraints
at a time. Even-numbered strategies include transition penalties. Combinations involving

the gear-shifting constraint (Stategies 11-14) have high numbers of transitions.

Application of the cold start constraint lowers the number of transitions due to gear-
shifting. High numbers of transitions has modest impact on fuel economy but significant
impact on the requirements of aftertreatment performance.
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City Driving Cycle Three Constraints at a Time

ETW =3375 Ib 17 18 19 20
1 _max load limit for HCCI (bar) 4.5 4.5 6.0 6.0
2 lean time (sec) 1386 1386.0 1511.5 1511.5
3 lean time % of total 73.84 73.84 80.53 80.53
4 lean fuel (g) 416.80 416.80 507.18 507.18
5 lean fuel % of total 56.99 55.73 71.55 69.96
6 lean distance (mi) 5.41 5.41 6.03 6.03
7 lean distance % of total 72.67 72.67 80.96 80.96
8 lean CO (g) 30.41 30.41 38.98 38.98
9 lean CO % of total 53.60 53.60 69.87 69.87
10 lean HC (g) 9.79 9.79 12.09 12.09
11 {ean HC % of total 67.87 67.87 79.35 79.35
12 lean NOx (g) 1.19 1.19 1.19 1.19
13 lean NOx % of totai 14.78 13.28 20.39 17.72
14 Sl time (sec) 491.0 491.0 365.5 365.5
15 Sltime % of total 26.16 26.16 19.47 19.47
16 Sifuel (g) 314.56 314.56 201.70 201.70
17 Sl fuel % of total 43.01 42.06 28.45 27.82
18 Sl distance (mi) 2.04 2.04 1.42 1.42
19 SlI distance % of total 27.33 27.33 19.04 19.04
20 SICO({(q) 26.29 26.29 16.77 16.77
21 Sl CO % of total 46.33 46.33 30.06 30.06
22 SIHC (g) 4.63 4.63 3.14 3.14
23 Si HC % of total 32.10 32.10 20.62 20.62
24 SiNOx({g) 6.86 6.86 4.65 4.65
25 S| NOx % of total 85.21 76.58 79.60 69.18
£ 5
s} D =
< g 2 2
[} = - vl
£ = g £
g8 £ 58 @
0w = —_ ——
52 £y 25 | §g
(a3} n 2 o @ = 0
= o cE C g g =
S ¢ 88 T < g &
CL-Q = D el O o
ik © S ik s
s c a u e .
ogE ) =g o
- m ~ L
3 P = s
0 m ] o
0 5 - =
< Q =
wn
< ©

Table 25: Data collected for strategies highlighting effects of applying all operational
constraints simultaneously. Even-numbered strategies include transition penalties. The
upper load limit in Strategies 19 and 20 is 6 bar BMEP, resulting in a slight improvement
in fuel economy and no change in aftertreatment performance requirement.
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City Driving Cycle

Three Constraints at a Time

ETW =33751b 17 18 19 20
26 # of transitions 515 515 501 501
27 penalty fuel (g) 0.00 16.60 0.00 16.12
28 penalty fuel % of total 0.00 2.22 0.00 2.22
29 penalty NOx (g} 0.00 0.91 0.00 0.88
30 penalty NOx % of total 0.00 10.13 0.00 13.09
31 fuel consumption {g/mi) 98.18 100.40 95.16 97.32
32 % fuel consumption reduction 10.53 8.50 13.28 11.31
33 fuel economy (mpg) 28.76 28.13 29.68 29.02
34 % fuel economy benefit 11.77 9.29 15.32 12.75
35 total CO (g/mi) engine-out 7.62 7.62 7.49 7.49
36 % CO reduction 17.01 17.01 18.40 18.40
37 total HC (g/mi) engine-out 1.94 1.94 2.05 2.05
38 % HC increase 8.22 8.22 14.28 14.28
39 total NOx (g/mi) engine-out 1.08 1.20 0.78 0.90
40 % NOx reduction 43.56 37.20 59.08 52.89
41 TP CO (g/mi, 10s, 99.8%) 47.75 47.75 47.50 47.50
42 TP HC (g/mi, 10s, 99.8%) 16.98 16.98 17.20 17.20
43 TP SI NOx (mg, 10s, 99.8%) 16.35 16.35 11.93 11.93
44 required lean eta, T2B5 68.50 82.13 68.15 81.68
45 required lean eta, T2B4 82.59 90.12 82.23 89.78
46 required lean eta, T2B3 87.29 92.79 86.92 92.48
47 required lean eta, T2B2/PZEV (tp) 91.98 95.45 91.62 95.18
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Table 25: Data collected for strategies highlighting effects of applying all operational
constraints simultaneously. Even-numbered strategies include transition penalties. The
upper load limit in Strategies 19 and 20 is 6 bar BMEP, resulting in a slight improvement

in fuel economy and no change in aftertreatment performance requirement.
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City Driving Cycle Busyness Constraint Applied

ETW =3375Ib 21 22 23 24
1 max load limit for HCCI (bar) 4.5 4.5 4.5 4.5
2 lean time (sec) 1600 1486.0 1375.5 1292.5
3 leantime % of total 85.24 7917 73.28 68.86
4 lean fuel (g) 465.87 404.78 360.55 329.96
5 lean fuel % of total 64.68 55.45 48.85 44.33
6 lean distance (mi) 6.06 5.44 4.86 4.41
7 lean distance % of total 81.34 72.99 65.20 59.25
8 lean CO (g) 33.90 29.75 26.78 24.47
9 lean CO % of total 61.59 52.39 46.01 41.47
10 lean HC (g) 11.07 9.81 8.82 8.10
11 lean HC % of total 76.64 68.91 62.80 58.17
12 lean NOx (g) 1.19 0.85 0.68 0.58
13 lean NOx % of total 16.32 10.42 7.65 6.17
14 Sl time (sec) 277.0 391.0 501.5 584.5
15 Sl time % of total 14.76 20.83 26.72 31.14
16 Sl fuel (g) 254.41 325.27 377.49 414.30
17 Sl fuel % of total 35.32 44 .55 51.15 55.67
18 Sl distance (mi) 1.39 2.01 2.59 3.04
19 Sl distance % of total 18.66 27.01 34.80 40.75
20 SICO(g) 21.14 27.03 31.42 34.54
21 Sl CO % of total 38.41 47.60 53.98 58.52
22 SIHC (g) 3.37 4.42 5.22 5.83
23 Sl HC % of total 23.35 31.08 37.19 41.82
24 SINOx (g) 6.11 7.29 8.16 8.74
25 S| NOx % of total 83.68 89.58 92.35 93.83
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Table 26: Data collected for strategies highlighting effects of the applied busyness
constraint. Time required in SI mode is 1 second, 4 seconds, 7 seconds and 10 seconds
for Strategies 21, 22, 23, and 24, respectively. No transition penalties are applied. The

upper load limit for HCCI mode is 4.5 bar BMEP. Requiring a fixed amount of time in SI
mode has considerable impact on time spent in HCCI mode, vehicle fuel economy, the
number of transitions over driving cycle, and the requirements on aftertreatment
performance for emissions compliance.
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City Driving Cycle Busyness Constraint Applied

ETW =33751b 21 22 23 24
26 # of transitions 192 154 124 108
27 penalty fuel (g) 0.00 0.00 0.00 0.00
28 penalty fuel % of total 0.00 0.00 0.00 0.00
29 penalty NOx (g) 0.00 0.00 0.00 0.00
30 penalty NOx % of total 0.00 0.00 0.00 0.00
31 fuel consumption {g/mi) 96.69 98.00 99.07 99.91
32 % fuel consumption reduction 11.89 10.69 9.71 8.95
33 fuel economy (mpg) 29.21 28.82 28.50 28.27
34 % fuel economy benefit 13.49 11.97 10.76 9.83
35 total CO (g/mi) engine-out 7.39 7.62 7.81 7.92
36 % CO reduction 19.48 16.94 14.86 13.67
37 total HC {(g/mi) engine-out 1.94 1.91 1.88 1.87
38 % HC increase 8.32 6.73 5.28 4.46
39 total NOx (g/mi) engine-out 0.98 1.09 1.19 1.25
40 % NOx reduction 48.79 42.94 38.06 34.66
41 TP CO (g/mi, 10s, 99.8%) 33.71 34.18 34.56 34.78
42 TP HC (g/mi, 10s, 99.8%) 10.14 10.08 10.03 10.00
43 TP SI NOx (mg, 10s, 99.8%) 12.23 14.59 16.32 17.49
44 required lean eta, T2B5 68.21 55.60 44.53 35.07
45 required lean eta, T2B4 82.27 75.37 69.34 64.20
46 required lean sta, T2B3 86.96 81.96 77.61 73.91
47 required lean eta, T2B2/PZEV(tp) 91.65 88.54 85.88 83.62
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Table 26: Data collected for strategies highlighting effects of the applied busyness
constraint. Time required in SI mode is 1 second, 4 seconds, 7 seconds and 10 seconds
for Strategies 21, 22, 23, and 24, respectively. No transition penalties are applied. The

upper load limit for HCCI mode is 4.5 bar BMEP. Requiring a fixed amount of time in SI
mode has considerable impact on time spent in HCCI mode, vehicle fuel economy, the
number of transitions over driving cycle, and the requirements on aftertreatment
performance for emissions compliance.
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City Driving Cycle Busyness Constraint Applied

ETW =33751b 25 26 27 28
1 max load limit for HCCI (bar) 6 6.0 6.0 6.0
2 lean time (sec) 1744 1658.5 1586.5 1531.5
3 lean time % of total 92.91 88.36 84.52 81.59
4 lean fuel (@) 566.41 513.70 487.44 470.18
5 lean fuel % of total 81.49 73.04 68.81 66.03
6 lean distance (mi) 6.76 6.31 5.97 5.73
7 lean distance % of total 90.79 84.73 80.12 76.87
8 lean CO (g) 43.13 39.55 37.83 36.55
9 lean CO % of total 80.15 71.50 67.30 64.49
10 lean HC (g) 13.71 12.68 12.05 11.69
11 lean HC % of total 89.34 83.66 80.31 78.02
12 lean NOx (g) 1.09 0.76 0.62 0.57
13 lean NOx % of total 22.35 13.22 10.05 8.92
14 Sltime (sec) 133.0 218.5 290.5 345.5
15 8l time % of total 7.09 11.64 15.48 18.41
16 Sl fuel (g) 128.64 189.57 220.94 241.86
17 Sl fuel % of total 18.51 26.96 31.19 33.97
18 Sl distance (mi) 0.69 1.14 1.48 1.72
19 Sl distance % of total 9.21 15.27 19.88 23.13
20 SICO(g 10.68 15.76 18.37 20.12
21 Sl CO % of totai 19.84 28.49 32.68 35.50
22 SIHC (g 1.63 2.47 2.95 3.29
23 SI HC % of total 10.65 16.33 19.69 21.97
24 SINOx(g) 3.79 4.99 5.53 5.85
25 S NOx % of total 77.65 86.78 89.95 91.08
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Table 27: Data collected for strategies highlighting effects of the applied busyness
constraint. Time required in SI mode is 1 second, 4 seconds, 7 seconds and 10 seconds
for Strategies 25, 26, 27, and 28, respectively. No transition penalties are applied. The

upper load limit for HCCI mode is 6 bar BMEP.
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City Driving Cycle

Busyness Constraint Applied

Table 27: Data collected for strategies hi ghli ghting effects of the applied busyness

ETW =3375 Ib 25 26 27 28
26 # of transitions 124 96 76 66
27 penalty fuel (g) 0.00 0.00 0.00 0.00
28 penalty fuel % of total 0.00 0.00 0.00 0.00
29 penalty NOx (g) 0.00 0.00 0.00 0.00
30 penality NOx % of total 0.00 0.00 0.00 0.00
31 fuel consumption (g/mi) 93.30 94.41 95.09 95.58
32 % fuel consumption reduction 14.97 13.97 13.34 12.90
33 fuel economy (mpg) 30.27 29.91 29.70 29.54
34 % fuel economy benefit 17.61 16.24 15.40 14.80
35 total CO (g/mi) engine-out 7.22 7.42 7.54 7.61
36 % CO reduction 21.28 19.09 17.78 17.10
37 total HC (g/mi) engine-out 2.06 2.03 2.01 2.01
38 % HC increase 15.06 13.65 12.56 12.33
39 total NOx (g/mi) engine-out 0.66 0.77 0.83 0.86
40 % NOx reduction 65.75 59.71 56.88 54.95
41 TP CO (g/mi, 10s, 99.8%) 45.92 46.32 46.56 46.68
42 TP HC (g/mi, 10s, 99.8%) 10.24 10.19 10.15 10.14
43 TP SI NOx (mg, 10s, 99.8%) 7.59 9.98 11.07 11.71
44 required lean eta, T2B5 64.88 49.81 38.51 33.82
45 required lean eta, T2B4 80.23 71.88 65.63 63.06
46 required lean eta, T2B3 85.35 79.24 74.67 72.80
47 required lean eta, T2B2/PZEV(ip) 90.46 86.60 83.71 82.55
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constraint. Time required in SI mode is | second, 4 seconds, 7 seconds and 10 seconds
for Strategies 25, 26, 27, and 28, respectively. No transition penalties are applied. The
upper load limit for HCCI mode is 6 bar BMEP.
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City Driving Cycle Busyness, Constraints, Penalties
ETW =3375 Ib 29 30 31 32

1 maxload limit for HCCI (bar) 4.5 4.5 4.5 4.5

2 lean time (sec) 1304.5 1020.0 889.0 771.5

3 lean time % of total 69.50 54.34 47.36 41.10

4 lean fuel (g) 389.89 284.79 244.40 203.61

5 lean fuel % of total 51.82 37.14 31.62 26.10

6 lean distance (mi) 5.07 3.87 3.29 2.88

7 lean distance % of total 68.05 51.94 4413 38.63

8 lean CO{(g) 28.21 20.55 17.64 14.56

9 lean CO % of total 49.29 34.20 28.79 23.37
10 lean HC (g) 9.15 6.81 5.83 4.90
11 lean HC % of total 63.82 48.56 42.05 35.50
12 lean NOx (g) 1.10 0.72 0.60 0.49
13 lean NOx % of total 11.88 6.99 5.48 4.32
14 Sl time (sec) 572.5 857.0 988.0 1105.5
15 8l time % of total 30.50 45.66 52.64 58.90
16 Sl fuel (g) 347.16 473.05 521.83 570.83
17 Sl fuel % of total 46.14 61.70 67.52 73.18
18 Sl distance (mi) 2.38 3.58 4.16 4.57
19 8l distance % of total 31.95 48.06 55.87 61.37
20 SiCO(g) 28.98 39.51 43.59 47.70
21 SI1 CO % of total 50.65 65.74 71.15 76.57
22 SIHC(g) 5.18 7.22 8.03 8.90
23 S| HC % of total 36.15 51.42 57.92 64.47
24 SINOx(g) 7.31 9.13 9.92 10.66
25 Sl NOx % of total 79.02 88.27 91.18 93.03

4.5 bar BMEP, all constraints, no
transition penalties, 1 sec

4.5 bar BMEP, all constraints, no
transition penalties, 4 sec

4.5 bar BMEP, all constraints, no
transition penalties, 7 sec

4.5 bar BMEP, all constraints, no
transition penalties, 10 sec

Table 28: Data collected for strategies highlighting the effects of requiring a fixed
amount of time in SI mode when transition penalties are applied. The strategies shown
here are best compared with Strategies 21 through 24, which have the same upper load

limit of 4.5 bar BMEP but do not include transition penalties. Vehicle fuel economy

benefit drops from 7.6% to 4.5% when the time required in ST mode climbs from 1
second to 10 seconds and transition penalties are applied. The decline in fuel economy

benefit is accompanied by a drop in the number of transitions (475 to 188) and in
required lean NOx conversion efficiency.
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City Driving Cycle

Busyness, Constraints, Penalties

ETW = 3375 Ib 29 30 31 32

26 # of transitions 475 288 214 188
27 penalty fuel (g) 15.36 8.90 6.58 5.54
28 penalty fuel % of total 2.04 1.16 0.85 0.7
29 penalty NOx (g) 0.84 0.49 0.36 0.30
30 penalty NOx % of total 9.09 4.73 3.34 2.65
31 fuel consumption (g/mi) 101.00 102.93 103.74 104.70
32 % fuel consumption reduction 7.96 6.20 5.46 4.58
33 fuel economy (mpg) 27.96 27.44 27.22 26.97
34 % fuel economy benefit 8.65 6.61 5.77 4.80
35 total CO (g/mi) engine-out 7.68 8.07 8.22 8.36
36 % CO reduction 16.28 12.09 10.38 8.87
37 total HC {g/mi) engine-out 1.92 1.88 1.86 1.85
38 % HC increase 7.49 5.25 3.97 3.53
39 total NOx (g/mi) engine-out 1.24 1.39 146 1.54
40 % NOx reduction 35.16 27.47 23.73 19.65
41 TP CO (g/mi, 10s, 99.8%) 47.88 48.65 48.97 49.24
42 TP HC (g/mi, 10s, 99.8%) 16.95 16.87 16.83 16.81
43 TP SI NOx (mg, 10s, 99.8%) 17.25 20.90 22.47 23.96
44 required lean eta, T2B5 80.72 69.47 61.55 54.03
45 required lean eta, T2B4 89.37 83.29 79.03 75.01
46 required lean eta, T2B3 92.25 87.90 84.86 82.01
47 required lean eta, T2B2/PZEV(ip) 95.13 92.51 90.69 89.01

Table 28: Data collected for strategies highlighting the effects of requiring a fixed

4.5 bar BMEP, all constraints, no
transition penalties, 1 sec

4.5 bar BMEP, all constraints, no
transition penalties, 4 sec

4.5 bar BMEP, all constraints, no
transition penalties, 7 sec

4.5 bar BMEP, all constraints, no
transition penalties, 10 sec

amount of time in SI mode when transition penalties are applied. The strategies shown
here are best compared with Strategies 21 through 24, which have the same upper load
limit of 4.5 bar BMEP but do not include transition penalties. Vehicle fuel economy

benefit drops from 7.6% to 4.5% when the time required in SI mode climbs from 1

second to 10 seconds and transition penalties are applied. The decline in fuel economy

benefit is accompanied by a drop in the number of transitions (475 to 188) and in
required lean NOx conversion efficiency.
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City Driving Cycle Busyness, Constraints, Penalties

ETW = 3375 1b 33 34 35 36
1 max load limit for HCCI (bar) 6 6.0 6.0 6.0
2 lean time (sec) 1429 1098.0 974.0 834.0
3 lean time % of total 76.13 58.50 51.89 44 .43
4 lean fuel (g} 480.63 340.38 288.32 234.01
5 lean fuel % of total 65.83 45.20 37.91 30.37
6 lean distance (mi) 5.69 4.35 3.81 3.22
7 lean distance % of total 76.43 58.41 51.10 43.20
8 lean CO (@) 36.88 26.92 23.24 18.94
9 lean CO % of total 65.30 44.40 37.40 29.89
10 tean HC (g) 1142 8.25 7.02 5.75
11 lean HC % of total 75.58 56.70 49.12 40.81
12 lean NOx (g) 1.11 0.71 0.53 0.37
13 lean NOx % of total 15.71 7.81 5.47 3.50
14 Sitime (sec) 448.0 779.0 903.0 1043.0
15 Sl time % of total 23.87 41.50 48.11 55.57
16 Sl fuel (@) 234.45 403.36 465.74 531.08
17 Sl fuel % of total 32.11 53.56 61.23 68.93
18 Sl distance (mi) 1.76 3.10 3.64 4.23
19 &l distance % of total 23.57 41.59 48.90 56.80
20 SICO(g) 19.56 33.67 38.86 44 .39
21 Sl CO % of total 34.63 55.53 62.54 70.05
22 SIHC (g) 3.68 6.29 7.27 8.33
23 S| HC % of total 24.39 43.27 50.85 59.16
24 SINOx(g) 5.14 7.83 8.86 9.90
25 Sl NOx % of total 72.68 86.48 90.82 93.70
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Table 29: Data collected for strategies highlighting the effects of requiring a fixed
amount of time in SI mode when transition penalties are applied. The strategies shown
here are best compared with Strategies 25 through 28, which have the same upper load

limit of 6 bar BMEP but do not include transition penalties. Vehicle fuel economy benefit
drops from [2% to 6% when the time required in SI mode climbs from 1 second to 10
seconds and transition penalties are applied. The decline in fuel economy benefit is
accompanied by a drop in the number of transitions (461 to 178) and in required lean
NOx conversion efficiency.
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City Driving Cycle Busyness, Constraints, Penalties

ETW =3375 Ib 33 34 35 36
26 # of transitions 461 292 210 178
27 penalty fuel (g) 15.00 9.39 6.55 5.37
28 penalty fuel % of total 2.05 1.25 0.86 0.70
29 penalty NOx (g) 0.82 0.52 0.36 0.29
30 penalty NOx % of total 11.60 5.71 3.71 2.79
31 fuel consumption {g/mi) 98.01 101.10 102.10 103.43
32 % fuel consumption reduction 10.69 7.87 6.95 5.75
33 fuel economy (mpg) 28.81 27.93 27.66 27.30
34 % fuel economy benefit 11.97 8.54 7.47 6.10
35 total CO (g/mi) engine-out 7.58 8.14 8.34 8.51
36 % CO reduction 17.38 11.31 9.11 7.29
37 total HC (g/mi) engine-out 2.03 1.95 1.92 1.89
38 % HC increase 13.29 9.08 7.15 5.62
39 total NOx (g/mi) engine-out 0.895 1.22 1.31 1.42
40 % NOx reduction 50.45 36.53 31.58 25.90
41 TP CO (g/mi, 10s, 99.8%) 47.68 48.80 49.20 49.53
42 TP HC (g/mi, 10s, 99.8%) 17.16 17.01 16.94 16.89
43 TP SI NOx (mg, 10s, 99.8%) 12.91 18.29 20.36 22.44
44 required lean eta, T2BS 80.40 69.53 58.60 44.56
45 required lean eta, T2B4 89.09 83.23 77.32 69.77
46 required lean eta, T2B3 91.98 87.79 83.56 78.17
47 required lean eta, T2B2/PZEV(tp) 94.88 92.36 89.80 86.57
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Table 29: Data collected for strategies highlighting the effects of requiring a fixed
amount of time in SI mode when transition penalties are applied. The strategies shown
here are best compared with Strategies 25 through 28, which have the same upper load

limit of 6 bar BMEP but do not include transition penalties. Vehicle fuel economy benefit
drops from 12% to 6% when the time required in SI mode climbs from 1 second to 10
seconds and transition penalties are applied. The decline in fuel economy benefit is
accompanied by a drop in the number of transitions (461 to 178) and in required lean
NOx conversion efficiency.

120



City Driving Cycle T2B5

ETW =3375Ib 37 38 38 40
1 max load limit for HCCI (bar) 4.5 4.5 4.5 4.5
2 lean time (sec) 1600 1486.0 1375.5 1292.5
3 lean time % of total 85.24 79.17 73.28 68.86
4 lean fuel (g) 465.87 404.78 360.55 329.96
5 lean fuel % of total 64.68 55.45 48.85 44.33
6 lean distance (mi) 6.06 5.44 4.86 4.41
7 lean distance % of total 81.34 72.99 65.20 59.25
8 lean CO (g) 33.90 29.75 26.78 24.47
9 lean CO % of total 61.59 52.39 46.01 41.47
10 lean HC (g) 11.07 9.81 8.82 8.10
11 lean HC % of total 76.64 68.91 62.80 58.17
12 lean NOx {(g) 1.19 0.85 0.68 0.58
13 lean NOx % of total 16.32 10.42 7.65 6.17
14 Sl time (sec) 277.0 391.0 501.5 584.5
15 Sl time % of total 14.76 20.83 26.72 31.14
16 Sl fuel (g) 254.41 325.27 377.49 414.30
17 Sl fuel % of total 35.32 44.55 51.15 55.67
18 Sl distance (mi) 1.39 2.01 2.59 3.04
19 Sl distance % of total 18.66 27.01 34.80 40.75
20 SICO(g) 21.14 27.03 31.42 34.54
21 81 CO % of total 38.41 47.60 53.98 58.52
22 SIHC(g) 3.37 4.42 5.22 5.83
23 S| HC % of total 23.35 31.08 37.19 41.82
24 SINOx(g) 6.11 7.29 8.16 8.74
25 SI NOx % of total 83.68 89.58 92.35 93.83
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Table 30: Data for strategies in which tailpipe NOx emissions comply with the
regulations listed in Tier 2, Bin 5. The lean NOx converter is maximally 75% efficient.
No reduction in maximum upper load limit is required when no transition penalties apply.
Data for these strategies are identical to data for Strategies 21 through 24. Differences in
fuel economy are modest; the greatest fuel economy benefit occurs when the time
required in SI mode is 1 second.
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City Driving Cycle T2BS

ETW =33751b 37 38 39 40
26 # of transitions 192 154 124 108
27 penalty fuel (g) 0.00 0.00 0.00 0.00
28 penaity fuel % of tota<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>