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1.

EXECUTIVE SUMMARY

Program Objectives and Accomplishments

Higher efficiency engines are needed for full size pickup trucks, utility vans and medium duty trucks. The
primary objective of the program was to demonstrate the potential for improving the fuel economy of a
full-size pickup truck by 40 percent while producing at least 281 horsepower. = Commercialization
requirements include:

L.

High torque values at low vehicle speeds: This capability is needed for accelerating a heavy
vehicle from a standstill, accelerating uphill, towing or any combination of these factors.

High power output: This capability is needed for accelerating onto a highway or passing at
higher speeds. The vehicle may be carrying a heavy load, going uphill and/or towing.

Compliance with tailpipe emission regulations: This requirement must be met, and is difficult or
costly to attain with diesel engine technology.

Low fuel consumption: This capability is needed both for reducing operating costs and to reduce
greenhouse gas (GHG) vehicle emissions. The capability is also essential for complying with
fuel economy standards.

Affordability: The powertrain cost must be consistent with mass market pricing.

Engine size and weight: The engine must fit in the existing engine bays. Engine weight must
also be minimized.

Favorable noise vibration and harshness (NVH): The VCR must not present unique NVH
challenges.

The current program was successful. The efficiency target was achieved and the engine produced 300
horsepower. Figure 1 is reproduced from the original grant proposal. Project accomplishments have been
added to the figure and include Achieved ® and Projected m brake specific fuel consumption (BSFC)
values. The fuel economy improvement for a Ford F150 full-size pickup truck equipped with the VCR
engine was projected to be between 35 and 43 percent.
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Figure 1. Fuel efficiency comparison of a 5.7L V8, a 3.6L Turbo-DI V6, and the 2.2L VCR
4-cylinder program engine efficiency target curve. Achieved ® and Projected m BSFC
values attained under the current program.

Technological Approach

The approach for attaining high mileage was to combine aggressive engine down-sizing with high-
efficiency Atkinson Cycle technology. A challenge is attaining power and torque requirements from the
down-sized Atkinson Cycle engine. Technologies employed for attaining high power and torque
requirements include:

* Cam profile switching for switching from Atkinson Cycle cams to boosted cycle cams
* Advanced boosting to increase engine power and torque, and
* Variable compression ratio to prevent detonation (engine knock).

Engine specifications are shown in Table 1. The engine was gasoline fueled and employed lambda 1
stoichiometric fueling for effective reduction of tail pipe emissions with proven 3-way catalytic converter
technology.



TABLE 1

VCR Engine Specifications

Displacement 2.41L
Bore 88.5mm
Stroke 97.6 mm Nominal, minor shift with VCR
Bore center 96.0 mm
Bore offset 10.5 mm
Rod center length 166.0 mm
Main bearing diam 55.0 mm
Connecting rod bearing diam 50.8 mm
Compression ratio 17.6 Maximum
8.2 Minimum
Cylinder head GM 2.5L MY 2014 LKW
DOHC

Eaton cam profile switching, intake
Dual cam phasers

Fuel injectors PFl: Bosch EV14

Fuel 93 octane, pump grade with lab cert heating value
Qil 10w 30 Mobil 1

Ignition coils AEM 103 MJ coil near plug

EGR Cooled external loop

Oil pump Barnes Systems, cog belt drive, wet sump

Water pump Electric, shop driven

1A. VCR MECHANISM SELECTION

VCR mechanism options were evaluated to determine which VCR mechanism should be developed under
the current program. General findings from the evaluation are as follows:

Crankshaft mounted in a crankshaft cradle

With this mechanism the crankshaft is mounted in a crankshaft
cradle that can pivot +/- 15 degrees (shown in Figure 2). The
crankshaft axis of rotation is offset from the cradle pivot axis so that
pivoting the cradle moves the crankshaft closer or farther from the
cylinder head for adjustment of compression ratio.

Several of these engines have been built by Envera, FEV and
Caterpillar. The Envera VCR engines of this type (for which we
have data) demonstrated VCR mechanism robustness and
functionality.

A limitation of the mechanism is that the crankshaft axis changes
location with respect to the transmission axis. A power takeoff
coupling is needed to transfer power from the crankshaft to the
transmission. Preferably a VCR mechanism can be selected for
development that does not require a power takeoff coupling.

Figure 2. VCR mechanism having a
crankshaft cradle



Adjustable pistons and connecting rods

With these mechanisms compression ratio is adjusted by changing the distance between the connecting rod
big end bearing center and the piston flame face, either by changing the length of the connecting rod or by
changing the compression height of the piston. An advantage of these mechanisms is potential for limited
change of the core engine and a lower cost of implementation.

A limitation with these mechanisms is that the range of compression ratio adjustment is too small. For
example, a VCR travel distance of 8.0 mm would be needed for the 2.5L Toyota TNGA engine (SAE Paper
2017-01-1021) to adjust compression ratio from 16.5:1 to 8.0:1 (6.9 mm is needed to adjust compression
ratio from 14:1 to 8.0:1). Adjustable piston and connecting rod mechanisms are understood to provide only
about half of this travel distance. For a number of automotive and R&D companies a development objective
has been to identify a small VCR travel range (plus other engine settings) that will provide 50 to 60 percent
of the benefit of a full range system. The alternative development objective is to identify settings that
provide a 10 percent benefit on top of the full range VCR mechanism.

A second limitation with these mechanisms is increased mass. An engine development objective is to
minimize piston and connecting rod mass.

Some of these mechanisms have only two settings, high and low compression ratio. A fully variable
compression ratio adjustment capability is desirable.

Infiniti VC-T

The Infiniti VC-T variable compression ratio mechanism employs a large rocker arm (shown in Figure 3).
A crankshaft journal bearing is located in the middle of the rocker arm. The piston is connected to one end
of the rocker arm with a first connecting rod, and an eccentric control shaft is connected to the other end of
the rocker arm with a second connecting rod. The eccentric control shaft can be rotated up to about 70
degrees with an electric motor. Rotating the eccentric control shaft moves the anchorage location for the
second connecting rod resulting in a change of compression ratio. Compression ratio can be adjusted from
14:1 to 8:1.

The engine has been advertised as having low internal friction losses because balance shafts are not needed
and because there is less side loading of the piston on the cylinder wall. Elimination of balance shafts does
provide a friction reduction benefit however the benefit is relatively small when compared to new engine
designs where friction from the balancer system has been minimized. Of note, smaller 4-cylinder engines
generally don’t have balance shafts, such as the Toyota 1.8L Prius engine. The 2L Infiniti VC-T also
features an active engine mount vibration damping system (ATR), which is advertised by Infiniti as being
a world’s first in this class of cars. One question is why ATR is used with the VC-T engine? If the VC-T
largely eliminates vibration it wouldn’t seem necessary to use ATR. Another question is could ATR enable
balance shafts to be eliminated from conventional 2L or larger engines?

The VC-T engine also has a more upright connecting rod, which is beneficial for reducing piston side load
friction on the cylinder bore. New engines such as the Toyota Prius 1.8L and TNGA 2.5L have an offset
crankshaft axis to provide a more upright connecting rod at peak cylinder pressure. The benefit that the VC-
T achieves over engines having an offset crankshaft axis may be small. A major source of piston friction
is from the ring pack. Ring pack friction does not benefit from a more upright connecting rod.

The Infiniti VC-T does have low-friction cylinder bores featuring a mirror bore finish. A coating is applied
by plasma jet to the bores, which is then hardened and honed. Infiniti states that the finish contributes to a



44 percent reduction in cylinder friction. This surface finish can also be applied to other types of VCR
engines.

The VCR linkage mechanism itself has higher friction levels than a standard cranktrain. Engine friction
values for the VC-T engine are compared to that of a V6 engine in Figure 13 of SAE paper 2018-01-00371.
At 2000 rpm the engines have almost identical friction toque
(within 3 Nm), but the V6 is much larger and has a
displacement of 3.5L in comparison to the smaller 2L VC-T.
Accordingly, the friction mean effective pressure (FMEP) of
the VC-T is about 1.75 times greater than that of the V6 (=
3.5L/2L). The high FMEP value detracts from the efficiency
gains that are possible with VCR. Figure 14 of the SAE
paper shows a peak efficiency value of 230 g/kWh for the
VC-T (in very small print). With lower friction values lower
fuel consumption values would be attained. The 40 percent
brake thermal efficiency Toyota 2.5L TNGA engine was
used as a benchmark for the current program (SAE paper
2017-01-1021). A goal of the current program was to
develop a VCR mechanism that does not have high FMEP
values that compromise efficiency gains attainable with VCR
technology.

Concerns with the Infiniti VCR mechanism include engine
friction relative to the higher baseline of newer engines;
difficult engine assembly and engine cost; tolerance stack
and if that is a reason for not having a higher maximum CR;
limited engine speed capability, and engine size.

Figure 3. The Infiniti VC-T VCR engine.

Dual eccentric control shafts

With these VCR mechanisms the cylinder liners are formed in a cylinder jug casting (shown in Figure 4).
The cylinder head is mounted on top of the cylinder jug. The cylinder jug is retained in the crankcase by
two control shafts, one on either side of the cylinder bores. The control shafts can rotate in bearings formed
in the cylinder jug casting and in the crankcase. The shafts are synchronized with gearing to rotate in the
same direction. The journals formed on the control shafts for the crankcase are offset from the journals
formed on the control shafts for the cylinder jug. Because of the offset journals, rotating the control shafts
moves the cylinder jug relative to the crankcase resulting in a change of compression ratio. Any desirable
range of compression ratio can be attained by specifying the offset distance between the eccentrics.

An advantage of this type of VCR mechanism is that a power takeoff coupling is not needed. Another
advantage is that current production crankshaft, connecting rod and pistons can be used with no or only
minimal change. Best practices for minimizing cranktrain mass and friction may be applied without
restriction. Low friction values, high load capacities and high engine speeds are attainable. Additionally,
there is no or only minimal increase of engine size this type of VCR mechanism.



Two control shafts
are used to adjust
compression ratio

Figure 4. VCR mechanism
having two eccentric control
shafts.

Aluminum
crankcase

Concerns with this type of mechanism include assembly of the cylinder jug casting to the crankcase with
the control shafts; sealing between the crankcase and cylinder head assembly and the VCR actuator
mechanism. Design solutions for the control shaft assembly and engine sealing are unlikely to compromise
engine performance or efficiency. Actuator power consumption will detract from net engine efficiency.
Data from earlier VCR engine programs and the current program indicates that the net loss of efficiency
attributable to the VCR actuator will be relatively small.

VCR Mechanism selected for further development

The dual eccentric control shaft VCR mechanism was selected for development under the current
program for the following reasons:

* A large enough CR range is provided for optimization of engine efficiency and performance
*  Cranktrain friction and mass are not adversely effected

*  Optimized cranktrain hardware can be carried over from non-VCR engines

* A power takeoff coupling is not needed

*  The compression ratio is fully variable between minimum and maximum CR settings

*  There is no or only minimal increase of engine size

*  Outstanding design challenges do not appear to require large development undertakings

*  Low cost manufacture / Low complexity system

* Durable and reliable structure

Valuable input and review on which VCR mechanism type to pursue was provided by automobile
manufacturers involved with VCR development, DOE and NETL



1B. DUAL CONTROL SHAFT VCR ENGINE

The dual control shaft VCR engine shown in Figures 5 includes two control shafts that rotate 180 degrees
in the same direction to adjust compression ratio from 17.6 to 8.2. Timing gears are used for rotation of
the two control shafts in the same direction. The control shafts include two sets of journals. The first set
of journals are concentric with the timing gears and are mounted in conventional bushings in the crankcase.
The second set of journals are eccentrically located on the control shaft. The eccentricity is 4.0 mm for
providing an 8 mm change of cylinder head height relative to the crankshaft. The eccentric journals are
mounted in eccentric bushings. The eccentric bushings are mounted in the cylinder jug.

Cylinder jug

Eccentric bushings

Crankcase

Figure 5. Rotation of the control shafts 180 degrees adjusts CR from 17.6 to 8.2

Figures 6 and 7 shown high and low compression ratio settings for the dual control shaft engine. The chain
guides move with change of compression ratio to maintain a constant chain tension at all compression ratio
settings. The left chain guide as shown below is supported by a journal located on the front of the control
shaft. A conventional chain tensioner is located on the lower end of the chain guide. The right-side chain
guide is pined to the crankcase at its base. A cam is located on the front of the right control shaft for moving
the chain guide with change of compression ratio. The cam is formed to maintain constant chain tension at
all compression ratio settings.



The control shafts position
the chain guides

The cam timing can
change with change of CR.
OE options include:

e Advance of timing
e Retard of timing or
e No change at all.

_ ks

=LV IV /g ‘
( ," T 1 Camshaft chain drive
1 ; friction is about the same

as non-VCR engines.

Figure 7. Dual control shaft VCR engine shown at a low compression ratio setting.
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The cylinder jug, crankcase and other structural components were developed using finite element analysis
(FEA). The cylinder jug was designed for a maximum of 0.03 mm distortion under a cylinder pressure of
2000 psi. (shown in Figure 8).

Projected deck distortion:
0.03 mm (0.001 inch)

7

Figure 8. FEA analysis of the cylinder jug.

A domed piston was designed for
attaining the high compression ratio
combustion chamber. The piston dome,
shown in Figure 9 has a reasonable form.
A small central bowl was used to provide
clearance around the spark plug.

Figure 9. High compression ratio piston.
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1C. VARIABLE VALVE CONTROL

The Atkinson cycle is used to achieve high engine efficiency at small engine power levels, and a
conventional combustion regime is used for attaining high engine power levels. The Eaton switchable
rocker arm mechanism shown in Figure 10 was used to switch between Atkinson cycle and conventional
cam lobe profiles (SAE Paper 2018-01-0382). Figure 11 shows one of the cam lobe / valve lift designs.
The Atkinson cams have the longer valve open duration to provide later intake valve closing. Three cam
profile options were developed for testing, with Build B shown in Table 2 being the preferred configuration.
The valve timing values were developed using GTPower software.

Figure 10. Eaton switchable rocker arm mechanism.

Profile Set B
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The optimum amount of exhaust gas recirculation (EGR) to use in combination with the Atkinson Cycle
was evaluated using GTPower. Minimum BSFC is shown in dark blue in the right side chart of Figure 12.
The minimum BSFC value occurs with an exhaust valve closing angle (EVC) of about 390 crank angle
degrees. The chart on the left shows a trapped exhaust gas residual mass fraction of about 12 percent at an
EVC of 390 degrees. This finding indicates that minimum BSFC can occur with a modest EGR mass
fraction, and more specifically the EGR mass fraction is too small to cause unstable combustion. This was
a significant finding because it indicated that achieving stable, robust combustion would not be challenging
under the current program. Figure 12 provides an early development finding. The later optimized cams
for testing are shown in Table 2, with Build B being the preferred configuration.

12
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Figure 12. Optimum EGR concentration with Atkinson Cycle cam timings.

EATON - ENVERA VVL CAM TIMINGS
All values at 1.00 mm lift

CAMSHAFTS STOCK BUILD A BUILD B BUILD C

Light load Torque Atkinson Torque Atkinson Torque Atkinson Power
Intake Cam IN-5 IN-A IN-B IN-C
Duration 246.2 200.0 246.2 200.0 254.2 183.1 280.0 214.0
VO 378.3 334.0 378.3 334.0 380.6 346.2 378.3 334.0
IVC 624.5 534.0 624.5 534.0 634.8 520.3 658.3 548.0
MOP 501.4 434.0 501.4 434.0 507.7 437.8 518.3 441.0
Exhaust Cam EX-S EX-A EX-B EX-B
Duration 186.0 186.0 213.7 213.7 200.4 200.4 200.4 200.4
EVO 176.0 175.0 180.5 199.5 180.5 199.5
EVC 389.7 388.7 380.9 399.9 380.9 399.9
MOP 282.9 281.9 280.7 2997 280.7 299.7

TABLE 2: Cam timing values developed for testing.

1D.

ADVANCED BOOSTING TECHNOLOGY

Turbocharging and/or supercharging is needed for attaining high power and torque output from the
downsized VCR engine. For the 4-cylinder VCR engine to have the same drivability as a much larger VS8,
high torque values must be attained at low engine speeds with no or almost no perceptive time delay.
Supercharging was selected for the current program over turbocharging to avoid turbo lag. A clutched
supercharger was specified for the program in order to largely eliminate motoring losses from the
supercharger during times when boost pressure is not needed.

Several advanced boosting options were evaluated using GTPower modeling, including a variable speed
drive supercharger, combining turbo and supercharging, the clutched supercharger and turbocharging.
Figure 13 shows a conventional supercharger and Figure 14 shows and advanced supercharging concept
investigated under the program that includes a novel cooled air recirculation design.

13
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Figure 13. Conventional supercharger.

1E. VCR ENGINE TEST SETUP

Engine build and startup took place at Hasselgren
Engineering. The engine management system was
made fully functional and initial calibration settings
were dialed in. The engine was then shipped to
MAHLE Powertrain for precision testing (Figures
15 and 16). Testing equipment included: AC
Engine dynamometer; Kistler 6052 pressure
transducers & amps; AVL IndiCom combustion
analysis; AVL PUMA data compilation; and AVL
AMA 160 emissions measurement.

Figure 15. Envera VCR engine at
MAHLE Powertrrain.
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Transfer volume

.
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S
-

e}
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Figure 14. Cool-air recirculation supercharger.
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Figure 16. PFI fuel rail added to the stock GDI cylinder
head.

1F. VCR ENGINE TEST RESULTS

Engine test results are shown in Figures 17, 18 and 19. Figure 17 shows 10 to 90 percent burn duration in
crank angle degrees at 2000 rpm and with a compression ratio of 17.6. The engine is operated wide open
throttle (WOT) with Atkinson cam timing controlling engine power output. Cam B with a maximum open
point (MOP) of 502 degrees, and Cam A with an MOP of 501 degrees provided the fastest burn rates.

60
10 to 90% burn duration: Seggr RPM
Cam B MOP 502 and 17 6 CR
50 Cam A MOP 501 best .

B
o

—e—Cam B MOP 502
—e—Cam B MOP 507
—s—Cam B MOP 497
—e—CamA MOP 501

w
o

N
o

10 to 90% Burn duration, Crankdeg.

=
o

0 5 10 15 20
EGR Percentto ~ 3% COV

Figure 17. 10 to 90% burn duration in crank angle degrees.
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Figure 18. Indicated specific fuel consumption.

Figure 18 shows indicated specific fuel consumption, where it can be seen best results are with Cam B with
an MOP of 502 and Cam A with an MOP of 501.

Figure 19 shows final results for Cam B at 2000 rpm and a compression ratio of 17.6. A maximum BMEP
of 6.45 bar is achieved without EGR dilution. The 10 to 90 crank angle burn duration was 24.2 degrees.
A BSFC value of 230.4 g/kWh was achieved at 5.36 bar BMEP, a value close to the target value of 230
g/kWh at 5.25 bar BMEP. The EGR dilution level was 9.5 percent, and the 10 to 90 percent burn crank
angle degree duration was 34.3 degrees. These results were achieved during the second day of testing under
the program. Engine tuning for attaining lower BSFC values is described in the following section.

16
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Figure 19. BSFC vs. BMEP test results at 2000 rpm with a 17.6 compression ratio and Atkinson Cycle cam timing.

1G. MILEAGE PROJECTIONS

The optimization process for maximizing vehicle fuel economy included a number of steps. The first step
included development of a GTPower model for simulating and optimizing engine efficiency. Combustion
burn rate for the actual engine was not known, so assumed combustion burn rate values were used. The
GTPower model was used to design the camshafts and develop other engine settings for initial engine
dynamometer testing.

The second optimization step involved dynamometer testing of the engine and recording actual combustion
burn rate data. Testing was conducted using three different cam profile options and with various exhaust
gas recirculation levels. Testing was conducted at MAHLE Powertrain. Engine build and high-power
testing support was provided by Hasselgren Engineering.

The third step involved updating the GTPower model to include actual combustion burn rate values. The
GTPower model was then re-tuned to further improve engine efficiency. A BSFC map was then created.
The GTPower modeling was performed by the EngSim Corporation.

The forth step involved creating a GTDrive model of the Ford F150 full-size pickup truck. The initial

version of the GTDrive model included the stock 3.5L V6 engine. This was done in order to calibrate and
check the GTDrive model against known data. GTDrive modeling was conducted by EngSim Corporation.

17
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Figure 20. F150 fuel consumption over the FTP75 City and Highway drive cycles.

The fifth step involved replacing the 3.5L V6 engine in the GTDrive model with the 2.4L VCR engine, and
then developing a transmission shift schedule for maximizing fuel economy and meeting performance
needs. The F150 was assumed to be 200 pounds lighter due to the reduced engine size, but otherwise the
same. Fuel economy values were then projected. Table 3 shows these “Optimization 1” fuel economy
values. Optimization Level 1 was conducted by the EngSim Corporation.

The sixth step involved plotting fuel consumption on BMEP vs. engine speed charts for the city and
highway EPA test drive cycles. These plots are shown in Figure 20, and show the engine load and speed
conditions where most of the fuel is consumed. On the city FTP75 test cycle, high engine efficiency is
needed most at 3.0 bar BMEP @ 1400 rpm and at the engine idle condition. For the highway drive cycle a
high engine efficiency is needed most at 6.4 bar BMEP @ 1700 rpm.

The seventh step involved optimizing VCR engine efficiency where it counts most: The city load condition
of 3.0 bar BMEP @ 1400 rpm and the highway load condition of 6.4 bar BMEP at 1700 rpm. Potential
improvements in mileage where then estimated. Table 3 shows these “Optimization 2” fuel economy
values. Optimization 2 fuel economy values assume variable valve control on both the intake and exhaust
cam shafts, in addition to the VCR. Optimization Level 2 was conducted primarily by Envera.

FUEL ECONMOMY PROJECTIONS Baseline Optimization 1 Optimization 2
F150 PICKUP TRUCK with GT Modeling Only
2.4L in-line 4-cylinder engine
Variable Compression ratio 5.0LVv8 35LVe 2.4L VCR-VVL 2.4L VCR-WVL
Variable Valve Control 6spd-a 2WD 6spd-a 2WD 6spd-a 2WD 6spd-a 2WD
Advanced Boosting MY 2012-14 MY 2014
Fuel economy projection method EPA Guide EPA Guide Engine Testing & GT Optimized
GT Modeling CTY & HWY
Mileage Projections
City mpg 15 16 224 24.0
Highway mpg 21 22 243 25.4
Combined mpg 17 18 23.2 24.6
Percent improvement over baseline Percent Baseline 6 35 43

Table 3. F150 pickup truck fuel economy projections

18



Results

The following results were achieved in Phase 3 of the program:
*  Dynamometer testing of the VCR engine up to approximately 300 hp
* Achieved 230.4 g/kWh @ 2000 rpm and 5.36 bar bmep

* Projected 219 g/kWh @ 1700 rpm and 6.35 bar bmep
(The highway load condition shown in Figure 20)

* High efficiency values were achieved using stoichiometric combustion for attaining low tail pipe
emission values using proven 3-way catalytic converter technology

*  Projected 35 to 43 percent fuel economy improvement for an F150 full-size pickup truck
equipped with the VCR engine.

1H. FUTURE DEVELOPMENTS

The first-ever build of the Envera dual control shaft VCR mechanism was realized under the current
program. To ensure first-build program success large engineering factors of safety were used. The
crankcase and eccentric control shafts are far more robust than needed. Design of a second VCR engine
has commenced and includes a number of upgrades, including design with production-intent factor of safety
values for a lighter and more compact engine. Engine friction values for the dual control shaft VCR
mechanism can be further improved. The next engine design will utilizing additional advanced friction
reduction technologies such as piston cylinders with a mirror bore finish as well as a number of additional
friction reduction technologies. Several advances will be incorporated into the cylinder head. The next
engine will also include advanced turbocharging technology to realize both higher efficiency and increased
torque.

Hybridization will become more widespread in the future. The next VCR engine is being developed for a
hybrid application. Advantages of the Turbo-VCR Hybrid include:

*  Ability to minimize the size, weight and cost of the electric machines and batteries
»  Sustained higher power outputs No range limitation under load

* Higher vehicle mileage than hybrids without engine downsizing

*  Uncompromised payload weight No major payload loss due to battery weight

The powertrain cost must be consistent with mass market pricing. Powertrain affordability requirements
can be met with the Envera VCR engine.

19



11. PROGRAM SUMMARY

The primary objective of the current program was to demonstrate the potential of improving the fuel
economy of a full-size pickup truck by approximately 40 percent. This objective was successfully achieved
through engine build and testing and computer modeling.

Advanced combustion technologies (HCCI, lean burn, extreme dilution, pre-chamber combustion) were
not required for achieving the efficiency target. Therefore, no advances in emission control technology are
required for complying with tailpipe emission standards.

The dual control shaft VCR mechanism was successfully demonstrated at power levels up to about 300 hp.
The prototype is far more robust than needed. Future designs can be optimized for a smaller size and a
lighter weight.

The approach for attaining high mileage is combining aggressive engine down-sizing with high-efficiency
Atkinson Cycle technology. A challenge is attaining power and torque requirements from the down-sized
Atkinson Cycle engine. Technologies employed for attaining high power and torque requirements include:

*  Cam profile switching for switching from Atkinson Cycle cams to boosted cycle cams
* Advanced boosting to increase engine power and torque, and
* Variable compression ratio to prevent detonation (engine knock).

Hybridization will become more widespread in the future. The next VCR engine is being developed for a
hybrid application. Advantages of the Turbo-VCR Hybrid include:

*  Ability to minimize the size, weight and cost of the electric machines and batteries
» Sustained higher power outputs No range limitation under load

* Higher vehicle mileage than hybrids without engine downsizing

*  Uncompromised payload weight No major payload loss due to battery weight

The powertrain cost must be consistent with mass market pricing. Powertrain affordability requirements
can be met with the Envera VCR engine.
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VCR CRANKCASE DESIGN ENGINEERING AND PROCURMENT
Envera LLC

Design and engineering of the crankcase includes a number of major subsystems. Development
order of the subsystems was important for obtaining optimum system integration and robustness.
Major subsystem areas include:

*  Piston and bore

* VCR jug base design: Water jacket; head bolt, head gasket and deck design
*  VCR gasket design

*  VCR control shaft assembly

*  VCR jug control shaft interface
*  VCR actuator

* Valve chain drive

*  Connecting rod

*  Crankshaft assembly

*  Crankcase

* Front covers and oil pan

*  Supercharger integration

*  Oil pump

Primary documents that were produced for guiding and tracking development include:

» Bill of materials (BOM) which lists all parts included in the engine

*  Geometry tracker, an excel document containing primary engine geometry values
* Design guide, a word document used to track design details

*  Complete set of machine drawings

*  Complete CAD file of the engine, including all parts (Proe/Creo)

Areas requiring computer aided engineering (CAE) include:

*  Cranktrain dynamics MDO, needed primarily for VCR actuator development
*  Water jacket CFD

* Port and manifold CFD

* Jugand deck FEA

*  Control shaft FEA

*  Crankshaft FEA

* Crankcase FEA

In general the design factors of safety were considerably higher than needed. The large factors of
safety were used to insure robustness of the first-build prototype. A production engine would use
smaller factors of safety to reduce overall weight.

A practice used by Envera is to include engine-builder design details on the machine drawings.

Example machine drawings are shown on the following pages. It can be seen that the piston
machine drawing includes ring pack and piston pin specifications.
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SUPERCHARGER MATCHING & ENGINE GEOMETRY FOR BEST EFFICIENCY
EngSim Corporation — GTPower Modeling

OBJECTIVES
1. Determine supercharger size and pulley ratio for attaining power and torque targets
2. Investigate compression ratio needs for peak torque
3. Determine bore offset distance for best part load efficiency
4. Determine connecting rod length for best part load efficiency
5. Investigate minimum BSFC settings at 100 Nm 2000 rpm.
RESULTS
1. An Eaton 1040 TVS supercharger with a pulley ratio of 2.9 was projected to provide

approximately 430 Nm torque over the engine speed range.
Optimum compression ratio vs spark timing values are inconclusive at this time.
Increasing bore offset benefits engine efficiency at all engine speeds. The maximum bore
offset that can be used is limited by connecting rod to cylinder liner clearance
requirements. The GTPower study underestimates the benefit, as friction reduction
benefits are not being fully accounted for.
Increasing connecting rod length reduces piston side force resulting in reduced fuel
consumption and increased torque. Benefits are relatively small. A connecting rod
center length to stroke ratio of 1.7 was selected for the project.
Minimum BSFC was investigated under two conditions at 100 Nm 2000 rpm:

a. Stoichiometric & no external EGR ~235 g/kWh

b. Lean 16:1 AFR ~228 g/kWh

Cylinder deactivation was also investigated, but reported values were at a different
(lower) torque value that doesn’t support a direct comparison.

The stoichiometric engine settings and BSFC projection established a starting point for
engine optimization under the program.

ENGSIM REPORT

The EngSim Corporation report on supercharger matching is provided on the following
pages.
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TURBO-VCR INVESTIGATION
EngSim Corporation — GTPower modeling

OBJECTIVES

L.

Investigate power and torque performance of the 4-cylinder VCR engine with a single
turbocharger.

A regulated 2-stage (R2S) turbocharging system was then investigated. R2S includes
two turbochargers for increasing engine torque at low engine speeds.

RESULTS

1.

Projected values for the single turbocharger configuration:

RPM 2500 5700

BMEP 25.3 20.4

Power, kW 233 (312 hp)
Torque, Nm 485 391

With the single turbocharger torque falls rapidly below 2000 rpm.
The R2S shows potential for attaining over 25 bar bmep from 1200 rpm to 5000 rpm.

These results are not conclusive because a number of design and computer modeling
factors are not yet known, such as combustion quality.

ENGSIM REPORT

The EngSim Corporation report on turbocharging is provided on the following pages.
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TURBOCHARGER TIME-TO-TORQUE (TTT)
EngSim Corporation — GTPower modeling

OBJECTIVES

1. Investigate turbocharger TTT, commonly known as turbo lag for a single-turbocharger
engine build. Ford recommended evaluating TTT at 1600 rpm commencing from 5 bar
bmep and measuring the time required to reach 90 percent of peak bmep.

RESULTS

1. The baseline TTT value at 1600 rpm starting from 5 bar bmep was approximately 1
second.

FINDING

Time-to-torque is not the primary challenge for turbocharged engine performance. The
primary challenge is the ability of the turbocharger to attain high boost pressures at low
engine speed with a turbocharger sized large enough for attaining maximum power
requirements.

Turbo lag implies a slow turbocharger response. The single stage turbocharger that was
evaluated does not have an inertial lag problem. However, a turbocharger large enough to
attain 300 to 360 hp is unable to generate high boost pressures at low engine speeds due to
the surge limitations of the turbocharger. The vehicle is experiencing lag because the
turbocharger lacks performance capability at low engine speeds. Vehicle lag is primarily
due to lack of boost pressure, not turbocharger inertial response.

ENGSIM REPORT

The EngSim Corporation report on turbocharger TTT is provided on the following pages.
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BOOSTING SYSTEM OPTION ASSESMENT & DOWN-SELECT
Envera LLC

The objective of this task was to assess boosting options and down select the best option for the
program. Boosting systems that were considered include:

* Variable speed CVT supercharger

*  Combined electric / mechanical drive supercharger
*  Clutched supercharger

*  Supercharger with advanced cooling

*  Turbocharging and supercharging combined

* R2S regulated 2-stage turbocharging

* Single stage turbocharging

The variable speed CVT supercharger and the electro/mechanical supercharger did not provide
large enough benefits relative to their cost and complexity. The key issue is that the size of the
supercharger is driven by maximum power requirements. Therefore the variable speed drive is not
an enabler for using a smaller supercharger that has higher efficiency at low engine speeds.

The clutched supercharger was selected for the current program. The ability to clutch out the
supercharger is beneficial for minimizing friction FMEP and pumping PMEP losses when the
supercharger is not in use. The supercharger can also be engaged very quickly. A good clutch is
needed.

A supercharger with advanced cooling was investigated, and is shown in Figure 14 on page 14.
This technology may be beneficial for future engine builds. Pursuit of the technology was beyond

the scope of the current program.

Combining turbo and supercharging provides good performance but the system is somewhat
complex and costly.

Regulated 2-stage (R2S) turbocharging is also somewhat complex and costly.
Single stage turbocharging does not have an inertial lag problem. However, a turbocharger large

enough to attain 300 to 360 hp is unable to generate high boost pressures at low engine speeds due
to the surge limitations of the turbocharger.
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7.

INTAKE HIGH-LIFT CAM AND ROCKER DEVELOPMENT
Eaton Corporation

ATKINSON CYCLE POPPET VALVE DEVELOPMENT

The Envera VCR engine employs a switchable rocker arm mechanism to enable switching
between an Atkinson Cam lobe profile and Power Cam lobe profile. The Atkinson cam
has a long duration enabling the intake valves to close late. The Atkinson cam profile must
have a higher lift than the power cam for mechanical clearance reasons. The development
effort under this task was for the high-lift Atkinson Cycle cam and rocker arm
development.

Target cam timing values were developed by EngSim Corporation and Envera using
GTPower engine development software. These values were then provided to Eaton for
design and development of the poppet valve assembly. Three different cam duration values
were developed for testing. The final valve lift profiles were then entered back into
GTPower.

OBJECTIVES

1. Intake high-lift kinematic analysis and development of Atkinson cycle cam
profiles.

2. Procure camshaft blanks

3. Produce machine cam grinding drawings for the camshafts

RESULTS

All objectives were satisfactorily met for the current program. The Intake High Lift
Kinematic Analysis report number 2015-23 from Eaton addressed the following items:

* Cam design

* Rocker arm study

*  Spring design study

*  Spring load requirements
*  Valve tip stresses

*  Contact stresses

* Lash adjuster loads
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8.

INTAKE LOW-LIFT CAM AND ROCKER DEVELOPMENT
Eaton Corporation

POWER CAM POPPET VALVE DEVELOPMENT

The Envera VCR engine employs a switchable rocker arm mechanism to enable switching
between an Atkinson Cam lobe profile and Power Cam lobe profile. The Atkinson cam
has a long duration enabling the intake valves to close late. The power cam profile must
have a smaller lift than the Atkinson cam for mechanical clearance reasons. The
development effort under this task was for the low-lift power cam and rocker arm
development.

Target cam timing values were developed by EngSim Corporation and Envera using
GTPower engine development software. These values were then provided to Eaton for
design and development of the poppet valve assembly. Three different cam duration values
were developed for testing. The final valve lift profiles were then entered back into
GTPower.

OBJECTIVES

1. Intake low-lift kinematic analysis and development of the power cam profiles.
2. Procure camshaft blanks
3. Produce machine cam grinding drawings for the camshafts

RESULTS

All objectives were satisfactorily met for the current program. The Intake Low Lift
Kinematic Analysis report number 2015-24 from Eaton addressed the following items:

e Cam design

* Rocker arm study

*  Spring design study

* Spring load requirements
*  Valve tip stresses

*  Contact stresses

* Lash adjuster loads
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ENGINE MANAGEMENT SYSTEM

Envera LL.C

OBJECTIVE

1. Procure a fully functional closed-loop engine management system (EMS) for running the
engine.

2. Produce required support documentation for operation of the engine.

3. Benchtop preprograming of the ECU

RESULTS

L. The following documents were produced for operation of the EMS

* Motec First-Fire manual

* Engine Management Build Sheet
* EMS Bill of materials (BOM)

* Loom

*  Wiring harness

* Pin I/O connections

*  Spark timing — Startup table

*  Fuel injection — Startup table

* Engine brake-in test schedule

2. An intermediate manifold including port fuel injection was designed and procured to
enable port fuel injection and/or port fuel injection plus direct fuel injection. Fuel
injector selection and targeting was performed.

3. All items on the BOM were procured.

4. The Motec ECU was benchtop preprogramed and readied for delivery to Hasselgren
Engineering for wiring harness assembly and engine startup.
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10.

ENGINE BUILD AND FIRST FIRE

Hasselgren Engineering

OBJECTIVE

1. Engine Build

2. Engine startup including mechanical and EMS shake down
3. Engine teardown inspection and rebuild

RESULTS

All tasks were completed.
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11.

TESTING AT MAHLE POWERTRAIN
Mahle Powertrain North America

OBJECTIVES

L.

Record actual combustion burn rates and friction fmep values, as needed for calibrating
the GTPower model.

Through testing find the optimum combination of variables for maximizing brake thermal
efficiency at 2000 rpm and ~100 Nm torque. Variables include: Cam timing, spark
timing, EGR mass flow percent and compression ratio. Optimization Level 1

TEST EQUIPMENT

AC Engine dynamometer

Kistler 6052 pressure transducers & amps
AVL IndiCom combustion analysis

AVL AMA 160 emissions measurement.
AVL PUMA data compilation

RESULTS

1.

Combustion burn rate and fmep values were recorded. The GTPower model was then
calibrated for further optimization of engine settings.

Engine load conditions were light enough for the engine to not be detonation limited with
a compression ratio of 16.8:1 and a brake torque of ~120 to 90 Nm

High levels of EGR were not needed for attaining minimum fuel consumption at ~100 Nm.
With only modest levels of EGR used combustion COV values were favorably low.

FMEP values were higher than state of the are production engines. These values were
high due use of a high flow oil pump and other factors. A high flow oil pump was used
to increase reliability and robustness of the first build prototype engine. Approximately a
5 percent improvement in BSFC can be realized in future builds by reducing fmep from
~1.034 bar to ~0.73 bar (Optimization Level 3).

An Optimization Level 1 BSFC value of 230.4 g/kWh was achieved at 5.36 bar BMEP, a
value close to the target value of 230 g/kWh at 5.25 bar BMEP. Representational test
data is provided on the following page.

Optimization Level 2 includes GTPower optimization at target load conditions using the

calibrated GTPower model. Optimization Level 3 includes lowering fmep values through
oil pump and other fmep related improvements.
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12.

GTPOWER MODEL CALIBRATION
EngSim Corporation

OBJECTIVES

1. Using test cell dynamometer data acquired at Mahle Powertrain, calibrate the GTPower
model.

RESULTS

1. The GTPower model was successfully calibrated. The calibration includes the effects of
external EGR. BSFC error is generally <1% at EGR values below about 17 percent.

ENGSIM REPORT

The EngSim Corporation report on GTPower model calibration is provided on the
following pages.
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13. ENGINE OPTIMIZATION USING THE CALIBRATED GTPOWER MODEL

EngSim Corporation

OBJECTIVES

1. Investigate CR, Spark and EGR settings for minimum BSFC at 100 Nm 2000 rpm
2. Investigate CR, Spark and EGR settings for peak efficiency

RESULTS

1. BSFC projections at 100 Nm 2000 rpm:
a. 10% EGR, 17.6 CR and -40 spark timing:
b. Re-optimized cam
c. 8% EGR, 17.6 CR and -37 spark timing:
2. Peak efficiency at 2000 rpm
a. 0% external EGR, 12.5 CR and -38 spark timing

FOLLOW UP

1. Investigate benefits of EGR on peak efficiency

ENGSIM REPORT

The EngSim Corporation report on engine optimization using the calibrated GTPower

model is provided on the following pages.

~231 g/kWh
~228 g/kWh
~229 g/kWh

~38 percent BTE
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14. DRIVE CYCLE ANALYSIS OF A VCR-POWERED F150 PICKUP TRUCK
EngSim Corporation

OBJECTIVES

L.

Create a full BSFC map of the 2.4L Envera VCR engine using the calibrated GTPower
model and test data from Mahle Powertrain.

Create a GTDrive vehicle model for the F150 Ford pickup truck
Validate the F150 GTDrive vehicle model using a known 3.5L Ecoboost engine map and
known FTP75 and HWY drive cycle mileage values from Argonne National Laboratory

testing.

Replace the 3.5L Ecoboost engine with the 2.4L Envera VCR engine, then optimize
transmission shift schedule and project FTP75 (City) and HWY F150 mileage.

Identify the speed/load engine conditions where most of the fuel is consumed, so that
those load conditions can be optimized for further improving fuel economy.

RESULTS

1.

An optimized VCR engine BSFC map was created having the following performance
values:

a. Peak efficiency ~215 g/kWh
b. Peak torque ~445 Nm @ 4000 rpm
c. Torque at 2000 rpm ~340 Nm @ 2000 rpm

The BSFC map contains four distinct areas of optimization:

* Atkinson cam at latest IVC timing — throttled control of load
* Atkinson cam phasing for load control — open throttle

* Naturally aspirated with intake power cam

* Supercharger engaged — bypass for boost control

A GTDrive vehicle model was created of the F150 having a Ford 3.5L ecoboost engine.
The baseline model predicts 19.5 and 25.3 mpg for the FTP75 and HWY cycles. The
Argonne tests resulted in 19.0 and 28.2 mpg for the UDDS and HWY cycles. The UDDS
cycle is used for comparison as it is essentially the same as the FTP75. Shift strategy and
torque converter lockup are not known for the actual vehicle. The mpg comparison is
reasonable but not perfect due to these and other factors.
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4. The current program objective is to demonstrate potential for attaining a 40 percent
improvement in fuel economy relative to a V8 powered F150 baseline. The following
vehicle mileage values were projected:

Projected test cycle mpg values FTP75 HWY
Optimization Level 1
EPA Guide V8 F150 16.7 26.9
VCR 4-cylinder F150 projections 24.9 31.2

EPA Guide mileage values shown on the vehicle window sticker include a test cycle
adjustment factor, and are shown below:

Projected EPA Guide mileage values City Highway Combined
Optimization Level 1
EPA Guide V8 F150  Actual 15 21 17
VCR 4-cylinder F150 projections 22.4 243 23.2
Percent improvement ~35%

A 35 percent improvement in mileage was projected for Optimization Level 1.

5. Fuel consumption for the FTP75 and HWY drive cycles was plotted on a BMEP vs. rpm
charts. These charts indicate that most of the fuel is consumed at about 3 bar BMEP
@1400 rpm for the city FTP75 drive cycle, and 6.4 bar bmep @ 1700 rpm for the
highway HWY drive cycle. Under engine Optimization Level 2 the VCR engine was
tuned for improved fuel economy at these load conditions.

Level 2 optimization was performed by Envera. The projected EPA Guide mileage
values are shown below:

Projected EPA Guide mileage values City Highway Combined
Optimization Level 2
EPA Guide V8 F150  Actual 15 21 17
VCR 4-cylinder F150 projections 24 254 24.6
Percent improvement ~43%
ENGSIM REPORT

The EngSim Corporation report on vehicle mileage projections using GTDrive is
provided on the following pages.
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ABBREVIATIONS

Argonne National Laboratory
Bill of materials

Brake mean effective pressure
Brake thermal efficiency

Brake specific fuel consumption
Coefficient of variance
Compression ratio
Computational fluid dynamics
Computer aided design
Computer aided engineering
Continuously variable transmission
Direct fuel injection

Engine control unit

Engine management system
Environmental Protection Agency
Exhaust gas recirculation
Exhaust valve closing

Exhaust valve opening

Federal test procedure

Finite element analysis

Friction mean effective pressure
Gasoline direct fuel injection
Greenhouse gasses

Highway

Indicated mean effective pressure
Intake valve closing

Intake valve opening

Maximum opening point

Miles per gallon

National Energy Technology Laboratory
Noise vibration and harshness
Port fuel injection

Pumping mean effective pressure
Regulated 2-stage turbocharging
Society of Automotive Engineers
US Department of Energy
Variable compression ratio
Variable valve lift

Wide open throttle

ANL
BOM
BMEP
BTE
BSFC
Cov
CR
CFD
CAD
CAE
CVT
DI
ECU
EMS
EPA
EGR
EVC
EVO
FTP
FEA
FMEP
GDI
GHG
HWY
IMEP
IvC
IVO
MOP
MPG
NETL
NVH
PFI
PMEP
R2S
SAE
DOE
VCR
VVL
WOT
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