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Recent analysis has shown that the ICRE has the potential of theoretical
efficiencies approaching that of fuel cells. Ongoing studies reveal that the
irreversibility inherent in the ICRE, which limits its actual efficiency, may be
significantly reduced by operating at higher compression ratios.
The following two figures are from: Development of Low-Exergy-Loss,
High-Efficiency Chemical Engines
http://gcep.stanford.edu/pdfs/QeJ5maLQQrugiSYMF3ATDA/2.6.6.edwards_06.pdf

Variable compression at high ratios in conjunction with constant volume
HCCI combustion and cycle compounding are the keys to higher ICRE
efficiency.
The constraint imposed by the slider-crank geometry of conventional
engines is not compatible with fully implementing these measures.
The free-piston engine geometry is compatible with implementing these
measures and is the focus of our efforts.

The Free-Piston Floating Stroke (FPFS) engine the optimal internal combustion reciprocating engine
US Patent 7,258,086 - Other Patents Pending

The FPFS is a free-piston, four-cycle, four cylinder engine.
In order for a four-cycle free-piston engine to function, a minimum of four
cylinders is required (due to the lack of energy storage - e.g. a flywheel).
To produce true HCCI constant volume combustion the FPFS engine is limited
to four cylinders (only one cylinder in compression at any time).
Thus, the FPFS is always configured as a four cylinder engine.
In the FPFS engine, piston motion is not constrained by a crankshaft and the
pistons are free to compress the charge to the pressure required to cause
compression ignition of the premixed charge (ratio varying over the range of
20:1 ~ 50:1). As a result of higher compression, combustion chamber wall area
is less than a conventional engine (which also reduces heat transfer and
unburnt hydrocarbons). Piston travel is determined by the charge properties,
oscillating mass inertia, friction forces and engine load. The functioning of the
FPFS engine can be thought of as the coupling of four rapid compression
expansion machines (RCEM). Combustion is rapid – typically on the order of
100 to 200 microseconds – and throughout the charge. The rapid temperature
rise from the charge reaction creates a corresponding rapid constant volume
pressure rise. In the FPFS engine, the piston acceleration away from maximum
compression is high, thereby causing rapid expansion and cooling of the
charge - further reducing entropy generation and heat transfer losses. By
eliminating the crankshaft, friction losses and piston side load are reduced.
Gas exchange valves are indirectly actuated by an electric servo motor
powered camshaft or variable valve actuators. Lube oil pump, coolant pump
and cooling fan are also electrically driven.
We anticipate the FPFS engine will provide > 50% efficiency (with cycle
compounding it has the potential of reaching 60% efficiency). The FPFS is
inherently fuel flexible and capable of operating at low equivalence ratios
thereby producing low emissions.
Without a crankshaft, the FPFS engine output is provided by an oscillating
shaft. (A linear piston FPFS variant virtually eliminates piston side loading and
may be ideal for ring-less carbon-carbon pistons.) This linear motion may be
used to directly drive a compressor, hydraulic pump or electrical generator.
These outputs readily facilitate multiple engine load sharing and are highly
compatible with hybrid vehicle operation.

Various configurations of the FPFS engine are possible – box style block with
pivot shaft output and electro-hydraulic valve actuators is illustrated below.

With cycle compounding, through the addition of an exhaust gas energy
recovery power turbine, the FPFS operating cycle efficiency approaches the
Atkinson cycle efficiency limit – illustrated below.

The FPFS engine, lacking a crankshaft, is not capable of being directly
coupled to a vehicle drivetrain. It is best utilized as a component in a hybrid
drive system - as is the fuel cell.
For vehicle applications hydraulic power output provides higher specific
power ratings. A linear piston hydraulic pump can be directly driven by the
pivot shaft output. Exhaust gas energy recovery, by a high-speed turbine
directly driving an electrical alternator or geared down to drive a conventional
hydraulic pump, provides a significant secondary power source.

Intrinsically decoupled from vehicle peak load, the FPFS hybrid drive can
be arranged in two basic modes or a combination of each:
1. Multi engine
2. Paralleled with energy storage
3. A combination of multi engine and energy storage
Power output options from the FPFS are:
1. hydraulic
2. electric
3. A combination of hydraulic (primary) and electric
(secondary source from turbo-compounding).
In a basic configuration one or more FPFS engines, with hydraulic power
output, could replace a conventional engine and hydraulic pump, such as in
the UPS hydraulic hybrid delivery truck drive train illustrated below. The
advantages of doing so would be:
1. higher efficiency
2. lower emissions
3. inherent fuel flexibility

Illustration from US EPAHydraulic Hybrid Vehicle bulletin EPA420-F-06-043
Illustrated below is a hybrid drive train with a turbo-compounded FPFS
engine a driving linear piston hydraulic pump supplying a fixed displacement
hydraulic motor coupled to a conventional transmission through a right angle
gearbox. A motor/generator is also coupled through the right angle gearbox to
the transmission shaft. A battery pack (or flywheel), stores excess power from
the motor/generator during braking or from the turbo-alternator during higher
power operation. The supercharger is directly driven by a high-speed motor.

We anticipate overall efficiency of this drive train would be in the range of
50% to 60%. HCCI combustion provides for low overall emissions with
inherent fuel flexibility. We believe this hybrid vehicle propulsion system is
cost competitive with other hybrid drive trains.

