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THE FPFS ENGINE
RE-THINKING THE ICRE
Analysis and experiments performed at Stanford University under the GCEP(15) has shown:
GCEP Technical Report – 2004, Development of Low-Irreversibility Engines
Pg. 185 “As shown via the Maximum Principle, any piston motion that is not
piecewise constant — for instance, the slider-crank motion — does not
maximize the expansion work output for an adiabatic, reactive engine. ------We therefore conclude that adiabatic, constant volume combustion at the
minimum allowable volume is likely to maximize the piston work output.”
Pg. 190 “The importance of this result is that it shows that regardless of the
dynamics of the system (i.e., the chemical kinetics) the necessary condition
for an optimal solution to this problem requires that combustion occurs either
at maximum or minimum or zero piston speed. Stated another way, because of
the linear dependence of the work output on expansion rate, an extremum in the
solution can only occur at the extreme design points of expansion rate. From

both experiments and simulations, it appears likely that the optimal
solution occurs with zero expansion during combustion, that is, at
constant volume.”
GCEP Technical Report – 2005, Development of Low-Irreversibility Engines
Previous Results and conclusions
“For piston engines however — engines where the peak product temperatures
are well in excess of material capabilities, hence heat transfer must be
permitted — there exists an optimal reaction-extraction coupling that
is not necessarily what is attempted in today’s engines. Given the
inflexibility of today’s engines in terms of extraction (speed can be varied, but
the slider-crank profile is ubiquitous) this may or may not pose a significant
opportunity for improvement.”
Extraction as the Key to Engine Design
“Large heat transfer losses are usually associated with poor surface to volume
ratio, but the root cause remains the requirement to cool the load-bearing
walls of the cylinder. In this connection it is worth considering whether it may
be possible to reduce the peak combustion temperature such that heat loss is
less significant. One way to do this is to operate away from stoichiometric
equivalence ratios. We note that if a peak temperature of ~1500 K were
chosen for reasons of adiabaticity, then this would correspond to equivalence
ratios in the vicinity of either 0.5 on the lean side, or just over 2.0 on the
rich side. The corresponding temperature ratio ~5 would require an isentropic
expansion ratio in the vicinity of 100:1—still well above typical values.” ----“From a traditional engine point of view, these extreme equivalence ratios
present a number of problems. One obvious problem is getting reactions to
occur at such low temperatures, although catalysis may be used in some
situations. Another is low power density.” -------- “ ----- conventional
combustion temperatures are poorly suited to gas expansion given the
range of volume and pressure ratios over which we can achieve adiabatic,
reversible expansion.” - with conventional engine geometry! (our emphasis)

These re-assessments, and similar re-examinations by others, of the fundamentals
underlying engine operation, open the possibility that through the development

of new engine geometry there is an opportunity for improvement by:

1. the elimination of the crankshaft constraint
2. constant volume combustion at low equivalence ratios
3. increasing the expansion ratio
4. de-coupling the reaction-extraction mechanisms
Each of these four design parameters will be examined in the following sections.

1. To eliminate the crankshaft constraint, what alternative engine
geometry is most suitable?

THE FREE-PISTON ENGINE
The free-piston engine does not require a crankshaft. In his thesis(7) Dr. H. T. Aichlmayr
provides an extensive review of the history of free-piston engine development, which is
summarized and reproduced by the following: Table 2.1, Fig. 2.11 and Fig. 2.15 :

The following data is extracted from Reference 10
Kvaerner Test engine – 1 MW, single cylinder, two cycle Diesel
Inner piston diameter, combustion chamber and air cushion, dpi

0.180 m

Outer piston diameter, dpo

0.430 m

Length of combustion chamber, Xoc

0.2945 m

Stroke, typical

0.190 m (.200 max)

Piston mass

100 kg

Efficiency, full load

50%

Mass flow, full load

1.75 kg/s

Intake pressure, turbocharged

3.25 bar

Exhaust pressure

20 bar

Exhaust Temperature

900 C

Piston frequency

1800 rpm

Toward the Development of a Thermodynamic Fuel Cell(9)
This effort is being made by Dr. P. Van Blarigan and Dr. S. Goldsborough at Sandia National
Laboratories. The design is a two-cycle, lean burn HCCI combustion free piston engine with an
integral linear alternator is illustrative of the issues attendant with such designs. The free piston
generator of this project has a projected fuel-to-electricity conversion efficiency of 50% at 30 KW
output. The construction is two opposed pistons with uniflow scavenging. The alternator is placed
between the pistons. Operation is at a fixed speed (to limit scavenging sensitivity to fuel short
circuiting). There is a long stroke to bore ratio (to ensure TDC clearance at high compression ratios)
and a charge delivery system such that local fuel mixtures are lean and the gas temperatures low
enough so that NOx formation is inhibited. The properties of the closely coupled PM linear generator,
the electrical load and engine operating stability are highly interdependent. (9) The following figure is
reproduced from slide 7 of Reference 9.

2. Utilizing constant volume combustion at low
equivalence ratios.
The following two slides are reproduced from Reference 9.

OPTIMIZING HCCI/PCCI in ICRE
How can scavenging, turn down and other limitations of these two-cycle free piston engines
be overcome?(11)
A four-cycle free piston engine would not require scavenging and avoids other
restraining factors associated with the two-cycle free piston engine.
Such an engine would:
1. eliminate the constraint imposed by the interconnection of multiple cylinders
on a common crankshaft,
2. provide for constant volume combustion,
3. be based on existing (proven) engine design features wherever possible and
4. incorporate emerging engine technologies where needed.

Is such an engine possible?
By limiting the engine to four cylinders (one cylinder per cycle at any given time)
the constraint imposed by one cylinder on the other (when there are more than four
cylinders) and the need for energy storage (when there are fewer than four cylinders)
can be avoided.

What would be the parameters of such an engine?
This engine geometry would be based on:

1. four cylinders,
2. four-cycle operation,
3. constant volume HCCI/PCCI combustion,
4. multiple forms of power extraction and
5. Free Piston variable compression with a Floating Stroke i.e. the stroke
is in-determinate from cycle to cycle. We use the FPFS nomenclature
to describe the engine.

Two versions of the FPFS engine are shown in the following drawings:
1) the linear piston configuration and
2) the pivot shaft configuration.
The linear piston is shown in a “flat four” block arrangement, although a variety of other
piston setups and block types – such as a split block with integral heads – are possible.
Without either connecting rods or supporting shaft the linear piston is able to support higher
peak combustion pressures.
The pivot shaft engine is shown in a “boxed” block arrangement, although a variety of other
setups is possible. The boxed block is a particularly compact arrangement and requires only
cylinder head – which may be integral with the block
While either configuration can provide direct or indirect power extraction the linear piston is
intended to function primarily as a gassifier and the pivot shaft is predominantly for direct
power extraction – in pump and compressor applications.

THE FPFS ENGINE
PATENT PENDING
The following is reproduced from Reference 14, Combustion Approach section

The following slide is reproduced from Reference 13

The following is reproduced from Reference 12.
Rapid Compression Expansion Machine (RCEM) - micro
Note: The time scale of images is micro-seconds.

STARTING and CONTROL
 Starting a free piston engine is accomplished by “impulsing” the piston causing it to
accelerate toward the cylinder head and compress the charge. This action is similar to
that of a RCEM. For example, the starting sequence of the linear piston configuration is a
repetitive “single shot” by the pair of hydraulic pistons on the duplex piston connecting
bar, thus imparting a reciprocating action on the pistons (see schematic below) until ignition
in cylinder is sensed by the control.

Once ignition has been sensed, the control disengages the electro-hydraulic starter. The control
utilizes an ignition sensor in each cylinder to determine when ignition occurs versus the piston
position, computes the actual compression ratio and then averages a series of readings. The
control compares the actual compression ratio (average) to that predicted (for the charge
condition) and modifies the variable valve actuation accordingly. Existing controls, with
relatively minor modifications, are suitable for use in FPFS engines.

ELECTRO-HYDRAULIC VALVE ACTUATOR

 3. Increasing the expansion ratio &

PATENT PENDING

4. De-coupling the reaction-extraction mechanisms


THE POWER TURBINE (PT) OUPUT ALTERNATIVE


It is feasible to extract power directly from the expansion cycle of the FPFS engine by
mechanical, hydraulic (see preceding schematic), pneumatic or electric output. However, as
in any ICRE, recovery of exhaust gas energy is essential to achieve high efficiency.
Common exhaust gas energy recovery methods include:
1. a turbocharger and/or turbo-compounding,
2. thermoelectric converter and
3. combined cycle (Rankine & ORC).

The EHVA consists of an electric motor driven rotary valve switching hydraulic flow to
an integral valve actuation piston. As shown, the hydraulic inlet and outlet ports are 90O
apart and the valve rotates a full 360O for two revolutions of the four-cycles of the ICRE.
Valve timing is varied by shifting the phase relation between the motor rotation and the
ICRE piston cycle. Valve opening duration and lift profile is controlled by varying the
instantaneous angular velocity of the rotor. Stator, rotor and actuating piston are
contained in a cylindrical hermetic housing. The valve spring provides the return force
for the actuating piston, which has an integral snubber for a soft landing of the valve. The
motor (three phase PM) and motor drive (dual integrated circuits) are commercial items.

 Indirect power extraction, using a PT, is a viable alternative. In this operating mode the
expansion cycle initially provides the energy required to sustain the operating cycle then the
exhaust valve is opened (during the expansion cycle) to provide a high-pressure pulse of gas
to the PT. In this operating mode the PT provides all the useful work extraction from
the engine and the FPFS engine core is used as a Gas Generator (GG) for the PT. This
is certainly not a new concept, having been explored in a number of engines from the early
1900’s to the seventies and most recently in the research of Kvaerner(1). What is new is the use
of the FPFS (with HCCI/PCCI combustion) as the GG. In this operating mode the FPFS engine
has remarkable similarities (including HCCI/PCCI combustion) to ongoing work in Pulse
Detonation Engines (PDE)(2)(3)(4).



Recall that turbine theoretical cycle efficiency is primarily a function of Pmax/Pmin or pressure
ratio (Pr):
Theoretical Cycle Efficiency = 1 – (1/Pr)( γ-1)/γ
0.804 0.9
Theoretical
Cycle Efficiency vs. Pressure Ratio, @ γ= 1.4 (air)
0.85
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Note: Flow through the PT would be unsteady, as is the case through any turbocharger, for
which the above formula makes no provision. Studies suggest(5) that by closely coupling the
PT to the exhaust port, such that the exhaust pressure pulsations are preserved (instead of
being averaged), yields overall turbine efficiencies close to steady state conditions.







The PT pressure ratio is ultimately a function of the peak engine pressure. Studies indicate(6)
that a peak pressure of 400 bar (5,800 psi) may be attainable. One of
the limiting factors in achieving higher peak pressure in ICRE is the crankshaft and connecting
rod loading. The FPFS linear piston configuration has no connecting rod
or crankshaft - suggesting peak pressures greater than conventional ICRE may
be attainable in a linear piston configured FPFS engine.
In the FPFS pivot shaft configuration, shown in the preceding columns, the exhaust is
first sent through a turbocharger then to the power turbine. In the second FPFS pivot
shaft configuration, all the exhaust is sent directly to a single PT and a supercharger is used in
place of the turbocharger. A single PT would need to be multistage - to accommodate the highpressure produced by the FPFS GG. A multi stage axial turbine with a variable nozzle
would provide an efficiency of from 80% to 95%. Power turbines are high speed device,
typically operating at 20,000 rpm to 150,000 rpm in the
size range of interest. The operating parameters of such a PT are within the limits of existing
designs and materials.
Overall turbine energy conversion potential is a function of both the theoretical cycle
efficiency (CE) and the actual turbine efficiency (TE).

Hydraulic flow is provided by a single acting hydraulic cylinder pump driven by an ICRE
actuation mechanism (or separate synchronized drive). There is one pump per cylinder
providing hydraulic flow to both the intake and exhaust EHVA. A pulse of hydraulic flow
would be generated during the compression and exhaust strokes of the ICRE and stored
in the accumulator. The accumulator provides the flow to the actuating piston. The
hydraulic fluid holding the actuating piston against the valve spring is discharged when
the rotor aligns the hydraulic passage with the outlet port.

Combined theoretical CE and actual TE =
Energy Conversion Potential (CP)
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In an indirect power extraction mode, more of the combustion energy is made available (to the
PT) as useful energy ~ 65% to 80% (after coolant, friction, induction and parasitic losses).
Engine efficiency thus becomes the product of available Useful Energy (UE) and the energy
Conversion Potential (CP):
Engine efficiency
UE/CP
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FPFS SUMMARY

Given existing engine component technologies, it is reasonable to project FPFS near term
engine efficiencies in the range of 45% to 50% (variable valve actuation utilizing the
Electro-Hydraulic Valve Actuation (EHVA) is assumed in the baseline FPFS). Using emerging
technologies such as: improved turbines (including variable nozzles), light weight valves, TBC,
advanced sensors and adaptive controls we anticipate FPFS engine efficiency will reach
55%. There is the potential of the FPFS technology to ultimately approach 60% efficiency
with long term component development such as: carbon-carbon pistons, an un-cooled
engine block, advanced valve train components and continued improvements in turbine
design. It is appropriate to note that, while historical efforts(7) (ending in 1971) yielded about
30% efficiency, more recently Kvaerner(1) has projected an engine efficiency of 50% - without
the benefit of constant volume HCCI/PCCI combustion.



Obviously, a high-speed PT can be readily geared down for a mechanical drive. Typical
efficiency of suitable speed reducers is in the range of 96% to 98%. Furthermore, these speed
reducers, such as the multi-stage planetary type, are very compact.

KEY ATTRIBUTES
•
•
•
•
•

ADVANTAGES
•
•
•
•
•

 A high-speed alternator (PM or SR construction) can be directly coupled to highspeed PT. This is a common configuration in micro-turbines. Existing high-speed

•
•
•

alternators are 92% to 98% efficient over a wide range of operating speed and power
output. Capacity of a few watts to a few megawatts is presently feasible.
Calnetix High-Speed Generator vs. Conventional Generator(8)

1.

Conventional

Power
kW
2,000

Speed
rpm
1,800

Efficiency
%
96.3

Weight
Kg
5,130

Length
m
2.29

Diameter
m
1.85

Volume
m3
6.26

Density
kW/m3
321

Calnetix

2,000

22,500

98.0

750

1.35

0.72

0.57

3,500

The following, is Fig. 2 reproduced from Reference 8
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4.
5.
6.
7.
8.
9.

10.
The combination of a PT and directly coupled high-speed alternator yields engine
geometry with high specific power.

11.

The alternator output can be efficiently converted to DC. Variable speed electric
motor drives (PM, SR and Induction) utilize a DC input. Further, a DC input to inverters
can readily provide an interface with the utility bus (again common in micro-turbines).

12.

 Power output of multiple engines is readily paralleled - for a wide variety of
applications, but in particular for accommodating a load (stationary or mobile) with a wide
turn-down ratio. Note: The anticipated turn down ratio of the FPFS engine is about 7.5:1 –
given a supercharging range of 3:1 and an equivalence ratio of from about 0.2 to 0.5
(2.5:1 range).

Lagging other technology development
Variable valve actuation is critical
Limitations on funding and technical resources (advanced modeling)

REFERENCES

3.



Inherently low emissions of HCCI/PCCI
High efficiency – 50% to 60%
Fuel flexible
Cost effective design with a lower parts count than typical ICRE
Wide range of prospective applications - both stationary and mobile

DISADVANTAGES

HIGH-SPEED ALTERNATOR OUTPUT

Parameter

HCCI/PCCI Constant Volume Combustion
Piston stroke length is completely independent and variable from cycle to
cycle and is determined solely be the charge ignition point.
Multiple means of power extraction – mechanical, electrical, hydraulic, pneumatic
Wide capacity range – a few kilowatts to several megawatts
Excellent power density - typical of advanced high performance ICRE
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