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‘Free Piston Engine’ concept
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Key questions for FPE pioneers:

e Balanced or unbalanced?
 How to synchronise pistons?

 What to do with the power?
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Compressors

stage compressor piston

starter fuel njectior

scavenging

<nhd stage compressor piston
. exhaust pipe
engine cylinder
air inlet t

Junkers air compressors used in
mobile and marine applications
from 1930s to 1940s

e ngine pist cooling water
air chamber €ngine piston €

synchronizer for opposed piston

Source: http://www.jsme.or.jp/tsd/ICBTT/conference02/kohama3.html
http://www.freikolben.ch/37464/98401.html

*= LINEAR POWER 2015 =

SEPTEMBER 7 + 8 UNIVERSITY OF BRIGHTON

Linear e-machine & free piston technology forum


http://www.jsme.or.jp/tsd/ICBTT/conference02/kohama3.html�
http://www.freikolben.ch/37464/98401.html�

Hyd Fau I | C p um pS US EPA/FEV (2005) University of Minnesota (~2013)

Innas Chiron (~2000)

Innae Paton Palr

[ 1 an_-nuv-l-I"
—F Chack Vabes .Q..:. lr[”
oH Eurw\rmp
Toyohas o I~ '
i ;T-ilimm i =] : “l‘ﬂ&'ﬁﬂ'l"h*' f‘ ”
& o w:[im | T £3 fri
T ; A | el
I | F -EEE H;.: _.: =Hl— 1 T
L - I i It sk A Exhaust = I'l [ALE] It sk
: I — ? T Forhs o Val -hit.‘. e
b % ¥ i!-ﬁ'
oL Outer Plstan P
Source: http://www.innas.com/CFPE.html il eobiechon

http://www.mobilehydraulictips.com/ccefp-update-hydraulics-free-piston-engines/

~— LINEAR POWER 2015 ===

SEPTEMBER 7 + 8 UNIVERSITY OF BRIGHTON

Linear e-machine & free piston technology forum



http://www.innas.com/CFPE.html�
http://www.mobilehydraulictips.com/ccefp-update-hydraulics-free-piston-engines/�

Diesel pile hammers

Piston

Pump Actuator

~

=— Digsel Pump

Injected Fuel

~— LINEAR POWER 2015 =

e SEPTEMEBER 7+ 8 UNIVERSITY OF BRIGHTON

Linear e-machine & free piston technology forum




Pescara/SIGMA gas generator technology was
applied in multiple applications during 1950-60s

et

Marine propulsion
(Minesweepers, liberty ships)

1-30MWe SIGMA power stations
(Reims, Corsica, Cherbourg,
New Caledonia)

Source:
http://utahrails.net/up/fg9.php
http://www.freikolben.ch/37464/98443.html
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..but ‘Free Piston + GT’ system efficiency was not
competitive and was displaced by technology advances

Initial FPGT Utility scale Marine Train Small scale
applications power gen propulsion propulsion power gen
Technology Scale economics Efficiency Efficiency Fuel, capital and
drivers & efficiency (on marine fuel) (on diesel fuel) O&M cost (“LCOE")
CCGT (Gas) Scale CI-ICE Electrification Packaged CI-ICE
FPGT
displaced by Steam turbines GT CI-ICE Packaged GT

(Coal & nuclear)
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Stirling engines
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Source: http://us.sunpowerinc.com/
http://www.gnergy.com/
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Stirling coolers

Apex instruments Sunpower Twinbird
SGC-4000HG Cryotel range SC-TC04 40W

Global Cooling

Cylinder
Cold Side Fin Warm Side Fin

Linear Motor

Piston Magnetic Ring

Displacer

Source: Supplier literature
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Source: http://www.encontech.nl/papers/PaperLyonWHEC16.pdf
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Research & development free piston engines

Aerodyne Research inc.

Czech Technical University
General Motors/Sandia Labs
German Aerospace Centre
Lotus/Loughborough University
Newcastle University

Pempek

PETRONAS

Sussex University (AMOCATIC)
Toyota Central R&D Labs

West Virginia University Research Corporation

Volvo/Stockholm Institute of Technology

LINEAR POWER 2015 =

SEPTEMBER 7 + 8 UNIVERSITY OF BRIGHTON

Linear e-machine & free piston technology forum



Has anything changed?
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Free Piston patent publication rate has
Increased sharply since mid 1990s

'Free Piston' IP publications per annum

Source: WIPO Demand for efficiency due
100 - to climate change policy
90 -
g0 Market pull
70 -
60 -
50 - Demand for efficiency
40 - due to rising fuel cost Technology enablers
30 - Power conversion, control,
20 - Market pull materials & manufacturing
10 technology advances
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Evolution of combustion engine control

1960s 1970s 1980s 1990s 2000s 2010s 2020s
" Mechanical Analogue Digital
° Ignltlon (Distributor) (EI) (Via ECU)
. Mechanical Analogue Digital

* Fue”mg (Carburetor) (EF1) (Via ECU)
. A Mechanical Variable valve Digital (e-valves,

Ir (Cam driven valves, turbochargers) lift/timing e_—superchargers)

: . FPE ‘digital

e Motion Mechanical (Crankshaft) e mgotion’
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Free piston engine efficiency can deliver a third
more power than today’s ‘best in class’ generators

50 -
" Bestin class
45 ’ examples
Free
piston s .
Efficiency 40 engines ’0
% 4 2%
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Mechanical transmission of power used to be
the norm before electrification

Factories with mechanical transmission equipment in Schaffhausen, ~1880
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http://krisdedecker.typepad.com/.a/6a00e0099229e88833017ee8935903970d-pi�

In cars, mechanical transmission of

power persists despite complexity, Input
' IC] (Combusti
cost & inefficiency oS ion

Output |

(Shaft power to
gearbox, auxiliaries
and valvetrain)
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So where are all the
free piston engines?
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Technical challenges have stalled mass adoption

Combustion variations

* Motion control

Velocity & position errors

e Thermodynamics
* Friction

e System losses * Sealing
e Electrical machine
e Power conversion

e Costly design architectures adopted
to solve motion & system loss challenges

* Complexity
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Proliferation of ‘new engine’ concepts

LiquidPiston

compression
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Car companies don’t buy
new engine concepts
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Pre-requisites for mass adoption

1. Technology maturity (TRL/MRL)
2. Demonstrated performance advantage

3. Cost competitive

Linear e-machine & free piston technology forum



Technolo gy m aturi ty Manufacturing Readiness Level (MRL)
Phase MRL | State of Development
Phase 3: Full production process qualified for full
/,_\. Production range of parts and full metrics achieved
System Test, Launch Implementation Full production process qualified for full
& Operations TRLS range of parts
il = 7 | Capability and rate confirmed
Eﬁﬁfﬁ'ﬁ’mm TRLS Phase 2: 6 | Process optimised for production rate
i Pre production on production equipment
TRL7 Basic capability demonstrated
Technology Phase 1: Production validated in lab environment
Demonstration
— [ Technology Experimental proof of concept
assessment and completed
Technology proving Application and validity of concept
Development validated or demonstrated
Concept proposed with scientific
Research to Prove validation
Feasibility
Basic Technology

Research
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Technolo gy m aturi ty Manufacturing Readiness Level (MRL)
Phase MRL | State of Development
Phase 3: Full production process qualified for full
Production range of parts and full metrics achieved
System Test, Launch m Implementation | 8 | Full production process qualified for full
& Operations TRLY9 ~90% ’L___:_‘._I range of parts
T T | Capability and rate confirmed
TRL 3 Of
gﬁzgﬂfﬁmﬁﬁrﬂtﬂm 20 Phase 2: 6 | Process optimised for production rate
P cost Pre production __|on production equipment
TRL7 5 | Basic capability demonstrated
Technology Phase 1: Production validated in lab environment
Demonstration
= s Technology Experimental proof of concept
assessment and completed
Technology proving Application and validity of concept
Development validated or demonstrated
—t Concept proposed with scientific
Research to Prove validation
Feasibility
S et Low TRL = under-performance, low MRL = high cost
Research
Completing the development journey pre-revenue is

too expensive, so technology remains in the lab
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Opportunity to buy in mature technologies,
shortening the development path

System Test, Launch
& Operations

System/Subsystem
Development

Technology
Demonstration

Technology
Development
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Feasibility

Basic Technology
Research
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Linear e-machines technology is maturing fast
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Market opportunities

2015 2020 2025

1. Actuators & pumps

2. Distributed power FPEs

3. High volume
- Hybrid vehicle FPEs
- Domestic CHP FPEs Relative
- Air conditioning & refrigeration market

- Heat pumps size
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Market opportunities

2015 2020

2. Distributed power FPEs
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2025

Distributed
renewables

Economic
growth >> grid
infrastructure

New fuels

Need for smaller,
smarter & more
efficient power
generators
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Emerging market opportunities
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General Fusion: The ultimate linear power system?
{:I"Mw.._ | . VORTEX

2. The plasma is shot into
g vortex created oy a
swirling molten mixture of
lead and lithium

1. The plasma injectors

heat deuterium and tritium

gas to 1.B million® F using

electrical discharge from

the capacitors. This

creates plasma, an

electrically charged gas.

PLASMA

MJECTOR

—%e— LEAD AMD LITHILIM

MILLION®F 7 J
3. The plasma forms il
a target lasting anly
a few hundred
microspconds

5. The hot lead boils
waler into stean,
which is used to
generate electricity

g, The pneumatic
pistons strike the
tank simultaneausly,
creating a shock
wave that collapses
the vortex to induce a
fugion reaction.

PHEUMATIC PISTONS HEAT EXCHANGER
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Linear Power Systems
Challenges & opportunities

Sam Cockerill, CEO
Libertine FPE
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