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Summary:

What started out as an exercise in exploring thghteeduction potential of those allegedly “heagygip crossheads”,
turned out to be a fast leap towards implementaifanew hybrid material concept for very lightglei pistons. This
was enabled by a next phase in the EFRC R&D gresgarch project which has been subject of thisetente
before.

The 2014 paper was technical in nature, addressagontext and requirements and defining the sllgmer
concept (SPP) as an exciting solution, as welhasharacterization of polymer composite materrafatigue.

Building on these foundations, the current papeuses on the challenge of turning the obvious gdea into a readily
available technology under the restrictions of poeipetitive research. Therefore it identifies thieds that should be
done, how to do it and also which things are befsuintil later.

Bypassing the extensive volume of technical wogk thad to be done to demonstrate feasibility anelde key
materials and testing technology, the results efftii scale validation experiments are presentedell. Following an
earlier 1:10 scale piston fatigue test, a full stakt demonstrated a residual strength — aftelereted fatigue — of
400 kN.

Comparing against commonly encountered designgilmssteel and aluminium, a 30 — 70% mass reduiifound
for typical larger size pistons.

Enabled by the full scale validation of the con¢céipt technology readiness is enhanced to a |batbty 2016, the
technology seems ready for validation in an aatoaipressor. As a matter of fact, the results oR&® project are
industrially applied, witnessed by the emergenca gbin-off company and plans by major compressmufacturers
to design and/or launch new and significantly invaebmachines.

The authors argue that the EFRC R&D project magdem as a model case in efficacious creative irtiooyavhere
the time between idea generation and industridi@gijon is less than 3 years. A brief discussibwby we believe
this was possible is included. It explains whaeiguired to achieve success — in spite of a rattidridea introducing
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1. Introduction for RECIPROCATING
Lowering the reciprocating mass has been a contmaoctivity over the past decades because ofOMPRESSORS

the associated improvements in machine capacitgbdlity, efficiency and vibration behavior.

While the application of conventional metals hagpsuted the current state of the art in recip mastyi, the returns of
these efforts have been diminishing. A previouspamtroduced and explained an initiative by thelRgroup to
explore the potential offered by other materiainthave normally been applied in the recip worlie Present paper
describes how over the two years since then trehiéity of one candidate material and structu@heept has been
investigated and technology has been developetbiirg so, the master plan as outlined in [1] hankessentially
followed and implemented.

an unknown ‘plastic’ material into a self-declamhservative industry — to get a disruptive
innovation like the solid polymer piston acceptedysickly.

Focus on the piston

To summarise, in [1] it was argued that there wasdgeason to put emphasis on mass reduction gfisken rather
than of the crosshead because of two major reaboss; the piston is typically significantly heavithan the crosshead
(and piston rod); this applies especially to the fisessure stages where the piston mass may ewithie machine
capacity directly. Second, the crosshead is straltjumore complex, limiting the potential massuetion from the
outset.

Most manufacturers have obtained some experiertteinviestigating the potential of other materiasfistons. For
example, ceramic pistons and fiber composite netehiave been investigated to some extent in sedttesearch
efforts. Whereas no major applications have redudtam such studies, it may be argued that therte$fwent, scope and
expertise was insufficient to result in a breaktiylo. This was the background and rationale fojdim research in the
EFRC R&D group. In doing so, the master plan afirmd in [1] has been essentially followed and iempénted in a
three phase project.

From requirements versus the state of the art to a new design concept

In the early study phases, a careful compilatioreqgfiirements was made and an exploration studydeas against a
background of data from materials science and aimdiévelopments in other industries. For exampleas seen that
automotive suspension springs were successfulllemadth lighter under severe fatigue requiremerntgydger
composite materials. In general however, it seetiathigh manufacturing cost, design complexity amen more
severe (very high cycle) fatigue (VHCF) requirensenbuld jeopardise the competitive potential of @R
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E hybrid > e
02 LD poly future cost & value ®
0 ¢ target current metal
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Piston Mass

solidity
Figure 1 Basic mass-solidity-density (MSD) diagram  Figure 2 Tentative saturation sketch for mass réidac

It was concluded that a radically new approachtbdzk taken to the design and material selectibns;Tthe so-called
Solid Polymer PistoiSPP) concept was conceived and presented ia fijbrid combination of metal and composite
polymer (CCPC: Controlled Cavity Polymer Compouwtijch derives its potential competitiveness fromeéhkey
factors:

1 CFRP: Carbon Fiber Reinforced Polymer
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« low density core material allows efficient transééigas pressure loads to piston rodff"

EFRC

using a solid or pseudo-solid core; e
P ¥
« relative ease of consistent manufacture from ofetofseries production; EUROPEAN FORUM

- an affordable engineering development sufficierguarantee infinite fatigue life.  for RECIPROCATING
COMPRESSORS
With a mass reduction potential of typically 50%nuore relative to both steel and aluminium

baseline, it was apparent that efforts had to baded on this concept during the remainder of tbgept. The SPP is
discussed under the corresponding header, alloitiengeader to become familiar with its basic teméteh already
allow dramatic mass savings (Figure 1). Moreovexgais felt that the drive for even further weightluction would
disappear as mass contributions of crosshead atahpiod would become of comparable magnitude arg-eurve
saturation would be approached (Figure 2).

From precompetitive research to innovation

A vital aspect that was considered from the oussethat can be called the valorisation of the ishw@htion. This is a
challenge for the pre-competitive EFRC researclhigrén idea may be good in itself, but in practicany obstacles
can and do prevent its implementation. This is &sggecially in an industry where any perceived msly be too much
and which has relied extensively on metals techmofor structural components. Therefore the transfehe idea of
using a hybrid polymer concept toward actual ajgibe was built into the project using conceptslisfuptive
innovation theory. This means that the conditioesento be promoted for implementing the new teabgif and
when the specified success criteria had been ret.ifvolves aspects of pre-competitive developnagt follow-up
competitive activities, which were formulated amahcretised during the project, as will be discuaseder the heading
Innovation ConceptMembers of the R&D group would then have a chdicembrace and extend the technology
either as their own proprietary development frooommon background, or to adopt the technology massively by
involving a supplier — be it from a knowledgeabdggpective enabling a trugmart-buyerposition.

On a technological level, it was essential to destraite the feasibility by experimentally validatithge concept, again
going as far as the precompetitive nature woulnhatb do so. Under the headikglidation,some results are
presented of materials and scaled and upscaledierques which cover manufacturing feasibility amdistural
integrity.

requirement item requirement SPP compliance

mass significant saving from ~30% to ~70% dependimgize and
allowable cost

structural integrity resistant to environmentahekt polymer inherent resistance very good; eliminatipn
(lubrication oil and process gas) | of metal surface as a factor in fatigue life.

infinite fatigue life low stress and good testdbitind predictability
thermal boundary conditions proper polymer selection allows elevated
satisfied temperature operations
condition monitoring can be built-in,
economic value affordable price comparable to hietasery small series
development feasibility] 3 years, < 1M£€ investment ualgative compliance; 2 years pre-developmen

with core technologies

industrial requirement no mandatory single source SPP as open-ended concept allows multiple
dependence implementations
limited industrial risk by retaining metal hub asideve, many aspects

remain unchanged and success is promoted

Table 1 Evolved requirement overview for the lighght piston.
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Requirements ?-

In the original article [1], the set of requirememtas presented and discussed, which should gg_ E FRC
guarantee that the developed idea would be bottmteeconomically feasible and near-optimumeyropean Forum
Such a set of requirements is subject to gradu@lgen in a process called requirement for RECIPROCATING
discovery. Some of the most important evolved nenments, together with an assessment for thg®FRESSORS
SPP concept, are listed in Table 1.

2. The Solid Polymer Piston (SPP) concept

Anatomy of the SPP

In its most basic form, the SPP consists of thlements as illustrated in Figure 3. By being sdli@, low density core
offers a simple load path from pressurised facdéld@iston rod. Corresponding shear stresseau&tied below) are
relatively low because the load transfer areatpwashaft or hub) is large.

The sleeve, being well-supported by the core, eashiaped as desired from considerations of weight a

manufacturing. A choice for metal such as stainéssl or aluminium would be obvious for severakans, but not
required in itself.

For lower values of the piston length-to-diametgior of the desired piston design, a fourth elennagny be introduced,
namely a piston pressure face liner which couldneéal and could be integrated with the sleeve.

As a solid element, the core would be subject ¢éostijuare cube law, implying that its mass contidiouivould become
large for the larger size pistons. For such cabese exists an obvious possibility to design & auith cavities which
would counteract this trend. We may designate suotncept with the abbreviation CSPP (Cavity-SPP).

Variations could be applied throughout. For exampie could be in the assembly on the interfateset could be
smooth and adhesively bonded or with a form-fitdmbination with adhesive bonding. In all cases,dbmmon
feature is the low density core of the CCPC tygee possibilities to conceive such a core is dislisext.

Low density materials

Typical polymer densities are in the range of @®%.25 kg/dm3. In order to transfer these into CGRaterials of
even lower density, they should be mixed (compodhdath low density fillers, but this is not a sghtforward issue.
The reason is that many desirable polymer propeleid to high viscosity which inhibits proper migi To promote
easier processing, the polymer is best chosen td &¢hermosetting type. Then, in combination ifité fillers and
depending on the compound composition, a densittydrrange of 0.4 to 0.8 kg/dm3 can be achieved.

In the previous article [1] it was argued that techanical performance (e.g. fatigue strength) deesease due to the
fillers, but if done properly will maintain a suffent level to sustain the applied stress typioapiston application. It
was also remarked that comparison of our projetet dad literature suggests that achieving an mudsig
manufacturing quality is essential for good fatigeeformance. The ideal would be to produce ddfeet-cured
compound, as VHCF performance is especially suggegd minor flaws.

1E+10
E
_Tg-onset
1E+09 F
margin |
1E+08 | T
potential
i T-range of
application
el S VS 1E+07
aiml L 0 50 00 50 200 250 300
Temperature [ °C ]
Figure 3 The generic SPP Figure 4 Stiffness amdplag as a function of temperature for a

medium temperature thermosetting polymer.



10" EFRC Conference — September 14 — 15, 2016
Dusseldorf, Germany

For any elevated temperature application of polgremperature is a driving requirement.

For the present project, a high temperature cugpaxy was selected to support also intermedia&{_ E FRC
temperatures. A tentative equilibrium temperatesuirement range was formulated pending a EUROPEAN FORUM
full measurement or validated computation of thegerature distribution through the piston. Ong’(f);ii':skszi‘:”“c’
the low end, a 90°C requirement was consideree ntthe safe side. On the upper side, a value

of 140°C seems to be representative. Figure 4 showsstiffness of a typical thermosetting polynmeaifunction of
temperature. Also, the internal damping of the mig@tes seen to increase as the glass-to-rubbesitran (Tg) is
approached in this so-called DMTA test diagram. MVhiis typically good practice to maintain a 30%@rgin between
the Tg onset and an operational temperature unde It is probably even more important to constterfatigue
performance under elevated temperature. The camegng fatigue limit is a property which cannotdmmputed, but
is only accessible through empirical research. i8sussed in the next section, this was beyonddbpesof the
precompetitive work and only room temperature eatee generated for the VHCF range, although [1d plesents

data up to 120°C in the HCF range.

Stress levels and fatigue performance prediction

The core material will be loaded in a three-dimenal state of stress, especially near the criticshs. Therefore we
have stress concentration (reduction) and multddatigue performance as our main challenges. Bare stress will
arise due to imposed strain (from the preload ersttaft) as well as from alternating (gas and imgeldads. In
addition, residual stress from manufacturing wdlgresent depending on the processing that hasapgdied. Figure 5
shows typical computed stress components for thgé ghcore interface. We may consider the situa#is an average
shear stress (R/Ds.L)) with stress concentrations, superimposed oonapressive stress distribution. The average
cyclic shear stress will for low pressure stagesflibe order of 1 or 2 [MPa], according to:

1 =Apn/4 D?(L.Ds) =Apn/4 (D/L) . (D/Ds
, WhereAp is gas pressure difference, P is maximum pistdrfarce, D and L are piston diameter and length@yis
shaft diameter. The imposed (axial) compressivasstin the polymer will depend on the shaft st§fé.e. modulus
and cross sectional area. It will also be of thieo of magnitude especially if aluminium alloycisosen. Even in this

case, there is an option to reduce this stres$ifielesired by performing the bonding operatiodemload. In addition,
elevated temperature curing may be used to tunectteestress levels at the operational temperaduredesired value.

al '\ 1
2+ A\ .
‘jlrf\
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e 2t i
=
0 -4+ ] i
A R oo (P A —spl
n -6r //_/-" —sp§ T
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Figure 5 Representative stress components alomgale (straight) shaft-to-core interface;
spl, sp2, sp3 are principal stresses; sr and szadial and longitudinal stress, srz is
shear stress.

When designing the piston using the SPP concédptigue evaluation for the core material shoulcebhabled by a
database obtained from experimental work. In [@§uits from a uniaxial test into the High Cycleiga¢ (HCF)
domain of 10 Mcycles was presented. The uniaxiakstcondition was obtained by using a 3 point imgnigst. In
order to better represent the three-axial stresditton from Figure 5, a unique shear strengthfrastne VHCF
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domain (Very High Cycle Fatigue, 1 up to 10 Geykleas developed especially for the SPP '
application. This biaxial test could be combinethvan axial load to achieve the desired tri—axialgf_ E FRC
state of stress. Table 2 shows the possibilitiggyubis technology, together with the limitations ¢yropean Forum

of scope as applied in the present project. ThHectslamn contains the “Final” requirement whichfer RECIPROCATING
would apply to an actual application where suchatenial characterisation would be part of a risk @PRESSORS
reduction effort as required. The 100°C test teatpee used in the table would cover many applicat&uch as API-
618 machines, but would have to be increased &rxavhere the piston local equilibrium temperaisiexpected to be

higher. To clarify this, the section abawitical aspectscontains a discussion of the thermal behavior.

stress type temperature | *test - Nmax EFRC Final
frequency R&D
uni- bi- tri- RT | ~100°C| [HZz] [-]
test method axial axial axial

3P bending X x| x <25 2.90( phase 2
torsional shear X X <300 3.%10| phase 3
torsional shear X X <tb.d. 1.%0| - v
residual strength X X n/a - v
pre-stressed torsional X X 0118 |- v
shear

Table 2 Overview of applicable material test methmelated to fatigue performance
(RT = Room Temperature), to be applied to CCPCensds (* indicates achieved or
allowable frequency). Nmax is the maximum nurobérad cycles.

Hybrid Elements

From the outset, the SPP is conceived as a hytrdtsre, allowing for the best materials to belegblocally to
achieve the best compromise for performance and lcogarticular, metal is initially retained inglinner and outer
zones so that the best of both worlds may be cozdbamd transition would be easier and risk sevesglyced. Table 2
presents a brief overview of options and desigrsictamations.

materials options optional features baseline SPP

shaft aluminium alloy; stainless steel; straight or form-fit; interface to straight where sufficient,
fiber composites torque-nut; recess for collar Al 7075-T6

sleeve | stainless steel; aluminium alloy; full castellation contour straight, modestly stagge
filled polymers

face metal sheet; filled polymer - no face cladding
gelcoat

core thermoset polymer and stress concentration reducing features,
controlled cavity filler compound gradient zones, macro cavities

Table 3 Specification of basic SPP components

Critical aspects for the SPP and research efforts

General concerns about potential shortcomings lyhper composites and several specific to the SPeeqat and
CCPC (Controlled Cavity Polymer Compounds) aredish Table 4 below, together with a brief discassin the
relevance and criticality. The major aspects haaenkaddressed in the current project and are disdusore
extensively below.

The most important design driver which is decidivethe feasibility of the SPP concept is the faéigtrength. It was
argued in [1] that for a polymer one cannot sirgdgume the existence of a fatigue limit, one vallénto test it into
the VHCF domain of 1 Gigacycles. However, at themally allowable testing rates (below 10 Hz), sacheffort

-6 -
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would take much too long. The first concern thetoifind or design a material that will allow ,‘

accelerated testing without introducing failure du@on-representative internal heating. On thisgs_ E FRC
subject, the section dralidation presents some results that have been generatethwitesting  eyropean ForRUM
methods mentioned in Table 2, as an essentialaftdre materials data. Given a dataset for any for RECIPROCATING
particular CCPC compound, a design can be basélese data and appropriate design margins®©"FRESSORS

(on stress, not on lifgand this should be sufficient if: (a) product liyais reproducible on every level, and (b) if the
behavior on a product level has been successkiliyed to material level test data. The latter @¢mmdis also
discussed in th¥alidation section where both scaled and full scale SPMteiipresented.

A second critical factor is the thermal behaviod #me thermal load itself. Because of its impor&mweork was done to
predict the temperature. This is not a trivial thekvever, since it involves complex heat transfegrmmena of a non-
steady flow — which is at present beyond the sifitbe art (see for example the discussion in [@Bvertheless, one
can apply an empirical combination of heat transéesfficient and average temperature to resulhie@ucated guess
through a stationary computation. It should be didat the value obtained from experience or dineeasurement as
such on a steel or aluminium piston cannot be asetirequirement, because the SPP’s much lowenaher
conductivity will cause a quite different and inhogeneous temperature distribution. Therefore, tlikee cCompressor
3D” as developed for the EFRC R&D group [3], whartables to compute estimated heat transfer caaitii was
used. An example of a temperature distributionudated from these heat transfer values and alsergtrs given in
Figure 6.

It is seen that for this particular estimation, pamatures of 90°C to 110°C are representative.uBecaf the insulating
property of the CCPC material, the result is higidypendent on heat transfer through the pistonthiglgffect may be
cooling, especially for a rod which is specificallgsigned to cool (see for example, the EFRC prdiescribed in [4]).
One contributing factor has yet to be implementlkd:heat generation due to hysteretic heating &gtiessed polymer
itself. A computational procedure has been devésetlwork is ongoing to assess the total effechisfghenomenon
and heat transfer from the gas. This is done ijucation with efforts to experimentally measure temperature
transient on the piston itself, but this is beytimel scope of the original EFRC project.

Figure 6 Stationary temperature distribution within theFSbased on estimated heat transfer coefficients.

Thermal expansion of a hybrid piston and its conemsis a factor that should be well recognisedskdf, thermal
expansion behavior of the piston as a whole is §ams of concern, but in general it can be saitlithia only
necessary to know the final geometry, so thereftgemain criterion is predictability. More relevatd also more
subtle is the structural integrity issue that latetl to differences in thermal expansion, bothmdumanufacture and in
operational life. With steels having expansionagin the order of 10, aluminium alloy 25 and podymin the range of
30 to 60 [istrain/K], the effect can only be assessed withsiaration of stiffness, i.e. modulus and geomeétry.
general, the consequence is:

2 The mistake is sometimes made to use a design margin on life; for brittle materials especially, the low slope in the S-N
diagram makes this an inappropriate approach which is too sensitive for scatter, outliers and manufacturing error.

-7-
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« incorporate the thermal state relative to the stfese condition (from ’
manufacturing) as a load case in stress computation gf_ E FRC

« there may be resulting constraints on heating dezpplied during manufacture and,zopean ForRUM
also heating rates during operation should be awdkis can result in detail designfer RECIPROCATING
changes to guarantee structural integrity. CEMBRESSORS

The material class (CCPC) which has been preserfipred, is a brittle material. Lacking ductiliggnstruction
needs to be done with care since design mistakkesestiainly result in unexpected premature failliBech care starts
in the conceptual design phase, where architestuald be such that load paths and deformationsutiiégse the
material’s load bearing capability under compres$dading. Under tension it will be more pronerecfure. This
principle implies that, when the material is conéal, it can transfer high shear loads while evgraithloading can be
absorbed, for example due to liquid Slimgestion. The highest regular design loading cxoear the interface to the
shaft and is in shear. As argued before, compressiess will dominate in the axial direction. Wit happen in the
radial direction depends on detail design featargbalso the temperature distribution relativeég@s-manufactured
state, which can be considered a design varialsield® being a manufacturing issue. In generaki¢iseed
containment is an implicit property of the SPP withtal shaft and sleeve at the extremities.

A final major concern that was addressed/screamétki project was the corrosive effect or othecepsbility to either
gaseous components or lubrication oils. In gen#éralresistance of thermoset polymers to corrogages is good and
similarly to oil as well. In the aerospace worldg imost challenging test for polymers is to exgbsen to hydraulic
fluid (e.g. Skydrol) and observe residual propsrtieor one particular candidate polymer (pdcpdretwas concern
about potential absorption of a-polar oil typesb&quent exposure to various oil types at 90°C feryelid not result
in any significant uptake, so the concern was dedpven so, it will be prudent to apply oil exp@sbefore or during
fatigue testing as part of any qualification effort

# |aspect assessment # |aspect assessment

1 [fatigue prediction solved in project 8 COrrosnas good resistance

2 |temperature resistance| solved by proper matefal |static charge build-up t.b.d. (avoid by design)
selection

3 |brittleness requires good engineering 10 UV taste not applicable to enclosure

4 |stiffness sufficient in SPP concepy 1l conditimnitoring |candidate technologies exidt

of core if desired

5 |bonding to metal solved industrially by |12 [development time potentially fast, as

surface treatment demonstrated in current
project

6 |creep in control for thermosettiph3 | marginal benefits high mass reduction
polymers demonstrated

7 |decompression damag¢ not-susceptible; Heliunil4 [economical moderately expensive
used competitiveness materials, favorable

processing; but expensive
engineering effort for
generating data

Table 4 Overview of 14 compiled potential aspettacern and their assessment for piston apphbecati

The SPP as an open ended concept

Combining a product improvement challenge with gdolphy, we may refer to the ground-breaking thedgut
cognition, concerning concept formation from Aymid5]. Concepts are viewed as an abstraction baisedsential
properties using measurement emission. We may nismthis in the current SPP concept where theexiesnmaterial
classes and topology have been specified, butithengions and specific materials are omitted. Tdreept is open

3 it is interesting to tentatively consider the behavior under slug loading: rather than overloading the piston rod (with large
scale damage as a consequence), the surface may be indented at relatively low repeated local loads, supporting a
‘graceful degradation’ failure mode allowing a regular shut down and repair to be done.

-8-



10" EFRC Conference — September 14 — 15, 2016
Dusseldorf, Germany

ended in that variations can be conceived whicblireva specialised application. Such extensiori!‘_

of the concept are valuable for the R&D partnev®ived as these allow a proprietary, gf_ EFRC
competitive edge to be achieved. EUROPEAN FORUM
The idea of the precompetitive research effort beclearer when one considers these ?;;ii'EPSRS%i‘:T'NG

opportunities. They build on a common technologglemong the R&D members, which itself

would cover TRL6 at the most. A number of potential variationshef toncept have been listed in Table 5. Both the
missing technology to achieve (TRL9) applicatiorttef SPP and these variations are discussed néet tire header
Innovation Concept

variation feature application

large pistons size up to t.b.d. with special cesgures Large API-618 machines

disk type pistons with L/D < 0.4; introduce integhfacing| certain types of compressors

trunk type pistons different type of structural cept even combustion engines

high temperature pistons For example for T > 130°C high pressure ratio and T_suction

graded density core SPP one way to achieve a tighte for large | large very lightweight pistons
pistons

integrated piston rod piston eliminating the presded joint t.b.d.

high pressure piston high strength and pressuigtaase specialties

aggressive environment piston special inert polycoenpounds t.b.d.

flexible revamp fully flexible manufacturing fortatrary revamping existing machinery,
size and high mass reduction, e.qg. solving an acute problem
increasing piston diameter.

unlubricated, ringless piston close tolerance pistih thermal control| e.g. laby-seals

pressurised cavity piston extra light weight remém piston with e.g. floating pistons
floating piston potential

Table 5 Open ended lightweight SPP concept offgpiamples

3. Innovation Concept

Precompetitive versus competitive elements in the SPP invention

This section is concerned with the demarcationtie®veen the competitive area and the common grofind
precompetitive research. This line was continuoeglylored as the project progressed and furthesgshaere defined
within the overall master plan. For the sake ofd$sion, the degree of technology maturity towardactual
application will be indicated by a measuraathnology readiness lev@lRL) as defined by NASA [6].

Competitive development elements reasons status*

high temperature fatigue properties database  higdsiment required; proprietary | pending
knowledge of materials

multiple CCPC material screening optimum mategairfulation is ongoing
application specific and is beyond gengfric
demonstration

extensive building block testing beyond generic destration partially ongoing

in-machine demonstration of piston high investmrequired imminent

advanced shaft to core integration beyond genemcahstration -

Table 6 Competitive elements of SPP technologyla@went towards TRL 9; * status refers to known
follow-up initiatives.

Obviously, the precompetitive parts addressed thjasstions which involved the feasibility evaluatis such.
Clearly, a minimum level of demonstration was neaeg of the fatigue performance as well as the méanrtesting
them in an economical way. Also, some of the camcésted in Table 5 were addressed such as tlea it

4 TRL: Technology Readiness Level, refer to next section

-9-



10" EFRC Conference — September 14 — 15, 2016
Dusseldorf, Germany

mechanical capabilities at elevated temperaturdgtanresistance to oils. Also, the manufactureff"
of the demonstrator hardware (at the level of akngr) was essential in illustrating the feasibilit&g_ E FRC
of the SPP concept. Finally, both the scaled aadut scale (room temperature) fatigue test intogropean ForRUM

the HCF domain were considered suitable technodieggonstration stepping stones to TRL6  for RECIPROCATING
status. COMPRESSORS

The parts that were agreed to be outside of theoprpetitive domain were agreed on the basis ofvactenmon sense
criteria, refer to Table 6. In general, the precetitye elements are concerned with essential bdagidemonstration
and the remainder supports some degree of optionstmwards specific applications as well as risttuction.

Radical innovation theory applied to the piston project

There is a question how good new ideas can be btdaaghe market. Looking at the academic literaiom this
subject, this is ultimately done by so-callBdst-movers’ Schilling [7] describes these as the first maftayers that
bring a product or service to the marketplace. dhsthey typically experience additional disadages, the so-called
‘First-mover disadvantages’. These involve hightedgr Research en Development with a long breaageriod,
patenting concerns, absence of a distribution atlaamd all the factors listed in Table 7 up todhsence of applicable
standards. The development of own proprietary statgdmay even worsen the risks when these standagaeot
adopted by the industry at a later stage (examplaitips with the V2000 video standard, Microsofthwthe .doc
standard). Also in general, standards which ardaonahead of the industry contribute to problems tb the difficulty
of communicating with the ,external world’.

An analysis of so-called success factors is preseint[9]; here the definition of disruptive — aradlical — innovation
was enhanced from Abetti [8], resulting in the daling:

A radical innovation is an innovation with a unigaed original product , system or business modhelt will
make other already existing ones unnecessary aletesand has a high uncertainty of success becaiute
level of newness and obscurity of the needed desigrt, technology, knowledge and market.

This definition takes into account that radicalisnaccompanied by a high level of uncertainty, nessn risk,
differentness and market impact. More literaturekiggound can be found in the original article ob&rewegen [9].
We proceed with considering some related questiodsmaking a link to the hard core technology aaddet context
of the present case. We do this because studyasg tiksues makes us better able to make a suétbeddea.

Why is it so hard to be successful with a radioalbivation?

A shortlist of the problems when dealing with radiimnovations was found in the literature [9],
see Table 7.

Financial Organisational / Market Technological
High costs of R&D and long | Resistance, fear and uncertaintyf Non existing'enabling’ technologies
payback period; potentialcustomers; and supporting products;
Defensive behavior of the Uncertainty how to manage a radical Not matching existing legislation ang
established order; innovation ( R&D and businesswise); currentquality norms;
Largely unknown size of Difficulty of getting feedback from Struggle about the use stiandards
market anccustomerneeds | potential interested parties due to secre¢yand agreements upon them
because of competition threats
Non existing distribution channel

Table 7 Innovation obstacles inventory (categorj$ezm [9]).

Some of these factors can be influenced by projectyrporating these considerations in the devekagnwvork; these
have been printed in bold. For example, the “feat ancertainty” will be mitigated by performing apresenting
technological work meeting the highest standardsmaaking use of world class expertise. The high isssie has in
our case been tackled by first joining forces/fuadd then choosing a technology with cost as a avéaer. Enabling
technologies could mean for example the existehtesb methods for extremely long durability, whigkre developed
here as a necessity.
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What are the success factors of a radical innoreti

& EFRC

After the extensive literature study [9] a concapmodel was designed in which three main EUROPEAN FORUM
factors determine the success of growth: the umigs® of the advantages of the innovation, the ¢, recirrocating

startup organisation characteristics and the pes&time entrepreneur. COMPRESSORS
Radical innovation >
unique advantage
Organisation S Venture
o > with a
characteristics R : succes
radical innovation
Entrepreneur q
characteristics

Figure 7 Conceptual model for the First Mover, towardscss in the start-up scenario [9].

Abetti [8] concluded first and foremost that a radiinnovation should have unique advantage tdiegi®ther
solutions which is sufficiently big, so that it pslpotential customers and companies to overcosierésistance and
fear for the unknown because of the attractivenéfise new solution.

Variable Mean Std. Dev 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1. Thoroughness Business plan 375 1.96 1.00
2 Member of formal networks 0.56 0.50 0.35 1.00
3 Intensity external advice 3.69 237 0,26 025 1.00
4. Customer Proactiveness 12.23 4,02 020 -0.04 025 1.00
5. Degree of structure innovation process 351 1.49 031 012 021 043 1.00
6. Degree of expertise 4.79 1.73 004 000 010 012 015 100
7 Application of investors money 0.35 0.48 033 0.25 0.15 0.04 0.11 -0.04 1,00
8. More then 75000 seed capital 0.25 0.44 012 008 006 031 009 004 009 100
9. Multiple owners 0.51 0.50 0.08 0.09 0.03 0.08 0.14 -0.06 0.16 0,02 1.00
10 Uniqueness advantage of the innovation 9,77 244 017 002 016 032 034 025 015 -007 017 100
11 Willingness to take risk 11.55 1.79 029 015 010 023 017 021 011 01l -006 014 100
12 Years of industry-experience 552 6.60 -0.14 001 0.18 0.12 0.22 032 -0.14  -0.03 -0.16 -0.08 0.10 1,00
13 Years of management experience 5.40 6,56 005 011 005 025 025 -020 -003 039 -015 -0,14 003 024 100
14 Relevant social network 523 1.62 0,05 023 0.19 0.25 -0,02 011 -0.03 0,13 0,11 -001 0.13 008 0,06 1.00
15 Higher education (BSc or higher) 0.83 0.38 007 009 003 011 001 031 004 -006 018 -001 012 -007 -027 028 1.00
16 Previous jobs 3.20 2.09 -0.19  -007 -0.04 -009 -007 0.15 0,00 -003 -0.14 -029 004 023 001 014 013 1.00
17 Years of previous working experience 11.47 839 -0.08 023 -003 017 019 -005 -018 014 -024 -018 019 050 051 013 -012 051 100
18 Years of earlier entrepreneur experience 2,35 477 -001 002 014 028 012 007 021 018 -0.10 011 007 012 039 016 -019 -0.12 -0.01 1,00
19 Degree of radicalness 2512 5.09 <002 012 007 036 022 033 -006 010 006 053 005 002 003 005 006 -030 000 007 100
20  Turnover growth in % 49337 87981 024 0,01 0.15 0.20 0.01 -0.03 024 0,09 027 0.36 004 -021 -0.10 022 0.5 -021  -026 005 0.08 1,00
21 Employment growth in % 132,12 332.70 021 007 018 009 000 009 016 020 009 014 011 -005 006 012 009 -002 -0.04 012 011 057 100

Table 8 Correlation matrix of success factors [iflean, standard deviation and correlations.

In Table 8 an overview can be found with all theialsles measured to operationalise the main quesiiome are
related to the uniqueness of the innovation, samedrket & organisational approach and otherseq#rsonal treats
of the inventor/entrepreneur.

With the help of Table 8 some additional observatizwere done: A very high correlation (>0.5) eximsveen degree
of radicalness and uniqueness of advantage ohttevation. This is also true between working- eiqrere, industry-
experience, management experience and previousAobisalso true for turnover growth and personalgh. The
percentage of employment growth turned out to faetr 4 smaller than the turnover growth.

What are the conclusions?

The study [7] tried to expand the existing thedrthe success factors of a radical starter (Taplén&he other
empirical research on success factors of stamar$iave seen the importance of specific organisaltiand
entrepreneurial traits. This we combined with thecgss factors of a radical innovation within ataleigshed firm,
which added innovation characteristics (unique athge), organizational traits (customer pro-acegs) and
confirmed entrepreneurial traits. This was combifugther with the success factors found for innoxeaentrepreneurs
in general which added specific organisational @fsseed capital) and entrepreneurial traits (aglfiess to take risks).
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All these factors were combined in a model fortstarwith a radical innovation. This model ?
states that to succeed, there are three relewetot$aThe starter has to be an entrepreneur (withg,( EFRC
specific personal traits and human capital), tlgaoization has to have certain characteristicS  ¢yropean ForRUM
(business plan, seed capital, etc.) and the infmvaas to have some unique advantages for theor RECIPROCATING
(potential) customers. COMPRESSORS

Testing this model through a questionnaire, wessstatistical relevance for each measurement @essc The general
findings do support the idea that growth is detesdiby the uniqueness of the advantage of an itiooyapecific
organizational characteristics and entreprenetraéls. The results however are clearer for turntlven for
employment growth and not all the factors identifie the existing literature were found statistigaignificant or
positive.

From the outcomes of this study an image of theeahdtart-up with the most turnover growth in fhist 3 years can
be drafted. The start-up exist of a team of fousadth not too much working experience and witlelavant social
network. There is a thorough business plan thexésuted with at least 75,000 euro seed capitah Byo-active
customer approach the start-up is able to brirtgeanarket, successfully, a radical innovation wittough unique
advantages (compared to other existing possilsitie overcome initial customer and market restgan

The EFRC R&D connection

The connection with the Light Weight Piston is aing. Because of the significant unique advantafjadighter
weight piston, many people and companies are ilintest and use this radical innovation. Obstasleh as listed in
Table 7 can be removed. Companies associated vatBERC R&D group are in a position to either cleowsdevelop
the last technology elements themselves, or totaadspecialised supplier from a knowledgeable frsithus
enabling a proper requirement set to be formuld@edause of the open-ended nature of the SPP dptiveye is a
multitude of possibilities to develop proprietangtallments or contributions for EFRC members.

4. Validation

Test and verification philosophy
Test and verification is an essential part of #estbility assessment, development and implementéti two reasons:

« the properties that are decisive for the feasjb{ktg. fatigue and a favorable manufacturing cptjcare
accessible only through empirical work (and noslmulation);

« introducing a novel concept into an industry tlediess heavily and successfully on metals requires
experimental evidence.

A strong emphasis was therefore put on experimavaed, after careful early theoretical analysis agdthesis. This
even involved developing a new test method for VHi€&of polymers under stringent requirementsaef budget and
decimated testing time. Figure 8 illustrates tlegreints supporting the feasibility assessment aattadinsition to full
scale verification, also including manufacturingmiust be emphasised at this point that in a geoadtices approach of
composite materials, processing (i.e. manufactméd)materials should be an integrated whdlais leads to the
incorporation of the manufacturing concept in thetenials and building block testing. In this regpéds important to
mention that it was chosen to apply pre-cured pelybtocks and investigate its particular perfornealevel.

Scaled testing approach

In developing the technology, it is desirable tplg@n approach where for each project phase thplaxity and
predictability of the outcome is under control.climbination with the factors listed in Table 4 stheads to the scaled
testing overview in Table 9.

5 This is not unlike the area of cast metals where material quality is entirely dependent of the casting process. With the
current CCPC materials, there is an option to choose an in-situ curing or a machined pre-cured route; this can be
expected to have impact on performance which should be investigated.
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SPP Full scale fatigue trials result -r,, !

Figure 8 shows the test setup used for the fuledest. This test rig was specifically designed to&L E FRC
withstand high fatigue loads and allow the (adjoigfpapplication of prestress on the loading rod:ropean ForRUM
Full load reversal could be applied, while evenudtameous testing of two specimens is possiblger RECIPROCATING
Also, elevated temperature testing is foreseenendidgnostics mainly concern the evolution of ©©MPRESSORS

the pretensioning force in the rod. This featuteved the monitoring of an anticipated failure madeng the core to
shaft interface. A second technology involving damnbus fiber optical strain measurement was prepboe was not
applied.
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Material level X X X X
Building block X
Scaled SPP X X X X
Full scale SPP X X X X
Compressor x) X | x X X X X
piston

Table 9 Assignment of research aspects to scaftidigeclements
(RT, HT: Room and High Temperature respectively)
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Demonstrator
Manufacture
materials test SPP test Trunk type, in-
. 3P bending -> uniaxial; SPP 1:10 scale fatigue compressor test
RT and T+ . with prestressed shaft : P"ﬁmb‘?r effort
- torsion shear > biaxial - RT » uftrecip
) AT . HCE environment
. environment: lube oil. water and SPP core 1:1 scale fatigue Barrel type, in-
gas physical effect ’ - with prestressed shaft compressor test
. assembly: “overkill” adhesive * AT » EFRC potential
bonding - HCF - full recip

« residual strength test k environment J

Figure 8 lllustration of the test and verification phitgshy supporting the SPP concept road to implemiemtat
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The result of the test is presented in Table 1@ttogr with the result of the 1:10 scafedini- '
piston” test. In terms of failure mode and residual stileniyywas surprising to see that with a gf_ E FRC
maximum sustained load of 400 kN (equivalent to BR@esign), the failure behavior involved ¢ ropean ForRuM
stable damage extension up to the maximum loadiaalty core pull-out at a load of 65 kN for RECIPROCATING
(LF=1). This was in contrast with the behavior ulsuabserved for brittle materials and indicates“©"FRESSORS

a mechanism involving radially compressive stressoinfined configuration as discussed before.

mini piston full scale piston core comment
Design piston rod loaBls | 1.3 kN + 130 kN 130 kN scaled down to 65 kN
by length reduction
Demonstrated maximum | N=3.50 16, LF =4 N=0.8219 LF=2 at shaft prestress factor 3:
fatigue life/loadfactor Fore=3X 1.6 X R
Residual strength n/a kb= 6.1 after crack growth at LF=2.9

Table 10 Scaled and Full Scale test results (li@ator LF=P/Px).

In-machine validation

While it is difficult to explicitly project what kid of “things could go wrong” after full scale fatie testing such as
described above, it is equally obvious that anylieation would first be preceded by a test of theual piston in a
testbed compressor. First and foremost this wowldlve the actual manufacture of the full pistommplete with
required manufacturing tolerances for installagtcetera. Subsequent testing may take days orveseks or even
longer where on-site application is foreseen withpresence of a back-up machine. Among the vasablbe
monitored are the temperature (distribution) ardgipecimen stiffness. On-piston temperature megsureis not
trivial. Periodic inspection may be labor intensarel hence costly, but its frequency could be misgchby proper
instrumentation. Final tear-down inspection maylbee as a last step or even destructive testisgl(ral strength).

While such a competitive activity will be an expeesexercise, an application to a much smaller nm&cinight be a
useful intermediate step. This would for examplevalalready the quantification of the actual effeetthermal load,
which is most difficult to access by theory as di&ged above. One initiative of this kind is alrebding implemented
based on an 11 [kW] two stage machine, 35 [ba@inpressor and a hybrid low pressure piston ofrtivék type
[10]. Other applications will be able to benefiificantly from the insights which will result fno such an exercise.

5. Conclusions

This paper describes the final outcome of a sufdgz®oject initiated by the EFRC R&D group withetlaim to
investigate the potential for weight reduction Isyng non-conventional materials and subsequenttgldp the
technology for implementation. The work startethvé creative phase which was well grounded irtyelay studying
the state of the art as well as working on the irequents. The outcome was a concept coined the 8olymer Piston
(SPP) which stood out among any other competingequiis such as those based on CFRP material.

Faced with multiple challenges in inventing a néferalable configuration as well as precompetitiemsiderations,
three project phases were construed which eacliromtf the expectations of feasibility towards acgh50% mass
reduction. Not only does this mass reduction enalitore than gradual improvement of machines fithm
considered disruptive innovatiof but technology readiness can be obtained iroet gleriod of time and at a modest
cost associated with the hybrid SPP concept maksegof the CCPC class of materials.

Validation of the technology was obtained as fap@Eompetitive research could take it. Startinthwein SPP
demonstrator (for manufacturing), a materials datelwas obtained confirming good “infinite life'tifue strength
and yielding also statistical data. Finally, scaded full-scale fatigue testing confirmed the dpilo resist enhanced
fatigue loading up to 1 million cycles.

Extensive effort has been spent on adopting the agproach and cooperative model to allow valtioeeof the
present development. Implementation by several ERe@bers can be foreseen in the near future. Arttang
anticipated machine improvements are efficiencyroupment, capacity increase and the reductiontwhtions.
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