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Problem of water flow on deck

M. WARMOWSKA
Polski Rejestr Statkéw, al. Gen. J. Hallera 1264 80 Gdansk

A ship moving in waves is exposed to various urrddsphenomena. Among them is water trapped
on deck that affects ship safety. This paper ptessemumerical model, based on shallow water flbev,
scribing water flow on deck. Simplified methods @deen applied to determine forces due to the water
on deck influencing ship motion in waves. The pnésé method is developed to be included in the ship
motion equation.

Keywords:shallow water flow, free surface problem

1. Introduction

The effect of water flow on deck, especially for small vissse substantial. Water
trapped on deck may prove detrimental to ship motion. The aigmgiter mass and
flow of water across the deck and bulwark contribute to the forces and mowctergs a
on the ship. Detailed description of this problem is presented by Belenky [1].

The problem of water on deck model describes:

» changing mass of water caused by wateaid outflow,

» shifting mass of greewateron-deck.

Dilligham [2] presents a formula describing water flow thtosgrubbers and over
bulwarks. The mass of flowing water depends on the size and shapenings, the
height of sea wave and on the water height above the opening. ahginth mass
does not depend on the water velocity field.

The problem of shifting mass of water on deck is usually destiby a model of
shallow water. Numerical solutions of 2D problems are obtaineDilipgham [2].
The equation used is valid for a level ship at rest. Theoawapplies random choice
method for solving hyperbolic equations. The thidlgeensional flow is described by
Dillingham and Falzarano [3] who transform equation to a coomlisytem coupled
to the ship’s centre of gravity. Panatazapoulas [4] pres&btequation of shallow
water motion on deck of a ship moving in waves with yaw etjuaéro. His method
is further developed by Huang and Hsiung [5] who apply the fldgrétial splitting
method to solve the ndimear threedimensional problem describing water flow on
deck. The forces and moments of water moving on deck are added to equations of ship
motion.

Jankowski & Laskowski [6] present a method which takes intount the addi
tional pressure acting on the change of water on the deck as well. Thisodhet
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based on the evaluation of Newton's momenturatioels for a control mass volume
over the deck (Buchner [7]).

The study presented in this paper shows modelling water motion on3ieskal
low water flow is used to model the flow.

2. The problem of shallow water flow

The flow of water on ship’s deck is the dynamic displacemershaflow water
which can be characterised: by

» small vertical velocity and negligible acceleration,

* negligible viscosity forces.

The problem is described in the OXYZ reference system fixed to the moassglv
deck. The OZ axis is perpendicular to the deck and is directedrdgwihe system
O’X'Y'Z' is an inertial system moving with constant forwhspeed. The gravity di
rection is downward vertical with equal to 9.8n/s”.

Velocity (uy, uy, U,) describes the motion of water particles in relatiorhéogystem
OXYZ (in relation to the deck):

B (x.2)=u,(u.2)

d
7“: (xp2)=u,(xp2). (xyz)eQ. (1)

dz
o vz)=u.(xpz)

The phenomenon is described by the following 3D-limear equation of water
motion (Euler equation):

di 0
:;tx (x: :Z)= X—;é(x,y,z),
du 19
—lenz)=1, —;é(x,yz), (xyz)eQ, @)
du, . l 8_p
dt (X,y ) z aZ (X,y Z)a
where:

Q is the changing in time domain occupied by water,

pis the water density,

(duy/dt, duy/dt, du,/dt) is the acceleration of water particles in OXYZ system,
p is the pressure in point,(y, 2),
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(fy fy, f,) are the components of the resultant external force (grandygenerated
by accelerated vessels) per unit mass.

For shallow water the change in time of vertical veloaoitys small and it is as
sumed that:

d
;‘; (x,3,2)=0. 3)

The assumed dynamic conditionpis= p, on free surface. Taking into account (2)
and (3) the following formulas describe the scalar field o$suree in water on deck is
obtained:

pley.2)=p,+p [ flry.s)ds, (4)

Zgoek H1(X, Y, Zgeck )

where

h(t, X, ¥, Zsecy is the distance between deck in the poiny(ziecy

the point &, ¥, Zseck+ N(t, X, Y, Zsecy)) belongs to the free surface.

Additionally, it is assumed that horizontal velocitigsandu, do not depend on the
vertical coordinate: u(X, y, 2) = u(X, y), U(X, Y, 2 = uy(X, y). The equation determin
ing the vertical velocity, is obtained from the principle of mass conservation:

b 0
(,;j:(xay)_%(xay)+qj(z_zdeck)’ (5)

uz(xayaz) = [_
where

g represents the changes of water mass on deck.

The pressure field enables to determine the fBraad movemen¥l generated by
moving water on deck:

Fz—jnpds,
S

6
Mz—I(an)pds, ©

where
Sis the wetted part of surface of the deck and bulwark,
R is the position vector of points belongingSandn is normal vector.
The problem is solved in the following steps which determine:
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» the domainQ occupied by water Equations (1) determine the displacement of
the free surface in each time step,

* the pressure field according to (4),

« the horizontal velocitiesi, u, according to (2),

* the vertical velocity, according to (5),

* the forceF and momenM generated by moving water and deck and acting on
the vessel according to (6).

The solution of the shallow water problem is reduced to findingdséion of the
free surface and two componengsandu, of the velocity field, which determines the
remaining parametergandp (by Formulae (5) and (4)).

The solution of the shallow water problem is determined by thmdary condi
tions. The motion of water particles is bounded by the deck and buliaekwater
amount is changing in time (the valgehanges in time) due to water inflow and-out
flow through openings and over the bulwark. In case of waves jumpinigeodeck
and in case of submerging the bulwark, the appropriate velaeitydf the wave on
the boundary has to be given.

The Equations (1) are integrated using the Rui@dta method. The numerical
grid approximating the free surface is determined for correspgrminstant points
(X, Vi, Zgeck) Of the Euler net. The points of free surfage\, zieckt h(t", X, Vi, Zeck))
are moved according to equation of water particles motioor(i)ey are slipped on
the deck or bulwark. The new point, (i, Zjecki + h(t”*l, X, ¥i)) of free surface is de
termined by interpolation of functidmfor points of constant Euler net.

3. Reaults of calculations

The program simulating shallow water flow on the deck has beesloged in
PRS. The algorithm is based on equations presented above. The progratesimula
« the inflow and outflow of water on deck in rest,
* the flow of shallow water with constant mass in moving tank.
The simulation depends on such parameters as:
* the parameters of sea wave (height, period of oscillation, waveialirgct
* the shape of the deck and bulwark, level of water on deck,
* the parameters of ship motion on sea waves.
In effect we obtain:
* the shape of free surface elevation,
« the velocity field of water particles,
* the pressure, forces and moments acting on the deck.

3.1. Deck moving with constant acceleration

To verify the method applied, the simulation of water motion onré¢icegangular
deck, moving with constant acceleratiarr (0 m/s,1 m/s?,0 m/s’) has been carried



the angle 8.8@% velocity field starts to disap

ing

Problem of water flow on deck

After reach

out. The result shows the flat free surface inclined at thee&n8P to the deck (Fig
ure 1). The velocity field, responsible for the inclination of ttee fsurface, appears
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Fig. 1. The form of free surface of watardeck moving with constant acceleratagr 1 m/s?
The inflow of wave on deck at rest determines the boundary condiblomserical

procedures were prepared describing this phenomena

regular wave affecting the water on deck

3.2. Inflow of wave on deck inrest

Fig. 3. The wave outflowing on the deck in rest
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The height of sea wave is equalltan and period of wave oscillation equéls.
The length of deck is equal to 20 The deck is on the level of the sea surfade
changing in time mass of water of deck, motion of water on detlsaperposition of
incoming and reflected wave can be observed.

3.3. Water motion on oscillating deck

The simulation of water motion on deck, moving with a harmonielacation has
also been carried out and verified with numerical resultsirdtaHuang ZJ. and
Hsiung C. [5]. Their results were experimentally verified by Adee anth{ay

The originalO of the reference system OXYZ is fixed in the geometricreeoft
the deck. The mass of water on the deck is constant. The parampplied to make
the simulation are given in Table 1.

Table 1. Parameters of the simulation

Length Wide Water depth Frequency | Pitch am | Roll ampli
[m] [m] [cm] [rad/s) plitude [°] tude [°]
Case No. 1 1.0 0.91 7.62 157 - 9.5
Case No. 2 1.0 0.91 5.08 2.07 - 5
Case No. 3 1.0 0.91 5.08 3.644 - 75
Case No. 4 1.0 0.91 5.08 4.71 - 75
Case No. 5 1.0 0.8 10 4 5 5
Case No. 6 1.0 0.8 10 7.8 5 5

In Case 1, the frequency of the deck oscillation is close to onefttal first natu
ral frequency. Case 2 corresponds to the first natural frequency, in Cagaehng of
deck motion is equal to one and half of primary resonant frequéncyase 2 and 3
the bore can be clearly observed (see Table 2). In Case #ediuency is equal to
second resonant frequency. This case presents the wave witicimpssed of two
waves: coming and reflected. Case 5 and Case 6 represenp#ipasition of two
waves generated by coupled sway and pitch excitation.

Table 2 Free surface deformation (corresponding to caises gn Table 1)
Free surface Free surface
Case No. 1 Case No. 2
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Verification of the presented results with those obtained inettperiment and

from calculations by Huang and Hsiung [5] are presented in Tafillee3verification
shows correctness of the model applied.

Table 3 Wave profile- verification with experiment and numerical caltidas
Wave profile
Case No. 1

Wave profile
Case No. 2
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Case No. 3 Case No. 4
0.30 0.30
0.25 0.25 o experimen
0.20 0.20 == |Huang - Hsiung
—A~— |numerical ¢alculation
0.15 0.15
LY °
0.10 A 0.10
. /
0.05 * 0.05
e O ° _‘j ﬁ&# ki °
0.00 0.00
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50

The simulation enables visualisation of the velocity fieldnging in time. In case
of progressive wave formation, the largest velocity valuescezated in the head of
the wave (Figure 4 and Figure 5).

Fig. 4 The velocity field distribution, Case 5
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Fig. 5. The velocity field distribution, projectian the plane OXY, Case 5

4. Conclusions

Studies have been conducted on the possibility of approximating matem on
vessel deck by shallow water flow. The results obtained weaceessfully verified
using results of experiment and numerical methods obtained by Humhégisiung
[5]. The velocity field is determined correctlyhe method applied model of the-dy
namics water motion on deck. The model also describes the bore pmandmehe
next step this model will be included in the algorithm and comgutgram simulat
ing ship motion in waves with water trapped on deck (Jankowskagkawski [6]).
This will be feasible after proper determination of velofigyd of the water trapped
on deck.
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Zagadnienie ruchu wody na pokladzie

Statek poruszajacy si¢ na fali narazony jest na obciazenia wynikajace ze zjawiska wdarcia
sfalowanejwody na poktad. W Polskim Rejestrze Statkow, w zakrepiac nad poprawa bez
pieczenstwa matych jednostek, prowadzone sa prace badawcze, majace na celu opisanie tego
zjawiska.Praca ma stanowi¢ uzupetnienie opracowanych wczes$niej symulacji ruchu statkow
rybackich na fali nieregularnej o elementy ruchu cieczy na poktadzie statku z uwzglednieniem
odksztatcalnej swobodnej powierzchni. Artykul przedstawia metodg ruchu wody ptytkiej za-
stosowanej do opisu zagadnieniahu wody na poktadzie statku. Zaprezentowna zostata we-
ryfikacja wynikow z eksperymentem i wynikami obliczen numerycznych.
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Tribological consequences of rubber composition
and structure — case studies

D. M. BIELINSKI

Institute of Polymer & Dye Technology, Technical University of £6dz, ul. Stefanowskiego 12/15,
90-924 Lodz

Rubber Research Institute “STOMIL”, ul. Harcerskg 85820 Piastow

The paper discusses characteristic features dfttheture of elastomers and the composition of rub
ber. Special attention has been paid to differemtetructural organization between polymers and me
als. Actually existing, mechanistic theory on thietfon of elastomers, together with all its drawks has
been demonstrated. Based on it, another approable iaterpretation of friction phenomenerfrom the
point of view of material engineering, has beerspneed on some examples of our own work. The-nflu
ence of: 1. composition and structure of macromoésc 2. crosslink density and the composition of
crosslink constituting a-B network, 3. filler loading, the degree of aggloat®n and distribution of its
particles, as well as 4. the surface migratioroaf molecular components of rubber mix and segregati
in polymer blends, on the friction and wear of \aizates have been discussed.
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1. Introduction
1.1. Characteristics of rubber

Polymers, contrary to metals, exhibit molecular organizationt wigans that in
stead of an atom, the basic structural unit is a macromolecuoianifests itself by the
specific behaviour of polymers under stress, which is addilyotemperature de
pendent — Figure 1 [1].

Below glass transition temperatuig)(the free rotation of macromolecules, even
their fragments (backbone fragments or side chains) is blockext€ff’), so poly
mers behave like metals, obeying the Hooke’s law. However, digptiee “mobility”
of macromolecular chains is released and becomes to be limitetyoinitermolecu
lar interactions, what results in unique, elgsiastic characteristics of the material [2],
which can be described by the equatiorhigh elasticity. In the case of elastomers,
which macromolecules are very flexible, it allows for rekatlastic deformations ex
ceeding even 1000 %. Further increase of temperature makesadlyethtese interac
tions diminished, allowing — above melting temperatiig, (for totally unlimited free
movements of macromolecules, what manifests itself by tdve &f material, which
can be described by the Newton’s law. From the engineering poinewfa “win
dow” betweenTy and T,, determines conditions for polymer processing and defines
frames for their exploitation.
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Fig. 1. Mechanical characteristics of rubber infiekl of temperature [1]

In order to increase mechanical properties of elastomers, as well ggovéntheir
thermal and chemical stability, they have to be crosslinkedCi®sslinking is real
ized by production of intermolecular chemical links. Propertiesaiérals depend on
the density of crosslinking, their length and chemical compositionef@hy, short
C-C bonds make the material stiffer and more thermally aggjsivhereas longes,
links improve its dumping properties and mechanical strengtht Alpese two basic
groups, there are also a lot of other kinds of specific and unconventiosslirks.

Very often, again especially in the case of elastomers, even the crogsbnkheir
macromolecules is not able to meet requirements for mechairieabth. They have
to be accomplished filling an elastomer matrix with a solid pi#sdhe preparation
of new composite material depends on the kind of filler, being lysciaracterized
by following factors:

* its chemical compatibility with an elastomer matrix,

* the value of specific surface area,

* the degree of agglomeration, and

» the homogeneity of distribution in an elastomer.

The first two factors determine the-called filler activity, whereas the last two
ones are dependent on the quality of mix preparation. The most conlamnused
by the rubber industry are carbon black (CB) and silica.

To improve mixing conditions and further processing of rubber mix, apagtas
tomer and fillers, it also contains: softeners, processing agaothpatibilizers (adhe
sion promoters, e.gilanes) and other ingredients, such as: pigments, ageing-protec
tors (antioxidants and antiozonants) or flame retardants. rieeysually low molecu
lar weight substances, influencing the system morphology.

Finally, it can be summarized that rubber is a multicomponent andltgpmase
composite material, which morphology is of a key importance to tijfocdl charae
teristics of the material.
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1.2. Friction of rubber

Very first works on mechanisms of rubber friction were publidghe&hallamach
in the late fifties [5]. He proposed deformational model, describing the plesroonas
the propagation of deformations in a material — called “lBohach’s waves™ Fig-
ure 2.

{2} N
¥
.
M
¥
—
M - normal load
w - relative speed
M, M, Mo - contact points

Fig. 2. The mechanisms of Schallamach’s waves et in rubber [5]

Despite a lot of experimental work being performed, a sat@faexplanation on
the origin of Schallamach’s waves has not been presented s8)].fatowever, at
tempts have been mainly undertaken from the mechanistic poudvef putting less
attention to polymer engineering [7]. Nevertheless, some faowfiteencing the
propagation of deformational waves, have been defined and namelyioadives the
contact geometry of a friction pair, rubber elasticity, slidspged, normal load and
temperature. The critical value of sliding speed requimdwaves formation de
creases with the decrease of normal load, roughness and tengefraittion force
discontinues — after an initial increase up to a maximum value) diag in an adhe
sive contact (“stick”) with a counterface, the sample sligsat results in the dramatic
decrease of a friction force. The situation called “ssii” repeats, producing a typi
cal only for this mechanism “salike” friction force characteristics. However, the
mechanism is valid only for soft (usually unfilled), low loaded elastomers

From the practical point of view, the friction of rubber hashbeell described by
Moore [8], who proposed to divide a friction force into two components:rmefo
tional (hysteretical) and adhesional. It is commonly accepted,atifa¢sion plays
a major role in the friction of materials exhibiting higlasticity, sliding with a low
speed over a smooth surface under limited load [9]. Such condftioitisate the
“stick-slip” mechanism of friction. The hysteresis component of frictigmears when
an elastomer sliding over a rough surface is subjected tontions, trying to keep
contact with it [10]. Despite a fact, that some quantitatelationships between the
strength and hysteresis of rubber have already been elabora®ayiy [11], the ex
planation on its “response” to dynamic loading still remains unsatisygdtey.
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This work is aimed at the description of a role playeduiber morphology in
friction. The influence of macromolecular composition and structuosslink density
and composition, filler loading, its agglomeration and distributa@wvell as the sur
face segregation in polymer blends and blooming of low moleoutéght compe
nents in rubber, are discussed in terms of their influencdbasional and deforma
tional components of friction. This knowledge creates a baseilianirig the proper
ties of rubber to dedicated tribological applications.

2. Results and discussion

2.1. Macromolecular composition and structure

The replacement of side methyl groups with chlorine atoms seisukignificant
changes to the friction of elastomers. Chlorine atoms presenbackbone make it
stronger and stiffer, what is reflected by the lower coieffit of friction of chlore
prene (CR) in comparison to isoprene rubber (IR) of similar kinzsdensity. How
ever, for poly(vinyl chloride) elastomer, less substituteathiprine, the influence of
adhesion together with the additional plastification of polymer eniiakcoefficient of
friction the highest among the polymers studied — Figure 3. Agtiffriess, also the
ability of macromolecules to dumping external stresses imposedstomkrs is im
portant, what is clearly visible when natural rubber (NR)oisgared to vulcanizates
of its synthetic analogue, polyisoprene — Figure 3. The formepdtssi the energy of
deformations easily, whereas the latter is slightly more prwits accumulation. The
difference however becomes significant for higher loading, when thec#jastimac
romolecules is able to manifest itself. NR is much moresimaresistant than IR,
what comes from the higher tear strength (TES) of natubddar vulcanizates. High
loaded isoprene rubber vulcanizates wear extensively, but teesiohpe debris make
the coefficient of friction decreased due to a change in tlohanésm of friction from
sliding to rolling.

Copolymerization of polybutadiene (BR) with other monomers likeeae (SBR)
or acrylonitrile (NBR) also results in lowering of the camént of friction. Again
limitation to the free rotation of macromolecules, either by a bulky smlgpgr for the
former, or introduction of a stiff segment to the backbone — for the lattevails over
the increase of polymer polarity (NBR).

The same explanation is valid for the lower coefficient oftitvh for block
copolymers, being able to crystallization, in comparison to theseapfdom structure
(conventional elastomers)Figure 4. This fact indicates on a tribological potential f
thermoplastic elastomers (TPE), e.g. styreatadienestyrene (SBS) or block EPDM.

The configuration of macromolecules also plays a role in thigofiof elastomers.
Isomers “trans” make a chain stiffer than “cis” ones, whkatlts in the lower coeffi
cient of friction for the former. The difference is cleavigible for the stereocisomers:
cis- and trangpolyisoprene (guttpercha) — Figure 5. Similarly to trafas4-polyiso-
prene, trand,4- and 1,2polybutadiene are plastics under normal conditions, of sig
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nificantly lower the coefficient of friction in comparison to BRFigure 5. Regiose
lectivity, similarly to a chain conformation does not seenbé important from this
point of view, due to the limited range of changes affectingedathacromolecules.
Another structural factor affecting mechanical and tribologicaperties of polymers
is their tacticity. However, it is less important for etesers, usually being atactic.
Isotactic or syndiotactic distribution of side groups makes omagiecules stiffer. The
stereoregularity of macromolecules is a prerequisite conditioa polymer to crys
tallization, however very seldom taking place in the case of elagomer
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Fig. 3. Comparison between the coefficient of foistfor some elastomers studied
the influence of macromolecular composition
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Fig. 4. Comparison between the coefficient of foiatfor some elastomers studied
the influence of copolymer composition and streetu
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Fig. 5. Comparison between the coefficient of foiatfor some elastomers studied
the influence of macromolecular configuration

2.2. Density and composition of crosslinks

Crosslinks limit the possibility of macromolecules to fregation. The value of
molecular weight N1,,) between network nodes decides physical properties of elas
tomers [13]. The higher the degree of crosslinking the hangemgterial, eventually
— for links being present every monomer unit, converting from astosheer to a resin
form, eg. ebonite. An influence of the degree of crosslinking offritten of perox
ide vulcanizates ang-irradiated IR is presented in Figure 6. The coefficient of
friction increases within the range of peroxide vulcanizatedied, whereas in the
case ofy-cured samples one can see the optimum dose of radiation. Thdiegagfe
100-120 kGy results in the extensive degradation of rubber.

2
ESBR

S ENR

1,5 — ]
1 | I
0 T T T

0,2DCP 04DCP 08DCP 50kGy 100kGy 150 kGy

Coefficient of friction
|

Fig. 6. Comparison between the coefficient of foiatfor peroxide SBR vulcanizates
and radiation crosslinked NR rubbethe influence of crosslinks density
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Apart density, also the composition of crosslinktuences properties of rubber vul
canizates. From Figure 7 one can see the influence of crosslipkidgylon friction.

1,5

Normal load
E20 N

Coefficient of friction

DCP 50 kGy T S8+MBT S8+DPG

Fig. 7. Comparison between the coefficient of foistfor IR
vulcanizates- the influence of crosslinks sulphidity

According to expectations, IR vulcanizates of the highesteoortf polysulphide
crosslinks & + DPG), characterizing themselves by the highest polarityttentdigh
est hysteresis of material, exhibit the highest coefficiéritiction. Despite high fric
tion the abrasion resistance of sulphur vulcanizates is higloemiparison to perex
ide or y-crosslinked ones, what decides their common engineering applicatitas. Ma
rial engineering of rubber makes possible designing of cnisslivhat in turn enables
tailoring tribological properties of the material.

Due to the low heat conductivity of elastomers, the conditions chwidation in
the surface layer and in the bulk of material are difigrwhat results in the surface
gradient of hardness. The creation of a hard “skin” on an @kdgbistrate has been-ex
plained by a phenomenon called “maturing of network”, consist in th&kibgeaf
long polysulphide crosslinks with the creation of higher amount of mamnd disw
phide ones [14]. In the matter of fact it leads to higher drésstensity, what is re
flected by higher hardness. The gradient character of rubber, feghigible for its
macrascale properties, manifests itself when tribological expamtsiare carried out
in the micrascale [15].

2.3. Filler loading, agglomeration and distribution

Generally, despite the activity of fillers, their addition makdsber stiffer what re
sults in the reduction of friction. However, contrary to plastchknixing of solid lu
bricants like Mo$ or graphite is much less effective due to the simultaneossfpla
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cation of rubber taking place, reflected by the significant asmef the deformational
component of friction [16].

Active fillers, like silica or carbon black (CB) are th®st effective ingredients in
terms of mechanical and tribological properties of rubber. Tlfeictereness depends
on the following factors [17]:

» an amount being incorporated into rubber matrix (a curve with an optimum),

* interactions with rubber (measured by the amount of macromolecuhesbim
lized onto the particles of solid phase — thealbed “bound rubber”, BdR),

* the degree of agglomeration (the number of filler clustersroédsions exceed
ing 20 um, given by the value of the so-called “dispersion index”, DI), and

* the quality of distribution in rubber matrix (characterizedtsy homogeneity of
a rubber mix composition).

Apart the first relation, which seems obvious, the rest onesare complicated.
The tribological properties of rubber do depend on its morphology, budidgdac
tors are difficult to quantify. For example the amount of bound rufi2aR), despite
the same amount, can be of various origin, as visualized by AFM gscpuesented
below — Figure 8.

A) carbon black mixes

0.25  0.50 0,75 1.00

B) silica mixes

n h.5 n.51 h.75 i.m 1.5

Fig. 8. Examples of the internal structures oéfilhgglomerates in rubber
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BdR is present inside or outside filler agglomerates. Thepimése layer (darker in
colour in comparison to the light matrix) is thicker or thinner, as wellféesrgsimilar
in colour to filler particles) or softer (closer to thelaur of rubber matrix), what all
influence the hysteresis of rubber — important in terms dfdricand its tear strength
— deciding friction and abrasion resistance of material.

From our recent works it follows, that traditional approacth&duantification of
filler agglomeration is inaccurate. The internal morphologyille#r agglomerates is
more important in terms of the mechanical and tribological ptiegeof rubber than
the contribution of “big” agglomerates, given by DI values [18, 19 plesence of
so-called “fatal” agglomerate of weak internal interactiomsikes the process of rub
ber deterioration started.

Apart an agglomeration, also the ability of filler particlescreate their own net
work, being responsible for the hysteresis of material, is iafportant. It creates
a big difference between silica and carbon black filledanikzates, as determined by
AFM — Figure 9.

There are different kinds of carbon black, varying accordingetaorking ability,
which is called “structural abijit’. The more active the lower the structure of carbon
black. However, all this is incomparable to silica, for whiah strength of interparti
cle interactions has to be reduced in order to prevent rutdrardverheating, being
produced by internal deformations of the filler network during frictibnis is the
main reason why not silica but carbon black is commonly used by tyre manufacture

A) carbon black mixes

[ 2.5 S0 7.5 100 125

B) silica mixes

o 10.0 pn 0 10.0 v

Fig. 9. Examples of filler networking in rubber
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2.4. Surface segregation and blooming

The blooming of low molecular weight components of rubber is well kniown
rubber industry. Some of them can create a lubricating laytreosurface, eg. micro
crystalline paraffin waxes, whereas the others plastify tHacautayer, what results in
an increase of the coefficient of friction, e.g. silicone.dilgring the vulcanization of
rubber, chemical reactions taking place between the componentsuahg system
produce substances which can play the role of lubricant, egstd@atate. Some ex
amples of blooms, being created on the surface of rubber, aretpcebgmFM pic
tures — Figure 10.

A) stearic acid

Fig. 10. Examples of the blooms of low moleculaighie substances on the surface of rubber
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Fig. 11. The influence of polyolefine addition dretcoefficient of friction of their blends with ERD
A) PE-LD/EPDM, B) iPP/EPDM (figures in the legend infoon the amount of plastomer added in phr)

However, the surface migration is not only limited to low molac weight sub
stances, but has also been confirmed for polymer blends.uffaees layer of ethyl
enepropylenediene rubber filled with low density polyethylene (EB/EPDM) was
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found to be enriched with the low molecular weight fraction of ghijene, as sug
gested by the surfaeensitive infrared spectroscopy analysis (FTIR) [20]. Segeegat
olygomer fraction plays the role of some kind of lubricant, Idimgethe coefficient of
friction of EPDM more effectively than the addition of higmeodulus iPP — Figure
11.

The data presented points on the possibility of tailoring tribcdbgroperties and
processing of elastomers by their blending with plastomédsgtan advantage of the
surface segregation phenomenon. The driving force for migratiginareés either
from the difference in the solubility parameters between comp®wertheir crystalli
zation ability [21]. The appropriate choice of these faateakes possible to play with
the extent of the surface segregation in polymer blends.

3. Summary and conclusions

Rubber, contrary to other polymer materials, is usually a mulpooent and
a multiphase system. This is why its tribological properties are difficbbe modelled
only from the mechanical point of view. An approach from the sideaiérial engi
neering seems to be more accurate. Presented differeno@sdoular organization
and structure, composition of crosslinks and morphology of rubber, rpaksible to
explain its friction and wear more deeply. Undoubtedly, any dedicatedegsoiy the
modification of tribological properties of rubber cannot be achisvidtbut the care
ful analysis of the material.
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Tribologiczne nastgpstwa budowy i struktury gumy — wybrane przyklady

W pracy omoéwiono charakterystyczne cechy budowtetaeréw i gumy. Zwrécono
uwagg na roznice w organizacji strukturalnej pomigdzy polimerami a metalami. Przedstawio-
no, obowiazujaca obecnie, mechanistyczng teorig tarcia elastomeréw z wszelkimi jej niedostat
kami, prezentujac — na wybranych przyktadach prac wlasnych, podejécie do interpretacji zja-
wisk tribologicznych od strony inzynierii materiatowej.

Omoéwiono wptyw:

1. budowy i strukury makroczasteczek,

2. gestosci usieciowania i budowy wezlow sieci przestrzenne;j,

3. stopnia napeknienia, aglomeracji i dystrybucji napetniacza, oraz

4. zjawisk migracji powierzatiowej matoczasteczkowych sktadnikow mieszanki gumowej
i segregacji w mieszaninachlpaerowych, na tarcie i zuzycie cierne wulkanizatow.
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Nonlinear time domain analysis of vertical ship mabns
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A nonlinear time domain seakeeping analysis has Ipeeformed for ships advancing in head seas
with regular waves. A hybrid approach has been eyequl, solving the unsteady hydrodynamic problem
in the frequency domain and the equations of matiafie time domain. This procedure transfers radia
tion and diffraction forces, supposed linear, frémequency to time domain, where nonlinear Freude
Krylov and hydrostatic forces are computed congidethe actual hull wetted surface at each timp.ste
In a first test case, a monohull, both a strip theand a threglimensional Rankine panel method have
been used for the frequency domain analysis, whbilenother test case, a trimaran, only the tldiee
mensional methodology has been applied. A compaiiédhe results shows a good agreement with ex
perimental data and the hybrid approach appeaos tactually independent of the technique useden th
frequency domain, even if the reliability of theuds is strongly related with the accuracy of ¢halua
tion of the hydrodynamic terms.

Keywords:nonlinear motions, time domain, seakeeping

1. Introduction

Linear strip theory, due to its simplicity and to the minimainputational effort
required, is still the most employed model used for the piediof ship responses in
an incident wave field. Also several linear thokmensional models have been devel
oped in order, particularly, to better take into account probletased to high speed
and to the complex free surface flow pattern between the huftsulbfhull vessels.
Several researchers have focused their studies on methodatagible of including
nonlinear effects in the solution of the seakeeping problems, as thesirftgrmotions
and loads in heavy weather, when nonlinear effects become no mbggbieegs re
markably increased in the years.

Even if small perturbation methods may be applied in the frequdmmgain, a
lowing to represent weak nonlinearity under the hypothesis ofl smmgdlitude me
tions and waves, frequency domain formulations are unsuitapledict the behavior
of the ship response when linear hypotheses turn out to be no more correct.

Different time domain formulations have been proposed in fitexan order to in
clude nonlinear effects in the solution of the problem, both in twidirathree dimen
sional approaches. Some of them combine linear with nearliterms, others apply
fully nonlinear potential flow methods. Studies @also been carried out in order to
treat the viscous flow seakeeping problem, soltiiegReynold averaged Navi8tokes
eqguations in the time domain (called unsteady RAM®B)extensive bibliography can
be found in literature, but a comprehensive clasgibn and review is given in [1].
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Hybrid approaches (also called “blending methods”) have beenim@mecause
of the problems associated with fully non linear computations. These metluvdsoal
introduce nonlinearities in the linear model, evaluating hydrostaticFroudeKrylov
forces, which are in fact easy to compute in time domain in ifiginsic nonlinear
form, by pressure integration over the instantaneous wettedcsurHybrid ap
proaches are used because they are fast and provide reduksgiteering accuracy,
allowing long time simulations and couplings with other design issues.

In this paper, a nonlinear time domain analysis based on tegofag approach
has been performed for two test cases, a destroyer vessal timaran. In the first
case, radiation and diffraction forces have been computed applyiha strip theory
and a threglimensional Rankine panel method, in order to assess the influietiee o
linear frequency domain analysis on the nonlinear time domain simulations.

2. Mathematical model

The hybrid approach to the prediction of ship responses in time donwiinded
into two steps: the frequency domain and the time domain analysasfirst step al
lows to evaluate the radiation and the diffraction forces, mplthie unsteady hydro
dynamic problem for a given number of meaningful arbitrary freqesndihe latter
solves the equations of motion in time domain, gauging at eaehstiep Froude
Krylov and hydrostatic forces by integration of the hydrostatisqunee over the actual
hull wetted surface under the incident wave profile. Implicittys methodology as
sumes that nonlinear contributions related to radiation and diffnaforces are small
compared with those related to Frotigylov and hydrostatic forces. Hence the firsts
are supposed linear, while the latter are evaluated fully nonlinear.

Since added mass and damping are frequency dependent whereastiinp ane
directly evaluated into the time domain and nonlinear &fface included, impulse
theory is applied in order to transfer the radiation forcemffrequency domain to
time domain [2].

2.1. Frequency domain analysis

The strip theory code employed for the simulations proposed ipdbisr is a pub
lic domain open source program which applies, tiergrediction of motions, a method
developed by S6ding [3]. The mathematical model underlyingdtie will not be cov
ered, referring to [4] for a comprehensive treatment of the subject.

A short description of the three dimensional Rankine panel mettioav§; more
details, however, can be found in [5].

Let define a right handed orthogonal coordinate sygtery, z2) advancing at the
vessel speetd maintaining thexy plane coincident with the undisturbed free surface.
X is the symmetry axis of the still waterplane and is asdupositive astern. The
z-axis is positive upwards. Ship motions are defined by the instoamosition of
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a body fixed reference system with respect to the previatemy that may be de
scribed by a vectony(t), with k = 1,...,6. Under the hypothesis of small amplitude
motions,ny(t) can be assess solving the following differential equations system:

6
Z(Mjk+Ajk)ﬁk+Bjk77k+Cjk77k:Fj(t)' 1)

k=1

Assuming incompressible and inviscid fluid and irrotational floke hydrody
namic problems related to the determination of the added mastaemng coeffi
cients @ andBy) and of the exciting forceS(t) may be solved applying the potential
theory.

Assuming a total velocity potentidl, which satisfies the Laplace equation in the
fluid domainQ:

A®=0in Q. @)

The boundary conditions are imposed over the linearised boundgxieBenoting
with 173 the velocity of a point on the hull wetted surface and witfis outward nor
mal vector, the boundary condition on the hull surfaces:

S —V,.ii onS ®3)
on

Over the free surface the kinematic and dynamic conditibnsngposed, obtain
ing:

R

t2

+2V(1)-V(%}+%V®'V(V(D-V(D)+gaa—q)=0 onz=0 (4)

z

Finally, a radiation condition at infinity must be enforced to ems$iie uniqueness
of the solution.

The total potentiadd may be expressed as the sum of the potential of a steady base
flow ®gand of a small unsteady perturbation potembig.

D = Pg+ Dys. (5)

The unsteady perturbation potential may be written as supegposftian incident
wave potentialp, , a diffraction potential,, and six radiation potentials:

Qs =¢; +¢p + Z¢k . (6)
k=1
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Considering that the incident wave potential can be expressauhliytical form,
the decomposition of the unsteady potential enables to study thédatadary value
problem solving a set of six radiation problems and a diffraction problem.

By using a Rankine source distributief@) each potential in (6) may be expressed
as:

oP)=[ 55170 ™)

wherer (P, Q) = | P-Q|.

The hull and a part of the free surface are approximatedquédrilateral panels,
considering constant source strength on each. In this way, alivibleed boundary
value problems are solved in terms of these unknown source strengths.

A suitable radiation condition is finally posed at the forwardiboof the compu
tational domain. In the present method radiated and diffracted wea&esonsidered
not to propagate ahead the ship. So the method can be appliedJigr> 0.25.

Since the free surface computational domain is limited, it misarefully consid
ered in order to avoid wave reflection.

2.2.Time domain analysis

Considering a ship as an unconstrained rigid body subjecte@\ityg radiation,
diffraction, FroudeKrylov and hydrostatic forces and applying the impulse theory and
Fourier analysis to thEquation (1), it is possible to rewrite the equations of motion
as:

6 t
Z(M a A )i]’k + B + j hy (@) e = 2)dz = F2 () + F ™ (¢) (8)
0

k=

with k = 1,..., 6 wheréAj’and B mean infinitefrequency added mass and damping
coefficients,F (t) are the linear diffraction anB™"(t) the nonlinear Froudkrylov
and hydrostatic forces and moments.

hi is the impulse response functions (or retardation functions) arskcavaluated
by the following relation:

hy = _%j: a)e(A,.k 47 )Sin(a)et)da)e = %J‘: (B/_k —B:’)cos (0,1)dw, 9)

in which w, is the encounter frequency
The system oEquations (8) is solved in the time domain by a numerical proce
dure. Hydrodynamic radiation forces are obtained by convolution with {helsere



Nonlinear time domain analysis of vertical ship ibo$ 31

sponse functions in (9). Diffraction forces are obtained simplgsforming in the
time domain the corresponding frequency domain tefmsudeKrylov and hydre
static forces, which in the frequency domain are consideredvestatthe mean hull
shape and linearized, can here be estimated considering theveetigal hull body
surface, known at each time step.

3. Numerical results

The method described above is here applied for the predmftibeave and pitch
motions in regular head waves for two test cases.

The first case presented is a destroyer vessel, on which inahr@mulations of
vertical motions in regular head seas have been performeayngpboth the strip
theory and the thredimensional Rankine panel method. Results have been compared
with experimental data provided by Gerritsma et al. [6]c@ations have been car
ried out considering two Froude numbers (0.18 and 0.36) and three rdiffesige
steepneska (0.01, 0.05 and 0.1), in order to evaluate how nonlinear effects aedrelat
to these parameters.

The linear response amplitude operators for heave and pitcle@esented in
Figure 1 forFy = 0.18 and in Figure 2 fdfy = 0.36. The strip theory results show
a better agreement with experimental data in the predictitreave motions, while
the threedimensional method appears to better represent pitch motions.

0.9 Heave - Fn = 0.18 10 Pitch - Fn =0.18

0.8
0.7
0.6
0.5
0.4
0.3

0.3
0.2 - Strip Theory 02
0.1 --Rankine 3D :
: = Experimental 0.1
0.0 0.0

0 0.5 1 AL15 2 25 0 0.5 1 AL 15 2 25

0.9
0.8
0.7
0.6
0.5
0.4

- Strip Theory
-Rankine 3D
= Experimental

Fig. 1. Linear heave and pitch transfer functicorsttie destroyer &y = 0.18

In Figures 3 and 4 a comparison between added mass and dampingecteffic
evaluated with the strip theory and the thd@aensional Rankine panel method, is re
ported. Differences in the prediction of added mass coeffecienat generally limited,
while calculation of damping turns out to be a critical issue.

In Figures 5 and 6 a comparison between nonlinear transfer functions obtaimed wit
different wave steepness is proposedFAt= 0.18 the response amplitude operators
for heave and pitch appear to be poorly influenced by this panaaretein general,
by nonlinear effects like motions asymmetry and higher harmonic componenéstat le
in the range of frequencies consideredFAE 0.36 the transfer functions result more
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affected by the wave height and by the relatedimean effects, which appear to be mag
nified by the ship motions.

14 Heave - Fn = 0.36 14 Pitch - Fn = 0.36
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0.2 --Rankine 3D 0.2 -Rankine 3D
= Experimental = Experimental
0.0 & w2 0.0 i
0 0.5 1 AlL 1.5 2 25 0 0.5 1 awL15 2 25
Fig. 2. Linear heave and pitch transfer functicorsttie destroyer &y = 0.36
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me.(LIg)ﬂZ we.(l_lg)ﬂz

Fig. 3. Comparisons of added mass and dampingicieeiffs for the destroyer & = 0.18

The trends of variation appear to be similar with both tetéhodologies employed
in the frequency domain analysis, even if the modules are diffared their values
seem connected with the motion amplitudes. However, it mugnbarked that, when
the relative motions between the vessel and the free suriatecalarge to consider
negligible other highly nonlinear effects, e.g. force due torgreater, the results
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obtained could be questionable; moreover, the validity of thergsion of linear ra
diation and diffraction forces become arguable in this condition.

Fn=0.36 =0.
35 , 6.0 Fn=0.36 :
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3.0 -Rankine 3D 5.0 --Rankine 3D
25 W 40
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Fig. 4. Comparisons of added mass and dampingiciesfs for the destroyer & = 0.36
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Fig. 5. Nonlinear heave and pitch transfer funcitor the destroyer
atFy = 0.18, evaluated considering different wave stesp

As shown, the hybrid approach is capable to be applied employing differds
niques for the frequency domain analysis. However, nonlinear simulatessangly
conditioned by the evaluation in the frequency domain of lineartraadianddiffrac-



34 D. BRuUzzONE, A. GRASSO

tion forces and errors in this calculations could affleetcorrect assessment of nonlin
ear effects.

16 Heave - Fn = 0.36 14 Pitch - Fn = 0.36

14 12
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Fig. 6. Nonlinear heave and pitch transfer functitor the destroyer
atFy = 0.36, evaluated considering different wave stespn

A second application here presented regards a trimaran viesaélich the com
ponent hulls are three modified Wigley parabolic hulls [7]. Tlegdency domain
analysis has been performed employing only the ttimeensional Rankine panel
method, as standard strip theory codes do not allow to deal withhnallltiessels or
neglect the interaction between the hulls. In Figure 7 the meatiopognderwater
hull with free surface mesh used for linear unsteady hydrodynardalatzons is
shown, while in Figure 8 a frontal view of the full surface awpll for nonlinear
simulations is reported. Numerical results for a Froude nufper0.2 are compared
with experimental data derived from towing tank tests performed by INSBAN

Fig. 7. Mesh of the mean position underwater hull  Fig. 8. Frontal view of the full hull surface
with free surface
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Figure 9 shows heave and pitch response amplitude operators, evalithta lin
ear analysis and three nonlinear simulations considering staepness of 0.01, 0.05
and 0.1, also experimental results are reported for comparisones@mdence be
tween numerical results and experimental data appear torlyegi@od forA/L > 1.3
while the responses turn out to be overestimatediifLaange between 1 and 1.3 for
heave and corresponding to the resonance peak for pitch motiomédordiffects on
the heave transfer function, increasing the wave height, gerfinsity a raise and
then a reduction of the second resonance peak, which also tend itidukbteHower
frequencies. Also the value of pitch resonance peak decreabethevraising of the
wave steepness and is progressively shifted to lower frequencies.
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1.8 3.5

—*Linear

1.6 3.0 ~-ka =0.01
1.4 = ka=0.05
2.5 --ka=0.1
1.2 = Experimental
1.0 . 2.0
0.8 1.5
0.6 - Linear -
“-ka=0.01 1.0
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AL AL
Fig. 9. Part of heave and pitch transfer functiardtie Wigley trimaran
atFy = 0.2, evaluated considering different wave stespn
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Fig. 10. Heave and pitch time histories for the M#igrimaran
atFy = 0.2,ka= 0.1 andwe(L/g)Y? = 3.16

In Figures 10 time histories of heave and pitch, evaluatdukitine domain con

sidering a wave steepness of 0.1 and(L/g)"? = 3.16, are reported, showing the-dis

symmetry of motion for both heave and pitch.
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4. Conclusions

The paper presents a time domain analysis for heave and piticmsnoperformed
on two test cases, a destroyer vessel and a Wiglegraim A hybrid approach has
been employed, combining linear radiation and diffraction foraeduated in the fre
guency domain, with nonlinear Froulleylov and hydrostatic forces, computed in the
time domain. Simulations have been performed corisigi¢hree different wave steep
ness, assessing its influence on the response amplitude operatbesfiist test case,
the frequency analysis has been performed employing both atls&gpy and
a threedimensional Rankine panel method, in order to check the independehee o
time domain simulations from the frequency domain calculatiorsaat in terms of
the radiation and diffraction forces transfer.

A comparison between numerical results and experimental data shgenerally
good agreement, even if the strip theory gives better rdsultave motions and the
threedimensional Rankine panel method is more accurate predictingttie Pphe
methodology adopted in order to transfer the linear radiation formesffequency to
time domain appears not to be affected by the technique used in the frequency domain,
but the results depend largely on the accuracy of the predatftittre hydrodynamic
terms.

The validity of the assumption of linear radiation and diffeacforces has to be
further investigated, particularly when there are noticeabiatians of the hull wet
ted surface in time.
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Nieliniowa analiza pionowych ruchéw statku w dziednie czasu

Przedstawiona zostata nieliniowa analiza wlasciwosci morskich statku w dziedzinie czasu
dla statkow poruszajacych sig przy regularnej fali przeciwnej. Zastosowana zostata metoda hy-
brydowa polegajaca na rozwiazywaniu nieustalonego zagadnienia hydrodynamicznego w dzie-
dzinie czgstotliwo$ei 1 rownan ruchu w dziedzinie czasu. Sily radiacyjne i dyfrakcyjne, z zato-
zenia liniowe, sa przekazywane z dziedziny czgstotliwosci do dziedziny czasu, gdzie w kaz-
dym kroku czasowym obliczane sa nieliniowe sity Froude’a-Krytowa i sity hydrostatyczne
z uwzglednieniem rzeczywistej powierzchnwilzonej kadluba. W pierwszym prezentowanym
przypadku- statku jednokadlubowego, do analizy w dziedzinie czestotliwo$ci zostata zastoso-
wana zaréwno metoda paskowa (strip theory), jatdjivymiarowa metoda panelowa Ran
kine’a, natomiast w drugim przypadkurimarana, zastosowano tylko metodg trojwymiarowa.
Poréwnanie wynikow pokazuje dobra zgodno$¢ z danymi doswiadczalnymi. Metoda hybry-
dowa okazata si¢ rzeczywiscie niezalezna od metody zastosowanej w dziedzinie czgstotliwosci
nawet, jezeli wiarygodno$¢ wynikow jest silnie zalezna od doktadnosci wyznaczania cztonow
hydrodynamicznych.
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The paper presents selected problems relating rtgirng out experimental investigations aimed at
determining the tribological properties of polymmeaterials mating with metal or polymer elements in
different friction conditions in sliding joints. Ehtypes of tribological investigations and the mosth-
monly adopted types of sliding pair contact arespnéed. The possible space of tribological investig
tions is described and the criteria for the chaitkey input and output quantities for tribologicavest-
gations of sliding pairs incorporating a polymertenal are given. The benefits stemming from ekper
ment design are demonstrated and the rotatablgrdesind the simplex design’s advantages and range
of application in tribological investigations arepented.
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1. Introduction

The failurefree operation of sliding joints in given friction conditiongpends
mainly on the proper match between the mating materials, gatidgsjpint design
and the adherence to the operating specifications. For this rdesgroperties of
sliding pair materials, mainly their tribological properties, need to be tkiibv2].

The growing demand for ever higher durability and operationahiéty of slid-
ing joints, chiefly unattended joints, working in technically fiigtion or sparing (e.g.
assembly) lubrication conditions at the ever higher motion paeasnéfs spurred
search for new, better sliding materials-4 Full information about the course of
friction and wear of the materials mating in sliding pairs caaltained only through
experiment. The complexity of the physicochemical phenomena occinrthg su-
face layer and the resultant variety of wear of thengahaterials are due to the large
number of factors having a bearing on the phenomena [5]. One can dseper in
sight into a given sliding pair only if the latter is investigatgdifferent methods and
techniques. Hence stabéthe-art equipment, offering high measurement precision
and a possibility of comparing the results with the ones repbstesther research
centres, is used for comprehensive tribological investigationls camplementary
physicochemical tests. One should note that in some casesifiigaltdor impossible
to compare research results since either no essential ini@nnaiout the experi
mental conditions, the way in which the specimens were prepareds givided or
different investigative techniques (making direct comparison of teegmpossible)
were used [6].
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In view of the large increase in the number of researciteshe tribology of poly
mers conducted by numerous research centres (as evidenceddoynstently grov-
ing number of publications, conferences, etc.) and considering thibiptysof com
paing the results obtained by the different research centreglay hinportant for the
exchange of information, a laboratory tribological methodology ifwestigating
polymer materials in technically dry friction or mixed fraect conditions has been
proposed.

2. Typesof tribological investigations

Tribological investigations can be divided into two main types [7]:

 operational investigations conducted in real conditions on rgaktsb Their
main advantage is that their results are directly applicable, whbesadisadvantages
include the high cost associated with the technique itselfotigp investigation time
and usually considerable measurement difficulties.

* laboratory investigations on models of real objects or on &bkquipment units
have similar disadvantages as above. Another kind of laborateegtgations are
tests on material samples (sliding pairs) which have no suativdistages, especially
with regard to high investigation costs. They are charaetk by ease of measure
ment and the highest replicability of results — which is cruniahaterial testing. Such
investigations also offer the possibility of compg results obtained in different-re
search centres.

3. Investigative equipment

Laboratory equipment for tribological investigations of polymeterials has not
been fully standardized yet. However, criteria relatinght® macrogeometry of the
sample/counterface contact have been defined. The most commonotypastact
between mating elements occur in the following configurations [8]:

a) cylinder/plane,

b) plane/plane,

c) cylinder/cylinder (both cylinders may have positive curvaturere cylinder
positive curvature and the other — negative curvature, or rtiegy have parallel or
twisted axes),

d) ball/ball,

e) cone/cylinder,

f) ball/plane.

All equipment for tribological investigations can be divided aelireg on the cha
acter of the sample/counterface contact, according to which spdirgbelong to one
of the three groups:

— group | — area contact,

— group Il — linear contact,
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— group lll — point contact.

The above types of contact occur by and large in initial comnditsince in the
course of testing a point or linear contact may become ancardact as a result of
elastic or plastic deformations and also due to the preiggesvear of the sliding pair
components.

Mainly group | devices (with area contact between the saamehe counterface)
are used for the tribological testing of polymer materials Uz af the latter's phys
icochemical properties. Pin on disk devices are the most comfRigure 1 shows the
basic load and relative motion schemes for this type of sliding pair [9].

10 10 16

Fig. 1. Schemes of most common sample/counterfafgurations in pin on disk devices

Because of their great popularity such devices can be regasdét standard
equipment for the laboratory testing of polymer materials and thaebtaibological
test results can be compared (also internationally). The pagwésuch sliding pair
schemegparticularly the ones shown in Figure 1a and 1b is due to thesimay of
making samples and counterfaces, but mainly to the high accurabg efiding pair's
geometric features thanks to the lack of mutually fitted dsimns. As a result, one
can have high certainty about the value of the applied unityseessid its uniform
distribution on the sample’s surface (thanks to the participafitieeonvhole nominal
sliding surface in the friction process). Moreover, tla¢ $liding surfaces of the sa
ple and the counterface and the good access to them malsy ibgaerform mea
urements (of such quantities as roughness, hardness and la@ar microscopic ex
aminations and other examinations of the surface layer [10].

A test device should make it possible to smoothly adjusd firoper range) the-in
dividual input quantities (unit pressure, sliding velocity, ambientperature, etc.) so
that a given sliding pair could be tested under differentidricconditions, including
extreme ones. Such a device should also be equipped with propell-ooeasue-
ment equipment ensuring precise and repeatable (preferably cos)nmeasure
ments of input and output quantities during friction. An example df sudvice is
the tibometer described in [11-12].

4. Space of tribological investigations

Having only friction coefficient values and data on the weasliding pair mater
als one cannot sufficiently reliably assess the tribolbgiczgperties of polymer met
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rials since the properties depend on many factors relatittgetériction process and
stemming from the properties of the paired materials themselves.

In order to fully assess the tribological properties of polymaterials one must
know what kind of material was used for the counterface in ttiaglpair. It is also
important to know the condition of the surface layer of both thenpelymaterial and
the counterface (especially a metal one) [5-8]. A descriptidheocondition of the
mating materials’ surface layers usually includé&nsical composition, sliding surface
hardness, phase microhardness and its distribakimy surface layer thioess, surface
roughness (expressed by various parameterfRe ., Rs;) and lay of tool marks and
how they were made (by turning, grinding, polishing, chromiurtinga[13-14].

In the case of polymer materials, it is essential to ktienhistory of the material,
i.e. how the sample was ma(ley injection, press moulding, machining, etc.), what
were the processing parameters and how long and in what envirotireenaterial
was aged. All of this affects the supermolecular structuggobyfimer materials, pa
ticularly in their surface layer, and consequently determthessliding pair's tr
bological properties.

The tribological properties of polymer sliding pairs also waych depending on
the environment (oxygen atmosphere, vacuum, humidity, ambient tempggature
ronment dustiness, chemical environment aggressiveness, typeicdtiobror its ab
sence) in which the tests were conducted, the kind of motion (rofatswiaging,
transhtional, toandfro) and the friction process motion excitations (unit pressure,
sliding velocity). It follows from the above that the spaceibbtogical investigations
is vast and can be generally divided into two categories: inittitjes and output
guantties.

4.1. Input quantities

In tribological investigations of polymer materials the inguantities can besa
signed to different groups of controlled parameters, such as:

1. Motion parameterse.g.p — unit pressurey — sliding velocity, T, — initial fric-
tion temperature (of the counterfac®); path (distance) of friction.

2. Samplgpolymer materialparameterse.g.M, — type of materialSP— way of
processingSch— chemical composition (type and fraction of the particulanpme
nents in polymer composite$)S— ageing parameters (heat treatmentjrenmental
conditions, temperature, time and othet); different kinds of surface irradiation, ion
or atom implantation or bombardment, etc.

3. Counterface parameter$/,, — counterface material (usually meteR, — se
lected sliding surface roughness paraméler,surface geometric structuke, — tool
mark lay relative to the direction of frictiohl, — sliding surface hardnesaH, — mi-
crohardness in the surface layer.
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4. Test environmente.g.At — type of atmosphere (oxygen, inert gas, vacuum, etc.),
W — relative humidity T, — ambient temperatur&m-— lubrication (type of lubcant,
lubrication rate)ZS— impurities and other factors.

4.2. Output quantities

As output quantities in tribological investigations of polyrekding pairs usually
the following groups of measured quantities are adopted:

1. Directly measured quantitieg.g.:Z, — linear wearZ,, — massive (weight) wear,
Z, — volumetric wearM, — moment of friction,T; — friction temperatureph — accept
able product of unit pressure and sliding velodiy, — number of performed revelu
tions (cycles), etc.

2. Directly determined quantitie®.g.l,x — wear intensityu — coefficient of (ki
netic, static, startip) friction, S — friction distance covered,, R, — roughness of
sample and counterface sliding surface after friction, etc.

3. Complementary quantitiee.g.:K; — degree of crystallinity of polymer in the
surface layertH,,,— surface layer depth after frictiamH, — distribution of microhard
ness in the surface layer after frictidn,,— thickness of the polymer film transferred
onto the counterface, etc.

4.3. Output quantities from auxiliary investigations

In order to explain the phenomena occurring during friction and eotifgt the
types of friction and the mechanisms of wear of the matingnmaét complementary
physicochemical investigations are carried out. These include:

1. Microscopic examinations cfamples and counterfaces, in particular their slid
ing surfaces and surface layer cross sections.

2. Roentgenography.

3. Spectrophotometry.

4. Thermography and other.

5. Aimsof tribological investigations

The character and range of tribological investigations depend oairtigeto be
achieved. As shown above, the space of tribological investigasorast and so the
spectrum of possible research subjects is wide. It coversn@ others): compative
research on various polymer materials mating with idahtiounterfaces, conducted
in the same friction conditions, aimed at selecting the bebhglpair, i.e. raterials
testing; research on the effect of friction process motisampeaters on a given mate
rial pair’s sliding and antiwear properties, i.e. the hetieation of the pair’'s tbologi
cal characteristics; research on the effect of the clamrcphysical modifigtion of
a given polymer material on its tribological properties, i.e.sérch for new sliding
materials for specific friction conditions; optimization resbaaimed at etiermining
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the most favourable friction conditions for a given sliding ,pstich as the optimum
roughness of the steel counterface and the recommended unitrgsesdiding ve
locities, friction temperatures, etc.; and comprehensive invastigaoveing several
groups of factors simultaneously, usually conducted in stages létintestigation
range narrowed down at each stage until the objective is reached.

Regardless of the aim and kind of investigations, not only theenaat results but
also the specific investigation conditions (including all theugs of factors) should
be reported in detail. Then the results of such investigationsecaompared with the
results dtained in other research centres.

6. Carrying out tribological investigations

Besides the choice of aim, experimental research (includingldgical research)
usually involves:

« selecting key input quantities,

« fixing the range of values for the input quantities,

* selecting the output quantities to be measured and the measuring methods,

» adopting an experiment design,

» handling the research results.

6.1. Selection of key input quantities

A large number of factors have a bearing on the tribological grepef a sliding
pair. Depending on the research goal, the kind and number of input quaatitiesry
widely. Prior to experiment design one should make a preliminalysis of the in
vestigated object and consider the relations between tiieutsar input quantities,
known from previous experience or the literature on the subjeorder for the e
search results to be fully useful, i.e. for the model to desevidlethe investigated
object, one should include possibly the largest number of input geamntihich de
termine the object’s output. On the other hand, a large number of input quantities co
plicates the model and increases the costs and labour intehtity research. Ther
fore only the most important variables should be taken into atsouthat the model
is suficiently accurate and possibly not too complicated [15-16].

6.2. Range of change of input quantities

The range of change of input quantities (variables in experimentaligat&sts) is
usually determined on the basis of the following criteria:

» the experimenter's knowledge and experience frormthéisprevious investay
tions (into similar research subjects);

* a literature survey of the values adopted by other researcldifferent research
centres;
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» a preliminary study of admissible values at which an experiroantbe co-
ducted without any signs of failure friction;

 the minimum values dictated by good grindingability of a sliding pair, esur
ing efficient performance of the experiment when the minimafoes do not follow
from the sliding pair’s intended use (e.g. too low values afdovamay disproportion
ately lengthen the grindirg period relative to the duration of the investigations
themselves);

* the minimum and maximum values dictated by the intended use dégte
sliding pair (polymer material);

* in the case of comparative testing of differendistj pairs, such tests areugty
conducted at fixed friction process parameters and the values p#rtmeeters follow
from the intended use of the tested sliding pairs, or the valaescommonly used in
such investigations by other researchers (¢5.0.5, 1.0, 1.5 m/p = 0.5, 1.0, 1.5
MPa) are adopted whereby it becomes possible to directly comparetthestets.

6.3. Selection of measured output quantities

The kind and number of measured output quantities depend on the aianged r
of the investigations. One should try to gain possibly the fuldsrmation about the
investigated object. Therefore besides the outputs traditioaddéipted in tribological
investigations, such as the coefficient of friction, frictiemperature and sample and
counterface wear, one should include other quantities, e.g. sampleoamertace
sliding surface roughness after friction, the thickness and cdtimosf the madrial
film transferred onto the counterface surface, as well a gfhantities from com
plementary (sect. 4.2) and auxiliary (sect. 4.3) investigationsadibgtion of a larger
number of output quantities does not contribute to a significant seiaghe investi
gations’ costs and time (assuming that the laboratory has prqpgment) while en
suring more reliable inference and correct interpretatioine@fphenomena occurring
during friction.

Reliability and replicability of test results are deterrdinyy the choice of proper
methods of measuring the output quantities and by the control oélines\vof the in
put gquantities and in the case of tribological investigations, alslebyroper grinding
in of the investigated sliding pairs. The development of meastetithiques opens
up ever greater possibilities in this regard. Generally, methasled on direct mea
urement yield the most accurate results. But it is not avpmgsible to use them to
measure, for example, friction moment or temperature. Then @r toceliminate the
adding up of partial inaccuracies from the individual instrumientise measuringic
cuit is recommended to calibrate the latter. The measuredtotglues are more rel
able when several independent methods are employed to measunenéhguantity.
For example, in some cases it is necessary to employ diffeesguring methods to
determine the wear of a sample made of a polymer masanad it may happen that
the wear determined by the gravimetric method has a negative (due to moisture
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absorption or inclusion of counterface wear metal products by thiedu) whereas
linear (or volumetric) wear measurement indicates positive afgae sanple.

As mentioned above, in order to obtain correct results from gzl tests it is
necessary to properly grind in the sliding pairs. The grinding iisuslly assessed by
applying the following criteria:

* the coefficient of friction and wear intensity have stabilized atteohsesels;

« friction temperature has stabilized;

* the whole nominalf(at) contact area of the sliding pair takes part in tletidn
process, as determined by microscopic examinations;

* the roughness of the two mating sliding surfaces (of the saamplehe counter
face) has stabilized at a constant level.

The values of grindinin parameters are determined by preliminary tests and they
should be lower than the ones in the tests proper. For the adopted wép, v, T
grinding-in time (friction distance) is determined. Sliding pairs whigind in slowly
are preground with abrasive paper (in the testing device).

6.4. Adoption of experiment design

In multi-factor investigations (which tribological tests usually dahe) use of the
experiment design technique will bring about notable effects #l itaduce the nm-
ber of experiments to the absolute minimum and so reduce the amounthectosts
and the duration of the investigations. The planning of experirnaderstood to be
a series of experiments, includes the selection of a matexpdriment inputs. The
qudity of identification or optimization of the investigated atijjenay to a substantial
degree depend on the choice of experiments (measuring poimsg ebgperimented
sign, i.e. the choice of the number of experiments and the values pétticular var
ables in the successive experiments, is highly important.

With regard to tribological investigations, from among the manysof exper
ment design one should distinguish the simplex design and the rotdéside. But
there are no limitations as the use of other types of experiment d&Sigi6].

6.4.1. Simplex experiment design

The simplex design is used to investigate, among others, the tgsmdrmixtures
dependent on the latter's composition. The simplex design exgleit&att that the
composition of composites can be described by the vectar ®f, ..., Xs (composite
components) satisfying balance constraints given by the formula:

ixs =100, (1)



Selected aspects of the methodology of tribologimadstigation of pgimers 47

xs — the percentage of tlseh component
or for standardized values:

N
tS =11 (2)
=1

N

where: ¢, S
© 100

in which: x;=20ats=1, 2, ... S whereSis the number of composite components.

This means that the sum of all the variables (compositgponents) is equal to
100%, or that the sum of their standardized values amounts to tit(dessa whole).
Moreover, each of the components must be positive or may not ocallir Atfactor
design for investigating the properties $tomponent mixtures may include only
such experiments whose points belong toSatimensional simplex constituting the
area of an%-1)dimensional space. This means that the points lie o8-dr}rdimen
sional hyperplane bounded by Simensional regular simplex being a convex poly
hedron spread oves vertices in the &-1)-dimensional space. The simplexes for the
number of input variableS= 2—4 are graphically represented in Figure 2.

X, X,

Fig. 2. Graphic representation of simplexes for benof input variables S 2—4.

It follows from the above that from among tBenput variables only&1) are lire-
arly independent. Thanks to this one can use reduced polynomialsa(\sitialler
number of coefficients) for description. Consequently, the numbexmdrienents
(composites) required to determine the coefficients of such aguraoigl is smaller. At
high dimensionalitys and higher degredsreduced polynomials still have a too high
number of coefficients. That is why simplified reduced polynoméeits often -
ployed. To approximate results one can also use other polynomialwifh.gingular
forms) provided that the condition that the number of experimeniswes than the
number of the polynomial’s coefficientlsl & Np) is satisfied.
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Two main types of simplex designs are distinguished [15]:

* integral simplex designs of typ&{l}, referred to as whole simplex designs, -ena
bling the identification of-th degree reduced polynomials w@kariables (at < S);

* integral simplex designs of typeS{ referred to as fractional simplex designs,
enabling the identification o&degree simplified reduced polynomials widhvaii-
ables.

Fractional designs are more important for the ingagbon of multicomponent com
posites since they allow one to better determipdrbestigated properties inside a-sim
plex. Fractional simplex designs of typg} fare formed by a set of all the points of
standardized valuds t,, ...,ts calculated from the formulas:

(1,0, ..,0); (£,£,0,..,0); .., (&, L, ., 1), (3)

and points obtained through the transposition of the coordinatesiedutbndition
(1) or (2). The number of values of the particular inputaldes in fractional designs
is greater or at the most equal to their number in whole de@mmnwhichng=1 +
1), given by the relation:

Nmax =S + 1. (4)
The number of experiments (systems) in fractional designs is:
N=2°-1 (5)

and it is lower than in whole designs. This makes it possibletatify simplified -
duced polynomials with a lower number of coefficients. Also tlggired number of
experiments, and so the number of formed composites, is lowearfdrggement of
measuring points in a fractional simplex design $or 4 composite components is
shown inFigure 3.

The effect of the individual components on the properties of gasite is exan-
ined only in a certain range of their quantitative share. Téead design, i.e. inveist
gation of a simplex subarea, is employed [15]. A local design &nsat through the
transformation of a whole or fractional simplex design. This lwlsn to assigning
to a whole simplex’s vortexes:
x=[1,0,...0]7, x,=[0,1,...0]7 , xg=[0,0,..1], (6)
respectivelyS vortexesw; , W, , ...,Ws confining the simplex area (as showrFigure
4), defined by the vectors:

T
W =[Wg, Wep, e, Wogl ™, @)
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where
s=1,2,...S

. xlfO, xaiO,
I~ x3—0, x4—100

x; =100, X2.=0'
x 5=0, X 4=0

Fig. 3. Arrangement of measuring points in fracslosimplex design fos=4

x1 =0, xp=0,
x53=0, x,=100

XIZO,

x, =0, x2=0,
o= x3=100,
x4 =0, X4~

X4 ™ w™ x| =100, x,=0,

x3=0, X 4=0

Fig. 4. Simplex subarea confined by vortexesws,, ..., W,

By introducing matrix denotations one can represent a thealretesign spread
over a whole simplex as input matek& and the vortexes of the simplex subarea as

transformation matrikx :
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X=| _|, (8)

(9)

The local design’s input matriw/ is determined by transforming desij¥nby means
of matrixL, according to the relation:

W =XL. (20)
6.4.2. Rotatable experiment design

Rotatable experiment design with a spherical distribution fofnmation, also e
ferred to as design with rotational symmetry, is highly wistefr determining linear
squaremodel tribological motion characteristics. Unlike other typemottilevel de-
sign, it is characterized by reproducibility of regressianction estimates in the
neighbourhood of the experiment’s central point, guaranteeing a woastairacy of
the obtained model. Practically, it is assumed that it is oranly accurate design
with an identical variance the same as in the design’s central point18j.

When an experiment is conducted on 5 levels, number of experiiMesitsalcu
lated from the formula:

N=25+25+N, (11)

where:
S—the number of experiment input variables,
No — the number of experiments in the experiment design’s central point.
Input quantitiexs (wheres= 1, 2, ...,S) assume the following values:

Xs(min)1 XSO -A Xss XSOl XSO +A Xsy Xs(ma><)1 (12)

where:
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Xmin» Xmax— respectively the minimum and maximum value of variasle and

£0 = xs(min) +xs(max) , (13)
§ 2

the value of input variablés’ in the experiment’s central point

S = s(max) X (min) | 14)
S 2-a

the value of the elementary jump of input varidtge in the experiment design

a —the star radius value following from the rotatability conditi@b][ which for
designs connected with the identification of seedadree polynomials, is determined
from the formula:

a={hs (15)

In order to simplify the procedure in the factor analysis welin the calculation
of regression function coefficients, the input quantities sitandardized according to
the formula:

[s = S S , (16)

then the values given by formula (12) for the standard input quantities will be:
-a,-1,0, +1+a. 17)

One should note that in the days of computers, standardization ofgugutities
diminishes in importance and does not have to be used; practicedlysed only for
demonstrative purposes.

A rotatable experiment design is created similarly as gposition or orthogonal
design [15-16], except that it differs in the value of star @aramd in numbeN, of
experiments in the experiment design’s central point. Experinmgnit imatrix T
forms N systems — vectorsy|, X,, ... ,Xg, whose coordinates, X, ..., Xs can assume
values given by formula (12) or (17).

The arrangement of the individual systems of values of inpidblas in the &
signs for respectivel$$= 2 andS= 3 is shown graphically iRigure 5.
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6.5. Handling resear ch results

The handling of research results boils down to the determinatidneofelation
between the measured outputs and the experiment input quantithes fannh of a €
gression function. Fractional simplex designs allow one to ideiiggree simpfied
reduced polynomials witB variables. For example, formula (18) represents aldth
gree simplified reduced polynomial with 4 variables (foamponent compites),
which includes only 14 coefficients, (and so only 14 composites with different com
positions). The polynomial has this form:

Vv =bx; +byx, +byx; + byx, +bx,x, + box,x; + byx,x, +
+bgXy X3 + boXo Xy +D o X3X, + b1 XXX + DX XX, + (18)

+hy3X,X3X, + by x X, x5,

where:

y — an output research quantity,(u, T,),

b, by,..., bis — regression function coefficients (without a free term —autta con
stant),

X1, X2, X3, X4 — Variables representing the volumetric percentages of thpasie
components.

A t, ty
® @ +1,682 ®
@ @+1,414 2
|
Ol @ | Ju 6 1
: | 2 s 4
| [ Lo v,
® | OLD I ® ® I 1@ g
4 " o) J— @ o — ] = — e — =
~1,414 |1 ) 41,414 t, |-1,682 -1 17 1 41,68 t’
| | @ |
| | +1 F N ®@
| . : /@@//@ T
@@ __________ g L :1,/882 T—f
Q®-1,414 /C;/ &
® BD-1 602

Fig. 5. Arrangement of particular systems of vala&input variables in designs 6~ 2 andS= 3

Simplex designs are open designs. This means that when the nofrdmenpoe
nents in the investigated composites is increased, one cadneusesults of the prev
ous investigations. Then one must appropriately modify the experhesign, sup
plementing it with new compaositions containing the additional compsreerd carry
out experiments only for them. The results of the previous igat&ins sup@
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mented in this way will be used to determine appropriatelglified, new regression
functions.

In rotatable designs the multidimensional regression functiogually a 2nede-
gree polynomial having this form:

S S ) S
y—b0+ st-xs—i- > bss-xs+ Zbl,j-xl,-xj, (29)
s=1 s=1 i=1
j=1
i<j
where:
b, , ... ,bs—regression function coefficients,

S—the number of experiment input variables,

y — an experiment (measured) output quantity.

Examples of applications of the simplex design and the rotatablgndiesitii-
bological investigations can be found in respectively [17-18] and [19-20].

The coefficients of the regression functions expressed by forrfil@sand (19)
are calculated by the least squares method, using the relation:

b=xXTx)1xTy, (20)

where:

X — an experiment matrix,

y — a vector of experiment outputs (the measured quantity),

b — a vector of regression function coefficients.

The determined regression functions are verified through tiatistecal estiration
combined with the testing of the regression functions’ adequacytfreritest point
of view and the testing of the significance of the regredsioction terms from the-t
Student point of view [15]. The regression functions arel isehe desigitonstrue
tion process for optimization calculations connected with tiwce of sliding joint
geometric features or for determining the optimum chenaoaiposition of compes
ites, ensuring the most advantageous tribological propertigseaifis friction condi
tions [17-21].
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Wybrane aspekty metodyki badan tribologicznych materialéw polimerowych

W artykule przedstawiono wybrane zagadnienia zwigzane z realizacja badan doswiadczal-
nych dotyczacych okreslania wlasciwosci tribologicznych materiatdéw polimerowych, wspot-
pracujacych w skojarzeniu z elementami metalowymi lub polimerowymi, w réznych warun-
kach tarcia. Oméwiono rodzaje badan tribologicznych i najczgsciej przyjmowane rodzaje an
krogeometrii styku badanych par $lizgowych. Opisano mozliwa przestrzen badan tribologicz-
nych oraz podano kryteria zwigzane z wyborem najistotniejszych wielkos$ci wejsciowych i
wielko$ci wyjsciowych zazwyczaj uwzglednianych w badaniach tribologicznych. Przedsta
wiono korzy$ci wynikajace ze stosowania eksperymentu planowanego, a takze podano zalety
oraz zakresy stosowania planu rotalnego i planu sympleksowego w realizacji badan tribolo-
gicznych.



ARCHIVES OF CIVIL AND MEHANICAL ENGINEERING

Vol. VI 20D No4

Friction and wear of e astomer seals

M. GAWLINSKI
Wroclaw University of Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

The paper contains discussion of the influenceotii ffriction and wear on the operation of the €las
tomer seals. Friction is critical factor not onfyrtating or reciprocating seals but also in stagials. Its
minimization cannot be achieved by means of imprgJubrication since it can result in unacceptable
leakage. There are shown means to lower deformatioiponent of friction coefficient as well as chang
of adhesion component of friction for dry and lahbited surfaces.
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1. Introduction

A basic function of any seal is either to protect an environagainst the leakage
from engines, machines and different devices or protection of nexchiside against
contamination (e.g. humidity, abrasives) from surroundings. Therdifferent types
of the seals; in general, one can distinguish static and dgrseals. Static seals are
installed between two surfaces which do not move relatigalsh other. Dynamic
seals are those which contact one of either rotating or reciprocatiages.

It follows, that the friction and wear will be ofimor importance for the static seals
operation while for dynamic seals they will play importanérdllost of static and dy
namic seals are produced from elastomers; thgnepties predispose them for seals.

One should specify following positive features:

* high elasticity (e.g. rubbers),

» moderate creep and stress relaxation,

* relatively good resistance to abrasion,

» impermeability (important at sealing of gases),

» chemical resistance to different media.

Less or more negative features of elastomers as niatimighe seals are follow
ing:

* high friction coefficient and friction dependence on time in $kal staying at
rest,

* low coefficient of heat conductivity,

» change of properties resulting from elastomer ageing,

* brittleness at low temperatures.

Some of the specified negative properties are interrelatgd: fhiction and low
heat conductivity coefficients can lead to the dramaticeame of temperature in the
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dynamic seals. High temperature, on its side, acceleratésgyagfeelastomer. The
ageing is the process of the progressive and permanent deieniafathe elastomer
properties, especially: decrease of tensile stress, iecidakhardness and material
cracking. Therefore, it seems to be important to discuss filserice of both friction
and wear on the operation of the static and dynamic elastomer seals.

2. Friction and wear of static seals.

O-rings are the most often used static seals; they are ugznhasy or secondary
seals. &ring (Figure la) has to be compressed in order to get the load agcéss
sealing. Installation of the seal in the groove of the hdidiging smaller than @ng
diameterd causes its deformatiofigure 1b). The measure of this deformation is the
reaction (load) which the -@ng exerts on the upper and lower surface of the groove,
(Figure 1c). It is secalled assembly load. Let assume that then@ occupies the
central position in the groove just after installation.

a) b) c) d)

10,5Ad 1 s P T 0w
& josna T TBRL Ih D_K%tr D
] W

|y

Fig. 1. Generation of contact pressure air@ — shaft interface, a) free-fing, b) Gring compression in
the groove, c) contact pressure distribution air@-walls interface, d) transfer of the gas/liquid pree
through the @ing on the groove wall

The friction forces T hold the seal in this intermediateitpprs Now, this is the
moment when one can allow the pressurized gas/liquid to flowrdsvhe Gring. If
the breakout friction is too big then, it can appear that their@ will not change its
position in the groove. This moment can be recognized as eatmtne since the
gas/liquid pressure is bigger than the average contact pressyrand the leakage
can occur. Average contact pressuygeafter seal assembly can be determined from
the formula [1]:
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ai

0.=%-Ew(2-g+0,13), (1)

where:
E. — elastic modulus at the end of relaxation,

. . Ad
& — relative compressiorg, = 7 .

It results fromEquation (1) that the bigger elasticity moduktisof rubber the big
ger average contact pressure. For rubbers there is knowrrretetween elastic
modulus and hardness; bigdercorresponds with bigger hardness. In general, bigger
rubber hardness gives smaller friction in dynamic conditions. Howitvemecessary
to keep in mind that the bigger hardness the smaller compressitire Gring.
Keeping the same compression rate and enlarging rubber hardmgssdor the in
crease of both breadut friction and running friction.

a)

b)

I \’)i
A
=0

=
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Fig. 2. Mechanical face seal, a) seal before ojmerat — stationary ring, 2 rotating ring, 3- O-ring,
4 — shaft, b) wear track on the shaft surface, c) g@tarof the real wear on the shaft surface

The tightness requirement necessitates then@ shifting in the groove and its
contact with the vertical walFHgure 1d). This contact enables the transfer of the me
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dium pressure through therihg made of elastic rubber on the confining walls of the
groove. It means, that the operating contact presgyvall be equal [1]:

0, =0,+09p, (2)

where:

p — gas/liquid pressure.

The rubber fills up all potential surface irregularitiekiles the operating contact
pressure is sufficient to oppose the gas/liquid flow along the@-walls interface.

O-rings and other elastomer seals can also be used as secaadlamynsechanical
face seals,Higure 2). It is a good example to show that in static se@seitception
ally possible to meet an abrasive wear. Inclinatioaf the stationary ring facé
causes the vibrations of the rotating ring 2 together with thad@X3 (Figure 2a). High
frequency of axial vibrations, poor lubrication ati@g-shaft interface results in wear
of both rubbing surfacesrigure 2b).

The wear of the @ing increases its contact width with the shaft{a, Figure 2b)
what results in decrease of contact pressure value. Mardbeee is some wear of
shaft surface; vibration of @ng gives the wear track of slight depth and widtla’bf
= s+ a, wheres is the amplitude of @ing vibrations. Moreover, wear track is dsu
ally covered with scratches. All these circumstances, i.allentontact pressure and
the presence of the scratches can give rise to the leakage.

3. Friction and wear of dynamic seals

Friction force/torque can be recognized as the limitingofacin the case of the
seals operating on the higpeed shafts. Elastomer oil lip seals sealing the engine
crankshafts generate relatively small torque of the ortié&4Nm but their power
consumption is very big because of big angular speed being equant®@O rad/s.
This excessive power consumption leads, when combined with ssaaltbnduction,
to high temperature at liphaft interface and, in consequence, to fast rubber ageing. It
results, that reduction of the power consumption is of vital importance feetie co
operating with the higispeed shafts.

Friction decreasing is also important in the reciprocatintg §eapneumatic cylin
ders. The lower friction the bigger efficiency of pneumatilinder and the easier po
sitioning of its piston. There is practically no problem with ¢kals of the hydraulic
cylinders due to better lubrication and high tightness level.

3.1. Friction and wear of elastomer sealsrubbing against rotary shafts

It is not possible to reduce power consumption by means of the hidomigen-
provement since this latter can lead to the leakAgbough,recently, there are the
attempts to improve lubrication at{ghaft interface but only in the micszale.
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There are two possibilities to reduce power consumption: through adewe
normal load which the lip exerts on the shaft [2] or by medinswering the friction
coefficient. It is well known [3] that friction coefficiefittan be expressed as a sum of
two components:

S = Jaet T faan» (3

where:

fqet— deformation component,

fash— adhesion component.

According to Grosch [4] deformation component of the friction cdefiicresults
from the internal friction in the rubber. Hence, one can write on:

Jar =C-tgo, (4)

where:

C — constant,

@ — angle of internal losses

The anglep of internal losses depends on the rubber type, temperaturdl aswe
on the frequency of deformation. The external layer of thengehp is deformed by
the surface roughness of the rotating shaft. Thus, there is an idea tdylpyemeans
of the choice of the relevant shaft surface roughness skate, that the area of local
contact between the lip and the shaft surface is a mcfi the distributions of both
profile ordinates and radii values of the shaft irreguéwilong the profile height. It
has been found [5] that the most important profile of the shaflace is that deter
mined in circumferential direction; distribution of the ordinateasity is lefthand for
plunge ground surfaces with the roughness 8. R < 0.64 um. Stabilization of the
radii values on the level of mean value takes place at the relative approath the
shaft surface being 02 ¢ < 0.3. This approach can be easily realized in the oil lip
seals where the average contact pressure is close MPh. The mean radiusof the
local contact spot can be calculated from the equation

¥ =\2ih (5)

where:
¥ — mean irregularities radius,
h — relative approach to the shaft surface profile;d/s ,
d — distance from mean line of profile,
o — standard deviation of the ordinates distribution.
The knowledge of the mean radiusmakes easy calculation of the deformation

frequencyw of the local contacty = v/2r* , Wherev — linear speed of the shaft sur
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face. The results of deformation frequency of the local conpaxts $or the shaft lin
ear speed = 13.2m/s (which corresponds to the rotary speed 3000 rpm of the
shaft diameted = 88 mm) are presented in Table.

Table. Deformation frequency of the local contauits depending
on the relative approach of the lip to the shaffaae profile.

spot Shaft
radius R,=0.12pum R,=0.32um Ra= 0.64um
¥ =163 pm ¥ =67 pum ¥ =37um
frequency h =30 h= 1o h= 30 h= 1o h= 30 h= 1o
2r, m ~20 10° ~11 10° ~20 10° ~11 10° ~18 10° ~10 10°
o, S+ ~7 16 ~12 16 ~7 16 ~12 16 ~73 16 ~13 16

There are two important conclusions for plunge ground shaft sarfaseilting
from the analysis of the data presented in Table:

1) in one and the same seal the deformation frequency can vary within oneforder
magnitude depending on the variation of the load over the lip perimeter,

2) it is sufficient to standardize the relative approdchd/c of the lip to the

shaft surface profile to get the same, independently on the meéias ¥ value of as
perities roundness, deformation frequency.

For the given range of the frequency variation 7<10 < 1.3 10 s the angle of
internal losses varies within 255¢ < 6.2° for different grades of fluorinated rubbers
(FKM) at ambient temperature. Its maximal value, and hence, rabxatue of defor
mation component of friction coefficient, exists at lower frequenéy 19< 10° s™.

Adhesion componerity, of friction coefficient can be determined from the tests of
the rubber samples on the doal tribometer [5] or from the knowledge of both the
deformation component, and resultant friction coefficidiguation 3). For clean and
dry fluor rubbers the adhesion component found during experiments dmlbrig-
bometer appeared to vary in the range of &.46,< 0.64 at the average contact pres
sure: 0.5 p,<0.86.

Lubrication of the rubber samples lowered adhesion component tollisirig
values: 0.0& f',4n< 0.10. These values are typical for either boundary or mixed fric
tion.

The wear of the sealing lip can be, depending on the load distritautibthe shaft
surface roughness, not uniform or uniform. The first case (FBjurakes place when
the shaft surface roughness is smll€ 0.32um) with righthand ordinates distribu
tion.

Seals operating on the rougher shaRg= 0.64 um) distinguish themselves with
well developed uniform wear over whole lip perimeter (Figure 4).

Another seals produced from ACM rubber with the lip diameteb 86.5mm co
operated with the drawn sleeves made of hardened steel. Sleeve surfanessugas
isotropic withR, = 0.25um and mean radius of asperities= 95 um. The average
torque value was (0.2-0.37) Nm at the shaft speed500 rpm.
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Fig. 3. Sealing edge of the lip made from FKM rubtubbing against the shaft surface
with R, = 0.12um, there are only random wear traces

Fig. 4. Sealing edge with uniform wear track over whole lip perimeter

Power consumption of these seals changed in the range o#@.6V/mnd. It
gives very high thermal load of the sealing edge. The outlodieafvorn lip gives the
evidence of adhesive wear with typical cracks distributezt the smooth rubber sur

face fFigure 5).

a)

Fig. 5. The worn lip surface, a) general view, [@gmification
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It was possible to anticipate this type of wear during aiglysthe shaft rough
ness. Shaft surface had rigiand distribution of ordinates frequency density, with
high concentration of ordinates, small value of reduced hBjgluf upper part of sur
face roughness and small ratp/r = 0.03 whereR, — profile height. All these rough

ness features made difficult an oil access to the sealing edge.
3.2. Friction and wear of elastomer seals operating in pneumatic cylinders

Seals for pneumatic cylinders operate under pressures not bigger than 1MPa. Shape
of the seal should ensure low friction. Pneumatic seals mare wivrk in dry condi
tions than in wet ones. Seals can be lubricated throughist) oitfog or by special
greases. Frictional losses in pneumatic cylinders should neeé» o of total force
required at the end of the rod:rfdgs are used for smaller sizes and lighter duties as
reciprocating seals. The most favorable conditions foin@ operation are: short pis
ton/rod stroke, adequate lubrication and moderate velocik&gjré 6). Slow speed
and low air pressure tend to develop high friction which can lead to-thrg@ailure.

U-rings made from relatively soft elastomer give good sealirigw pressure and
with small friction. There are also used composite séadsihg made of low friction
material (e.g. PTFE) energized byi@g.

o
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Fig. 6. Friction force versus pressure under dndéons [6]
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The variation of friction with rubbing speed comprises threeestdgigure 7).
Static friction is usually big but once brealt has been initiated the friction coeffi

cient drops down to a low value at low velocities and becongggibas the velocity
increases.

Boundary lubrication Film lubrication

{ [ §

Coefficient of friction ——

Rubbing speed ——»

Fig. 7. Variation of friction coefficient versusesx [6]

The most dangerous to the seal operation in pneumatic cylinddrs effect of
idle time since the increase of friction coefficient itgfiast with the stay at the rest.
Friction coefficient of the dry seal can be ten times bidlgan that of the same seal
operating under lubricated conditions (except for PTFE seals)c@neninimize this
adverse effects protecting the seal against drying and pnggdtle cylinder surface
with such roughness that the seal material will not adhere.

Fig. 8. Abrasive wear of the guiding ring
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Stick-slip motion takes place then, when the seal is allowed to dryvbet; the
surface finish is poor and when there is inadequate lubricatignteF8 presents the
worn surface of the guiding ring used on the piston.

4, Conclusions

The paper can be summarized by means of the following conclusions:

1) the breakout friction should be minimized by means of the choice of adequate
squeeze of the seal made of given grade of rubber,

2) minimization of power consumption of the sealsoperating with higkspeed
shafts can be achieved through lowering normal force exerteaebsetl on the sur
face and by lowering friction coefficient,

3) deformation component of friction coefficient is determined byrinaefriction
in the elastomer. It can be minimized by the choice of relesfaft surface roughness
ensuring adequate deformation frequency of the contact spots,

4) the wear of sealing edge depends on both the contact pressurefasdriize
roughness; it is recommended to have surface roughness witlameftdistribution of
ordinates density frequency and with mean radius of all &gsen the range of 30
¥ <90 um in order to get uniform wear track over whole seal perimeter,

5) adhesion component of friction coefficient is important then, when take se
operates at dry condition; it can amount up to 0.64 at the contactineressues met
in oil lip seals. There is dramatic drop of this coefficient in lubincgconditions.
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Tarcie i zuzywanie uszczelnien elastomerowych

W artykule oméwiono wptyw zaréwno tarcia jak i zuzycia na dzialanie uszczelnien elasto-
merowych. Tarcie nalezy traktowa¢ jako niezwykle wazny czynnik determinujacy dzialanie nie
tylko uszczelnien zespotow obrotowych i posuwisto-zwrotnych maszyn, ale rowniez dziatanie
uszczelnien spoczynkowych. Zmniejszenie wspolczynnika tarcia w uszczelnieniach ruchowych
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nie mozna przeprowadzi¢ poprzez poprawe smarowania powierzchni tracych, bowiem moze to
prowadzi¢ do zwigkszenia wycieku. W referacie przedstawiono sposoby obnizenia oporéw ru-
chu uszczelnien elastomerowych poprzez zmniejszenie sktadowej deformacyjnej jak i adhezyj-
nej wspotczynnika tarcia zarowno w warunkach smarowania granicznego/mieszanego jak
i braku smarowania.
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Rudder is the most important controlling devicesitip maneuvering. Usually, it is a passive egquip
ment of a ship, which generates the control foeres moments by inflow velocity and loses its parfor
ance when the ship speed reduces. Many paramegeirsvalved in rudder design such as rudder's shape
area and span. By increasing rudder span, the tasiec rudder area and rudder forces are incckdae
addition, research shows that the increasing aleudspect ratio is the best option to receivedsgper
formance of rudder than any other change of rugdeameters. Having known that the rudder dimen
sions limited by ship stern form, rudder spannstid to the ship overall geometry and the steonge
try.

In this research, a new and innovative ship rudigiee (Telescopic Rudder) is suggested that allows
enlarging the rudder height hence increasing tliglen aspect ratio. This improves the controllapilit
(maneuverability) of vessel by increasing the hggramic coefficients of rudder.

The telescopic rudder made by two pieces, whicbredary part slides into the main part. A hydrau
lic system is used to facilitate sliding thus iragig the rudder height, increasing the aspeat eatd
area of rudder producing larger forces. A computaie is also developed to investigate the hydrody
namic characteristics of telescopic rudder by bamp@lement method (3panel). The effectiveness of
the new rudder type is studied by the said cod®imparison with the conventional type.

Keyword:telescopic rudder, hydrodynamic force, maneuveitgbéspect ratio

Nomenclature

Y;s — derivative ofY with ¢ g, rudder deflection angle
N;s — derivative of withd

b —mean span

¢ —mean chord

A, Ax—rudder area

A, A —aspect ratio

o —angle of attack

L — lift force

D —drag force

Y,uqder— rudder control force
Nrudder— rudder control moment
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Sr— drift angle

xg — distance from the origin of the ship to the C.fthe rudder
X, Y, z— system of reference axis

¢ — potential function

u, v —velocity components

r =y — angular velocity

u,v, ¥ —acceleration components

A —displacement

I —mass moment of inertia

X, Y —resultant total force

N — resultant total moment

Xu X, —derivative ofX with u,

u; —initial value ofu

Yo Y, Y Y. — derivative ofY with v, v, r, 7

AU =u—Uu;

N., N, ,N,, N, —derivative ofN withv, v,r, 7.

1. Introduction

Nowadays, considering the increasing number of ships and shippisgHimeer
chant ship market and also the navy ships, necessity of good mangwleiacteris
tics is obvious. Consequently, a large variety of controla#svof ship motion and
maneuvering have been presented.

Rudder is the most important part of ship maneuvering systeaty@ut 15 differ
ent types of rudder are suggested till now for various vegges with different op
eration and efficiency. In this paper, we will introduce a igwe of ship rudder with
improved hydrodynamic force and ship maneuverability.

A control surface has one sole function to perform in meetinguifsose and that
is to develop a control forced in consequence of its orientation amdment relative
to the water [1]. The control force produced by a rudder atdra of a vessel creates
a momentN;dg which causes the ship to rotate and orient herself at ae ahgttack
to the flow. These forces and moments which are created due to this ratatiangie
of attack, will determine the maneuvering characteristics of tipe shi

2. Rudder

Some parameters such as principal dimensions of the shipetgoand body
lines of the vessel, rudder and other control surfaces, propugstem containing
engine, gearbox, shafting and propeller are the most important paiaimethip ma
neuvering and steering. Ship steering means determine the shipricoad the direc
tion of her positioning.
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Based on this description, the surge, sway and yaw motions amathemove
ments in the ship maneuvering The rolling motion has minor effethe maneuver
ing calculations; but because of generating the roll in turitimg motion has been-in
vestigated in maneuvering too.

The equations of motion can be simplified as below in local codedisygstem
fixed on ship:

-X,(u-u)+A-X,)u=0, Surge
—Yv+(A-Y,v—(. —Au)r-Y,7=0, Sway (2)
-Nv-Ny-N,r+(,-N,)r=0, Yaw
wheregzxu, a—yzyu,..., a—]YzNuzN,..
Ou Ou oy v

By adopting the nodimensional form of equations of motion and neglecting the
surgeEquation, (1) becomes as follow:

_ levl + (A, _ Y‘;){/ _ (Yr/ _ A/)rl _ Y};I}/-'I — 0

, 2)
~ NV =N =N +(I. - N, =0
where
A':%’ v':l, \.}':v—lzl,
0.5pL 14 14 )
P A

:—’ }/' r
0500 v V2

In Equation (1) and (2) must included the effect of ship’s rudder hetdratde
gree. On the other hand, if we want to consider the path of shigovitiols working,
the equation of motion must include terms of the rlgdmid side expressing the eon
trol forces and moments created by rudder deflection as a function dfijime

The linearized component of the force created by rudder defteatiting at the
center of gravity of the ship i%;6r and the linearized component of the moment cre
ated by rudder deflection about thexas of the ship i&;or wheredg is the rudder de
flection angle and’;, Nk are the linearized derivatives ¥fandN with respect to rud
der deflection anglér [1].

With these assumptions and some simplifications, the equations iohnmatlud
ing the rudder force and moment are as follow:
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Ny =Y = (Y] = A = Y}y,
n' 7' =NV —=Nr=Nj;6,
n.=I'-N =2I_,

A =AY 224"

(4)

The simplest and most common type of control surface islitheoaable rudder.
Chord dimension parallel to the direction of motion, span dimensions normal te the di
rection of motion and thickness dimension normal to both the spatheitiord. The

mean value of chord i&8 and the mean spahn is the average of the span of leading
and trailing edges of the rudder. The rafie-b /¢ is the geometric aspect ratio and
the profile area\ may be taken a5 x ¢ [1].

Z oxis

Xaxs

a /
—I—Relu?ive velocity

Mean geometric chord €
"ean

//
>{{é§rueep angle ™
/
\ §

Y axis \\
Fig. 1. Typical Rudder Shape

Consider a rudder as a separated body which fully immersedl imviscid fluid
and a uniform flow which unaffected by ship hull and propelier the rudder by an
gle of attacka. The combination of forward velocity and angle of attack wiluced
a circulation around the rudder which produces a lift force on the nuSaee the
flow is considered in the steady state, two dimensional,,idealviscous and deeply
submerged, there is no drag force and the total force due togdleedd attack will act
normal to the direction of fregtream velocity. However, because rudder has a finite
aspect ratio, two dimensional theory dose not accurately préndicacting forces.
When the rudder is at an angle of attack, vortices are shedheveoot and tip of the
rudder, which induce velocities in the plane determined by the apdrthickness.
These velocities when added to the stream velocity cause aethdrag force in the
direction of motion [1].
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The total resultant hydrodynamic force in a real fluid arigiogn the effects de
scribed in above is shown Figure 2 as acting at a single point called the center of
pressure. This force may be variously resolved into any numbssngbonents. The
three components which involve in ship control are allift Gormal to the direction
of motion; drag D), parallel to the direction of motion, and/@omponent normal to
the axis of the ship. This latest component is the reasohafong rudder. If there
were no interaction between the pressure field around the rudddreaadjacent ship
and its appendages, thyigomponent would be the control forggir and the moment
of this component about tlzeaxis of the ship would be the control momelipdr.

Y¢35R = Ymdder = i(LCOSﬁR + DSinﬂR)
N55R = Nrudder = Yudder'xR ' (5)

7

Xrudder = LSinﬁR _DCOSﬁR

Where the drift angle at the rudderfig xr is the distance from the origin of the
ship to the C.P. of the rudder [1].

AXIAL FORCE

I‘—‘iCP)g — :::

ol

Fig. 2. Rudder Force

Whose component of the total rudder force which introdu€esl of importance in
rudder design and the production of this component times the distatieecainter of
pressure from the centerline of the rudder stock yields the hyuody torque ex
perienced by the stock. The rudder effectiveness in maneuverimgjrily determined
by the maximum transverse force acting on the rudder. Ruddatiedness can be
improved by:

* rudder arrangement in the propeller slipstream,

* increasing the rudder area,

* better rudder type,
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« shorter rudder steering time [2[here are various kind of rudder developed over
the years.

"E e

=

P
,///f,/h

——

Simplex rudder Spade rudder Semi-balanced Flap rudder
rudder

Various rudder types

Fig. 3. Rudder Type [2]

* Rudder with hell bearing (simplex),
 spade rudder,

» semi-balanced rudder,

« flap rudder,

rudder with rotating cylinders,
active rudder/rudder propeller,
voith schnider,

» speedz-drive,

* kitchen rudder,

* jet flap rudder [2].

And now we present the new one type called telescopic rudder.

3. Primary plan of a new rudder (Telescopic Rudder)

In present study a new rudder type is developed which provideshit@rdy in-
creasing of rudder height, so a more effective rudder will heeaed. Because of 1e
stricted aspect ratio, there is no similar flow pattern imlpgrlevel with rudder sec
tion area, normal to its vertical axis. In addition in both esfdsudder, three dimen
sional cross flows will be created which by decreasing oa$ipect ratio; these cross
flows will increase and lead to reduce of the generatedlifefby rudder in various
angles of attack.

Whatever the rudder’s root will close to the hull, the ¢osadf cross flows in this
part will be avoided; thus the lift coefficient of ruddeitlincrease. Also because of
small distance between rudder tip and the outward flow fronprtbeeller, the cross
flows are strongly created in this region (rudder tip) witiabses to generate flow-in
plane of rudder and reduce the lift coefficient. In addition tl@éeemany factors in
volved in rudder design. The most important parameters are rudajes, sirea and
height.
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Rudder must be located in the limited region by the stern geormidiig/restricts
the rudder dimensions. The telescopic rudder idea makes ibleossiloose these
limitations during free navigation and achieve more effective rudder

Increasing the rudder height has a direct influence on soraeptars such as-a
pect ratio, rudder area and decreasing thecBss flow over the rudder root and tip.
In addition increasing the stability of ships with high block ioeint, more control
on rolling angle and having a more efficient rudder even atsjpeed near the harbor
are some benefits of increasing the rudder height.

The telescopic feature makes it possible to save the previmssagal in necessary
conditions such as crossing the shallow channels or in docking conditionyowittpl
shape of ship restrictions and brings out the rudder to initial shape.

4. Structure of telescopic rudder

The telescopic rudder design consists of two parts which thikesmadder is lo
cated inside of the main one and has the ability to slidrigihr it (open/close). The
main part is similar to a conventional rudder and in closatsu (when the smaller
part locates inside the main part) it is exactly a conventional rudder

The second part which is located inside the main part strucharder), is smaller
and in certain time it can slide out by a control system (hydraulicatpand increase
the rudder span; therefore the aspect ratio of rudder willdreased due to increased
rudder span and regarding enlargement of rudder area, the dozateand torque
will be created.

The telescopic rudder design is more suitable for a largelvwe#h single passive
rudder and propeller. At occurring an accident such as ship collision, by using the tele
scopic rudder escape from the dangerous area in shorter time and space can be done.

In addition this rudder can help faster maneuvering in harbor artbe Wvater
depth would be suitable for its usage. Also this featunediee useful for various sizes
of naval vessels during missions. It can provide more powsrduleuvering accord
ing to ship speed and it is suitable for track of a targegrfastd escape from torpedo.
Regarding the structural considerations, rudder should benstdfwith vertical and
horizontal webs. For installation of the sliding part in main rudtierarrangement of
stringer plate should be in a manner state that in addition tdréreyth of the main
rudder, the required space for moving of the sliding part can bedpcbwVorthy of
mention, this feature is capable to done for various kind of ruiyger such as all
movable or horn rudder, etc.

There are some structural configuration and manner of telescager operation
shown in belowFigures.

Just as seen in model A, by increases the number of horizontal welinptaad of
vertical and hollowed one, the structural strength of rudder havepbe¢ided. Model
B stiffened as usual however because of hollow stringeruimber of stiffening web
increased. Model C is a simple prototype of horn rudder which catiffemed simi
larly as both previous models.
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Mdin Rudder Shell Main Rudder
Harizontal Stiffener

Secondary Rudde
Secondary Rudder Shell H_ neary |_| =f
Horizontal Stiffener

Fig. 4. Telescopic Rudder Model A
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Fig. 5. Telescopic Rudder Model B
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Main Fudder Shell

Secondary Secondary ({88 ;
Rudder Rudder o2

Shell Harizontal
Stiffener

Main Fudder Horizantal Stiffener
Fig. 6. Telescopic Ruddghorn)— Model C

There are several challenges in field of machinery andpeguit in telescopic
rudder which mentioned briefly as following:

« designing of the control system for rudder movement,

« designing of the steering gear and bearing for rudder,

« designing the proper structure to achieve an acceptable requirement,

« sealing the rudder containing design a seal or sealing system (e.g. uspmgs®m
air system to prevent water influence during slide telescopic part),

» examine the fouling of sliding part and its effect on seal system.

5. Mathematical model for hydrodynamics aspects

Potential theory is an extremely well developed and elegatitemmatical theory,
devoted to the solution of Laplace’s Equation:

0% =0, (6)

There are several ways to view the solution of this egualihe one most familiar
to aerodynamicists is the notion of “singularities”. These are algefaraitions which
satisfy Laplace’s equation, and can be combined to construct flowfields.
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The most familiar singularities are the point source, doubletvartdx. We can
write the expression for the potential at any pBiats

1 1 1
¢(p>=—ﬁ[—w—¢w—)}nds. ()
4n s LT r
© N v
s r
7
Iy
o
Filament path
¥~ denoted by
curve C
nr
Q0

Fig. 7. Filament vortex and flow field

The value ofg at any poinP is now known as a function @f ando¢/on on the

boundary. By using filaments vortex for distribution of singularitiksg surface we
can determine the velocity field from the Biot Savart law as below:

V(r):_%jm_ 8)

- =3
-
6. Relation between aspect ratio and hydrodynamic coefficient

In present numerical modeling, we use below model for study asgigcand hy
drodynamic coefficient relationship.

Uzl
[=1

25

Fig. 8. NACA 0018, 10&20 mesh size
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Gain result shown iRigure 9.
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Fig. 9. Relation between Lift & Drag coefficient withandl

Conform to suppose, by increasing the aspect ratio thentifleag coefficient will
be increased. IRigure 10 the changing location of center of pressure with increasing
aspect ration has been shown.
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Regarding thigigure we can find that whehincrease the position changing in CP
will decrease. Therefore the hydrodynamic torque acting on ruddés withchave
a brief changes, which is appropriate for design of rudddt. Sfitds is a one of the
other advantage of using telescopic rudder.

7. Effect of enlarging rudder span on hydrodynamic coefficient

According to above obtained results, we investigate the em¢prgdder span on
lift and drag coefficient now. We consider below models:

Rudder with NACA 0018, span height= 3, chord lengttC = 1, angle of attack
a = 15°, taper ratio = 1.3, telescopic chord length 0.7 feading edge offset 0.1.

1.3C
05
0.8C

2

w ~—
-

25
05

Fig. 11 Rudder Geometry Data

Mesh size table as follow, where n is the number of panel on rudder t@remce,
m is the total number of panel along span (include main and sliding part).
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Table. Mesh size

n x m[my]

119x54
119x50 [42]

119x53 [43]

119x55 [43]

119x55 [41]

119x59 [43]

119x61 [43]

119x59 [40]

119x61 [40]

119%61 [38]

119x59 [36]

119<61 [36]

119x61 [34]

'/ h

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.5

0.6

5
0

As it expected by increasing rudder span the hydrodynamic rudder force @acreas
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Fig. 13 Lift & Drag Coefficient Vs Increasing height

RegardingFigure 13 there is linear relation between increasing rudder spdn wit
hydrodynamic coefficients. If the rudder height increases 0.6 tindtial height the
lift and drag coefficient will increase 1.46 and 1.34 timapeetively and improve the
maneuvering characteristics.
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The Figure 14 and 15 show the contour of pressure coefficient on rudder and the
stream lines in model 13.

Fig. 15 Streamline on telescopic rudder
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8. Conclusions and closing remarks

» There are linear relationship between enlarging rudder spanliftiand drag
coefficient.

* Position changing of CP in high span rudder is less than low $harefore the
hydrodynamic torque acting on rudder stock will have a brief clsavgeich is ap
propriate for design of rudder shatft.

* Increasing the rudder height has a direct influence on aspést nudder area
and decreasing thedcross flow over the rudder root and tip. Therefore we observed
increasing lift coefficient value.

» Because of discontinuity in connection of main to telescopicgbactdder, vor
tex flows have been created in downstream flow.

* Increasing the lift and drag coefficient will increaseltheand drag force conse
guently maneuvering characteristic of vessel will improved.
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Nowy efektywny ster okretowy — ster teleskopowy

Ster jest najwazniejszym urzadzeniem kontrolujacym w trakcie manewrowania statkiem.
Zazwyczaj jest pasywnym elementem wyposazenia statku, ktory wytwarza sile i moment
dzigki naptywowi wody, i traci sprawnos¢, gdy predkos¢ statku si¢ zmniejsza. Z projektowa-
niem steru zwiazanych jest wiele parametrow takich jak ksztalt, pole powierzchni i rozpigtos§é¢
steru. Przy zwigkszaniu rozpigtosci steru rosna wydluzenie, pole powierzchni i sity. Badania
pokazuja, ze zwigkszenie wydtuzenia steru jest, w pordéwnaniu ze zmiang kazdego innego pa-
rametru, najlepszym rozwiazaniem, zeby uzyska¢ najwyzsza sprawnosc¢ steru. Poniewaz wy-
miary steru sa ograniczone przez ksztatt rufy statku, rozpigtos¢ steru zalezy od rozmiarow
statku i rufy.

W trakcie badan opracowano nowy typ steru - ster teleskopowy, ktory pozwala na zwigk-
szenie wysokosci steru, a dzigki temu na zwigkszenie wydluzenia. To rozwiazanie pozwala na
poprawienie sterownosci statku poprzez zwigkszenie wartosci wspotczynnikow hydrodyna-
micznych steru.
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Ster teleskopowy sktada si¢ z dwoch czesci. Czgs¢ ruchoma przesuwa si¢ wewnatrz czesci
podstawowej. Do pesuwania cze$ci ruchomej zostat zastosowany uktad hydrauliczny. Po wy-
sunigciu czgsci ruchomej zostaje zwigkszona wysoko$é steru, co powoduje wzrost wydtuzenia,
powierzchni steru i sity hydrodynamicznej. W celu zbadania charakterystyki hydrodynamicz-
nej geru teleskopowego opracowany zostal program komputerowy oparty na metodzie ele-
mentow brzegowych (tréjwymiarowa metoda paneloviRztgy pomocy wspomnianego pro
gramu zbadana zostala efektywnos$¢ nowego steru w porownaniu ze sterem konwencjonalnym.
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Commercially available resibased dental composites were studied. Their friciod wear kinetics
were determined, together with the microhardnessaigrials. Tribological examinations evidenced tha
friction force characteristics are different forrieais composites equilibrating slower or faster. How
ever, in some cases, friction may also presennataat value during the whole experiment. Theibritt
force characteristics have been found being retatedbrasion kinetics of dental composites.

Microindentation experiments provided interestinfprmation on the hardness of dental composites.
It has been found, that in the most cases, congsosiudied exhibit the surface gradient of hardness
Generally, the harder and the stiffer the matehialhigher its abrasion, what follows a micromedtein
model of friction.
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1. Introduction

Amalgam has been used for more than century to fill posteridh. Its low price
and rapid application have made it the most economic dental filatgrial. The ma
terial is also stronger and more durable than most of ava#dtelematives. However,
the increasing demand for more esthetic restorations has maeeqrosomposites
a strong alternative to amalgams.

The esthetic revolution began in 1970s¢cidentally” with an observation that
mercury vapor was released itself from amalgam and could bkedni@ontroversy
about mercury toxicity was a principal reason for replaaimglgam restorations with
other, safer materials. Nowadays, the usage of amalgam isnisedand composite
resins replace it gradually. Popularity and proliferation of #ind of material are
connected with its advantages: good mechanical properties, higtanesi to dissolu
tion and esthetic qualities. But its poor abrasion and fractustarese when placed in
stressbearing areas may limit its application. It is obvious, thahaterial scientists
want to develop more resistant composite, they should try to deegerstand wear
process, from the structural and clinical point of view. It nngspointed up, that not
only the amount and the rate of wear are important but, first eminbst, wear
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mechanisms. It is really tough problem, because the wear of tooth and dentg fli
a very complicated and mufactorial process. From that reason, it is still an impor
tant issue for researchers, ...in the spite of numerous satiegapers have already
been done and published on [1, 2].

1.1. M echanisms of wear

Wear can be defined as “the ultimate consequence of interaetiwrdn surfaces,
which is manifested in gradual removal of material’. Gengrale may distinguish
four main types of wear process [1, 3]:

» adhesive wear — occurs when surfaces slide one against another. Volume of mate
rial transferred from one surface to another is proportionakab contact area and
sliding distance;

* abrasive wear — probably the most widespread type of wear; occurs when hard
asperities (integral part of the surface — ,fhady abrasion” or separate particles
which are entrapped between the surfaces — ;hoely abrasion”) plough into softer
surface. Generally, this type of wear is proportional to thdrieess of materials in
contact, the geometry of abrasive particles, sliding distance and load;

« fatigue wear — as the result of repeated stress caused by clearangagizies
trapped by two moving surfaces. The plastic deformation ofriabt&uses the zone
of tension behind the motion. The surfaces are dented andrayasknitiated. These
cracks propagate as the result of repeated stress produbedrnyg load. Eventually
materials that was surrounded by cracks is lost. This dsplanaterial may itself
form wear debris, causing thrbedy abrasion.

* corrosive wear — occurs as the result of chemical reactions on worn sgtféc
a chemical reaction layer forms on the surface then it caerbeved by contact with
the counterface. Removed material results in debris whichkate to agglomerate,
producing larger patrticles.

1.2. Wear of dental resin-based composites

In general, resitomposite restorations are diphase with: 1. hard phase —silane
coated inorganic filler particles embedded in 2. softer matrdimethacrylate resin
(either BisGMA or urethane dimethacrylate UDMA). In some cases, the piopo
of lower molecular weight monomer such as TEGDMA is introducedecrease
overall viscosity of the system.

Friction of the surface with hard asperities makes the respohgomposites,
which depends on the size of a hard phase region and the scale ofadiefor If the
size of hard filler particles and space between them ardesntiaan deformation
caused by asperities, materials behave like homogeneous solidseanddar resis
tance is similar to that of a resin base. If filler pde and the scale of deformation
are of approximate size or filler particles are largern tthee material behaves like
a heterogeneous solid and it wear rate decreases [1].
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To sum up, wear of dental reddased composites is the result of a number of
fundamental processes, especially: erosion, attrition and abrasdiafy may occur
simultaneously or sequentially, acting in various combinationsr fingual interae
tion is very complex, what results in the general tendency of weaegs hardly to be
predicted.

Traditionally, in the subject literature, the teenosion is used to describe the loss
of the surface layer attributed to chemical effects (lysaaidic). Attrition character
izes surface loss at sites of direct occlusal contads. type of wear occurs as the re
sult of direct contact with sharp asperities of counterfacesmaydinduce substantial
changes in surface texture (smear layer, roughness,Akiasion is used to describe
wear at norcontact sites and also to some other situations which cannotriieedgo
erosion or attrition. This mechanism — “occlusal” matenak] is considered to be the
significant type of wear for composites. Fundamentally, abrasi@aused by fric
tional surface interactions of dental materials with toothbarsd paste or food and
fluid ingredients during chewing.

These three terms describe rather clinical manifestéatiem tmechanisms of wear,
thus it is reasonable that an each case should be considéredin terms of a site
and mechanism, than its nomenclature. It cannot be denied, thaedmanism of
wear process, which has the great influence on wear rataglstrdepends on both
factors, originating from: 1. material and 2. conditions under ke material is
used [1, 4].

1.2.1. Theinfluence of filler loading and mor phology

The longterm wear of posterior composite restorative mater@isfluenced by
wide range of factors, falling into two main groups:

1. inter alia — the chemistry of resin matrix and filler, and

2. composition and morphology of the system — for which the content asiz¢he
of filler particles and their distribution in a soft matrix, se® be the most important
ones [3]. Inorganic particles are well known from their abilitymhprove mechanical
properties of polymers.

In the subject literature some theoretical and experimeunidénces on the role of
morphology for wear resistance of polymer composites can be fougendgn et al.
[5] suggests that decreasing the size of particles, $peeen them and increasing
the volume fraction of filler, are the key factors to imprtve wear resistance of ma
terials. The authors have considered that filler particles situated alesely to each
other can protect a softer resin matrix from abrasives, rglatts in the reduced wear
of material. Turssi et al. [6] have studied wear of nialteffilled to the same extent,
but with particles of various shapes. They have noticed that caempasiade of
spherical filler particles had significantly lower weasiséance than those containing
irregularly shaped ones. It has also been confirmed thadiabneduces with the de
crease of filler particle size.
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1.2.2. Theinfluence of filler size distribution and homogeneity

It cannot be denied that particle size is an important féotdribological proper
ties of polymer composites. In vitro wear tests indicate an-tessed dental compos
ites containing the smallest sized spherical particles gixigka considerably higher
wear resistance in the comparison to materials contafitieig of larger size. How
ever, it must be pointed up, that mean particle size does natadgdescribe the
solid phase. Especially particle size distribution, composition hereity and the
participation of the largest filler particles, dominate tlitgotogical behaviour of com
posite materials [4].

It has been found, that in the most cases composites exhibit taeesgradient of
composition (filler loading), as well as dimensions and sizgiloligion of the solid
phase particles. Nemniform size distribution of filler particles in the surfdager of
composites facilitates theirs tribological properties [7].

Turssi et al. have studied the wear behaviour of dental composites tantélers
of different size, geometry and particle distribution, but of threesahemistry and
content [6]. They confirmed that the application of irregular slidipes, having ad
ditionally a broad particle size distribution leads to treation of significantly more
wearresistant composites in comparison to those made of similar spresrical filler
particles. Monemodal materials containing the largest filler particheisilgit the high
est abrasion.

The analysis of literature survey leaves no doubt thaminehanism of wear for
resinbased dental composites still remains difficult to explain andritbes Taking
into account, that this problem is connected with our, human healg@nitssobvious,
that tribological studies on these materials should be continued.

2. Experimental
2.1. Materials and sample preparation

Commercially available resin composites formulations (Filkpreme AZ2B,
Filtek P60, Valux Plus, Filtek Z250, Tetric Ceram, QuixFil Ungad) have been
studied. The materials have been extruded directly into a hade silicon mould
and their surface secured with a microscope cover glasnimize contact with air
oxygen. Then, the top surface has been photgmerized using a lighturing unit
(Heliolux DLX, Ivoclar Vivadent, Switzerland) operating in arsard mode and
emitting the radiation of 550 mW/ém

2.2. Methods. Wear tests and microindentation

Wear test.Friction has been determined with a blaokring T-05 tribometer
(ITeE, Radom, Poland). The tribometer was equipped with a-ohdtinel electronic
PC measurement unit — Spider 8 (HBM, Germany) for data acquisition.
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A 35 mm of diameter stainless steel ring, was rotatinghagttie flat block sample
of dental composite material. Measurements have been carrieditbuter sliding
speed of/ = 12 an/s and the normal load of 100 N, at ambient temperatufe 12}
Friction experiments were running for six hours. After every haumpies were re
moved from the instrument and weighed to determine the wear of material.

Microindentation.Mechanical properties of the surface layer of dental coitgsos
have been carried out with a NanoTest 600 instrument (Micro MistelJK) [8].
A Berkovitch diamond penetrated the surface layeraierial with the loadig/unload
ing rate ofdP/dt = 0.1 mN/s and a force increasing from 0.5 mN to 5 mN.lex
periments were run in controlled conditions of temperafiire 202 °C) and relative

humidity (60° %). Data registered were analyzed using the method proposed by
Oliver and Pharr [9].

3. Results and discussion

Friction characteristics of the dental composites studiegrasented in Figure 1
and 2. To make the figures more clear, only the traces abfribbrce in first, third
and sixth hours have been presented and compared.

Tribological examinations have evidenced that in general, tbtofriforce char
acteristics fall into three groups:

1.when friction force equilibrates slowly. The value of fiactiforce increases
from 20 N to approx. 445 N during the first hour (Filtek Supreme A2B, Valux Plus)
— Figure 1,

2.when friction equilibrates more rapidly. The value of frictiorce stabilizes al
ready after 20—30 minutes (QuixFil Universal, Filtek Z250) — Figure 2.

3.friction presents generally a constant value during the wholeimegre (Filtek
P60, Tetric Ceram) — Figure 3.
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It seems likely that the lack of changes to friction fdarethese composites is-re
lated to their abrasion kinetics. The abrasion kinetics faicT€eram and Filtek P60
samples represent a straight line, with the correlationrfaétR? = 0.9995 for former
andR? = 0.9928 for the latter, whereas for other materials studied sbamges to the
slope are present — Figure 4.

These changes are the most visible for the first group opasites and could be
related to the variation of friction force during the first hourriifological exper
ment.

It has been found, that in the most cases, the composites stuliieit e surface
gradient of hardness. Microhardness decreases from the surfacéutktbésample.
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A relation between microhardness and wear loss of the dentglosdes studied
has been observed — Table.

Table. Relation between microhardness (on depthoapp00 nm)
and wear loss for the dental composites studied

Material Wear vol. 9
H [GPa] [%] P
QuixFil Universal | 0.34 4.2 . P
Tetric Ceram 040 54 | ¥+ it
Filtek Supreme 2 .o
AZB 0.42 6.2 5 s /
Filtek P60 0.63 6.6 § s al
Filtek Z250 0.72 8
4
Valux Plus 0.96 8.2 3 ‘ T \ "
0 0,2 0,4 0,6 0,8
microhardness [GPa]

Generally, the harder and stiffer material the higher its abra¥he mechanism of
friction can be described by micromechanical Bowden and Tabor model [10].

4. Summary

Tribological experiments carried out in this study have showhgblymerbased
composite materials can exhibit various wear behaviour. Tt#ofriforce character
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istics of each material might be distinctly different, despite verilasirthemical com
position. This friction variation is related to the abrasion kinetfatental composites.
The lack of changes to friction force makes abrakinetics a straight line with approx.
correlation factor of 1.

Microindentation measurements have provided interesting informabont the
hardness of dental composites. It was worthy of note, thaeimtst cases, the com
posites studied exhibit the surface gradient of hardness. Ttirelsa has a great-in
fluence on tribological behaviour. In general, the softer masgethial higher their wear
resistance.

Our results confirmed that optimization of the wear behadiiatental composites
is a very difficult process and may require a change in approThe researchers
should put more attention to the surface layer, not only beingddcos the bulk
properties of material.
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Tarcie i zuzycie Scierne materialow dentystycznych na bazie zywic

Obiektem badan byly dostgpne komercyjnie polimerowe materiaty dentystyczne na bazie
zywic. Zbadano kinetykg zuzycia wybranych kompozytow dentystycznych oraz ich mikro-
twardo$¢. Pomiary tribologiczne dowiodly, ze krzywe obrazujace zmiany sily tarcia w czasie,
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moga mie¢ odmienny przebieg dla r6znych kompozytow. Pomimo, ze badane materiaty odzna-
czaty si¢ podobnym skladem chemicznym, w niektorych przypadkach sita tarcia miata stata
warto$¢ w trakcie calego eksperymentu, w innych natomiast stabilizowata si¢ z r6zna predko-
$cia. Okazalo sig, ze mozliwe jest powiazanie przebiegdw sily tarcia w poszczeg6lnych godzi-
nach, z kinetyka zuzywania si¢ kompozytéw dentystycznych. W przypadku materiatow, dla
ktorych wartos¢ sity tarcia nie zmieniata si¢ w trakcie trwania procesu kinetyka zuzycia przy-
bierata ksztalt linii prostej. W pozostalych przypadkach obserwowano mniejsze lub wigksze
odchylenia od liniowego trendu.

Pomiary technika mikroindentacji dostarczyly wartosciowych informacji na temat twardo-
$ci warstwy wierzchniej badanych materiatow dentystycznych. Wyniki tych pomiaréw mozna
roéwniez powiaza¢ ze zuzyciem. Okazato sig, ze twardsze i sztywniejsze materiaty dentystyczne
odznaczaty si¢ wyzszym zuzyciem $Sciernym. Zatem tarcie kompozytow dentystycznych na ba-
zie zywic mozna opisa¢ za pomocg mikromechanicznego modelu Bowdena i Tabora. Pomiary
mikrotwardos$ci dowiodty rowniez, ze w przypadku wigkszosci materialtdow mamy do czynienia
z wystgpowaniem powierzchniowego gradientu twardosci.

Przeprowadzone badania potwierdzaja, ze optymalizacja wlasciwos$ci materiatow denty-
stycaych pod katem ich odpornosci na zuzycie $cierne, jest sprawa skomplikowana i wymaga
przede wszystkim skoncentrowania si¢ na wilasciwosciach warstwy wierzchniej materiatu,
w ktdrej procesy tribologiczne sg inicjowane.
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System and risk approach to ship safety,
with special emphasis of stability

LECH KOBYLINSKI
Foundation for Safety of Navigation and Environmerdtection, 14200 Itawa-Kamionka

Present stability regulations developed over thars/dy IMO reached definite conclusion with the
adoption of the Revised draft of the Intact StapiGode. The criteria included there are workingpe
ratively well with regard to the majority of conw@nal ships. Advent of very large and sophistidate
ships of norconventional features caused that those criteria lmainadequate, and because of that cur
rently IMO is considering development of criteriasled on ship performance. However, with the appli
cation of the existing criteria risk level is natdwn, and there was still a number of ships satigfgrite
ria that did capsize due to different causes. Tlesgnt criteria are design criteria of the presisgpna
ture. As opposed to prescriptive criteria requiretedased on risk analysis offer many advantages.

The author proposes that as alternative to exigiitgria safety assessment based on risk analysis
should be used. This would require holistic andesysapproach to stability. Safety against capsiting
LOSA accident) is a complex system where desigaraijpnal, environmental and human factors have to
be taken into account. The crucial point in satetgessment would be identification of all hazahs t
ship may be subjected. Although performing risklgsia to stability problems seems to be a very-com
plex task, in the opinion of the author it may banageable and could be applied for safety assessinen
highly sophisticated and costly ships.

Keywords:ship’s safety, risk analysis, stability of shipzhed identification, formal safety assessment

1. Introduction

Seafaring at present days is not particularly dangerous. \Wowte international
society shocked by serious marine casualties that happen ifratd time where
hundreds of lives are lost and oceans are polluted by several thousands tonslef oil fee
that it is necessary to take action to enhance safety. ticypar, the International
Maritime Organisation (IMO), the United Nations agency responédrlsafety at sea
is working since early sixties of the last century towarclsieving this goal. This or
ganisation develops international safety requirements fppsig. Creation of this er
ganisation and its activity shows that the internationak$pes crucially interested in
promoting safety at sea. The attitude to safety of seafar@sy however, not always
such as it is talay.

From the earliest days shipping was associated with thefrisising the ship and
people onboard. Even in the nineteenth century it was never kwbether the ship
starting a journey will ever return and passengers, entrustaiglives to unreliable
ships felt extremely lucky if the journey ended successf@llyps were lost by hun
dreds. It is worth noticing that in the single year 1821-22 in North2868 ships
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were lost with over 20 000 people onboard. Between the year 1876 and(.882
British ships were lost with 27 010 mariners and 3543 passefdersause of casu
alties was defined a$drce majeure

The principle of economy wdasissez faire every intervention of governments was
strongly rejected by ship owners and seafarers. As a resalis were treated badly
and ships were unsafe. The industrial revolution of the nineteentiury and rapid
development of sea transportation, shipping and shipbuilding that fotaused that
the problem of safety at sea gained importance. Because gfdtving number and
size of ships the high risk involved in shipping could not bemede on the other
hand because of the technical and scientific progress theeergadistic possibilities
to build safer ships and carry on safer navigation. Ultimatelyine administrations
and ship owners gave up under pressure of public opinion moved by the high mortality
on board ships and by the large number ships lost.

Stability was in the centre of attention of shipbuilders ftbm oldest times. They
knew very well, that ships at see must not cap3iaere were no stability criteria avail
able, and the knowledge of how to construct ships safe agaipsizing was based
solely on experience and skill of shipbuilders passed from generation totgenera

The foundations of the science of stability were laid dowsaaly in the middle of
eighteen century by Bouguer, Euler, Bernouille and others, butitayot influence
the designing of ships. There were, however, developed certairesioies how to
design stable ships and attention was focused on ensuring adequate nmetaight.

After the capsizing of the naval ship Captain i7@8ith all hands onboard theim
portance of righting lever curve was recognized, @ a consequence in 1884 criterion
proposed by Denny was adopted by the British Adiyirén following years several
proposed stability criteria were advanced, nonglath found wider application. By
late thirties Rahola proposed criteria based oratfaysis of some capsized ships that
later on were used in several countries. First official adsgpy stability standards were
adopted in SSSR in 1947 and they for the first fim@uded “weather criterion”.

One of the first tasks taken by IMO in early sixties wageltgpment of stability
standards. First part of this task was completed in 1968 by adaytstatistical crite
ria, supplemented in 1986 by weather criterion. In 1993 they weltedatt into the
Intact Stability Code for all ships covered by IMO instrumentee @riteria were rec
ommended and not compulsory. Recently the Code was revised, divitlea rarts,
the first one made compulsory by reference in the amended SOLAS conventidin. It wi
come into force in 2009. This, however, is not the final solution. The groge of
work of IMO includes development of improved stability critéhat should take into
account various hazards to which the ship may be subjected.

2. Concepts of safety

In the past the ability to build ships that were safe and bad geakeeping quali
ties was based entirely on experience gained over a longtichpassed on from gen
eration to generation.
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This was the oldest concept of safety, where safety waevae by thé'trial and
error’ method. This traditional way of building ships has surviwethis day in many
developing countries, where small ships have been built without any drawingd-and ca
culations and the design was based solely on experience. There warechmertain
regulations specifying hull scantlings in relation to ship patarseThis concept not
so long ago was used commonly by classification societregppihger [14 defined this
concept of safety as the assignment of hardware and this tascefpen used as
a basis of simple safety requirements up to this day.

A more advanced concept of safety does not include assignment aisthme or
proportions of an object, but assignment of its physical propehtiesspect to stabhil
ity, this means, for example, assignment of valderaiacentric height or of the right
ing arms at various angles of heel. The method of estimatithesé values could be,
however, the same, i.e. the trial and error method. All older ityaditeria or recom
mendations were actually based on this method.

Currently, especially with regard to stability, a more advawocedept of criteria is
advocated, under the term "performance oriented criterias.nbt entirely clear what
this term may really mean, but it seems that with regasdatioility most people un
derstand under this concept the approach that may be defirfédeagpproach where
the behaviour of vessel is analysed in a set of environmental anatiopal scenar
ios taken as realistically as possible on the basis of her pesforenin terms of safety
against capsizing. The performanogented criteria should be based on calculations
or measurements of performance of the vessel in determimigpiobabilistic terms
in the analysed scenarios. Numerical simulation, ar@dytnethods model experiments
and full scale trials could be ud&[12].

Table 1. Fivetier system for goadbased requirements

Tier I: Goals
Tier II: Functional requirements
Tier IlI: Verification criteria of compliance

Technical procedures and guidelines, classificatibes and in
dustry standards
Codes of practice and safety and quality systemsHipbuilding,
ship operation, maintenance, training etc

Tier IV:

Tier V:

The most recent concept of safety regulations is-gaséd standards. Goal based
regulations does not specify the means of achieving compliansetsugoals that al
low alternative ways of achieving compliance [4]. Gbased standards are for some
time considered at IMO and appraised by some authors [19], and/i¢heyntroduced
in some areas, albeit not in the systematic manner. Marfety S2ommittee of IMO
commenced in 2004 [IMO 2004] its work on gdased standards in relation to ship
construction adopting fivéer system (Table 1).

IMO MSC committee agreed in principle on the followingr ti goals to be met in
order to build and operate safe and environmentadéipdty ships! Ships are to be de
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signed and constructed for a specific design lifeasafe and environmentally friendly,
when properly operated and maintained under specified operating amwm@mental
conditions, in intact and specified damage condgjdhroughout their life[IMO 2004].

3. Prescriptiveversusrisk based criteria

The basic dichotomy in the conception of safety requirementsst®$ prescrip
tive approach and riskased approach.

Traditional regulations were of prescriptive nature and usuahe based on de
terministic calculations. They are formulated in the way rerkee ship dimensions or
other characteristic (e.g. metacentric height) must beegréar smaller) than certain
prescribed quantity. Prescriptive regulations could be develop#tedrasis of expe
rience (expert's opinions) statistics, analytical methodsputer simulation, model
tests and fulscale trials.

Prescriptive regulations have many advantages. They are &etuh a simple
language, which is easily understood by everybody, they are eapplination, they
also make checking adherence to the requirements easy. The m&ioraing of pre
scriptive regulations is that they are bounding designers anddthept allow intre
duction of novel design solutions. They are based on experience gathezkisting
objects and they are not suitable for novel types. Usuallywleeg amended after se
rious casualties happened. The risk involved with the applicafiprescriptive regu
lations is not known.

At the opposite of the prescriptive regulations, theréslstrased approach. In the
risk-based approach, the regulations specify objectives to be readhet,are safe
performance of an object. The advantages ofbieded approach are obvious. They
give free hand for the designer to develop new solutions, thagllgcallow taking
optimal decisions from the point of view of economy and safety angsth® the pu
blic and to the environment is assessed and accepted.

4. System approach to safety and stability

As mentioned above, existing criteria are design criteriandleie to be applied
during the design stage of a ship. However, even the preliminatysés of stability
casualties shows, that design features of the ship are nmogtadmportant nor most
often cause of casualty. Casualty — it will be in the folloneatied LOSA —(loss of
stability accident) [13], is usually the result of a sequeriea/ents that involve envi
ronmental conditions, ship loading condition, ship handling aspects and hwtan fa
in general.

Ship stability system is rather complicated. However, in masé< it could be
considered as consisting of four basic elements: ship, environraegb, @nd opera
tion (Figure 1) §]. The Venn diagram in this figure stresses strong intersctoe
tween the four elements. The use of the system approach totywtabikria was
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proposed by the author quite long time ago and it was partly appliéelvelopment
of the Intact Stability Code [10], but in general until this dabidity requirements
remain basically design oriented. Analysis of LOSA camsleveals that the causes
of casualty may be attributed to:

* functional aspects resulting from reliability charactessof the technical sys
tem, therefore stability characteristics of the ship,

 operational aspects resulting from action of the personnel handéngystem,
therefore crew members but also ship management, cargo hamdénge admini
stration and owners company organisation,

 external causes resulting from factors independent from designéders and
operators of the technical system therefore ship environment andottigyaf?], [3],

» cargo related aspect resulting from characteristics gocand its way of trans
porting.

Fig.1. Fouffold Venn diagram for ship stability system

Human factor plays important part in all four elements ofsggtem. Human and
organisational errors, HOE, according to some authors, goensble for approxi
mately 80% of all marine casualties [15], other sourceisitidf stated that this per
centage is 80% [18]. In order to achieve sufficient levelafdéty with respect of sta
bility, all elements creating stability system have tddden into account. Taking into
account the fact, that less than 20% of all casualties arecchydaulty or bad design
of the ship, the existing safety requirements that refenlgngd design features of the
ship can not insure sufficient level of safety, in particulahwegard to ships having
novel design features.

5. Application of holistic and risk-based approach to safety and stability
It seems that there is some consensus on the need to appig holisriskbased

approach to safety of ships at sea. The Marine Safety Cteanaf IMO recom
mended this approach as Formal Safety Assessment (FSA) [7o$hibilities to use
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this approach in the rule making process are still under igaéish and rather few
trial applications of FSA have been attempted, é&f. This in particular applies to
stability problems, intact or damage, and existing IMO rolesstability, do not in
clude possibility to apply such methods. Few partial applicatddrissk analysis to
stability problems were published [1], [3], [16]. Risk a@ario is inherently involved
in the total ship safety concept strategy proposed by Vassalos [1Quife investi
gated possibilities of application of the FSA methodology to intatilgy criteria in
several papers e.g. [11], [13].

Recently, however, IMO SLF Subcommittee completed the taskvedion of the
Intact Stability Code (IS Code) dividing it in two parts, thietfone of which will be
made mandatory [8]. But still remains the leiegm task of developing stability crite
ria that take into account various hazards, inter allianpatréc resonance in following
and head seas, broaching or loss of stability in wave creste $eople think that it
would be possible to develop prescriptive criteria based on syttecalculations of
computersimulated behaviour of the ship in a seaway. There are, howeoeg aF
guments showing that it may not be possible.

First of all hazards posed by seaway, as mentioned above, tafee ramly ones.
LOSA casualty is usually the end result of a sequenceeritewhere various hazards
play important part. Furthermore, behaviour of the ship in a seatnaygly depend
on ship operation and in particular on decisions taken by the mastiEmgerous
situations. There is no way to take account of those decisiadhe design process of
the ship. The author sees the only possibility to assure safety byrapybk analysis.

Risk-based approach according to IMO recommendation is formalized and in
cludes the following steps:

* identification of hazards,

* risk assessment,

* risk control options,

» costbenefit assessment, and

» recommendations for decision making.

It is rather obvious that application of FSA metblody is a tedious and tireon
suming task, but in principle it is feasible. It wibtde not practical to apply this method
to conventional ships that are reasonably safe,tbeuld be effectively applied to
important and large ships of noonventional design. FSA may, therefore, be recom
mended as an alternative to existing prescriptivierzai subject to the discretion of the
Maritime Administrations involved. This idea is presentetheTable 2 and the general
procedure for the application of system and tHeajgproach is shown in Figure 2.

Table 2. Methods of safety assurance

Ships Method of stability safety assessment
Conventional, not sophisticated Prescriptive criteria as in the IS Code

Novel types, Risk analysis under the provision allowing appimatof
large sophisticated ships alternative means of assuring safety
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SYSTEM ——p | SHIP SAFETY «—
h 4
SUBSYSTEM ——— | STABILITY
v
DES'CRIPTION #—————p | Generic ship and ship
LEVEL operation model
v
IE]I;?ELS S Hazard identification
Capsizing scenarios
Hazard probabilities
Rask assessment Risk control
options
) 4 4
AC(;EPTANCE ¢ > -
LEVEL Rask accepted

Rask not accepted

Fig.2. Block diagram of risk analysis
6. Hazard identification

The crucial problem in safety assessment analysis is prbgetfication of vari
ous hazards to which a ship may be subjected. According to theidafihiazard is
“a potential to threaten human life, health, property or the enviroriniéhtWhen
performing risk analysis all relevant types of hazards teigdken into consideration
— environmental, technical, operational and managerial. Huntaor fianust be taken
also into consideration.

Hazard identification is carriedut using hazard identification and ranking proce
dure (HAZID). Hazards could be identified using several different methods

IMO resolution included general guidance on the methodology ofdhidentifi-
cation. With respect to stability, hazard identification couldabkieved using stan
dard methods involving evaluation of available data in the contexinatibns and
systems relevant to the type of ship and mode of its operataiilit$ is considered
assuming that the ship is intact and accident evaluated is called L&xSA{ stability
accident). LOSA is a new definition covering capsizing, thaans taking by the ship
position upside down, but also covering a situation where amplitudes of rollingimotio
or heel exceed a limit that makes operation or handling the shgssible for various
reasons- e.g. loss of power, loss of manoeuvrability, necessity to abandahighe
etc. It does not necessary mean the total loss of the] $8]p.

According to general recommendation the method of hazard idatitfh com
prised mixture of creative and analytical techniques. Creatay@ent was necessary
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in order to ascertain that the process is proactive andtimited to hazards that
happened in past.

In general HAZID involves several possibilities used separately anibination:

» statistical data concerning causes of accidents,

« historical data including detailed description of accidents,

» conclusions resulting from model tests of ships in waves,

» conclusions resulting from computer simulation of capsizing,

* event and fault trees method,

« analysis of accidents using TRIPOD method [17

* opinions of experts organized according to DELPHIC method.

LOSA
and/or
I | | | |
Critical Cargo Forces of Fire ﬂll_d External heeling
stability shitting the sea explosion moments
| | |
leing Cargo and
N ballast HOE
operations

Fig. 3. Basic hazards to stability (HGEhuman and organisation errors)

As an example of the application of this methodology the lislaaards in respect
of stability is shown inFigure 3. In this example ranking of hazards is not shown,
moreover the sketch could be considered as the first level dhutietree leading to
LOSA. When further decomposition of hazards is performed it coulchbity eseen
that the hazards, taken as faults, are strongly interconnaateduman factor is pre
sent in all of them.

Hazards identified as relevant to safety against LOSAadr strongly intercon
nected, moreover, human factor understood as a performance of an individo@st
cases the master) plays important part in each Ekszards identified should be fur
ther decomposed preferably using fault trees and/or eventsrégeslucing various
scenarios of LOSA casualty. The set and combination of faals tand event trees as
developed for all hazards identified and all scenarios (definedkasongribution trees
— RCT) is a basis for HAZOP (hazard and operability study) proeethat allows
also assessment of frequencies (probabilities) of haregdéred for risk assessment.
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This is rather tedious task bearing in mind the multitude ebipte scenarios. This
problem, however, is not discussed here.
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Systemowe i oparte na analizie ryzyka podejscie do bezpieczenstwa statku ze szczegélnym
podkresleniem problematyki stateczno$ciowej

Przyjgcie przez IMO znowelizowanego Kodeksu statecznosci zakonczylo okreslony etap

prac nad rozwojem przepisOw stateczno$ciowych. Przepisy te speniaja dos¢ dobrze zadanie
zapewnienia bezpieczenstwa w stosunku do statkdbw konwencjonalnych. Moga one by¢ jed-
nakze niewystarczajace dla statkéw duzych, nowoczesnych i niekonwencjonalnych. Jednakze
poziom ryzyka przy zastosowaniu obecnych kryterifie jest znany, ponadto od czasu do
czasu zdarzaja si¢ wypadki przewrdcenia si¢ statku. Z tego powodu do programu prac IMO
wprowadzono zadanie opracowania kryteriow opartych o osiagi statku. Alternatywa dla wy-
magan preskrypcyjnych sa wymagania oparte na analizie ryzyka. Autor proponuje stosowanie
alternatywnych wymagan opartych na analizie ryzyka. Wymaga to stosowania podejscia sys-
temowego 1 holistycznego. Bezpieczenstwo przed przewrdceniem si¢ stanowi ztozony system,
w ktorym nalezy uwzgledni¢ aspekty projektowe, operacyjne, otoczenie i tadunek. Istotnym
elementem oceny bezpieczenstwa jest identyfikacja wszystkich zagrozen, jakim podlega statek.
Analiza ryzyka jest procedura ztozona, jednakze zdaniem autora w stosunku do statecznosci
jest mozliwa do wykonania.
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Endoprostheses make it possible to replace a sidemaged joint with mamade elements. Thanks
to numerous clinical trials and to progress in ienufacturing technology, the devices of this tgpe
now more and more modern and reliable. Materia¢sl uis endoprostheses have been subject to centinu
ous modifications. The principal reasons of faifuie the implantation of artificial joints are th@sen
ing of the graft, often due to the infection caudsdproducts of wear of polymer elements, improper
grafting or improper cmperation between the implant and tissue. Additlgnafter a dozen or so years
of exploitation, needed is the reoperation of thdaprosthesis due to its wear. An improvement @ th
sliding properties and wear resistance of the pelyaiements of endoprostheses will contribute & th
reduction of pathologies and reimplantations ad a®lto the elongation of their service life. Numes
studies have been carried out at present to exjilaiprocess of wear of polymer inserts used inahigp
knee endoprostheses. In the case of an implante] jbe forces of friction are higher than those i
anatural joint. Additionally, theses forces areiahle in time, which adds fatigue aspects and hiompdgnt
integration impacts to the problem. Mechanical aiimblogical properties of ultrhigh molecular weight
polyethylene contributed to the fact that this miatédhas been the principal sliding polymer emphbye
the joint alloplastic. Improvement in reliabilityn@ anticipation of wear patterns in endoprosthasis
priorities in the current research

Keywords:friction, sliding polymers, alloplastic, endoprostis

1. Introduction
1.1. Roleof plastics

Natural tissues of a human being perform different tasks. Thmalgihysical and
chemical structure of these tissues perfectly fits thetifume involved in these tasks.
Millions of years of evolution formed organs that a human being hers toging to
replace based upon its humble knowledge. The elaboration of a tleaide able to
fully replace a sick or devastated organ and to take ovés dlinctions is practically
impossible. Of the many organ groups, the functions of which ara takemplants,
motor organs are those the most often replaced. In the lasteimalfry, the number of
grafted orthopaedic implants has significantly increased. $pdgjfes of those im
plants, due to their function as an artificial joint, are endoprostheses

1.2. Operational complexity

Natural human joints have a complicated anatomical structuréstfiito the me
bile functions performed. The properties of the cartilage and sinitwid as well as
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the very form of the sliding surfaces of a joint makgso#sible for such a biobearing
to operate in a broad range of loading and sliding velocities unidénom friction
losses. It may be assumed, to a high degree of probability, hieaitay joint operates
under full film lubrication [9, 30] assisted by the so called ‘pieg lubrication”
mechanism [9 after 27]. The mechanism consists in pressing aressiegrthe syno
vial fluid from porous layers of the joint cartilage [9]. Adaditally, bioelastohydrody
namic, mixed or boundary friction is also possible. Biotribology fuat a long time
been a subject of extensive, worldwide research. It shallrbgsetl that the mecha
nism of joint friction has not been fully identified and expéal as yet. Consequently,
the reconstruction of the specific structure of a natural jointtipossible [9].

The progress experienced in the bioengineering has made it possit#place
practically all synovial joints with artificial ones [ROThe most frequently replaced
joints are hip and knee ones. Any dysfunction of these joifiteences significantly
the overall state of health and impairs human mobility. Thesesjamet subject mostly
to deformations or to mechanical damage [9].

The full reconstruction of a joint brings about the removahefjbint capsule. As
a result, the natural lubrication fluid (synovial fluid) is alidarthe joint. The opera
tional environment of the implanted joint is such that it canncaduitionally lubri
cated. In the engineering practice, these lubricdtiem bearings are mostly lined with
plastics. Additional features of plastics such as resistancertosion, dumping capa
bility contributed to their status as the fundamental slidingri@tfor the production
of endoprostheses.

1.3. Reliability and bio-tolerance

Operational environment of endoprostheses, due to their veryisgplication,
is also very specific. Reliability and quality are of tremendougortance as both
factors influence directly the health or even life of a hubging. A need for reopera
tion as a result of a faulty implant shall be nullified. Bt@ndardization of products
made of polymer became one of the objectives of the ASTMnGtte® F4 on Medi
cal and Surgical Materials and Devices, which was edsitetlign 1962. Yet another
aspect playing a considerable role in the implantation ofiggastbictolerance. Mar
ciniak remarks that the problem of Hmerance of plastics is more complex than in
the case of other biomaterials as catalysts, stabilmeossher substances may be be
come toxic or allergic depending upon their concentration or uneveibulistn in
tissues [29].

The most important phenomena associated with théol@oance of plastics in or
ganisms are:

* toxic or allergic reactions,

* tissue reactions involved with the functional adaptation of tissa@perating
with a polymer implant,



Slidingpolymers in thgoint alloplastic 109

* resistance of a polymer to biodegradation and depolymerizattioh governs
the constancy of physical and chemical properties,
e carcinogenic impacts.

2. Materialsemployed
2.1. Development of bio-materialsin thejoint alloplastic

The evolution of subsequent generations of endoprostheses gsoe tedhe ap
plication of ever new materials. First reports on the apptioatf artificial joints sur
faces date back to 1860: Carnochan attempted to restore thetyraftiéimporoman
dibular joint by replacing the elements of joint with wooden dof28]. In 1890
Gluck introduced the first total endoprosthesis of the hip jointnbaking its compo
nents of ivory [14 after 4]. In the first decades of th& @ntury, a broad spectrum of
materials was being used for endoprostheses: mentions condéeingge of implants
made of rubber (Delbert 1919 [28]; glass, celluloid, pyrex gladsakelite (Smith
Petersen 1923 [26] can be found in the literature.

Attempts to use traditional materials like stainleselsfmtroduced for the first
time by Wiles in 1938) and brass (MKee in 1940) were undertaket®30 J. Judet
and R. Judet presented the results of reseoticonstruction alloplastics with the use
of semiendoprosthesis made of polymethyl methacrylate (PMMA) [12].

The rapid growth of interest in plastics in thet&3 of the previous century was
also noticeable in bimedial engineering. Marciniak [19] specifies target propeudie
plastics to be applied in medicine. These are:

* ease in obtaining steady material properties for different lopgarfucts,

+ ease of formation making it possible to obtain different fuomal forms without
degradation of material,

» ease of sterilization without the loss of properties or shape,

» adequate physical and chemical properties of material,

* norttriggering of toxic or allergic reactions,

 bio-tolerance in the tissue environment,

» adequate functional service life and reliability.

Advantages of plastics and the development of the relevant mamirfgcproc
esses brought about more and more attempts to employ polymergnodhetion of
sliding elements for endoprostheses. At the break of tHee$@&nd 6@ies, common
were sliding materials made of polytetraethylene (PTFEfoktunately, products of
operational wear caused severe allergic reactions andlyfinghe loosening of im
plants. Sir John Charney applied as first in 1962 an insert made of ultra hgguraol
weight poliethylene — UHMWPE. Low values of the coefficientraftion for friction
pairs including polyethylene elements together with the absereelefr reaction of
the organism against this material contributed to its widespapplication in the -al
loplastics of joints.
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The UHMWPE features the following advantageous properties:

* good sliding properties,

* self-lubrication properties,

* resistance to body fluids,

» good damping properties,

* relatively low price.

Apart of ultra high molecular weight polyethylene, also polyoxynietiey (POM)
was used for sliding components of endoprostheses [3], [23]; n2siin® (by the
DuPont company). Laboratory and model testing of a Polish equivatenwnkunder
the brand name of Tarnoform (Zaktady Azotowe w Tarnowie-Moscicach), and filled
with powders of bronze and PTFE has proved its fithess for tip@gei of endopres
thesis construction [31]. The task of fillers is to enhancdrihelogical properties of
the material and to reduce wear. Later laboratory studiesyépled, however, that
the process of polyacetale wear is associated with theudésn of polymer chains
with the dissipation of formaldehyde, a highly carcinogenic agdra use of POM as
a sliding biomaterial is therefore excluded.

2.2. Friction pairsused in thejoint alloplastics

The selection of sliding pairs is a fundamental part of the desapess for endo
prostheses. In the last decade only modifications of the existitegiais (modifica
tion of materials, modification of the surface layer) h&een introduced. The fol
lowing materials are used most frequently in the alloplastics dkjoin

» 316 stainless steel,

» CoCrMo alloy: Vitalium (for metal working), Endocast (for casting),

e Zirconia (ZrQ) ceramics,

* Alumina (Al,Os) ceramics

In some of the endoprostheses (mostly the hip joint), appliedlietien pairs that
do not contain polymer. These are metal/metal or metatvesgpairs. The mostédy
guently used are:

» 316L — UHMWPE,

» CoCrMo — UHMWPE,

» CoCrMo — CoCrMo,

» Ti6AI4V — UHMWPE,

* Al,03 — UHMWPE,

o Al 203 - A|203,

* ZrO—~ UHMWPE.

Table 1 shows the fundamental mechanical properties of mateided in al
loplastics. Tribological performance is evidently dependent upmpepties of the two
sliding materials. The chemical composition of typical metatemials used in endo
prostheses is shown in Table 2.
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Table 1. Mechanical properties of materials useefaoprostheses of joints [9]

CoCrMo En . UHMWPE
No Material property docast Tfﬁgiv Chirulen CQ:;(r)naics
Alloy Polyethylene
1 Density,g/cnT 8.3 4.5 0.96
2 Yield strength, MPa 700 895 to 1080 215 3.9
3 Tensile strength, MPa 1000 850t0 1120 46.2
4 Elongation, % 15 10to 15 434
5 Modulus of elasticity, MPa 2.2 18 1.08 10 1000 3.8 10
6 Endurance limit, MPa 400 500 -
7 Poisson’s ratio 0.3 0.4

Table 2. Chemical composition of metal alloys ukedmplants [23]
C Mn Si Cr Ni Mo W Co | Fe P S

CoCrMo| 022 | 048] 097 | 27.9 | 005 | 6.27 base| 0.38 | 0.006| 0.006
816L | 5017 | 1.73| 0.65 | 17.33] 13.69| 2.34 base | 0.023| 0.007
stainless

Al |V [Fe|] C | 0N H | T

Ti6AI4V 6.20 | 4.05] 0.15] 0.013[ 0.013] 0.011] 0.0058 | base]

2.3. UltraHigh M olecule Weight Polyethylene (UHM W PE)

Polyethylene is considered as an ultra high molecule weight mattésaholecule
mass is greater than 1 milligimol. At the beginning of the 9es, there were 10 va
rieties of UHMWPE. They differed, among others, with the mobacoiass and cen
tent of calcium stearate (added to reduce oxidisation durimgngasterilisation) and
by the method of manufacture. At the beginning of this centurylighef available
polymer varieties was down to three [17]. There are three fundamenkaldador the
production of endoprosthesis elements made of UHMWPE [17]:

* direct compression moulding,

* extrusion into bars followed by machining,

» compression moulding into sheets followed by machining.

In the 60ties of the previous century, gamma radiation waduhdamental method
used for the sterilization of elements made of UHMWPE. The mlaemical trans
formations driven by ion radiation in polyethylene are ctimdsng, degradation, and
oxidation [22]. The crosknking consists in the creation of-C links between mole
cules [8]. The degradation of elements made of polyethylenést®irsthe disruption
of chemical bonds between a macromolecule of the polymer [8]. Oxidation dexglopi
at the surface or just below the surface [17] consists inrd&ican of oxides and Ry
droxides [8]. Sterilisation influenced changes in the mechanical piepthe material
and its tribological performance.

Attempts to improve the properties of UHMWPE have been underfakenany
years now. The objective was to reduce the rate of weanpimve resistance to fa
tigue wear and impact loading.
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At the end of 7@ies a new material known under its brand name of Polyl ap
peared. It was a composite material on the base of UHMWRBEandispersive addi
tion of carbon fibres [17]. The production of elements made ointhi®rial consisted
in the direct compression moulding of a mixture of UHMWPE powder araba fi
bres to final shape moulds [17]. Poly Il material featured consitdebetter resistance
to creep and better resistance to wear than oydisAMWPE, as confirmed by testing
on a pinon-disc apparatus [17]. A reduced fatigue resistance was alsolamrdthis
material was withdrawn from the market 7 years aftemit®duction due to manu
facturing problems involved with the compression moulding [7].

The next variation of the UHMWPE, which appeared at the begirofitige 90
ties, was Hylamer; a material with enhanced mechanical girepe&ithout any fillers
or fibres [17]. These enhanced properties of Hylamer wereodaistrict control of its
crystalline structure. The production process consisted in thécapph of a very
high pressure (above 280 MPa), high temperature (aboV2and a slow cooling
of the readymade product. The material had a markedly highter o& crystallinity
(80%) and elevated value of the modulus of longitudinal elgstiwhen compared to
the previous one). During the following years, diverging results coimgethe resis
tance of the materials against wear were published [17hé&egase in its longitudinal
modulus of elasticity also did not contribute to its application for emdtipeses.

In 1995 Furman, Rasquinha, et al. presented the results of thenagfloé manu
facturing methods used in the production of polyethylene bushings on tisianee
to wear. The research done showed that the shells manufactuitesl diyect moule
ing method were two times more resistant to wear then timaseifactured by ma
chining methods [17].

Apart of the research involving polyethylene with ultra higheuolar weight, re
search involving polyethylene with high density (HDPT) was alswdaooted. A con
siderable decrease in the wear of elements made of HB®PEudjected to 100 Mrad
radiation was observed when compared to radiation free UHMWPRE This in
crease in the resistance to wear was due to a betterlialosg of polyethylene
molecules. By analogy, the resistance to wear of radiated WHE! also increases
with the increasing amount of its radiation. With 20 Mrads of UHMWédation, its
linear wear was not available to measure (less then On@year [17]). The applica
tion of so high radiation doses reduces the wear rate but imp#es same time other
mechanical properties, especially fatigue strength [17]e&ek on the influence of
gamma radiation on the mechanical properties and frictiondbrpgance are de
scribed, among others, by Oonishi [21] and Podrez Radziszewska [2%. imd90-
ties, the highly crosbnked polyethylene was being introduced into practice.

Restriction in the access of oxygen during radiation by theofiseutral gas or
vacuum atmosphere significantly reduces negative chememasfarmations in the
surface layer of the material (oxidation). A consideratnprovement of tribological
performance as a result of ion radiation and limitation of thegampacts of this
process resulted in its widespread and successful applicatidre fgrésent day.
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3. Friction
3.1. Coefficient of friction

The literature dealing with the subject of friction offeréotiof research reports
presenting values of the coefficient of frictiom &pecified sliding pairs operating under
stable conditions. Research dealing with tribological perémce in terms of friction
characteristics for typical sliding pairs is also avaéa Divergences between values
reported in the literature are big, and the reasons aree iautfnors’ opinion, due to
different friction conditions that are not accounted for in the design of expeti

The results of research concern frequently friction in argendoprosthesis make.
These results concern mostly the linear wear, mass weatpamdesser degree—val
ues of the friction resistance. It shall be noted that thaltsesbtained are heavily
governed by the very design solution of the endoprosthesis. Theftgpatact and
distribution of pressure in the friction zone are of paramount impartendriction
and wear. The coefficients of friction of real implants deteech with the aid of
a walk simulator shall be used as a comparative paramdteedre different design
solutions. They should not be used for the definition of propertidsedfriction pair
employed due to different friction conditions (e.g. different cdnpaessure distribu
tion patterns).

3.2. Distribution of contact pressure

Similarly as for other sliding pairs, the type and charactematact is of crucial
importance to the process of friction. The distribution of cdmieessure between the
rubbing elements influences the force of friction and the wear hatthe literature,
the results of estimated contact pressure values foreremprostheses operating at
given kinematical inputs could be found [6, 23]. Missing is, on therobhand, re
search explaining the influence of the friction force on theibligion of contact pres
sure in the contact zone. It shall be noted that an attempélicagy the service life of
the friction node of an endoprosthesis is a very frequent topiagtakda by researeh
ers. The main purpose of these experimental works is the at@voof a wear model
of the polymer insert. The principal method used in thesersspeojects is a mukHi
cycle measurement of readyade elements carried out using a walk simulator.-A re
sulting wear model has a limited application range and cannatdukfar other types
of endoprostheses and, worse, does not contribute to the explaridtienpbenome
non essence.

To find relationships between the wear of the elements @ndoprosthesis and
other parameters, needed is the determination of pressuibutiish in the contact
area. Pressure in the contact area is variable andswéi@ectly linked (among others)
to this pressure. It shall be also noted that the state sEstrehe endoprosthesis is
very complex; not only due to its structure but also due to iatiaar of displace
ments.
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3.3. Surface roughness of the counter-element and lubrication fluids

The friction present in sliding nodes is dependent, among otherseosutface
finish of the contacting surfaces [16, 24]. In the case efpmration of a polymer
element with a metallic or ceramic element, cruciafffiction and wear is the surface
finish of the counteelement (a harder one). The rough surface of the metal element
increases the abrasive wear and resistance to sliding due to deformatienswface
irregularities. With smooth surfaces, more important is adhgsiesent between the
two mating surfaces. To describe adhesion wear, Archard braduned the coeffi
cientK being a ratio of the number of adhesion wear contacts to thelowarder of
wear contacts between the mating surfaces [5]. Aesat of testing of many material
pairs, Archard concluded that under dry friction conditions the \edse of the coef
ficient K features polyethylene sliding againsiesté&or such a paiK = 107 [5]. That
means that only one adhesion contact out of 1 million responsibfedimon resis
tance contributes to wear [5].

The cooperation of a polymer with a smooth surface element makes ibleoss
reduce abrasive wear [24]. The presence of body fluids inritteoi zone of two
smooth surfaces may contribute, at certain conditions, to theocredtthe elastohy
drodynamic lubrication. This observation was confirmed by Hall amsiadrth’s re
search [11]. A condition necessary for the creation of dliefifm lubrication in an
endoprosthesis is, among others, a sufficiently high viscosity oubreating me
dium. Values of the friction coefficient of some selected slidirgjiém pairs operating
in the presence of different lubrication fluids al®wn in Table 3 [14].

Laboratory testing [13] proved that the least values ofribiadin coefficient in the
presence of a lubrication fluid (Ringer's solution) weretfee smoothest surface of
the metallic element in friction pairs UHMWPE vs. 316L and UHKREVvs. Ce
CrMo. For the friction pair UHMWPE vs. 316L, at a value of the roughpassmeter
Ra= 0.04 um, the unit pressure p = 1.25 MPa and sliding velocity= 0.085m/s, the
friction coefficient was equal o= 0.0284.

Table 3. Values of the friction coefficients fomse selected friction pairs operating in the presesfc
different lubrication fluids. Pin on plate tesger 3.45 MPa [14]

Lubricant Bovine serum Saline Distilled water
Counter U R U R U R
specimen|

Zirkona 0.049 0.040 0.082 0.060 0.055 0.028
Alumina 0.056 0.054 0.115 0.089 0.075 0.044
316L 0.078 0.065 0.156 0.123 0.097 0.061
U = unidirectional motion,
R = reciprocating motion

4. Operational considerations

Motions performed by a human being may be defined as internottest The op
eration of joints on a daily basis cannot be compared to thatap®l mode of ma
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chinery. Motions are in short cycles (compared to those pré@seanachinery) with

frequent interruptions. During these breaks, a friction nodsulgect to changes.
Polyethylene (similarly to other thermoplasts) exhibits a tecyléo relaxation and
creep, especially at elevated temperature.

Metallic element of endoprosthesesaperating with polyethylene do not display
any noticeable wear [9]. Hard particles (wear scale) kkeong others, particles of
spalled bone cement may get into the contact zone and scratctetallic surface of
the endoprosthesis head. The research reported in [9] did not sii@iamges on the
endoprosthesis head after 15 years of exploitation, even in the surfdee finis

Based upon clinical trials and laboratory testing, the followimbcal modes of
failure of polymer components may be listed [9, 15]:

* abrasive wear identified by changes in the micro and macro dgoofahe sur
face,

* plastic deformations (as a result of violation of thewaable endoprosthesis load
ing) and creep,

« fatigue weafpitting),

 changes in the chemical composition and colour,

 changes in the material structure,

* loosening and rupture.

4.1. Abrasive wear and wear products

The basic mode of failure of polymer bushing under friction condii®abrasion.
Numerous tests that have been carried out to determindrhsve wear of polyeth
ylene focus mainly on linear wear. This type of wear inflesnchanges in the ge
ometry of contact in a sliding node. To isolate plastic defoonaind linear wear, it
is necessary to measure mass loss of the tested componensprddud of the wear
values is considerable depending upon the type of a frictiorapdithe type of endo
prostheses (especially in the case of knee endbpses). The mean value of wear of
the bushing of knepint endoprostheses for a friction pair Co/CrMo vs. UHMWPE
was equal: 0.15 to 0.20rmdyear (linear wear) [25], and 50 to 100 ffyear (volume),

a significant growth after 10 years in service [35]. Marke@iduced wear was 1e
ported during friction of polyethylene with ceramic elements. &friction pair AJO;
vs. UHMWPE the linear wear was equal to a mere 0.@8ymar [25]. It shall be
stressed that the wear rate is influenced to a considetabtee by pressure in the
contact zone [1, 9], kinematics of the friction node [2], and mobility of argaff.

Products of wear differ depending upon the type of materials used farrfrirs.
Impacts of the wear products on the organism reaction araliffierent. For polyeth
ylene components, its scale dominate in the products of wear fiezel to 20 um
[9], 3 to 25 um on average [10]). Larger (20 to 50 pum) particleslacepresent [9].
Products of wear have a tendency to conglomerate. Worn padigdegemoved by
lymphatic vessels but part of them accumulates on the imptiggs;i around the fric



116 P. KowALEwsKI, W. WIELEBA

tion node [9 after 27]. Table 4 contains a summary of approxiwede data for dif
ferent materials (elaborated based upon [9, 17, 18, and 25]).

Table 4 Wear of polymer materials used for hip endoprasgbd9, 17, 18, and 25]
Material Wear of bushings of hip joint endoprosthesis
0.12-0.25 nm/year— metal head
0.098- 0.03 nm/year— ceramic head
0.022-0.15 mm/year— metallic head
Crossed UHMWPE (2.5-4.0 Mrads)
0— (above 20 Mrads) metallic head

Non-modified UHMWPE

Poly Il .
(UHMWPE + 2002 of carbon fibres) 4.8 10° g/cycle-metallic head
Hylamer (UHMWPE: specific manufacturing 0.13- 0.4 mm/year— metallic head
conditions) 0.15-0.33 ng/min. cycles- ceramic head
UHMWPE: direct compression moulding 0.05 mm/year— metallic head
HDPE: highly crossed 0.076 nm/year— metallic head
(100 Mrads) 0.072 nm/year— ceramic head

4.2. Plastic deformation and creep

The low yield stress of the UHMW polyethylene contributeglastic deforma
tions of endoprosthesis elements made of these materials theingisage. In knee
joint endoprostheses, this phenomenon is present at the begintiregesfdoprosthe
sis usage and during its overloading. It is especially pronouimceddoprostheses
with flat surface of the polymer insert. In hip joint endoprostBeslue to the domi
nant pattern of pressure distribution (bearing pressure), theomple@mon of creep
dominates. An additional factor contributing adversely to thealyislit and acceler
ating the process of creep is local temperature rise in the@frictde [9].

4.3. Fatigue wear

Contact fatigue phenomenon (pitting) adversely affects the explaitaf knee
joint endoprostheses. The shape of the mating surfaces and laagliagch that the
contact zone is subject to a high concentration of stressesn@Xienum concentra
tion occurs below the surface (Bielajev's point). Additionallyctuations in the di
rection of loading destroy the structure of the material ande separation of big
chunks of polyethylene. Fatigue wear is fimeasurable until a chunk of material has
been separated, and therefore dangerous.

Changes in the mechanical properties of the material causkittipn and radia
tion sterilisation have an additional influence triggerihg fphenomenon [22]. The
augmentation of the gamma radiation doses during sterilisation etheenaterial
wear reducing at the same time its fatigue resistanceb@siesolution is setting the
maximum wear limit free of the implant osteolysis duritsgusage and next, selecting
a proper dose of radiation to obtain a material with the ttavgar limit. A maximum
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value of the linear wear free of osteolysis for bushinthehip joint endoprosthesis
(28 mm in dia.) has been established for 0.1 mm per year [18].

Polyethylene properties are also changing during its exploitasi@anresult of frie
tion and environmental conditions. Based upon the testing done, polyettsdén
jected to cyclical loading with the presence of friction causdd@ease in crystalline
by 12% on average [9]. As a result, the material becamestaiitd vulnerable to wear

[9].
5. Summary

Tribological problems present in the alloplastics of jointerig to the most com
plex ones. The number of factors influencing the operationafhtis huge. As a re
sult, there is a plurality of possible design solutions. A shaibryi®f alloplastics has
many threads. A deterrent factor is the long time nece$sareliable results of clini
cal trials. The continuous improvement in the design of simdatotwithstanding,
there are still divergences between the results of laborattirygtesid clinical trials.

The progress in analytical methods (FEM) gives an opportunigsagn implants
compatible with the organism of a human being. Tribological aspleat directly af
fect the operation of a joint are still a problem. The two rimapbrtant ones are: the
mechanism of friction and wear processes.

The main direction of research at present is targeted to the ambicipatl learning
of the wear process in endoprostheses. The knowledge that haadoeenulated for
the last 60 years makes it possible to properly seletriabs for a friction pair. Strict
manufacturing regimes and sterilisation give a possibiitynodify and optimize the
mechanical properties and tribological performance of sliding material

The knowledge concerning all factors influencing the proceésctbn and wear
and their skilful application will make it possible to thorougbtntrol the operation
of sliding frictional nodes. The acquisition of such knowledge dtites further re
search on the phenomena and processes governing the operation of endoprostheses.
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Polimery s$lizgowe w alloplastyce stawow

Endoprotezy pozwalaja na zastapienie chorego lub uszkodzonego stawu elementami wyko-
nanymi przez czlowieka. Istniejace obecnie urzadzenia tego typu dzigki licznym doswiadcze-
niom klinicznym oraz rozwojowi technologii ich produkcji staja si¢ coraz bardziej nowocze-
sne. Ciaglej modyfikacji podlegaja materialy wykorzystywane w weztach tarcia endoprotez.
Podstawowymprzyczynami niepowodzen implantacji sztucznych stawdw jest obluzowanie sie
wszczepu, czesto spowodowane infekcja wywotana produktami zuzycia elementéw polimero-
wych, nieprawidlowym wszczepieniem lub nieprawidlowa wspolpraca implantu z tkanka
zywa. Ponadto po okresie kilkunastu lat niezbgdna jest wymiana wszczepionej endoprotezy na
skutek jej zuzycia. Poprawa wlasciwosci slizgowych 1 odpornosci na zuzycie elementéw poli-
merowych endoprotez, zmniejszyloby ryzyko powiktan i reimplantacji, oraz wydtuzylo okres
stosowania implantu. Obecnie prowadzone sa liczne badania majace na celu wyjasnienie pro-
cesu zuzywania polimerowych wkladek stosowanych w endoprotezach stawu kolanowego oraz
biodrowego. W przypadku implantowanego stawu sity tarcia sa wigksze niz w przypadku natu
ralnego biolozyska, dodatkowo obciazenia posiadaja zmienny charakter, co powoduje poja-
wienie si¢ aspektu wytrzymalo$ci zmeczeniowej urzadzenia oraz wplywu na zespolenie kos¢-
implant. Wiasnosci mechaniczne i tribologiczne polietylenu o ultra wysokim cigzarze cza-
steczkowym (UHMWPE), zdecydowaty, iz stat si¢ on podstawowym polimerem §lizgowym
stosowanym w alloplastyce stawoéw. Poprawa niezawodno$ci, trwalosci oraz przewidywalnosé
zuzywania si¢ weztow tarcia endoprotezy sa priorytetowymi kierunkami w badaniach prowa
dzonych w tej dziedzinie.
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Theinfluence of polymer fillersin a grease lubricant on
thetribological performance of friction nodes
operating under mixed friction conditions

ST. KRAWIEC
Wroctaw University of Technology, Wybrzeze Wyspianskiego 25, 50-370 Wrodaw

The paper presents the results of a study upomfluence of the type of polymer filler in a lithiu
grease lubricant on the lubrication performancsteél friction pairs operating under mixed fricticon
ditions. Grease compositions based upon the 1#urithlgrease and powders of three ypoérs, i.e.
polytetrafluoroethylene (PTFE), polyoxymethylen€®O{®) and PA6 polyamide were adgsed. For the
sake of cenparison, compositions with an anisodesmic fillerafdite) and metallic filler (tin) were also
tested. The tribological testing was carried ineagnent with the guidelines of the F8/CG04147 sta-
dard using a four ball apparatus. The effectivitihe tested lubricants was evaluated using thriéeria:
the ball wear d, the limiting wear lo&g},and the limiting loadr,. It was found that a polymer feaitg
good tribological properties (when used as matéoiasliding bearings) might not always be equaltiy-
cient when used as filling powder. POM or PA powedesed as fillers for the 1S lithium grease do not
improve the effectiity of lubrication. A modification of the same gssawith 6 wt % of PTFE powder-re
sults with an effetive grease composition.

Keywords:grease lubricants, polymer fillers, effectivity

1. Introduction

Mixed friction, according to practice, is the dominant type daftibn in friction
nodes. Even in friction pairs operating under full film lubrication ¢, this
phase is present during starting and stopping. It must be stthaseaany frction as
semblies, due to oscillating or reciprocating motion, operateéncmnisly at mixed
friction conditions. Examples are highly loaded, low speed joings,ie loaders and
excavators, in the suspension systems of automobile vehiclesistmdnarechinery
(grippers), or in chains etc. The presence of boundaryofmicti the process of mixed
friction results in elevated power losses (lower efficiency) artgnahlosses (wear).
Viewing the above, studies upon mixed friction lubrication with theirigpnaf poss
ble remedies for these deficiencies as the ultimate goal aeeaijg justified.

According to the principle of Krachelski, a condition neces&aryhe friction and
wear process under mixed friction conditions in friction nodes to bmaiads to pre
vide the upper surface of the mating elements with a positadient of the shear
strength [1].The optimum value of this gradient is sought by improving trigickd
properties of both mating materials and lubricant.
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As experience points, actions aiming at the increase gfdbitive gradient by h
brication are very effective. Garkunov proved that a small amoluhtbricant pre
vided at the mating surfaces is sufficient for the cosatif a thin lubrication layer of
100 nm thickness that is able to reduce 10 times forces of friction andvig30viiear.

The most efficient substances for the lubrication of Biitthodes operating under
mixed friction conditions are greases. This high effectivityg@fases is due to their
ability to create thick boundary layers. The research tegpdn [3, 4] proved that
a lubrication layer created on the mating surfaces was 1.2 ton@$thicker than that
created by the base oil. Grease components do not guaranteeehayoed lubrie-
tion properties in the range of high loading. This is due to gacatively low ten-
perature of desorption of the boundary layer created on thedtddi surfaces of the
mating eéments. The improvement of these properties is possible by metinods.
The simplest one and sufficiently effective method is th@duction of secalled fill-
ers to grease. These are substances of different stracii@oncentration that are not
sduble in the plastic matrix and do not interfere wiitle colloidal structure of a grease
lubricant [5], [6].

Among the many types of fillers, the earliest employed wesodasmic structure
substances. Graphite and molybdenum disulphide among them have fouridetste w
application range. Newer generation of fillers consists of sottisdike copper, tin,
zinc, and lead. A grease lubricant with the like filler forarthin metallic layer (metal
plating) on sliding surfaces, which protects these surfaciasdgticking and lowers
the thermal loading of the friction node [7, 8]. By virtue of thes®perties, the efte
tivity of lubrication of such modified grease becomes considerable enhanced.

One of the prospective directions of improving dritition and antiwear prope
ties of greases is their modification with polymer fillefie application of polymer
powder for this purpose is purposeful as it enables the elimination wfdinefaults of
polymer sliding materials, i.e. their low thermal conductivititen the high wear rate,
and hygroscopy, and soaking contributing to dimensional instability aihtreufa-
tured sliding etments.

In this paper, the results of a study upon the effectivitylfi¢ation of steel slid
ing pairs with compositions containing different polymer filere pesented. These
compositions had been prepared based upon the 1S braeditheunm grease and
contained 6 wt% of powder of each of the three polymers, i.e.: Ppéliaetrafluore
ethylene), POM polyoxymethylene), and PA6 p@mide. These polymers have been
widely used as materials for the constian of sliding friction nodes that do not-re
quire lubrication. A composition containing PTFEfrpduct powder was also tested.
An incentive for the latter study was a need to make useasfewnaterials released
during the prodction of PTFE by the Tarnowskie Klady Azotowe. For comparative
reasons, a coposition with anisodesmic structure (graphite) and a compositidn wit
soft metal pavder (tin) were also tested and analysed.
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2. The method and experimental

Experiments were conducted in agreement with th& @8 04147 Polish standard
“Testing of lubrication properties of greases and oils” usifiyaball apparatus. Ac
cording to this standard, three indexes were adopted for theatwal of effectieness
of the tested compositions: the ball wear d, the limitingneadG,, and the limiting
load Fy defined as the maximum load that is still safe againsbéfieweding. This
load indicates the level of the maximum pressure that &ailng layer is still able to
sustain. The next, higher load causes the interruption of thiedtibg layer and wel
ding of the mating balls; this is the welding |dad Grease composition had bees-pr
pared using a mixer. A weighed portion of the grease and fillkblan mixed for 30
minutes at a speed of the mixer 800 r.p.m. The mixing time= 30 min was estab
lished experimentally according to a criterion of the uniforntrihigtion of the filler
particles in the grease carrier. This uniformity wagesssd visually by obséng the
prepared composition under a biological microscope after 10, 20, and 30 naihutes
mixing.

The measurement of wear of the balls was conducted paradlgleapendicular to
the wear scar. Scars less than 1 mm in size were measimgda microscope with an
accuracy of 0.01 mm, and the remaining scars — using a iyiagniéns with an aceu
racy of 0.1 mm The trials were repeated always 6 timesrdhdts were stistically
processed at a level of confidence equal to 95% usingShelent test.

3. Specification of materialsand their short characteristics

The following materials were used for testing:

1. The 1S all purpose vehicle grease as the carrier (thegbease) for the tested
fillers. This grease, as proved by testing [9], featunesworst lubrication properties
among the three analysed grease lubricants designed foulthieatlon of sliding
bearings, i.e. the STP grease, 1S, and Machine 2 greaseeldti®os of the carrier
according to the above criterion made it possible to limitinkexfering influence of
the lubrication properties of the carrier on the efféstiof lubrication of a composi
tion made on its base This decision agrees with the resul[tsOpfwhere it was
proved that antiriction and antiwear properties of copper powder filled compositions
are best pronounced when the unglag carrier grease has the worst lubrication
properties.

2. Powders of three polymers, i.e.:

* Polytetrafluoroethylene PTFE (suspension Tarflen®, symbol SM Ijufaa
tured by Zaklady Azotowe Tarnow with a granulation of 20 tudOand waste PTFE
(designated here as PTHY. PTFE is a derivative of pgéthylene (PE) in which all
atoms of hydrogen had been replaced toyna of fluorinesuch that PTFE chains are
built of carbon atoms stounded by fluorine atoms. This is a material with some of its
tribological properties unknown in any other polymer materialsen sliding on pal
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ished steel, PTFE displays the smallest value of thegoficodficient 4 = 0.05 [11,
12] and its value is stable with an increase in teatper [13]. Due to the small en
ergy of cohesion, the transfer of PTFE onto tletaitic surface of the mating element
is especially easy creating thus a highly ordered layer gfmaol [14, 15]. By virtue
of this property, the mating of a steel/plastics frictiomr pabeing converted into the
mating of a PTFE/PTFE pair, what is more tribologically aadageous due to the
presence of weak van der Waals forces between the mating surfaties sAine time,
such disadvantageous features as low wear resistance, lomatto®nduativity, high
thermal expansion and ease of deformation limit cordiiethe application range of
PTFE (in its monolithic form) in the construction of sliding nddse of the methods
that permits successfully to {pass the deficiencies of this material is its use in a pul
verised form as grease filler.

» Polyoxymethylene (POM, Tarnoform®) with a granulation of up tQus0 It be
longs to a group of polyacetales, complexes containirggc@rent CHRO mer and
polyacetal resins. This polymer is employed mostly as a cmtistn material.
Considering its beneficial properties under dry friction conditid®d as well as its
application in composite materials of the Glacier Company ([p¥ tomposites), this
polymer was used as filler in this research.

» Polyamide (PA6) with a granulation of up to gt. It belongs to pglamides
featuring good strength and sliding propertiElsese favourable sliding properties in
the monolithic material may suggest that theatitlm will be the same when this
polymer is used in the form of powder as grease filler.

3. Graphite with a brand name of CR2. This is a material of alatugin with
a granulation of up to gm. An X-ray examination of the chemical composition of
this graphite confirmed its high purity with respect to the cdndénmineral origin
impurities. This graphite has been widely employed by domeshufacturers to the
production of graphite greases.

4. Tin powder with a granulation of up to §8n. This is a product of Z&idy
Metalurgiczne in Trzebinia. Tin powder is obtained by blasting a streafigui
metal with gas; powder particles are spherical in shape choice of tin powder as
filler was decided by its two features: ability to plate $teel surface during sliding
and secondly, tin as an element is able, similarly to copperetie coplex com
plexes.

5. Bearing balls made of LH15 steel, 12.7 mm in diameter and machined to 16
grade of accuracy in the dimensional gr&sm 0 um. Other physical propes of the
balls were in agreement with the f88/M-86452 Polish standard.

4. Results of experimentsand conclusions

A summary of the results in a form of plots: ball wear vs. foadhe tested ao-
positions are shown in Figure 1. Calculated values of the limitiad G,, are illus
trated in Figure 2.
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Fig. 1. Wear vs. load for the tested greases

Additionally, each figure includes, for the sake of comparison,ackenistics for
a compogion with graphite, tin powder, and for the 1S grease (the foagbe pre
pared grease compositions). A value of @gindexes for the 1S base grease and for
the POM compdsion is equal to zero, as three trials (out of six made) exbudt the
ball welding.

By comparing values of the criteria magnitudes, i.e. wear, the limdaudy Bnd the
limiting wear load index that were obtained when lubricatindp WiOM or polyamide
compositions, it is seen that two of them (wear and thi¢idig load) are the same or
their values are very close to each other. As an examplamiitied load for the 1S
grease; = 126 daN. This load for a ogosition with POM or PAG is also the same.
Similar sitwation is with wear, which at a load of e.g. 126 daN is for all theethr
greases very close and equal to approximately 2.2 mm. Aisagrii difference o
curred in values of the limiting wear lo&s}, This index for the 1S grease and its
compodtion with POM is equal to zero. As it was explained previouslstirig with
these greases resulted in welding of the balls. When lubricatthga PA6 compds
tion the balls were free of seizure, a valuesgf was equal to 14 daN/nfrand was
equal to those obtained when lubricating with #potymer compositions, i.e. with
graphite and tin (Figure 2). The occurrence of this differenteegses to the fact that
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compositions with PA6 are slightly more effective than compositiwita POM. In

a general author’s opinion the POM and PA6 polyamide powder do noasectiee
effectivity of lubrication of composition made with these powdersit@ other hand,
modification of the 1S with 6 wt% of PTFE powder siggahtly increases lubrication
performance of this grease. Values of all the three aatepteria magnitudes are de
cidedly better for this compd®n than those obtained for nditled grease. As an ex
ample, the limiting load for this egposition is 315 daN, what is a 150% increase
when compared to the value obtained by lubricating with thenmmdfified grease or
lubricating with the POM or PAG filled grease. This high iaseein the effectivity of
lubrication of the 1S grease filled with PTFE is also cordiirbby the wear cition.

By lubricating with this composition, the wear of the balls &bad of 315 daN is
equal to 1.64 mm and is less by about 30% than the value obtained therteging

of the balls at a considerable lower load (126 daN) and witinanodified grease
bricant. Concerning the influence of waste PTFEo on the critahiey, it is seen that
a composition filled with this powder is clearly less effeetihan compasons filled
with commercially avdable PTFE. Generally, the lubrication performance of a-com
position containing PTFEo is comparable to that obtained when dtibgowvith com
positions containing nepolymer fillers, i.e. graphite or tin. As an example, the lim
iting load for these three compositions is equal to 200 daN, an@.thendex — ap
proximately 15.5 daN/ mfm

100

90

80

\

1S + 6% CR2 graphite

70
B81S +6% Sn

60 1S + 6% PTFE

01S=6% PTFE-o
50
[H1S+6% PA6

40 W 1S+6% POM

Index G, [daN/mm?]

018

30 4

20
.

o

0

=

Fig. 2. Index of the limiting wear load,, for the tested greases
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The results of investigations of the influence of polymderfil in the lihium
grease on tribological characteristic of friction pairs opegatinder mixed fation
conditions can be summarised in the following way:

1. Polymer material that displays good tribological propestieen used as ateri-
als for the construction of friction assemblies (e.g. bushirightrmot be equally ef
fective as fillers of greases. Polyoxymethylene and PA6 potilaused in powdered
form as filler to the 1S grease do not increase thetafity of lubrication of the un
derlying base grease.

2. Polytetrafluoroethylene (PTFE), which has a limited appboatange as a cen
struction material due to its poor wear resistance and dioraishstality, is an ef
fective filling material when used as filler to the 1S geeaviodifcation of the 1S
grease with this polymer (6 wt %) causes an increase oéthe's load from 126 daN
to 315 daN, that is by approximately 150%. Also wear at this (828 daN) is ap
proximately 30% lower than the wea&corded when testing at a load of 126 daN with
a nonmodified grease lubrant.

3. Indexes of the lubrication performance for compositions containingeWwadtE
are very close to those measured when using a greasehilfiiied with common,
nonpolymer fillers like graphite or tin.
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Wplyw polimerowych napelniaczy w smarze plastycznym na charakterystyki tribologicz-
ne wezlow slizgowych pracujacych przy tarciu mieszanym

W artykule przedstawiono badania wptywu rodzaju napetniacza polimerowego w smarze
plastycznym na efektywno$¢ smarowania stalowych weztow §lizgowych pracujacych w obsza-
rze tarcia miesaego. Analizie poddano kompozycje smarowe uzyskane z napetnienia smaru
plastycznego litowego 1 S proszkami trzech polimeitp policzterofluoroetylenu (PTFE), po
lioksymetylenu (POM) i pliamidu PA6. Dla celow porownawczych zbadano tez kompozycje
z napelniaczem o budowie anizodesmicznej (grafitem) oraz z napetliaczem metalicznym
(cyna). Badania tribologiczne prowadzono na aparacie czterokulowym z zastosowaniem wy-
tycznych normy PN6/C-04147. Eéktywnos¢ analizowanych smaréw oceniano wedhug trzech
wielkosci kryterialnych, tj. zuzycia kulek d, granicznego obciazenia zuzycia G,,oraz obciaze-
nia granicznegd-,. Stwierdzono, ze nie zawsze polimer, ktory ma dobre charakterystyki tri-
bologiczre, gdy jest stosowany jako materiat konstrukcyjny na wezly $lizgowe, jest jako pro-
szek efektywnym napelniaczem smaru plastycznego. Proszki POM lub poliamidu PA zastoso-
wane jako napelniacze smaru 1S nie polepszaja efektywnosci smarowania utworzonej kompo-
zycji smarowej. Modyfikacja tego samego smaru ptasiego 6% wagowo proszku PTFE
tworzy bardzo efektywna kompozycj¢ smarna.
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Analysis of screw propéller 4119 using the Fluent system
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The aim of this paper was to carry out an analysiscrew propeller 4119 using the RANS method.
A computer program for creating spatial propelleometry was developed for this purpose. Tagoia
tion turbulence model&—¢ andk—w were adopted for calculations. The cédtions were performed for
an isolated propeller. The results were used terdéne the propeller's hydrodynamic characteristics
The calculation results were compared with expentaigesults.

1. Introduction

Despite the considerable advances in theory, model tests are stillitheaurce of
information about the hydrodynamic properties of isolated prapeldodel tests
must satisfy geometric, kinematic and dynamic similarity requeres

In order to express velocity/force ratios in the geomstriade one should preserve
the equality between the relevant similarity numbers: tbede nuber and the Rey
nolds number. Equality of the Froude numbers for the propeller and itd imaeeh
nically easy to achieve. If the propeller operatesnimounded water, there is no need
to preserve the equality between the Froude numbers. This neesl @anly when pro
peller operation produces waves on the free surface, whichgathctbccurs only
when the propeller axis depth is smaller than the propebenater. The equality be
tween the Reynolds numbers of the actual propeller and its nezakd to technically
unfeasible relations for speed, revolutions and forces. Sirseintpossible to pre
serve equality between Reynolds numbers in model tests ofedqtabpéers such
modelling becomes partial. The resulting errors digrmed to as the scale effect.-At
tempts are made at reducing them through the use ofbpotarge models (small
geometric scales) and through corrections introduced vésealing model test results
to the actual ship.

In test models of noncavitating isolated propellers operatiagsaffcient distance
from the free surface, aimed at determining the hydrodynamiadateaistics of such
propellers one can use any revs and any forward speeds, provided that they allow

» the measurement of the characteristics in the required advanceieoeffange,

* measurement at Reynolds numbers higher than the critical one.

Testing by numerical methods eliminates the scale effectgmsbsince tests can
be performed at a scale factor of 1. Consequently, modellingasg particularly for
large propellers, can be considerably increased. One shoeldchoetever, that the +e
sults obtained in this way are loaded with other errors.
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2. Principles of finite element mesh design

Finite element mesh design is a vital part of flow modellihgs the most complex
and timeconsuming task in this process and to a large extent itndees the cor
rectness of the results. The finite element mesh design praae be approached in
two ways:

» methodically — knowing the character of the flow one candryenerata strue
tural mesh whose shape matches that of the flow,

» by force — by applying, without any reservations, a nonstructurah meth
a large number of elements.

The first approach is justified in cases when the geometityeovestigated flow
is simple and there is no problem with properly arrangingkraents. In the case of
more complex phenomena, such as the flow around a screw propellay, tiirm out
to be impossible to generate a propercstmal mesh.

Most researchers [3-5, 0] are inclined to perform computations using a tetrago
nal nonstructural mesh. This solution has many advantagely, firss a very simple
way of generating such meshes and it can be automated byngcaiptl secondly, the
results are characterized by a very small error whezabge screw propellenull and
propellernozzle assemblies, tandem arrangements and so on can be analyzed. Addi
tionally, in order to improve analytical results the boundargraan be modelled by
prismatic elements [10].

A computer program specially written for this purpose wasl wsegenerate the
geometry of a 4118ype screw propeller. The program transforms input data ieto th
coordinates of points in space. The points describe the shapgropeller blade sur
face and then they can be connected into curvescses and a volume. Propeller data
are fixed in the program’s source code but the program can beigdothf allow
reading in data for individual types of screw propellere glnerated propeller blade
should be completed with a cesponding propeller boss model (which is easy te gen
erate). Standard cubiceslents available in CAD software, such as the sphere, the
cylinder and the truncated cone, are created.

When modelling an isolated propeller it is best to assume thestapgssible cal
culation domain. But one should note that the larger the domain, thergteanum
ber of mesh elements. As the number of mesh elements increadesssthe com
puting time. On the other hand, thanks to a larger domain converggticbaect re
sults are obtained faster. The best solution is a compromisedretive domain size
and the number of elements.

Taking into account the periodicity of the investigated phenomensingée pre
peller blade was designed.

In accordance with the recommendations given in [9] a domaintkétifiollowing
dimensions:

 the domain’s beginning located at Dshead of the propeller,

» the domain’s end located at Sbehind the propeller,
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* the domain’s diameter: 103,
where

D is the propeller's diameter, was adopted.

In order to construct a proper calculation mesh the shape fugeti@ilable in the
Gambit software were used. The shape functions were applied twicetmithet

* the element density distribution on propeller blade edg#s tive functions ap
plied to the edges; the sources being the blade’s vertex amd paithe leading and
trailing edges at the base of the blade; the adopted qusintBiatSize = O,
GrowthRate = 1.1, instance = 50, SizeLimit = 5;

* the element density distribution in the neighbourhood of the propedfide blith
the shape functions applied in the volume; the source being the prdpaliie sur
faces; the adopted quantities: StartSize = 1, GrowthRate Dikthnce = 20, Size
Limit = 50.

Thanks to the use of the shape functions the elements could beyoopepacted
in the propeller blade region without introducing an excessivabau of elements in
the more distant areas. As a result the calculation resulthd adopted domain size
were acceptable.

The value of coefficient y+ was the main criterion foriegtthe mesh resolution.
The coefficient should be in a range of 39+«< 500 [11] in order to properly model
the turbulent boundary layer and obtain correct pressamibdiions on the propeller
blade surfaces. Another criterion was to ensure smooth growtherof the elements
with the distance from the foil's gace and at the same time to prevent their exces
sive enlargement within the propeller slipstream.
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Fig. 1. Values of coefficient + for J = 0.833
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Figure 1 shows that the values of coefficigntat advance coefficient = 0.833
stay within the specified range. Similar values were obtaioethé other advance <o
efficient values. Figure 2 shows surface meshes on thelfgopade and boss sur
faces. The meshes were used to generat® ari@sh inside the volume. The mesh
consists of 297230 elements.
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Fig. 2. Meshes on propeller blade and boss surfaces

Another important parameter is the quality of the mesh: #maerits cannot be too
much distorted, otherwise the obtained results will not be cofies best to assume
the maximum cell equiangle skew below 0.9.

3. Calculations and their results

In the ship propeller analysis one can distinguish a few basic boundarie$lanthe
region:

* the inlet — inlet velocity was assumed; for this boundary camditine should
specify, besides the velocity value, the valuek-efandk—w or the turbulence inten
sity and the characteristic dimension;

* the outlet — outlet pressure was assumed;

* periodics — rotational,

* the propeller blades and the shaft — a viscous wall;

* the outer boundary — a nonviscous wall.
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The calculation conditions were based on the paper by Jessup B}stnexperi
mental results had been taken from it. The rotational spesdetat 10 rps. The ad
vance coefficient was changed by changing the velocity afvinflThis solution has
two advantages: firstly, computations are performed at aaunReynolds number
and secondly, it is possible to determine the charatitsrin all the propeller opera
tion points [1].

The computations were performed using turbulence mddelandk—w with 2nd
order discretization.

The rotational motion of the propeller was modelled by immabdizhe latter and
rotating the calculation domain in the opposite direction (thissgexactly the same
results as if the propeller were rotating). This solutios wassible since the investi
gated case of the propeller was simple.

Computations for one operation point took about 48—72 h. During this time the pro
graSm computed about 3088000 iterations. The convergence mostly amounted to
10~

The angular distribution of axial velocity is shown in Fig@eThere is good
agreement between the calculations and the numerical sestsreThe chacier of
flow agrees with the experimental one and the velocity valuesmtdiverge signifi
cantly from the reality. In the diagrams the values caledlassing thé—e algorithm
and thek—w algorithm are denoted by respectivklyandkw and the experimental+e
sults byeks The results for the other velties similarly agree with the experimental
ones [8].
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Fig. 4. Streamlines for advance coefficiehts 0.3 and) = 0.833

Figure 4 shows the streamlines for advance coefficient®.3 and) = 0.833. One
can see that the character of the investigated flowagrieement with the reality and
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a larger distortion of the propeller slipstream for thevhgdoaded propeller is no
ticeable. Figure 5 shows hydrodynamic characteristic.
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Fig. 5. Hydrodynamic characteristic of screw prégre4119
4. Conclusions

The analysis of the screw propeller is highly complex (whichrhasy conse
guences) and one must be aware that it is difficult anddonsuming, unless one has
a ready methodology of carrying out such investigations. The aihisofesearch was
to develop such a methodology. Some of its aspects have alreadyilbedavieloped
while a few others require further impemwent.

The first task is to properly model the geometry which isasotasy as it seems.
Practice has shown that not many CAD systems can handle sanlpbex geometry
or generate all kinds of errors in the form of shape ption. One should pay special
attention to all kinds of strange bends in thdaxes. The Gambit software provides
tools which allow one to model the propeller blade surfaces bydipgelhhem out on
a cloud of points or by drawing a surface through the curvesiésatibe it. If any er
rors occur, they most probably occur at the leading edge or the trailing edge

In the next step a calculation mesh is generated. It is much betgeneate
quickly and easily a nonstructural mesh and start calculatiamstd #&empt to obtain
a structural mesh. The literature on the subject [5-7, 9, 10] anticpramicate that
the use of such a nonstructural mesh will give good results daeb¥hat certain cen
ditions are satisfied. If possible, one should try to model the boutadgay by means
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of prismatic elements. Such an element resolution should be adbpatembefficient
y+ be in a range of 30-100.

In the considered case there were difficulties with reechicompromise between
the mesh scale and the properly low valueg+ofThis is certainly the main cause of
the considerable divergence between calculated andiergreally determined thrust
and torque values. The too low mesh density at the propellefacsuresulted in
poorer accuracy of pressure distributions on the surface. Thesrésuthe part lo
cated at a distance from the surface were more accurate.

Numerical calculations have a major advantage over experimewésigations,
namely one can neglect the scale effect since everyihingpdelled on the scale of
1:1. Also the computations are several times cheaper thanks to thelasifalare.

It follows from the obtained results that in the consideree ¢he choice of
a turbulence model is of little consequence: practically iddmsalts were obtained
for the two models.

Taking all the above arguments into account one can say thgsianssing finite
volumes is suitable for investigating screw propeller opmmnafrrom all the calcula
tion methods it is the most accurate and covers many phenomenguidguitcosity,
turbulence, cavitation, the occurrence of many phases, etappying this method
one can quickly obtain correct results. This method is also the only one wikek iha
possible to model propell¢nll assemblies, which until now could be investigated
solely experimentally. Additionally, one can istigate the flow around the propeller
as an unsteady phenomenon or add a free surface. Such probldmsscéred using
the Fluent system. The final argument is the fact thatetls a worldwide trend to
model flows around ship propellers using the method of finite volusnessuch
analyses yield correcesults.
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Analiza oplywu pednika srubowego 4119 przy zastosowaniu systemu Fluent

W referacie predstawiono sposob przeprowadzenia obliczen numerycznych optywu ped-
nika okrgtowego przy zastosowaniu systemu obliczeniowego FLUENT. Przedstawiono sposob
przygotowania ksztattu oraz przygotowania siatki obliczeniowej. Omdwiono sposéb przepro-
wadzenia obligen. Obliczenia prowadzono przy wykorzystaniu dwdoch modeli turbulencji k—¢
i k—w. Przedstawiono otrzymane wyniki, poréwnano z wynikami do$wiadczalnymi i omo-
wiono.
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Polymersin the construction of serviceless sliding bearings
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The application range of polymers and their contpesin servicdess sliding bearings, i.e. bearings
that do not require lubrication supervision andnterance, was defined. A survey of polymers having
good sliding properties was done. A general charitic and classification of polymer compositeswa
presented. The structure and properties of theviilg composites were discussed: dritition coatings,
filled composites, multiayer composites and mulayer filled composites. Exemplary design embodi
ments of slide bearing with the use of polymersengiven. Remarks concerning specific features inher
ent to the design and operation of servicelessrimgsasummarise the paper.

Keywords:serviceless diding bearings, polymers, composites

1. Serviceless diding bearings

Under the name of serviceless sliding bearings are understomadgisethat do not
require operational supervision and maintenance. These aiegoedhout conven
tional lubrication systems, i.e. without the supply of lubriciiam outside of the
journalbushing assembly. In these bearings, the lubricant is contairted thie very
assembly, e.g. in the bushing wall or on its surface layer.

Figure 1 shows a classification of sliding bearings witlpeesto lubrication su
pervision. The set | represents a conventionally lubricated bed#risgconsidered as
a bearing requiring lubrication supervision. Forced lubricaliearings might be an
example. The set Il illustrates a bearing in which the lutioicagsystem and the lubri
cant are contained within the jourAdlishing assembly. Glacier DX type bearings
(see chapter 3.4) with grease pockets on the surface of thexdpaski examples of
this type. The set lll presents a bearing in which the luliwitatystems and the lubri
cant are contained within the bushing (or on the journal). Exanty@es may be
bearings made of sdlfibricating materials. The sets Il and Ill illustrate schgoally
serviceless bearings.

Selflubrication, i.e. an ability to reduce friction (mainly againeestwithout con
ventional lubricants, consists in the use of the low sheatieggth of some of the
materials, including polymers. These materials have found angeewing impor
tance in serviceless bearings in the following application fields:

* in bearings where conventional lubrication cannot be employed due toails s
effectiveness, e.g. at low (high) temperatures, in vacuum, in calynactive enw
ronment, etc.,
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* in bearings where conventional lubrication may soil the product,cad.droe
essing, paper, textile machinery and the like,

* in situations where lubrication servicing is impossible, difficdubious or not
economically viable, e.g. in auxiliary vehicle devices, household appiagtc.
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Fig. 1. Classification of sliding bearings with pest to lubrication supervision.
Discussion in the body of the text

Serviceless sliding bearings provided with gelfricating materials can operate,
due to thermal limitations and also due to wear, in the range af amd medium
loads and sliding speeds. Figure 2 shows schematically the logthgacapacity of
such bearings as opposed to that of conventionally lubricated bearings.
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Fig. 2 Load carrying capacity of sliding bearings sliding velocity: - full film hydrodynamic bearing,
2 —hydrostatic bearing, 3 serviceless selfibricating bearing
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It is seen that selfibricating serviceless bearings complement the application
range of full film bearings in its small sliding velocity part, as menticaieove.
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Fig. 3 Limiting curves (the load carrying capaatya function of the sliding velocity)
for different sellubricating materials

Figure 3 shows plots of so called limiting curves, i.e. liegting loading for
some of the selubricating materials depending upon the sliding speed. Data included
in these graphs confirm the above given information on the appiicange of self
lubrication materials. Detailed data on the physical propertigslabrication per
formance of seHubricating materials may be found in [1].

2. Sliding polymers
2.1. General characteristic of polymers as bearing materials

Tribological properties of polymers depend upon their structureadt aenfirmed
that a crystalline structure enhances the load carrying ¢p@ax wear resistance of
polymers whereas an amorfic structure makes sliding e&desequently, there is an
optimum of these two phases that ensures a possibly high logthgarapacity te
gether with low wear and small friction (usually against steel).
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The following thermoplasts (partially crystalline polymeas¢ the most employed
materials for serviceless bearings:

* Fluoroplastspolytetrafluoroethylene (PTFE) and fluoroethylengmtene (F.E.R)

» Polyacetalgpolyoxymethylene, POM),

* Polyamides (PA),

* Polyethylene (PE).

The following amorfic polymers have found application in serviceless bearing

 Polycarbonates (PC),

» Epoxy resins (EP); these are hardened resins (duroplasts),

» Polymanides (Pl); these are mostly amorfic, available bothexsoplasts and
duroplasts.

The wide application of polymers as bearing materials obdenvescent years is
due to many valuable advantages. These are, first of all, legtargce to seizure (ab
sence of sticking against steel), good sliding properties of sbitiee polymers (low
friction when operated against steel, also without lubricant), gbenhical resistance,
insensitivity to corrosion, ease of moulding of readgde products (e.g. bushings)
and a possibility to prepare thin afriction coatings. An additional advantage is a big
potential for modifications and formation of composites.

Unfortunately, there are also disadvantage that must be bommanwhen both
selecting polymers as sliding materials and operatingdniat nodes containing poely
mers. The principal disadvantage of polymers is their lowteggie to heat and a pos
sibility of destruction after the allowable thermal state been violated. Low thermal
conductivity and a big value of thermal expansion constituteusedisadvantages of
polymers as bearing materials. These disadvantages togétiher tendency of some
polymers to swelling in liquids can be eliminated by a skiifiodification of the ma
terial or the design of a bearing assembly. Better thecmadluctivity may be cb
tained by filling polymers with bronze or graphite powder as well as by thieatpmh
of thin polymer coatings.

2.2. Survey of diding polymers

Fluoroplasts

The most popular fluoroplast polymer of this group that is aghjighe construc
tion of serviceless sliding bearings is polytetrafluoroethyldimés material has been
manufactured worldwide under different brand names, e.g. Teflon®, Fludo®a
lon®, Polyflon®, Halon®, Algaflon®, Rulon®, Tetraflon®, Soreflon®loroplast®
and others. In Poland, PTFE is manufactured by Zaktady Azotowe in Tarnow under
the brand name of Tarflen®.

Polytetrafluoroethylene has a highly crystalline structuréh wansition into an
amorfic one at a temperature of 330 By virtue of its molecular structure, it has so
called “easy slippage planes”, what results with a vemgliscoefficient of friction
when sliding against steel (as low as 0.04).
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Unfortunately, mechanical properties of polytetrafluoroethylenepace: it flows
as cold even at moderate values of pressure (2 to 4 MPa) aper&tune (~ 110C).
It is used therefore mostly as the base of polymer compasites a filler (see: com
posites).

Polyacetales

Polyacetales are robust and rigid materials resistamtdg humidity and solvents
with good sliding properties and high resistance to wear. Theyheaever with ac
ids and oxidising substances. Polyacetales areogegbl mostly in pure form (i.e.
without fillers), also as base materials in thestarction of composites and their fillers.

Commercially available materials are known as Derin®¢l@®, Milicon®,
Hostaform®, Tarnoform®Zaktady Azotowe in Tarnow)

Polyamides

Polyamides are ones of the oldest and most widespread polymerspdndarity
is due to artificial nylon fibres. A variety of brand namesriedrby this material:
Nylatron®, Kapron®, Stylon® (Polish), Tragamid®, Miramid®, Ultramid®, IGni®,
Renyl®, Technyl®, Amilan®, Akulon® and others witnesses to tieafgproliferation
of polyamides.

Polyamides are part crystalline materials. Evahéfr coefficient of friction against
steel is inferior to that of PTFE, a big advantegtheir high resistance to wear (within
the allowable values qiv).

Tribological properties of polyamides are frequently enhancetidiy filling cre-
ating thus filled composites

Polyethylenes

Low pressure PEHOUHMW polyethylene with a high density and very large- mo
lecular mass has been employed mostly for sliding bearings.nfdterial features
a very high wear resistance and resistance to impactthéogeith small water ab
sorption. Unfortunately, the coefficient of friction againgestis high (0.15 to 0.3).
This property of polyethylenes shall be borne in mind if plannedpplication in
serviceless bearings.

Polyethylene materials are also low thermally resistame. fEmperature of opera
tion shall not exceed 6IC. These materials, similarly to polymers, are known by their
brand names like Alathon®, Dylan®, Carlona®, Novatec®, Petrohehapolen®,
Marlex®, Mirathen®, etc.

Polycarbonates

Polycarbonates feature some precious properties like ahiginyresistance to im
pacts, low thermal expansion, and a high temperature of thermal destruction.

Unfortunately, both friction and wear rate of polycarbonates arey prigih. Con
sequently, it is used only as the base for sliding compd#iess with reinforcing fi
bres and sliding agents, e.g. PTFE.
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Epoxy resins
In the construction of selfibricating bearings, these duraplasts are used as the
base of composites that are filled with solid greaseggligphite and molybdenum-di
sulphide and others. These composites serve as a row maietiaé fproduction of
bushing or are coated in a form of thin layers onto steel substrates of thérsgsbea
Epoxy resins carry different brand names, e.g. Epibond®, Epidian®atei,
Epocast®, Epodite®, Epon®, Eposet® and others.

Polyimides

Polyimides feature the best thermal stability among palgnikhis is employed in
the construction of selfibricating bearing operating at elevated temperatures (up to
315°C.) and at high momentary loading (up to 35 MPa at a temperature €325

Polyimides feature good sliding properties. Their resistdmosear is improved
usually by filling with solid greases. Commercially knownrataames of these mate
rials carry names of the place of their development and nantda e.g. Vespel®
(sintered elements), Kapton® (stretch foil), Apical® and others.

Polyimides are hediardened polymers. A thermoplastic modification of polyim
ides is also manufactured under the name of polyamidoimide. An exgageein
processing, i.e. an ability to manufacture items using all methods availdb&eproe
essing of plastics, is the main advantage of these matértat ability, however, goes
together with the decreased thermal resistance.

3. Composites

3.1. General characteristic and classification of composites

A composite material is understood to mean a material obthinad aggregation
of a few materials into one for the purpose of obtaining enklaplegsical, chemical,
and mechanical properties; and in the case of sliding compoaisesenhanced #ri
bological performance. This properties and tribological performanealifferent to
those of individual components.

Composites have a heterogenic structure containing two or more phased twt
of its components. These phases may be continuous or one of them (pmapitee
spread in the matrix.

As is clearly seen from the information provided above, the majority of polyimers
used exactly as the carrier or filler of composites. ThimsBadn results from a need to
compensate disadvantages of polymers: their low thermal conitiyctiiggh thermal
expansion, swelling in liquids, and low mechanical strength. An eakesison for
the creation of sliding composites is a need to improve theingligioperties by de
creasing dry friction and improving their wear resistance.

Figure4 shows a general classification of sliding compssitt contains, as is seen,
also metal composites (excluded from this elaboration). Compositéagirtng poly
mers will be discussed in the further text.
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L composites |
|
| | |
[ multilayer compositesJ L filled composites l l multilayer filled composites I
M-M M-M M-M-N
(bi-and trimetals) (porous metals filled M-M-N-M
with metal)
M-N M-N M=-N-N
) (metals coated with non-
(anti-friction coatings) metals, porous metals and others
filled with non-metals)
N-N N-N
(non-metal laminates) and/or M
(plastics filled with non-
metals and/or metals)
M-metal
N-nonmetal

Fig. 4. Classification of sliding composites

3.2. Anti-friction coatings

The antifriction coatings are termed as thin (a fractmorie millimetre) surface
layers coated onto and stuck into the substrate due to forcdbasfian. The substrate

metals are usually steel, cast iron, and colour metal alloys.
substrate: steel,

cast iron,
colour metal

coating on the bush

plastics coating

Fig. 5 Type M-N-coating layer composites
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Anti-friction coatings are used mostly due to their ability to opeaita low value
of the coefficient of friction (even at dry conditionsagase in the dissipation of heat
by the metallic substrate. The low thickness of the coating iesllifie effect of swell
ing and of thermal expansion in liquids.

Figure 5 shows two variants of coatings in a bearing: argpati a bushing and
a coating on a journal.

Coatings are formed on metallic surfaces using differesitnigues; by coating
polymer powders on a preliminarily heated metallic element, byingp@olymer
powders on a cold element and the following heating and melting, andayyngpof
the powder in the gaseous flame. Details of these techniques can be fdljnd in [

3.3. Filled composites of nonmetal-nonmetal and/or metal type

This type of composites is most widely employed due to possibilitiedvied with
the application of different polymers as matrix, and aboveda#, to a possibility of
using different fillers, both in types and concentration. Additionallgh a composite
is part of filled layer composites (to be discussed later).

The abovementioned sliding composites are used as matrix. The most wnadesp
application have found polytetrafluoroethylene (PTFE), polyamiB@3, (polacetales
(POM) and epoxy resins (EP).

Fillers are added in order to improve the properties (physicamiche and me
chanical) of composites and their performance (friction, wea$e8 upon impacts
involved with the application of fillers, a distinction shallinade between fillers and
reinforcements. The latter ones concern fillers added to padytoemcrease their
strength.

Powders of copper, graphite, PTFE, PI, and molybdenum disulphide eaxteasis
fillers to improve thermal conductivity and sliding performancesS| carbowgraph
ite, and aramide fibres are used to improve thermal conductivity amdystr

metal mating element

¢ "“ﬂ" Celr o e f...f‘
- “"* polymer matrix ' :
&~ tv- L" -] ™ ' "

& PTFE- f silicone

Fig. 6. Scheme of the selfibrication process of a thermoplast + silicon cosife [2]; silicone diffusing
towards the surface amplifies the dnigtion action of PFTE
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Apart of solid fillers, there are also liquid (synthetic lubiiiegtoils) fillers. A com
bination of such fillers with solid fillers, e.g. PTFE, is als®d. Figure 6 shows sche
matically the seHubrication process of such a composite.

3.4. Filled multi-layer composites

The filled multHlayer composites combine the features of the earlier distusse
types of materials. The idea of such composites is to fbarupper layer made of
a filled composite on the hard substrate, usually made of steel.

Figure 7 shows examples of elager filled composites, and Figure 8 — a summary
of commercially available muHlayer filled composites.

Fig. 7. Examples of composites with a sliding lageated directly onto the substrate

sliding layer (sf)
load-carrying layer () ©
\ ,'-!’: Glacier DU (England)
o
- (sl) PTFE + Pb powder
ﬁ (c) sintered bronze + PTFE + Pb powder
(s) steel
lubrication pockets
Glacier DX (England)

(sl) acetal resin
(c) sintered bronze + acetal resin
(s) steel

sprelafion (Gemany)

gs;) (PTFE + resin + Pb powder
C) =
(s) steel

etalografit (Czech Republic)

(sl) Cu-Pb-graphite
() sintered Fe-Cu + Cu + Pb + graphite
(s) steel

metaloplastik (Russia)
(sl) polyamide + MoS, + Pb + graphit

(c) sintered polyamide
(s) steel

Fig. 8. Examples of brand multilayer filled compgesi
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The most widespread are DU and DX composites ofGllaeier Company: The
first one is recommended as fully sklbricating. This seHubrication is ensured by
a sliding layer made of PTFE, and in the case of its de&tion — by the very
polymer contained in the pores of the bronze porous metalréginp®rous bronze),
which constitutes the load carrying surface (evigeat the expense of a certain amount
of wear in the porous metal). The B3acier material is characteristic in that its sur
face has pockets for grease that are filled during assembly.

Bearings made of the abodescribed materials are manufactures usually asavou
from a multilayer band.

4. Design of bearing assemblies made from polymer materials

The above mentioned disadvantages of polymers concerning thaindahat ele
vated temperatures and in liquids call for a different approach in tignaddearings
made of these materials, other than the approach valid for conventional earing

The design forms of polymer bearings belong to one of the two groups:

» bearings with the sliding layer made of polymers or their coigsoperna-
nently bound with the substrate (afitction coatings and muHayer filled compos
ites), and

 bearings with polymer inserts mounted in the housing by friction otiymsin
gagement.

Bearings of the first group are manufactured uglesl sleeves or hashells wound
of a band (a senfinished product). Their types, dimension and tolerances, and-assem
bly methods are given in manufacturers’ catalogues.

Fig. 9 Examples of polymer sleeves with dilatation gafjs [

Bearings of the second group are manufactured as sleeveh, avhipress fitted to
metallic housings. Due to the poor mechanical strength of polysleeves (a few
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mm in wall thickness) are press assembled and then the holelighethto dimension
decreasing thus the thickness to approximately 5% of the bearmgliboleter. How
ever, the wall thicknesses should not be less than 2 mm.

To compensate for the swelling of thiakalled sleeves, dilatation gaps are used.
Examples of such sleeves are shown in Figure 9.

a)

Fig. 10 Polymer sleeve with a positive securing tongueaddatation constriction

Due to a certain uncertainty of pressed fits, positive securing is aldokigure 10
shows an example of such locking, also a replacement of the dilatation gapcauith a
striction.

5. Summary

Polymers and their composites are especially fit for slidirayibgs that, due to
different reasons, cannot be lubricated in a conventional way orlglidbation is
economically norviable. The seHubricating property of such bearings is their unde
niable advantage. They are also used sometimes in conventimaibated bearings
as a precaution against seizure in the case of lubricatiompties. It shall, however,
be borne in mind that lubrication hinders adhesive transportatipolymer onto the
countersurface and the creation of a continuous sliding layer.

Due to the low heat conductivity and swelling of polymers undeirtiluence of
heat and humidity, composites with a thin polymer layer or its cotepsisall be used
at a high load rating of a bearing (high valuep\t

Operational recommendations may be formulated as follows:

The allowable value gfv must be observed unconditionally; in the case of doubts,
bearing temperature shall be monitored.

Good tribological properties notwithstanding (low friction againséls low wear
rate) polymers and their composites are subject to wearsdiee life of bearings
made of these materials may be evaluated based upon avdidhl®en their wear
rate.
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Polimery w budowie bezobslugowych lozysk §lizgowych

Okreslono obszary zastosowania polimerow i ich kompozytéw w §lizgowych tozyskach bezobstugo-
wych, tj. tozyskach nie wymagajacych dozoru smarowniczego. Dokonano przegladu polimeréw o do-
brych wiasciwosciach $lizgowych. Przedstawiono og6lna charakterystyke i podzial kompozytow polime-
rowych. Oméwiono budowg i wlasciwosci nastgpujacych kompozytéw: powlok przeciwciernych, kom-
pozytdw wypetnianych, wielowarstwowych i wielowarstwowych wypetnianych. Podano przyktady kon-
strukcji tozysk $lizgowych z uzyciem polimerow. Artykut koncza uwagi dotyczace specyfiki konstrukcji
i ekloatacji bezobstugowych tozysk $lizgowych zawierajacych polimery i ich kompozyty.
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On certain types of ship responses disclosed
by the two-stage appr oach to ship dynamics

J. MATUSIAK
Helsinki University of Technology, Ship Laboratofyietotie 1, 02150 Espoo, Finland

Some applications of the salled twestage approach to the determination of-tinear large am
plitude motions of a ship in waves are presentégs€ include ship capsizing, parametric roll resoea
and a time domain simulation of the-called weather criterion. A brief description oétbomputational
model is given, too.

Keywords:nontlinear ship dynamics, parametric roll resonancepsiaing

1. Introduction

Linear models of ship dynamics in waves are well establighanost cases they
result in a sufficiently accurate prediction of loads ang shdtions. Perhaps the big
gest benefit of using the linear models is that predictioexoéeding certain level of
load or response can be easily derived. Analysis is conven@nmttjucted in the fre
guency domain. The biggest shortcoming of the linearity assumptithratist pre
cludes prediction of certain classes of ship responses.rida imodels can not pre
dict the loss of ship stability in waves, parametric mesae of roll and asymmetry of
sagging and hogging. Ship steering and maneuvering motion are disregarded.

Simulation of ship maneuvering is usually conducted for the stilermveondition.
Time-domain simulation of ship motion is restricted tgplane motion comprising of
surge, yaw and sway motion components. If waves are encounted foeftlei is
taken into account as a steady state one.

The method, calledAIDYN, which evaluates in timdomain ship rigid body mo
tions in waves and manoeuvring is presented briefly. LKIBYN method called also
as the twestage approach [2] is used when evaluating ndinear large amplitude
responses in waves. The method preserves best features ioetreskakeeping the
ory and takes into account most relevant-lioearities. As a result the loss of ship
stability in waves and parametric resonance of roll are rioatigr predicted. Also
transient type large amplitude response such as the one causesintyltaneous ac
tion of waves and gusty wind can be evaluated. Ship maneuverimgular waves
can be simulated, too.

2. General modd of ship rigid body motions

A ship is regarded as a rigid body possessing six degrees of freedom.



152 J. MATUSIAK

2.1. Motion kinematics

Three ceordinate systems are used for describing ship motion. These seatect
in Figure 1.

direction of waves
propagation

ZKWY z, kw

Fig. 1. Ceordinate systems used to describe ship motion

An inertial Cartesian cordinate system fixed to Earth is denoteddXZ. The X—
Y plane coincides with the still water level. The orifiof this coordinate system is
located at the vertical passing through the initial locat; of the ship’s centre of
gravity. X-axis points to the initial direction of ship’s bow. Shipois courseu with
respect to the direction of surface waves propagation. Steptsecof gravity is de
noted byG. It is the origin the moving Cartesian-oadinate systenxyz fixed with
ship withx-axis pointing towards the bow. This system is called the {igdy coor-
dinate system. The smalled horizontal body axes -©wdinate system [3] denoted as
&, n, { moves also with ship so that the aXesg, { are parallel to the axe§ Y, Z of
the Earthfixed coordinate system.

The instantaneous position of ship's centre of grawitg given by the following
displacement components: surdeof x,), sway € or x,) and heave{ or x;). These
are the motion components of the centre of gravity in the mowvraydinate system
¢, n, {. The velocity of the origin of ship is given as

U=R,=XJI+Y.J +ZK=ui+vj +wk , (1)

where
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u, vandw are the projections of the velocities of ship’s centrerakity in the
Earthfixed inertial ceordinate system on the axes of the moving biddyd system.
The angular position of the ship is given bycsdled modified Euler’'s angles denoted
in Figure 1 agy, 8 and @ The relation between the velocities of the ship’s centre of
gravity in the inertial cerdinate system and their projectiamsv andw on the axes
of the moving bodyfixed system is [4, 5]

i cosysin@sing cosysin@cosg |
cosy cosd ) ) ]

X —siny cos¢g + siny sin ¢ u

¢ . sinysindsing sinysindcos¢g

Y, +=| sinycosd . v 2)

. + cosy cos¢ —cosy sing
Zg w

—sind cos@sin g cosfcos¢

Angular velocityQ of the ship in the body fixed eardinate system is
Q=Pi+Qj+Rk 3

The dependence of the derivatives of the Euler angles and awglaeity compe
nents ofEquation 3 is as follows [5]

é 1 singtan@d cosgtand ||P
0+=0 cos¢ —sing RQO:¢. 4)
W 0 singtcosf cos@rosh ||R

2.2. Equations of motion

Equations of motion are given by the set of six-hoear ordinary differential
Equations [5].
X, —mgsinf = m(ii + Qw—Rv)
Y, + mgcosfsing = m(\>+Ru —Pw)
Z, +mgcosfcos¢p = m(w+Pv—Qu)
K, =1.P-1,0-1_R+(LR-1P-1,0)0-(I,0-1,R-1,PR "
M,=—-1,P+1,0-1_R+(I.P-1,0-1_RR-(I.R-1.P-1,0)P

N,=-1.P-1,0+1.R+(1,0-1 R-1,PP-(1.P-1,0-1_R)O.

()
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In Equations 5X,, Yq, Zg, Kg, Mg andNg depict the components of global reaction
force and moment vectors acting on the ship. These are giverbhodidixed ceor-
dinate systemyz. m andl; mean ship’s mass and the components of the massihome
of inertia.

3. Reaction forces

Reaction forces and moments considered in the model comprise the shimcesist
propeller, rudder, restoring, radiation and wave forces and mon&hifsresistance
and forces caused by propeller and steered rudder are repiasgntg simple semi
empirical models.

3.1. Restoring forces and moments

Restoring forces are the hydrostatic forces caused bkyith®static pressure €x
erted by water on a hull, which is slowly moved from the seqjgilibrium position.
Linear approximation of these forces mean, that the for@eearly related to the mo
tion amplitude. In the discussed method, the-lmar threedimensional model of
evaluating restoring forces and moments is used instead.hiphédl is discretized
by a number of triangular panels (see Figure 2). The wettéatswf a hull, which is
dependent upon the instantaneous position of ship, is used when inted¢matre
static pressures.

Fig. 2 Bottom view of a ReRo ship

3.2. Radiation for ces and moments

The nonzero acceleration motion of ship hull in still water caus®$ain reaction
forces. We assume the hull flow to be inviscid. If restoringderare subtracted from
these reaction forces the components that are left aral caliéation forces For
a harmonic motion with angular velocityand with the assumption of infinitely small
amplitude these forces can be expressed using tballedadded masanddamping
concept [6]. This linear model can be presented as
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Xigg = =0y — alSQ —b;s0
Y. 4 =—a,V—byv— a24P —-b,,P— azéR —byR

Z pq = —a33Ww—bysw—a;s0 — by, 0

: i (6)
K g = =43P =byy P —ayR—byR—a,v—by,v

M4 =—a5s0 —bss0 — as;w—bs;w— asu

Ny = _a66R —bgsR - a64P —beyP—agv—Dbg,v.
In Equations (6)g; andb; depict added masses and damping coefficients referred
to the origin located in the centre of grai@ in Figure 1). These have frequency de
pendent values. They are evaluated by a standard linear seakéegury based com
puter program [8]. Note that radiation forces are oriented in thefibasty coordinate
system.
Time domain approach requires thecsdled convolution integral representation of
the radiation forces [7]. In this approach radiation forces veGipis represented by
an expression

X g () =—a,%(t) - jk(z‘ —1)x(7)dr @)

where

a, is the matrix comprising the added mass coefficients fdnfamte frequency
andx is the response vector. Matrix functi@rs the secalled retardation function,
which takes into account the memory effect of the radiation foidgs function can
be evaluated as

k(?) = %Tb(a)) cos(wt)dw , (8)
0

where

b is the frequency dependent added damping matrix.

Thefunctionsk(t) have to be evaluated only once before the simulation. The Fast
Fourier Transform algorithm is used when evaluating discedtees of the retardation
functions. Details of the algorithm are given in reference [2].

3.3. Wave excitation

Wave action on ship hull is usually represented by two componentgstitthe
so-called FroudeKrylov component is evaluated using the pressure in the oncoming
wave. This pressure is integrated over the wetted portion ofindiice. In the linear
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approximation the integration is conducted up to the still watet bvd a steady ship
motion is assumed. The ndinear model allows silegreesof-freedom for ship mo
tions.

Secondly, the soalled diffraction component of wave excitationgsknto account
the disturbance caused by a ship to oncoming wave. Theoretical ofdke diffrac
tion [6] assumes again that ship motion is restricted to a steady yetotie horizon
tal X=Y plane.

4. Two-stage approach of evaluating non-linear dynamic response

4.1. Illustration of the two-stage approach using a single-degr ee-of-freedom non-
linear system

When forming a mathematical model of ship, the vessel isdedaas a rigid body
possessing in general six degrees of freedom. However, for thekaknplicity the
two-stage approach is explained in this section usiiggiedegreeof-freedom model.
The model is extended to a medegreeof-freedom general model later on.

Let us consider a singltegreeof-freedom system given by a ntinear Equation

mX + g(X)+h(X)=F(X;t) (9)

where
mis system mass,is time. Dots denote time derivatives. The functigrsdh are

in general nodinear functions of response velocity and displacemerX, respee
tively. FunctionF is also a noilinear function ofX describing the external excitation
of the system.

The linear version of thEquation (9) is given by

mx, +cx, +kx, =F, (1), (10)

whereF_ is a linear, independent of the response forcing function. Therésabnse
is decomposed into a linear partand a nofinear portionx as

X=X +X. (1D

Subtracting linear approximation (10) from the gendfqlation (9) yields an
equation for the nofinear parix of the response

mi +[g(x, + %) —cx, |+ [h(x, +x)—kx,]= f, (12)

where
f = F(X; t) — R.(t) is a nonlinear part of the forcing function.
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4.2. Linear approximation of the equations of ship motion in waves

A classical approach to predict ship motions in waves is b@as@dnumber of as
sumptions. Similarly as in the small oscillations models,as®imed that motion am
plitudes are small. This assumption means that the wetted surfsitig diull does not
change and surface waves are of small amplitude. The-avaping terms of the
body dynamics are disregarded as well. These linear modahipfdynamics in
waves are well established. In most cases, they resalsurfficiently accurate predic
tion of loads and ship motions. The biggest shortcoming of the lineastyymption is
that it precludes prediction of certain classes of shiporeses for which nglineark
ties play important role.

The questions arise: Are the mathematical tools capable leriogplve the non
linear problem describing relevant physical phenomena? Whidteaidnlinearities
should be taken into account in order to predict these partigyles bf ship behav
iour in waves? Can we possibly restrict our model to the litmitenber of degrees of
freedom?

The method starts with a linear approximation of the motion eimarregular
or regular waves. The linear approximation takes care dfiiffraction forces and it
solves the added parameters (added mass and damping cosffidiergar approxi
mation of the responses in terms of the velocities

U =ui+v j +wk

. : . (13)
Q, =Ri+0 j+Rk=¢1i+0 j+¥Yk
is obtained by the standard method [8]. Note that linear approximatiomadbdistir
guish between the inertial and befilyed co-ordinate system. Motions are given in the
co-ordinate system with the origin in the ship’s centre of itya¥he linearised equa
tions of ship motion can be presented as

muy, =Xy =X g+ X + Xpxr
mvy =Y, =Y 4+ Yy +Yexp

mwy = ZL = Zrestoring,L +Z + Zdiff + ZF.K,L

rad

: . (14)
IxPL - IszL = KL = Krestoring,L + Krad + Kdiff + KF.K,L

IyQL ZML :Mrestoring,L +Mrad
IZRL _szPL =Ny =Npg+ Nyg + Npgp -

rad

+M g + Mey

The indices rad, diff, F.K and restoring stand for radiation, diffsac the se
called FroudeKrylov and restoring forces and moments. Index L depicts linear ap
proximation to the forces and moments. In the linear approximatidreafidve exei
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tation, an important simplification is done. The integration of hydradyc pressure
over the hull surface is conducted up to the still water |&¥et means that ship mo
tion is restricted to a constant velocky pointing in thex-direction. Other motion
components are disregarded.

Mainly due to the linearity properties the solutiorEglations (14) is sought in the
frequency domain. As a result the responses are obtained in affaramsfer fune
tions. Thus for instance lineafrgsponse is given by

x;, = x;(®, ) cos [a)t — k(X cos p— Y, sin p1)+ ax], (15)

wherex is the motion amplitude, linear in respect to wave amplitygeo wave fre
quencyk = w’g wave number and, phase angle.

4.3. Why to use two-stage appr oach?

The question arises why to use a {stage approach? Why not to solve a-tion
ear equation of motion (5) directly in time domain by an appropnateerical inte
gration routine? Linear methods of the seakeeping theomyeayewell established. In
particular, hydrodynamic forces (radiation and diffraction)vee# represented by the
linear approximation. As a result ship motions and loads ayewat predicted. They
are given in a form of reliable transfer functions provided tifia ship is on a straight
course and motion fulfils the linearity assumptions. Direct evialuaf ship motions
with an aid of a notinear model involves certain compromises. In particular, atifr
tion forces are often disregarded and a simplified constantiaddes model usually
represents the radiation forces. These drawbacks of thknean strip theory method
are avoided when using a tvwgtage approach.

In the twastage approach, the main part of the first order, fast responsees isav
given by a linear approximation. These are evaluated for anl aetading and actual
position in waves. Notinear parts of hydrostatic and hydrodynamic load, rudder and
propeller forces and nelimearities of ship rigid body dynamics yield ntinear part
of the first order motions and slow manoeuvring motion.

4.4, Non-linear part of ship response

Having a linear approximation for the ship motions in waves atdaitihe no#in-
ear part of motions is evaluated in the time domain. This motias tlnto account
nonlinearities of ship hydrostatics and nlomearities of wave loads at large ampli
tudes of motion. The only motion component that is not decomposed into the linear
and norlinear part is the surge. The total surge motion is evaluaiad tie f' of
Equations (5). Propulsor action and rudder forces are included in this equation The ef
fect of added wave resistance is representeddigectional component of the Froude
Krylov force. The total ship motion, or other type of response, beiagm of linear
approximation and a ndimear part is thus obtained. In other words, total responses in
terms of velocities are written in the form
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U=ui+(v +v)j +(w_+w)k

Q=(p_+P)i+(0, +0)j+(R +R)k, (16)
where variables without subscripts depict the-losar part of the response. The-lin
ear approximation is evaluated with an aid of formula (15pfoactual ship position
(Xe, Yg) in waves and for an actual headpng

SubtractingEquations (14) of the linear approximation model frEquations (5)
yields the lengthy equations for the Aamear part of response [1]. They govern the
nonlinear part of the rigid body motion in six degrees of freedom. dieroto solve
them we need to specify the nmear part of the external (fluid) force§ Y, Z and
momentsK, M, N acting on a body. These are qualitatively discussed above. More
detailed discussion of them is presented in reference [Ifed¥er, we us&quations
(2) and (4) to express body velocities in the inertiabminate system. Numerical-in
tegration of these equations together with the division of responses gitEguatyons
(16) yields the instantaneous position of ship in the inerti@rdmate systenxYZ.
Additionally, thirteenth ordinary differential equation of asfiorder representing the
action of autopilot is used to control the rudder angle. Integré conducted using
the 4" order Rungélutta scheme with an integration step bedrtg= 100 ms. Com
putation is conducted for a fedcale ship. The zero initial conditions are used for all
equations with an exception of surge velocity, which is satliyitto a prescribed
ship velocity in calm water. In order to dampen the spuriousigats, the wave am
plitude is gradually increased from zero to the prescribed Viaak a,sna USING the
expression

2
a,(t)=a, gl (cos ;—tJ fort<T,

T, @an

a,(t)=a, g, fore=T;,

where
t is time and withTl; = 50 seconds in full scale being used.

5. Examples of ship motion simulation and method validation

5.1. Simulation and model test experiments dedicated to investigation of ship cap-
sizing

Two ship cases were used in the benchmark study initiated biytdraeational
Towing Tank Conference and presented in [9]. First one, ship Al, is a containership of
waterline length of.rp = 150 m and low metacentric heigNl, = 0.15 m). This low
GM, — value means that static stability of this ship is pootoBe@ vessel ship A2, is
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a model of fishing vessel of the lendtkr = 35.68 m. Both models were run in regular

waves, different headings and Froude numbErs=(\/VZ_ ).The summary of model
&Lpp

test results and simulation results are given in two taidésv. Wavelength is de
picted byA.

Table 1. Summary of the results for containersBipig A1)

Case Al 2ay/A Fn He[zceilgn]gu Experiment Computed
Parametric roll reso|Parametric roll resq
1 15 1/25 0.2 0 nance, capsize |nance, no capsizing
2 1.5 1/25 0.2 45 No- capsizing No- capsizing
3 1.5 1/25 0.3 30 No- capsizing No- capsizing
4 1.5 1/25 0.4 30 Capsize Capsize

Table 2. Summary of the results for fishing shipifSA2)
Headingu

Case Al 2ay /A Fn [deg] Experiment Computed
A 1.637 0.1 0.3 -30 No-capsizing No-capsizing
B 1.637 0.1 0.43 -10 Surfing, capsize Surfing
C 1.127 0.115 0.3 -30 No-capsizing No- capsizing
D 1.127 0.115 0.43 -30 Capsize Capsize

A reasonable agreement of the computed results with theimemal ones is
noted. An example of computed angular motion prior to capsizing is sinokigure
3 and the corresponding experimental result is presented in Figure 4.

Fn=04, Heading=30deg, case l- retardation f.

-50 — —— Pitch [deg]
Yaw [deg]
-75
' Rudder [deg]
-100

Time [2]

Fig. 3. Containership (ship Al) runningFat = 0.4 capsizes in regular quartering
regular waves (heading 30 deg). Simulated result
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50 . In=204 Heading = 30 deg, experiment
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275 4]
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Fig. 4. Model of ship Al running &n = 0.4 capsizes in regular quartering regular waves
(heading 30 deg). Model test result scaled todcdile [5]

Both time histories are similar. Capsizing is preceeded loyiple of large heeling
events. The surge motion and the position of ship in waves seems to have an tmportan
influence on the dangerouus situation development.

5.2. Parametricroll resonance

Parametric roll resonance is an unexpected ship roll motionad e folowing
seas. The phenomenon is known to shipmasters. Linear seakeepingrthmeryapa
ble to predict this roll motion and for this reason we can itah unexpected re
sponse. The phenomenon is generally attributed to the parameiaitovaof the re
storing moment of heel caused by a large variation of vddge area in waves. Thus,
gualitatively, the phenomenon is often described by a single equidttbe Mathieu
type.

An extensive model test series of a modern, fast-éarew RePax vessel was
conducted at the Ship Laboratory of the Helsinki University afhfielogy. Tests
were primarily concerned with the dynamic stability. In gaittr, a loss of stability
on a crest of a following wave and parametric roll resonamce investigated both in
regular and irregular waves for three K&ues with ship model without and with two
different height bilge keels (450 mm and 900 mm in the full sc@egts were run
with the selfpropelled model steered manually [10]. These model tests wedetas
validate the above described method. The results of the validegign presented in
a bigger detail in reference [11]. In the following, in Figuremd 6, the example time
histories of motions corresponding to a single test case is presenyed, on

Both the simulations and the model test experiments gavéasiocanclusion. In
this case of a pure parametric resonance, where the ratioesicaunter period to roll
natural period is 0.5, roll amplitude seems to be related te wenplitude squared.
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Moreover, an increase of the wave amplitude results in a lowmber of encounter
periods required for a roll motion to start. Simulations indicatat there is a certain
threshold value of wave amplitude below which paramatric eslbmance does not
develop.

Fn=0.13, Ai=244 m, Aw=1.7m

time [s]

Fig. 5 Simulated angular motions for ship with low bilgeels andKG = 12 m;
wave amplitudé\y = 1.7 m Ty = 20 s,¢ = 0.046. Ultimate roll amplitude 16 deg

Measured roll, Fn=0.13, A=244m, Aw=1.7m

Time [s]

Fig. 6. Measured roll for ship equipped with low bilge lseendKG = 12 m
wave amplitudeédy = 1.7 m,Tp = 20 s¢ = 0.046

Both the simulations and the tests indicated that an increak®mgfing, achieved
by bilge keels, results in a somewhat lower roll amplitudemping also delays and
slowers the development of the parametric roll resonance [11].

5.3. Weather criterion

In order to ensure safety of a vessel frd@ad ship conditidh the secalled weather
criterion was made mandatory for ships in 2005. The criterion takesaccount
resonant beam waves and gusty wind [12]. As the origin of ttexign is quite old
and there is a number of strong assumptions involved, it's appticedia modern
large size passenger vessel can be questionedddnto make it better suited for mod
ern ships, an allowance for the alternative assessmegtrositel tests was made. Tests
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are believed to yield more realistic values of wind loadinglaatter estimates of roll
amplitude at the resonance. The first attempts to utilize ntedtd in validating ful
fillment of the weather criterion were presented in [13, 14].

The LAIDYN method was used to evaluate the fulfillment ofweather criterion
by an example passenger ship design [15]. The original idegonsigbstitute the
model tests of the alternative assessment with the appropuaterical simulations.
The interesting findings of this study were:

* the sacalled "effective” roltback angle obtained by simulating ship’s behaviour
in beam seas was very close to the one given bylkhé-b deg in the considered case).
» weather criterion considers the resonant beam seas asal eittiation yielding
an initial heel at which wind gust impacts the vessel. Want®n as such is disre
garded when considering transient response of ship caused by heefim@nidue
gusty wind loading. Thus the fulfilment of the weather criterdam be simulated
(numerically or with an aid of model tests) by investigating’shiransient heel re

sponse in still water with an initial value set by a-baltk angle and stegise heeling
moment simulating gusty wind. The simulated result of this kingsponse is shown
in Figure 7 with ship heeling by 27 deg. The corresponding situai®m®yvaluated
traditionally with an aid of dynamic lever concept, is showrFigure 8 and yields
maximum heeling of 30 deg.

If wind loading is represented by the horizontal force and thesponding heel
ing moment then dynamic behavior, taking sway motion into accgiglts still
smaller maximum heel angle (see Figure 9).

The conclusion of the numerical simulation of the scenariasdty the weather
criterion is that it does not really pretend to evaluate chebiof a ship in a realistic
sea conditions and with a sound model of ship dynamics. It is neigple meas
ure of intact ship stability. However, the criterion comprigepgortant elements af
fecting ship safety and thus can be regarded as an importarenglef ship safety as
sesment.

Transient roll motion due to a gusty wind and initial heel

30
25—
20 +—— &
15 . \"-.‘ TQ \ /ff\
TR RWAWAVVAVY.aWe N
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5 { 3D 60 90 120 150 180
-10
time [s]

Fig. 7. Ship transient rolling caused by the gusty wind Buitial heel.
Gust loading is taken according to the weatheeigan
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Fig. 8. Ship dynamic heeling according to the weathiterion.l,, is dynamic lever of gusty wind loading
and e is dynamic lever of the restoring momene(jrdl over the G£urve)

Transient roll motion due to a gusty wind

and initial heel- Y-force model
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Fig. 9. Ship dynamic heeling according to the loading el@dpresented by a horizontalfdrce and
model of dynamics including the sway motion compgtne

6. Concluding remarks
The twostage approach yields ship motions, which at least qualitatigebe with

the model test experiments. When dealing with the respones weicjoeerned by
strong nodinearities a small deviation in the initial conditions matters.



On certain types of ship responses disclosed 165

Although, in principle, a simulation of ship’s maneuvering in wagepossible
with a method in a present form a further development isekeéd particular an uni
fied approach, taking into account different time scalesmaheuvering and seakeep
ing, is needed to represent hull forces in unsteady motion. Alslbglizy the factors
responsible for stability loss and for parametric roll resoaavould be valuable for
both ship designer and for the operator.
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O pewnych rodzajach reakcji ujawnianych przy
dwuetapowym podejsciu do dynamiki statku

Przedstawione zostaly przypadki zastosowania tzw. dwuetapowego podejscia do wyzna-
czania nieliniowych ruchéw o duzej amplitudzie statku na fali. Przypadki obejmuja wywraca-
nie statku do gory dnem, parametrycznéykmia rezonansowe, oraz symulacje tzw. kryterium
pogodowego w dziedzinie czasu. Podany zostat rowniez krétki opis modelu obliczeniowego.
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Experimental investigations of guide rings made of UHMWPE
and PTFE compositein water hydraulic systems

W. OKULARCZYK
Czgstochowa University of Technology, Institute of Polymer Processing and Production Nanzent,
Aleja Armii Krajowej 19¢, 42200 Czgstochowa

In the present work two materials of guiding eleteemere tested in water hydraulBuring inves
tigations of hardness conducted for stuffing bogkpeys in water hydraulic systems an analysis oper
selection of piston rod guiding elements has atsentrarried outgd5f 7, Ra= 0.070.20um, Rm< 2.5
um). Working piston rod has been used for invesitigat made oEhromiumnickel steel AISI 431Qr =
16.7%,Ni = 2.08%). Some of the guiding elements, after praeéection of the material, could be still
used, despite damaged seal. The tests have bdemped maintaining water pressure on the sealing at
a level ofp = 8+1 MPa and the average velocity of the pismohafv =~ 0.35 m/sec. Water temperature
during investigations was regulated within the &o§T i, = 291 K andT,,= 305 K. Variable value of
friction coefficient has been obtained for the guithgs made of PTFE composite with the change in
piston rod velocity. Application of guide rings neadf UHMWPE has been estimated negatively.

Keywords:engineering polymers, polymer seals, UHMWPE, PTé&Bposite, water hydraulic

1. Introduction

The purpose of the investigations was to determine optimal cotiapira piston
rod seal- guide ring. They concerned the type of the seal and matefibtstoseal
and guide ring. The results of the investigations of seattgmieon the basis of life
time and friction forces have been described before [1]. The gaigfahis paper was
to indicate the polymer suitable for water hydraulic systems.

2. Description of test stand

Figure 1 presents the test cylinder. The cylinder (2) iseplan the base (1) and
fixed with two clamping rings (14). The piston rod (3), made ohktas steel, moves
inside the cylinder forced by the movement of force sensoF{iflhg up of the cylin
der (2) with water takes place after unscrewing upper heldnaf pump (6) and loes
ening air vent (5). After water appears in the air ventthadvater surface is found at
the half of height of the hand pump cylinder (6) the air vengldened and the upper
head of the pump is assembled. The pressure inside the cylindedigegd by the
pressurised nitrogen from the gas cylinder (12). Pressure frergds cylinder is re
duced several times by means of pressure reducgartiCthen it is transferred through
the hose (11) to the gas/water intensifier (13) with 10:1 rR@@ading of the water
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pressure transferred through the hose (9) from the cyliés (mnade by means of
the gauge (7). The possible leakage from the seal thatpgearais drained through
leakage pipes (15) into the measuring containers. Temperatusarama@ants are read
by sensors (8). Both cylinders are placed on one base angistein rods are cen
nected by means of force sensor working at the compressioaftersiditions which
enables the measurements of friction forces in sealing. Toleesivas 0.5 m and the
minimal cycle time amounts to ca. 3s.

4 5 6 7 8

3 2 1 15 14 13 12 11 10 9

Fig. 1. Test stand: base (1), cylinder (2), piston rodf(dce sensor (4), air vent (5), hand pump (6),
gauge (7), temperature sensors (8), hose (9),ypeessducer (10), hose (11), gas cylinder (12),
gas/water intensifier (13), clamping ring (14) Kege pipes (15)

For typical hydraulic cylinder the guide elements are locatéatdoseal i.e. at the
pressure side, which ensures their proper lubrication. The gogiewere placed un
der the seal rings (Figugd in order to achieve maximal concentricity. The external
distance of test cylinder guide elements gives opportunityhi@rguide rings wear
products to get into the interior of the cylinder only duringdyele of inmovement
of the piston rod into the seal. Due to the leakages of lubridentsdlflubricating
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elements had to be used, proper for the material of piston rod. Téaigement also
enabled better damping of vibration of piston rod free ends.

environment

30 water
vy g LhE - _
= ‘ x2 »
| 22 AN c N
} e,
+— +—

245

Fig. 2. Seal and guide rings in stuffisimpx

The guide elements used for the test station were made of UHEVANE PTFE
filled with 23% of carbon and 2% of graphite (Kefloy 22) [2] (Table 1).

Tablel. Materials of guide elements

UHMWPE UHMWPE virgin
PTFE composite PTFE + 23% carbon + 2% graphite (Kefloy 22)
3. Research

Due to significantly high coefficient of linear thermal expansof the polymers,
the guide elements in pneumatic and hydraulic cylinders are prodharedhe cut
tape, and a gap with a certain width is left between the @hdsgngth of the tape is
calculated as below:

L=3.114¢ + g) — 1[mm], (2)

where:

d — piston rod diameter, 45 mm;

g — thickness of the tape, assumed value: 2.5 mm.

Width of the rings was accepted as 14.8 mm; in both stulfffings 2 rings were
located (Figures-3).
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Fig. 3. Packing nut (left), stuffig-box with guide rings made of PTFE composite
in closed groove (central), stuffifgpx with opened groove of seal and leakage hodd§ [R]

Parameters of working piston rod as well as the parameters of the gatiests are

shown in Table 2 and 3.

Table2. Parameters of piston rod [3]

Diameter 457
Ellipsoidality <Yaf7 (for g 45)
Material chromiumnickel steel AISI 431Gr = 16.7%,Ni = 2.08%)

Covered chromium plating > 20 um

Roughness

| Ra=0.07-0.20um, Rm< 2.5 um

Tab.3 Parameters of the investigations

. Pressur@ Velocity v —
Objects [MPa] [misec] Temperature [K] Investigation
Seals+ guide 8+1 0.35 291-305 Durability,
elements total friction force
Only guide 0 0.05-0.40 291+5 Friction forceF, ,,
elements P

Initially, the guide rings made of UHMWPE (polyethylene ultrghhimolecular
weight) were used for the investigations [4-9], however, it feasd that during
sealing tests conducted also on UHMWPE, there is still arwlat@s streaking effect
at the piston rod ends protruding from the cylinder, which leads tgiokpgf the seal
by wear products fetime only 20000 m (Figure 4). Wear products caused damage
of the seals and investigations of guide rings made of UHEWDhly friction force

after 108 000 m was determined.

In order to determine the friction force for the guide set @wiale rings in stuff
ing-box, see Figure &y, a friction force was first determined for the two guide set

(in both stuffingboxes)F ,.

For = Fepr / 2 [N].
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Fig. 4. Mupuseal 30412 0450- 90— S seal after 20 000 m of friction distance.
Visible wear products on the seal from the guideneints made of UHMWPE [1]

In order to obtain the measurements of friction forceFfgr possibly close to the
real state, the piston rod and the guide elements were Iséuwera washed by the
technical acetone, which was then left to free evaporationlalee of the material
produced during operation and pushed into the piston rod structure \Waesately
not removed. The seals were disassembled durirgyftest the stuffing boxes. During
assessment of the elements made of polyethylene with velnyrhadecular mass
(UHMWPE) it was found that friction force (and the friction damént, respectively)
after 108000 cycles (i.e. 108000 m), decreased only by 30%. It wasoalsd that
friction coefficent for UHMWPEuumwee has a continuous value within the range of
applied velocity ofv = 0.05 to 0.40m/s. In order to determine friction coefficient
tunmwee the weight of the piston rod was calculated, whose mmassl5.5 kg, thus
pressing forceN = 152 N. At the friction force for single guide element, aftey
distance of 3500 m, witk ,, = 20 N value ofiyrmwee = 0.26.However after 108000
m of friction distance the friction coefficient,yuwee = 0.20.1t should be highlighted
that these coefficients concern dry friction. Similar measuneimave been performed
for guide elements made of Kefloy 22, after 15000 m, 60000 m and 90000 m of
friction distances. The guide elements used in the test station were made of PTFE
filled with 23% of carbon and 2% of graphite (Kefloy 22) [10-12]. Weadpcts
from guide rings made of Kefloy 22 did not cause damage of the seals (Figure 5).

Figure 6 presents the example of the friction forces only ferginde elements
made of Kefloy 22. The chart shows “soft” vibration damping and uvhtiain of
friction force. Vibration damping is a quality characterigtc polymers and PTFE
has one of the best damping coefficient, if construction polyarergonsidered. Due
to this properties the polymers have thoroughly superseded bnammehf/draulic
systems. The vibrations with short wavelength are caused by the graphite mothe p
rod [13]. This causes variable friction force (ca. 3.5-7.5 N). Tharts for the
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dependence of friction force on the velocity, for single guide ettmade of Kefloy
22 are presented in the Figures 7-9. Very broad range of frictioficer@f kefioy 22
was found, e.g. for the range of applied velocity, after thédniaistance of 15000
m, together with the increase of the velocity its value changes from 0.20 to 0.065.

Fig. 5 Mupuseal 30413 0450—- 90— S seal after 90 000 m of friction distance.
Visible wear products on the seal from the guideneints made of Kefloy 22
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Fig. 6. Friction force diagram of guide elements made efi¢yy 22. Distance 99 000 m,
sampling frequency 100 Hz, time of measurementsl2@erage velocity= 0,09m/s,
average friction force valué, p,=6 N

After friction distance of 90000 m the opposite situation takeseplawhile in
creasing the velocity the friction coefficient increases from 0.039dn ©.37.



Experimental in investigations of guide rings made 173

18
16

14 \

Friction force, F,. [N]

O N B O

0 0.05 0.1 0.15 02 025 03 0.35

Velocity, v [m /8]

Fig. 7. Friction force as a function of the velocity ofigie guide element made
of Kefloy- 22 after the distance of 15000 m

On the basis of Figure 7 it can be assumed that during ipéradd of mating of
guide elements made of Kefloy 22 (PTFE + 23% of carbon + 2%aphde) with the
piston rod surface, an adhesion wear mainly occurred [14]. Friotide was also
subject to runningn during this period. During first period the phenomena according
to the theory of mechanical locking, typical for the polymatal contact, occurred.
Next stage of runnin@ is an increase in friction force as a result of adhesisihlei
especially at the lower velocity values. Separation of thiasiby the products of
abrasive wear, being also the lubricant, leads to the fligtioin — both surfaces, at
this moment, do not contact with the point of higheegularities of the surface. Hew
ever, due to the increased thickness of the graphite on the pist@ phenomenon of
polymer material deformation of elastic nature occurs, edpevisible on the charts
of friction elements (Figure 6).

35
30 %

2% —

2 s

10

Friction force, F,, [N]

0 005 0,1 015 02 025 03 035 04
Velocity, v [m/s]

Fig. 8. Friction force as a function of the velgaif single guide element made
of Kefloy- 22 after the distance of 60 000 m
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The friction coefficient, from this moment increases with itierease of velocity
(Figure 9). Friction begins to be of a mixed nature.
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Fig. 9. Friction force as a function of the velgaif single
guide element made of Keflo22 after the distance of 90000 m

4. Conclusions

The assumed purpose of the investigations has been achieved. The tionthofa
the materials have been selected for piston rod sealing masieM¥VPE and guide
rings made of PTFE composite (Kefloy 22). For the lifetime hieacfriction distance
of 200 km [1] the guide rings can be used several times. Keflop2®e successfully
used for guide rings in water hydraulic systems.

Application of the guide elements made from Kefloy 22 enable usesay prod
ucts as a lubricant. In this paper the application of UHMVEBER material for guide
elements working in water hydraulic was investigated. Ouriedugvealed that it is
not recommended to produce the guide elements from this matesfitedthe fact
that UHMWPE has the lowest abrasive wear rate from all palReoblem occurred
due to wear particles disturbing the work of the cylinder.

Further investigations are recommended in order to reduce the aofiqraphite
and carbon from guide ring material. This should improve thentigeof piston rod
seal, which seem to depend on the thickness of the lubricant film on the push rod.
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Badania eksperymentalne pierscieni prowadzacych wykonanych z UHMWPE
i kompozytu PTFE pracujacych w hydraulice wodnej

Podczas wykonywania badan trwatosciowych uszczelnien dtawnicowych w uktadzie hy-
drauliki wodnej dobrano skojarzenie, w ktorym uszczelnienie ttoczyskowe wykonano z UHMWPE,
natomiast pierScienie prowadzace z kompozytu PTFE (Kefloy 22). Do badan zastosowano
ttoczysko robocze o $rednicy o 45f 7 wykonane ze stali chromowoiklowej AISI 431 Cr =
16.7%, Ni = 2.08%), pokrytej ptytkami twardego chromu o ge.20 pm (elipsoidalnos¢ < % f7,
liczba mikropeknie¢ > 5 000/mnf, Ra= 0.07-0.20 pm, Rm< 2.5 um). Nickt6re z elementoéw
prowadzacych, po prawidlowym doborze materiatlu mogly by¢ uzywane nadal, mimo zniszcze-
nia uszczelek.

Badaniaprowadzono, utrzymujac ci$nienie wody obciazajace uszczelki na poziomie p = 8+1
MPa oraz predkos¢ s$rednig tloczyska v = 0,35 m/sek. Temperatura wody, a tym samym
temperatura tloczyska, podczas badan byta regulowana w zakresie Tpin = 291 K, Thax = 305 K.
Otrzymano zmienna warto$¢ wspotczynnika tarcia pierscieni prowadzacych wykonanych z
kompozytu PTFE wraz ze zmiana predkosci ruchu ttoczyska. Przy trwatosci uszczelnien do-
chodzacej do 200 km drogi tarcia, pierscienie prowadzace mogty by¢ stosowane kilkakrotnie.
Kefloy 22 moze by¢ z powodzeniem stosowany na pierscienie prowadzace w hydraulice wod-
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nej. Oceniono negatywnie stosowamierscieni prowadzacych wykonanych z PE-UHMW.
Zaproponowano kompozyty o sktadzie pozwalajacym na uzyskanie wynikow zgodnych z zato-
zeniami dotyczacymi ich trwatosci.
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Tribology of polymers is very interesting area e$earch. The selection of polymers as materials for
sliding (as well rolling) components of machinesl aevices is very important task for tribologigtan-
polymer-on-polymer as well as polymampolymer contacts are important nowadays in desfgmas
chines and devices in modern technology. Understgnaff tribological processes is very crucial.-Tri
bological behaviour of polymeric tribosystems béith non-polymeron-polymer and polymeon-poly-
mer combinations are discussed in this paper.

Keywords:tribology, friction, wear, lubrication, polymers

1. Introduction

Recenty the application of polymers has rapidly increased generatchmology
and also as materials for rubbing components in various machidetesices. This is
particularly connected with low cost of materials and mastufang in large amount
of components. When the polymeric materials are rubbing in trileallogontacts it is
very useful and often the lubrication is not necessary. Titiofr coefficient can be
similar to the lubricated metallic or ceramic contactsisTkind of contact is often
called as oilless.

The tribology of polymers is different from tribology of metai&laeramic mate
rials. The difference of application of polymers in frictionahtacts in comparison to
metals and ceramic materials relates mainly to the cla¢mnzl physical structures as
well as to the surface and bulk properties. The polymers showloxgrsurface free
energy and also have the viscoelastic properties. It effearastic tribological dif
ferences when we consider adhesive and mechanical componenitsiaf fiorce.
Also polymers can be easily modified both on surface and in buékeldre there are
often and easily used as a background material to produce many ces\poiiteas
ily varied physicochemical properties. This makes polymeng pemising materials
with ability to control their frictional and wear behaviourgdislg contacts. Such
“elasticity” of physical and chemical structures enalteproduce interesting compo
nents for various tribosystems composed of polymers, metalsnicenaaterials as
well as polymeton-polymer sliding (and even) rolling tribological contacts.

2. Nonpolymer-on-polymer contacts

The nonpolymeron-polymer tribosystems are often applied in various machines
and devices. This is probably due to good mechanical and thermafttjgopé the
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counterface rubbing element. The most popular and also practically confiasi¢he
best tribological combination is steamt-polymer frictional tribosystem [1-3]. Rela
tively low friction coefficient and often sufficientlyigh weasresistance can be
achieved in these systems by proper selection gfdlyener and metal (steel) to be use.

In the friction in nepolymeron-polymer sliding contact two main components i.e.
adhesive and mechanical properties are very important. The pogsibgumming up
of mechanical and adhesive component of friction force was prowecpariment [+
3]. The mechanical and adhesive interactions are locatedyirthie surface layer of
polymer being in frictional contact. The ratio between mechaaitdladhesive com
ponent depends in particular on roughness of the counterbody. Theieaefif fric
tion is usually very high at small roughness because of higtsamih) and it decreases
down to minimum value at increase of roughness and then increases at haréese
of roughness when mechanical component of friction force becomgdigh. The
similar tendency was confirmed also experimentally in the cdsvear rate. But the
minimum value of friction coefficient, wear rate and alsoghape of the characteris
tic curves are fairly similar.

The load and sliding speed influence strongly on friction coeffi@adtwear rate.
When the load increases the friction coefficient decreaseerty at elastic contact.
When plastic deformation begins the coefficient of frictiosrgll but increases due
to further load increase. The sliding speed and temperature obrtect have a sig
nificant effect on this relation. Much more complex is the depends#frfdetion coef
ficient on sliding speed. Usually a maximum of the friction ioeiht vs. sliding
speed can be observed. For polymers with higher glass imangmperature the
maximum value of friction coefficient appears at higher slidingdpke3].

Very important in polymeric tribosystems is the wear prockdbesive and abra
sive wear mechanisms often occur in many sliding systemswéhe rate is high at
high pv parameter(p — contact pressure; — sliding speed). The wear process in
higher extent than the friction process is controlled by mateaiasfer which is very
characteristic phenomenon in polymeric contacts. This very congileromenon
takes the most important role in friction and wear processes in potyirnibasystems.

The transfer of polymer material onto rRpolymer partner is initiated by local,
strong adhesive bonds of rubbing surfaces. The cohesive strengtlyrmepolmate
rial is an important parameter which should be taken into consatera the transfer
mechanism.

Transfer film is very important to some polymer components, &gdjyeto those
designed to be used under dry friction condition. The trandferféirmed on a non
polymer counterface is controlled by the counterface mataridl roughness, and
sliding conditions. Generally, transfer film formed during thetifsit process could
effectively improve tribological condition of polymer, which ams lower friction ce
efficient and remarkably reduced wear of material. Fanete, as a kind of very im
portant tribological material, application of PTBRsed composite is just as this
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situation. The cohesion between transfer film layers and theiadheetween transfer
film and counterface are not completely understood.

The transfer of material, in particular, is very importanthe tribosystem, where
polymer composite rubs against Apolymer countebody. Polymeric composites are
very popular as materials for sliding components. The additiodleff{fibers, pow
ders) solid lubricants changes drastically physical propeafigsolymers and both
friction and wear behaviors. Some fillers affect the developrogtransfer film and
enhance its adhesion to the counterface. The crucial propedieseahanical behav
ior of composite, its thermal conductivity and “lubricity” (ingmed by solid lubr
cant(s)). The complex structure of polynriesed composites reflects in complex tri
bological behavior of polymeric tribosystems. Usually poor caicglebetween frie
tion coefficient and wear rate characteristics can be olib¢tvd]. Metallic, ceramic
and, in particular, metal oxide nanoparticles are added to polym#re expectation
of obtaining unique physical and mechanical properties which can raathipeved by
adding microrsized particles [5].

Friction and wear are different, when evaluate on a ssoalk and a largscale
tribometer to determine transitions in tribologibahavior and application limits{8].
Frictional heating and transfer are important and interfeite thé sliding or lubricant
mechanisms. The wear behavior of test samples with smalbegel dcontact areas is
significantly different for solid lubricated composites, with @wspecific wear for
largescale samples [@]. Transitions in lubrication mechanism due to softening and
melting do not allow for extrapolation and justifies the use of taogde tests. Only
pure polyamides have identical specific wear rates on svalkk and largecale
under mild conditions [6, 8].

Nowadays the nangscale studies of tribological behavior of polymers are becom
ing more and more important because of possible future apptisatiopolymers as
engineering materials in nanosystems or in raaaufacturing processes. Tribologi
cal behavior of polymers is important for example in nanoimpitimbgraphy (NIL)
where ultrathin polymeric film deposited on silicon wafeused to form nanostruc
tures by imprinting them, at increased over glass transitiorparature, with silicon
stamp (usually coated by thin hard layer e.g. TiN or silicaideit. The frictional and
adhesive behaviors of ultrathin (200—-300 nm thick) polymerictrékis for NIL is
very important in the process and decides about quality of imprints [9].

3. Polymer-on-polymer contacts

As it was stated before polymers and polwiba@sed composites are widely used
because of the combination of good mechanical and tribological fespespecially
in dry friction conditions, where lubricants cannot be used. Thewsuwally mated
with metal materials, however, there are some circumstaincesjch it might be ad
vantageous for polymers sliding against polymers rather thginstgnetal materials,
because polymers are light weight, no corrosion can be expautdegolymeric com
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ponents can be easily manufactured. However, very little infaomé known con
cerning the friction and wear of polymer—polymer combinatior8,[10].

The friction between polymers can be attributed to two main mexha: adhe
sion and deformation [1-3]. The friction coefficient of polymer—polyowmbination
increased with the increase of adhesive work between th&rJd].Friction force of
polymer—polymer combination was correlated with the adhesion hystéetsisen
two shearing polymer surfaces [14]. The population of chain “eatisurfaces was
the most important factor that determined the adhesion, adhesimmesis friction
and wear between two polymer surfaces [15].

Frictional heat, which would alter the physical state of pelysliding surfaces,
has a significant effect on the tribological behaviors of pely-polymer sliding com
binations under dry sliding condition, while oil lubrication coulduss or dissipate
the frictional heat. Adhesion wear was the dominant wear messhdor dry sliding
condition, while adhesion wear combined with erosion wear wasnthin wear
mechanism for dilubricated condition [10].

Dry sliding of polymer—polymer combinations always produces integntitme
tion and seizure or stick—slip due to adhesion [16, 17]. The rongbugh surface
sliding combinations show lower friction coefficients than smawmtsmooth surface
combinations [16].

Polymeron-polymer contacts are widely used in miniature mechanisms keolus
very low manufacturing costs of completely polymeric devigeg. quartz clocks).
The polymeron-polymer miniature bearings are promising components but the
knowledge about their tribological behavior is very limited. &&ed many polymer
onpolymer material combinations in such bearings and the resutgnsthat the
frictional behavior is very dependent on the selection of thenpak [1723]. The
most popular polymers in practical application in the design ofatuire mechanism
are thermoplastics. The interfacial adhesion is very impbitathe tribological be
havior in such polymeonpolymer bearings [21]. During our and other studies [24] it
was observed that the general trends in tribological behavibe afiscussed bearings
can be illustrated as shown in Figure 1.

Transfer of material in polymem-polymer contacts is very important in tribolegi
cal processes. The studies [25] of transfer of material inmErgn-polymer pairs
(such polymers as polytetraflouorethylene, polyvinyl chloride, grolyylene, poly
(methyl methacrylate) and polyethylene terephthalate werd) iweowed that the
thickness of the layer of transferred material increasdl imcreasing the sliding
speed because of adhesion increased from temperature riske@edsed with n
creasing the load because of greater compaction and thadid@lof loose material
being detached from the surface. The material transfer aleaysred from polymer
of low cohesive energy density to one of higher cohesive energy density.

The process of transition from static to kinetic friction imiature polymeton-
polymer bearings was investigated [26]. The friction at siguphase of operation of
the bearing was studied experimentally and was also modeled. fEioe @f load,
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sliding speed and time of contact of the journal with bearing bafore the operation
of the bearing was considered. The real area of contact, rhedlpgicesses in the
contact area, roughness of contacting surfaces and adhesion phggethnt role in
the frictional behavior of the studied contacts. It was dematest that the prediction
of the frictional behavior in polymesn-polymer sliding contacts is possible.

Tnbological properties of polymer-on-
polymer combinations

| Frictional contacts

Crystalline and i : Polyaceatal
amporphous

igh

Polyacetal l—

Aromatic Amorphous
—| Polyacetal |<—> polyamide <> mers
(amorphous) polymers

: - Amorphous

—| Polyacetal |<—>| PA crystalline |<—b polymers

: Amorphous
_| Polyacetal |<—>| PC, PP, ABS - polymers

Low fiiction and wear High friction and wear

Fig. 1. Tribological properties of polymen-polymer contacts in miniature journal bearings;Ppoly-
amide, PC-polycarbonate, PR polypropylene, ABS- Acrylonitrile/ butadiene/styrene coploymer

4. Lubrication

Lubrication is very significant in tribological behavior of both rpmiymeron-
polymer and polymeon-polymer contacts. Friction and wear behaviors can be im
proved as well as friction and wear rate can also increatbhe iaffect of lubrication
[1-3].It mainly depends on interactions between polymer and lubricant. The &fsorpt
and even absorption of lubricant by polymer can effects in the plasticizatioa s
face layer and even of bulk polymer. The most important isdaaadkie same solubil
ity parameters of lubricant and polymer [27, 1-3]. The dieleatmstant of oil should
be higher than dielectric constant of the polymer in r@tgdolymer contacts [1]. In
polymeron-polymer contacts the dielectric contact of oil should be kefptdmn the
dielectric constants of applied polymers [1].

The used oils should be chemically inert and wet polymericsudasily. For ex
ample polysiloxanes are interesting liquids therefore to be dppBelubricants of
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polymeric contacts. Water is not a good lubricant, however casdikas cooling lig
uid [1, 28]. Also hydrodynamic effect can be easily and additiomditgined because
of the high elasticity of the polymer element. the case of miniature bearings special
lubricants, mainly synthetic ones, are manufactured for mixédwndary lubrication
of nonpolymeron-polymer and polymeon-polymer sliding contacts.

Selflubrication in polymeric tribosystems is very interesting. Ledomi (oil) can
be use as impregnation of polymer [29, 30] as well dispersion ifothe of very
small droplets inside the material (and even in polymerit thiating) and perform
lifetime lubrication.

5. Triboelectrification

As the effect of rubbing in nepolymeron-polymer and polymeon-polymer con
tacts electrical potential between contacting components ochwedlarization does
not depend on the fact which element is moving [1]. Triboeletpimtzntial depends
on polymer and its position in the triboelectrical set of polymers [31].

The triboelectrification strongly depends on load and slidingcspeel ambient
conditions. The triboelectrification effects on frictiand wear. The electrostatic forces
increase adhesive interactions and the charge on rubbing componengs itrduc
bochemical reactions [1, 32]. The triboelectrification in lubadatontacts enables
easy and strong adsorption of molecules of lubricant on rubbing surfaces.

It is possible to control the triboelectrification of rubbingnedmts by e.g. use of
mixture of polymers which produces negative and positive chaBgeh possibility
exists at the use of compound polymeric material constructed by pe/afmide and
polyethylene [1, 32]. Also permanent charge by the applicatigolgfneric electrets
is an effective way to control triboelectrification in polymeric tapstems.

6. Summary

Polymers are very promising materials to be used for rubdmngponents in ma
chines and devices. However, the selection of materialstisatrUnderstanding of
frictional and wear mechanisms controlled in particular by iitenand decisive
transfer of material during operation of polymeric tribosystésna very important
task for tribologists. Low cost, corrosion resistance, dampingboations, ability to
adapt to work in presence of contamination and many other advambgss of
polymers in sliding (as well rolling) systems opens veryr@stiing research area for
tribology.

Polymeric tribosystems can operate without lubrication. Vedewvgossibilities to
modify polymeric materials by fillers, lubricants and many ptwditives give very
good perspectives to find polymeric composites that show exceileslogical prop
erties both as matched with rpolymer or with another polymeric component. The
lubrication enhanced these possibilities when the lubricant isniaptl. The con
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struction of seHubricating tribosystems is much easier to realize than riantie or
metallic sliding or rolling contacts. Nowadays in technologymars are seen as the
most important future materialShe study shows that polymers as tribological materi
als are very good for low cost rubbing components in machines and devices.
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Tribologia polimerow

Polimery sa atrakcyjnymi materiatami do zastosowania w weztach tarcia maszyn i urza-
dzen. Moga one by¢ kojarzone z materialami niepolimerowymi (metale, materialy ceramiczne)
a takze z polimerami. Wigkszo$¢ prac badawczych po$wiecona jest parom tarcia, w ktOrych
tylko jeden element jest wykonany z polimeru. Zwykle sa to skojarzenia stal-polimer. Réwnie
interesujace wlasciwosci tribologiczne moga tez wykazywaé skojarzenia polimer-polimer przy
starannym doborze materialdbw na elementy trace. Szerokie mozliwosci stwarza zastosowanie
kompozytéw na osnowie polimerow. Skojarzenia polimerowe moga pracowa¢ bez smaru i przy
smarowaniu. Decydujacy wpltyw na tribologiczne zachowanie si¢ polimeréw ma zjawisko
przenoszenia materialu przy tarciu. Takze zjawisko triboelektryzacji ma istotnie wplywa na
procesy tribologiczne w polimerowym wezle tarcia. Materialy polimerowe sa materiatami
przysztosci takze w budowie odpowiedzialnych wezlow tarcia maszyn i urzadzen.
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of Thermoplastic Materials
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Sliding machine elements made of plasticooperate mostly with metals. The friction of thesaten
rials engages several processes like mechanicahdimesion interactions, tribthemical and tribeelec
trical reactions etc. In this paper, processeslugad with the tribological wear of polymer matésian
der conditions of dry friction were discussed. Toeus was on mechanical and adhesion reactions be
tween ceoperating surfaces. The role of the surface roughoéthe metallic element on the creation of
the polymer film and on the wear of the polymer enal was stressed. Fundamental modes of wear char
acteristic for polymer materials were describedeskhinclude adhesion wear, abrasive wear, fatigue
wear, thermal and chemical wear, asperities meltiregp wear, and fretting. A wear mechanism fér di
ferent polymer materials (including composites) wessented. The mechanism includes chemical-activ
ity of the mating metals, the role of fillers inetransfer of load and creation of the polymer film
A mechanism accounting for additional heating @& thaterial as a result of fluctuating friction ferc
loading of the sliding met#olymer pair and additional heating due to intéfmation of the polymer
materials was also presented.

Keywords:polymer material, thermoplasts, wear tribologicarformance

1. Introduction

Sliding machine elements made of plasticoperate mostly with metallic materi
als and are subject to different processes involved withofmi@nd wear. During the
friction of polymer materials on steel, several proceske3][like mechanical and ad
hesion interactions, tribohemical and trib@lectrical reactions etc. are present.
A share of these interactions in the process of friction is dependent upoadhmeylof
the friction pair with the normal force, sliding velocity, sedaoughness and wavi
ness of the coperating metal element, mechanical properties of the rubbingrimat
als, adhesion characteristic of the sliding pair and other tiqgereonditions. The
process of creation of the polymer film on the surface of thepeoating element as
well as the film stability and its ability to regenerate i® @fgreat importance.

The knowledge of the wear mechanism in polymer materials nse@dé¢hine de
sign makes it possible to select properlyoperating materials in the designed friction
node as well as to ensure its proper exploitation in the future.
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2. Characteristic tribological processesinvolved with the friction of poly-
mer materials on steel

2.1.Mechanical inter actions

Surfaces of mechanical elements, even those machined to thet lgigits of fin
ish, are never ideally smooth. Their geometric featuresdefi@eed by the surface
roughness, waviness, deviation in shape, and orientation of irriéigslafhe contact
of two real surfaces subject to friction is done on the ilergy asperities. Many
historical theories (Amontons, Coulomb) assumed that friction seBolin mechani
cal interactions of the contacting surfaces irregularitiesthe secalled Coulomb
model, the action of the wedgbaped asperities causes the two surfaces to move
apart as they slide from one position to another and then cos® at@in. Work is
done in raising the asperities from one position to another andaihts potential
energy stored in this phase of the motion is recovered as surfacedbaukv

Nowadays [1-5], it is generally acknowledged that apart of ldladésion contacts
of the asperities of micrwregularities, the energy of friction is required for micro
scale deformation of contacting surfaces during relativeamoti asperities of one
surface (harder of the two, if dissimilar) plough through thHeerotia plastic de
formation, energy is required for this maawale deformation (grooving by plough
ing). Macrascale deformation can also occur by particles trapped betWeedtiding
surfaces. A situation of this type is common during the frictibpolymer materials
on metals as the two aiperating materials feature a marked difference in hardness
Hard micreirregularities of the metal element dig into a reldtive&oft surface of the
polymer material causing ploughing, grooving or minrachining during sliding
friction (Figure 1).

metal - = N Grooves
formed
from
o ploughing
> A sy A

polymer material ///:

Fig. L Mechanical interactions between irregularitieshef metal/polymer surfaces

2.2 Adhesion

In the process of contact formation, besides an elastic datiormprocess the as
perities undergo some plastic deformation [1, 3]. Due to thigmef@n process, in
timate contact between the partners occurs so that molexuface forces may act
through the interface, which results in “interfacial bonding” Hrelgeneration of ad
hesive “junctions”. Thus, the different types of molecular forces thatatasithin the
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interface of two contacting bodies to produce “adhesion” andrbggy of interfacial
adhesion bonding must be considered. Theoretically, the attrac®raambn forces
between two contacting solids include, at least in princifii¢ha@se types of interac
tion that contribute to the cohesion of solids, such as metallieJar@vand ionic, i.e.,
primary chemical bonds (shemnge forces), as well as secondary van der Waals
bonds (longange forces). Longange van der Waals forces act in the adhesien be
tween soft rubbelike materials and between polymeric solids.

Adhesion problems have been addressed in many research papersaréhefew
theories concerning adhesion interactions: mechanical, adsorptatrjoall, diffu
sion, and chemical ones. These were described, among others7]inArificial ma-
terials feature, as a rule, big adhesion to metals andvedlatimall shearing strength.
As a result of rubbing, metal elements are being coverddanthin layer of the trans
ferred polymer material. By virtue of this process, polymetemals display lower
values of the friction coefficient under dry conditions than feefBhe presence of
strong adhesion, however, is detrimental to the wear rate.

Adhesion interactions may often be calculated in terms of udace energies.
The energy required to create a new surface, expressed ovesaanoasisting of
many atoms in the surface lattice, is referred to as geedfurface energy. The higher
the surface energy of a solid surface, the stronger the bondlsfarm with a mating
material. One obvious suggestion is to select materials thatehbbw surface energy.
The use of lubricants at the interface reduces thecsudaergy. Materials with low
work of adhesion result in low adhesion, where work of adhesionsesgeethe en
ergy that must be applied to separate a unit area of téréaice or to create new sur
faces.

2.3. Creation of the polymer film

The polymer film, i.e. a thin layer of polymer (Figure 2) forms on the sudatiee
co-operating metal element. It reduces the roughness of the stialesinfluencing
thus, among others, the friction and wear processes. Additionally stbamis layer,
friction develops between two polymer layers and not between the gromd metal
layers. The rate of the film creation, its structure ablility and lubrication properties
depend on forces of adhesion between the metal and the polymer, aredakhbom
the properties of the very polymer material.

The explanation and role of this process have been subjsttidies of many re
searchers [8L3]. A variety of offered explanations of the film creation pssceuring
sliding ceoperation of polymer materials with steel is a prove that theegs has not
been fully recognized as yet. The majority of researchérglised to agree that the
process of the film creation is a mwdtiage one [8, 11, 12]. The prevalent opinion is
that at the beginning stage of the slidingoperation of polymer and steel, there is an
adhesion transfer of the polymer onto the couetement caused mainly by molecular
and electrostatic forces and/or physical and chemical interactions.
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At the same time, heat generated due to friction risegthpdrature at the mating
surface of the polymer, which in turn leads to the loosening of boetsizeen inter
molecular polymer chains. Surface located polymer chainsudnject to mechanical
inputs like compression, shearing and tension, the inputs that causerelc&ing and
creation of molecules of different radicals. This triggeitsotchemical reactions be
tween the broken chains of the polymer and complexes locatbé atirface of the
mating metal. Generally speaking, the following factors imfgetribechemical re
actions: chemical composition and molecular structure of the ojyniction condi
tions (unit pressure, sliding velocity, type of contact enyironment, temperature
etc. The first layer of the polymer adheres strictly toghdace of the metal and is
practically not removable during the whole friction process.

]
A
)
b, ’A
)

Polymer

Fig. 2 Polymer film (PTFE) on the surface of steel after friction process

The next layers of the polymer material may be easihoked and these very lay
ers convert into wear products of the adhesion wear processe Phoducts may also
be created as a result of mutual abrasive interactionebettihe asperities of micro
irregularities of the metal surface and the surface ofpttgmer material. They fill
gradually cavities between the asperities. Not all of the peatucts are bound, hew
ever, to the surface of friction. In a further stage of theidricprocess these particles
are compressed by the mating surfaces creating a layerferedif thickness. The +e
taining of the transferred polymer material on the surtdabe countespecimen is
possible due to the adhesion and locking of the material parbelsveen micras
perities of the metal surface. It was confirmed [12] thatgteater the surface energy
of polymer, the stronger sticks the polymer layer to the cowpicimen. Particles of
fillers may increase the adhesion of the polymer layer tcstinface of the counter
specimen by creating additional bonds. The thicker is the poljiinerthe better
protection of the polymer material against asperities of the ceelgerent surface. At
the same time the strongly bonded polymer film protects thacuggainst the detri
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mental action of hard particles trapped in the friction zoneeléds$ featuring a high
value of the surface energy form a film featuring higher e@tey of particles or lay
ers. Such layers are more wear resistant. At the saree himwvever, strong adhesion
interactions cause that polymer particles are more easilgved from the surface of
the polymer material.

Figure 3 shows differences in the formation process and retawhiagpolymer
layer depending upon the surface roughness of the steel element.

polymer
material

polymer
material

polymer
material

transferred I

polymer

material
0 Roughness ——»

Wear

Fig. 3 Wear ratdz versus surface roughness
I, I, I —formation of the polymer layer on surfaces witffedent roughness

With smooth surfaces, adhesion interactions at the surface efctiogt materials
are strong, which contributes to a relatively high value efftittion coefficient and
to elevated wear of polymer materials. This is true e¥aneichanical interactions
between the steel surface covered with a layer of the treedfamaterial and the skid
ing surface of the composite are small. (Figure 3, zone I).

With the increasing roughness of steel, adhesive interactiorsadecand the pres
ence of the polymer layer (covering still the surfacthefsteel element) results with
only a slight increase in mechanical interactions (Figure 3, zone II).

As a result, the wear rate of the composite is relatilely With the high rough
ness of the steel surface (Figure 3, zone lll), the formatiorretathing of the poly
mer layer is difficult and adhesion interactions are weackLof continuity in the
layer of the transferred material and strong mechanicahitiens of the steel surface
against the sliding surface of the composite (miexchining, ploughing etc) results
with increased wear.
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3. Types of wear in plastics

The process of tribological wear of polymer materials [47]5s caused by the
abrasion, cracking and spalling of material particles, seréathesion of the emper
ating elements and by trilshemical reactions present at the surface of contact. Of the
many modes or wear characteristic for metallic materablymer materials are sub
ject to abrasion, adhesion, and fatigue wear. On the other hand weragpthermal
wear and asperities melting are the wear processes milyarerolved with polymers
only.

The listed types of wear are practically never isolategheDding upon friction
conditions, different modes of wear may be dominant. Decidingisttiie of the up
per surface of the sliding countelement (type of material, hardness, and roughness)
and performance parameters (temperature, pressure, ant shelocity). As tr
bological processes are dynamical ones (e.g. the creation gioljmmer film) the
share of individual types of wear may vary in individual phases ofittiemh process.

3.1 Adhesion wear

This type of wear is directly linked with the adhesion of the rubburéaces and is
present mainly during the friction of polymer materials agansboth (e.g. polished)
metal surfaces without lubrication. The mechanism of adhesion seasists of the
creation of strong local adhesion joints [3, 5, 7, 14-15] that prodefmemations in
the upper layer, rupture of cohesion links in the bulk of the palymaterial and its
transfer onto the countspecimen surface. After a short period of friction, thexcre
tion of the polymer film on the steel surface follows, th&ace of the polymer ele
ment becomes matt and characteristic in its appearancerousnfine cavities after
detached material particles). In a further phase of motiortraheferred material de
taches from the countetement and is removed from the friction zone as wear- prod
uct. This process is a cyclical one and contributes, fist pfaathe wear of the poly
mer material. The rate of occurrence of individual adhegi@nomena depends upon
physical and chemical properties, mechanical properties amctuse of the upper
layer of the material as well as from properties of theperating material and its sur
face roughness. The surface energy of the polymer materighersdrface roughness
of the counteelement have also influence on adhesion.

3.2. Abrasion wear

Abrasion wear is present, first of all, during the rubbing of ipely materials
against a metal surface featuring considerable roughness. géritias of the harder
material function as micrblades. The loss of material is due to micromachining,
scratching, or ploughing in the mierones of contact [1, 3, 5]. Abrasion wear may
also follow as a result of the trapping of hard partifdes the rubbing steel elements
(or abrasive patrticles originating from the environment) betwbe two rubbing sur
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faces [16—-19]. Characteristic for the-gperation of a sliding plastics/metal pair is the
fact that abrasion grains or wear products embed into the sofirmaterial and con
tribute to the wear of the metal surface. This mode of wealse present when the
polymer material is a composite containing hard filler pasice.g. fibre glass, quartz
powder etc. Abrasion wear features high intensity and ofterréesson of a strong
warm up of the polymer material. That is why, apart of meiclahwear, thermal and
chemical wear processes are also present.

3.3. Fatigue and er osion wear

The reason of fatigue and erosion wear is a cyclicalabigr deformation of the
upper layer [1-3, 7]. As a result, small miomacks appear, the propagation and ag
gregation of which contribute to the spalling of the polymaterial. The wear asso
ciated with this process grows very fast, especially whend#fermations of the
polymer material are of plastic nature. In the case of polyrnfatigue wear causes
additionally the cracking of macromolecule chains. The resaltreduced molecular
mass of the polymer within its surface layer and a reduatitime crystallinity rate of
the polymer. In composites containing e.g. fibre or carbon glassngéter form of
wear is present. This one is a result of the propagation otdigbns due to a discon
tinuity of the material around fibres. Consequently, munaxcks appear under the sur
face and particles of the polymer material are removed fhensurface as a result of
mechanical interactions and adhesion.

Erosion wear is a result of impacts of small particlesnasgshe metal surface. This
results with small losses of material termed as erosion, agsrbittee known and cen
sidered as a form of fatigue wear in the case of polymer materials.

3.4. Chemical (tribo-chemical) wear

Chemical wear develops due to chemical reactions evolving dinatpn be
tween the rubbing materials. Forces of friction may causecthcking of polymer
chains in the surface layer and creation of molecules ofreliffeadicals. Highhac
tive radicals may react with chains that did not crack dmutirig to the creation of a
new series of chain breakages. The radicals may alsowih®ther radicals creating
thus new polymer molecules. During the rubbing of polymers agstiest; also other
substances (e.g..0H,;O, and the very metals and their oxides) may participate in re
actions evolving on the friction surface. Generally, factodsiémicing tribechemical
reactions are the chemical and molecular structure ofdlyenpr, friction conditions
(unit pressure, sliding velocity, type of contact), environment, temperatc.

Chemical wear may also be linked with reactions betweerpohgner material
and the environment (e.g. oxidization) of the friction procesgrdaation processes
have big influence on the material transfer rate. Chemical wees together with
other forms of wear.
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3.5. Thermal wear

Thermal wear follows as a result of the dissipation @fdaamounts of friction en
ergy in the form of heat, a process that results with aredase in the temperature of
the polymer material and its softening in the upper laygemyperature at which the
thermal wear process starts depends upon the type of matéimltemperature is
usually higher than the temperature of the thermal resistateemdned usually by
the Martens, ASTM, or Vicata methods. It is usually givenha manufacturer’s
specifications of plastics. With this type of wear, the sfirepof or even gluing of
the rubbing surfaces often happens. In the ultimate case, tlzeeldemperature re
sults with irreversible changes in the chemical struabfidie polymer. That is why
this type of wear is usually termed as the catastrophic one.

3.6. Asperity melting

The wear of polymer materials that results in the meliingsperities is prevalent
mostly at the stage of rtn, i.e. during the initial stage of their rubbing against steel.
At an appropriate loading (in terms f) of a rubbing pair and an appropriate rough
ness of the metal element, the melting of asperities gfadhener material starts. This
leads to a quick smoothing of its surface and with a more omifiastribution of pres
sure at the contact surface (reduction in the stress concemtahtihe peaks of micro
irregularities). A precondition, however, is that abrasive vagdhis stage of the fric
tion process is not too intensive. Smoothing goes together witlvdHeng (harden
ing) of the upper layer of the polymer material. At affar stage, the asperity melting
process terminates, the sliding surface of thermoplasticriadatébecomes lustrous
and smooth. It may be assumed that the asperity melting waetuily a beneficial
part of the rurin process.

3.7. Wear asaresult of creep

Wear as a result of creep is a characteristic process fonpomaterials that leads
to changes in the form and dimensions of elements made of thesalnatéhout
any loss of mass. Wear as a result of creep is linkedthdttvisceelastic nature of
polymers. It is due to deformations of form and volume aligned \Wwéhdtrection of
loading. As a result of friction forces, periodically recurnerggularities in the form
of waves, which are transverse to the direction of motion, appba creation of
these waves is not a result of a single plastic deformatibis tzuresult of recurrent
deformations of the surface layer of the material. The oatthis process is propor
tional to the viscosity of the material, value of the unitspuee, and the surface
roughness of the eoperating surface. In the creep wear process, permanenindefor
tions leading to changes in linear dimensions (due to the normal |eadoarever, of
greater importance. In polymer machine elements of consideraiclenéss and
loaded with a big normal load this type of wear is overly dominant.
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3.8. Fretting

Fretting is a specific type of wear that differs fromarttypes of polymer wear in
that it is present at a relatively low velocity of gligiand at cyclic micralisplace
ments. An additional condition is that the surfaces are inraamiis contact [20].
Fretting is of fatigueabrasion nature. Products of wear brought about by fretting are
termed as the so called third body, which is of great importanite iwear process of
polymer materials. These products remain practicallyhalltime in the friction zone
and are not removed outside of it. If they contain hard filler gesti the fretting
process rate increases. The process and characteristietioffwvear on the surface
of polymers are determined by the thermal resistance of tipm@oand the frictional
heat produced, and these in turn depend on the molecular chainrstraied aggre
gate state structure of the polymer.

4. M echanism of polymer materials wear
4.1. Non-modified polymers

Non-modified polymer materials used in sliding machine nodes duringatanmn
eration are subject, fist of all, to adhesion wear as thisdjpeear features the least
rate of material loss. Other types of wear are morewd#ste and shall be eliminated
by a skilful selection of parameters and conditions of the friction process.

The literature offers many descriptions of the polymer ristevear [4, 7, 14-19].
The prevailing opinion among the researches is that an esgefgiah the case of
polymer materials plays the process of formation andhietaof the polymer film on
the steel element. Depending upon the chemical activity ofutht@mg polymer/steel
pair, products of wear may originate from the polymer filmoeed from the steel
substrate (for small chemical activity) or from the slidingae of the polymer mate
rial (for high chemical activity). Exemplary models of adbesvear for different lev
els of chemical activity of the metal to a polymer materialggesented in Figure 4.

4.2 Composite polymers

The process of wear of composite polymer materials igyacgmplex one [7, 10,
15, 21-24] as its course is markedly governed, apart of opergtiamaaheters and the
state of the upper layer, also by fillers. A diversity 8éf§, both with respect to their
properties and their volumetric content, makes the analysissoptbcess even more
difficult. In a set of fundamental factors that influence filgtion and wear of com
posite materials these are the most important [5, 7, 21} tiiijie, its volumetric con
tent in the composite, the size, form and surface share ofldrepfirticles as well as
the structure of intephase border between the filler and the matrix.

It is assumed that the dominant wear during the regular exqpboitof polymer
composites is the adhesion one [14]. Depending however on the typerarfd fric
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tion conditions, other wear mechanisms may also be present withntarked im
pacts on the friction process. One of them is the modificatidheoSurface layer of
the polymer material. The share of the filler on the slidingaserfoecomes higher
(when compared to its starting value). In some of the casesa(@gmposite with
metal powders) a situation may happen when the sliding surfaxststsopredomi
nantly of fillers (Figure 5, stage lll). That means tha ffiction process is present
mainly between fillers protecting the polymer matrix agaimsar and the surface of
the counte-element. At the same time, both the sliding surface of tieesfiand the
surface of the count@lement may be coated with the polymer film decreasing the
friction coefficient and temperature of the rubbing elementsuch composites, the
polymer, apart of the role of matrix, performs also the functiagredise. An example
may be PTFE based composites [21-23].
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Fig. 4 Models of the adhesion wear of a polymer (PTFE] {then rubbing against materials
with small (a) and high (b) chemical activity-vear products, 2 PTFE lamellag
3 — polymer specimen, 4 counterelement; |, Il, 11l stages in the transfer of méaker
(explanations in the body of the text)

The research that has been done by many researchers 23] 2@nfirms that
dispersive fillers in most cases are also transferred tpalyener layer created on the
surface of the coperating steel element. By applying fillers with a big stefan
ergy, the adhesion of the film to the metal may be increasda@nsequently, its du
rability. The application of bronze or molybdenum disulphide powder iFEPJased
composites works to this effect.

The process of the tribological wear of a polymer mateeiiures periodically re
peated micrecycles [15, 21]. A discrete surface contact of the compaedite the
steel counteelement brings about big amounts of heat generated during thenfiot
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hard particles of the filler against steel. This contributefocal high temperatures,
markedly higher than the average temperature of the rublengeets. The elevation
of the local temperature to its critical value bringsuwhlthe softening of the matrix
and a reduction of friction forces and, as a result, a reductite ineat generated and
an increase in the wear of the upper layer of the composite.igwdiy, a certain
amount of friction energy is dissipated as a result of inkdrictéion [25], which leads
to the appearance of new heat sources inside the polymer maksrialresult, the
temperature of layers located in the bulk of the materialujder the sliding surface,
is higher. This difference in the temperature of PTFE compositasbe as high as
a dozen or so degrees. The higher temperature inside theepaiyah comparatively
high temperature gradients cause that the matrix becontes abf certain distance
from the surface (approx. 1 mm) than just under the sliding surface.

In polymer composites there is usually a big difference betwrerstiffness of
fillers and the polymer matrix (the modulus of longitudinal elaslicifhis causes that
particles of the filler transfer a large amount of loadirtg deeper layers of the cem
posite (Figure 5a).
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Fig. 5 Stages of the wear process for PTFE composited filith dispersive fillers [21] (2surface
layer, 2— elevated temperature zone; Bolymer matrix (PTFE), 4 filler grain, 5— steel counterface)
a) distribution of pressure on the surface of aposite with dispersive filler, b) wear intensitysubse
quent stages of the wear process, c) stages imghieprocess history
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A markedly high loading of the filler grains located at thdisti surface causes
their embedding in the polymer matrix (Figure 5c, stage 1), eslpe@s earlier men
tionedHit is softer in the bulk of the polymer material than in tlesest proximity of
the sliding surface. The stiffness of the polymer matrix jusler the sliding surface
causes that translations of the filler grains proceedingéwith the forces of friction
is more difficult. On the other hand, the plastic deformation of thesesgs possible,
as is the case with bronze powder. With the wear proceedingrahes of the filler
being in the course of embedding encounter other grains lotatheé bulk of the
material. The concentration of the filler in the upper layethe composite material
grows (Figure 5, stage 1), what leads to a decrease iwehe rate of the composite,
or to the increase of the wear resistance of this [&ing friction, the thin layer of
the polymer may be transferred on the filler grains, whicilitaes their sliding on
the steel countezlement.

In the further stage, the filler concentration on the slidinéasaris already so high
(Figure 5c, stage Ill) that the renovated polymer layepisapable to cover all grain
located on the sliding surface. The value of the friction caoefficises and accord
ingly — the temperature of the polymer material as well. Assalt, the matrix be
comes more and more soft and finally, is not able to detain lthe drains of the
sliding surface. The grains are removed in part as productsasfame then, the en
hanced wear period begins (Figure 5, stage 1V). The diminisitingeatration of the
filler grains contributes to lower values of the friction ffieéent and consequently, to
the reduced amount of heat. This causes a reduction in the tamp@fathe compes
ite material and another cycle in which the number of ther fgrains in the surface
layer increases.

The interactions of fibre fillers in polymer composites [28] are a separate
problem. In these materials, four processes of product removal dominate:

» wear of the polymer matrix,

» abrasive wear of fibres,

» cracking and spalling of fibres,

« separation of fibres from the matrix.

The last two of the listed processes are periodic onesrerhaeval of fibres from
the matrix causes an increase in the matrix wear due todalkewing of the material
at this place. Additionally, particles of the removed fibretgethe friction zone and
start abrasion wear. The model of this mechanism is shown in Figure 6.

When the direction of fibres orientation is parallel tolthe of loading in the frie
tion node, the fibres participate in the transfer of load from tbioin zone. Usually,
the polymer matrix has a lesser value of the modulus of longilustiffaess. That is
why, when assuming equal strains, a difference in the longituslireglses in the ma
trix and in the fibres occur. It shall be noted that the higher thelhaflonger fibres),
the more effective the composite strengthening. The above catgdsrwitness to
a significant role of fibres in this process [26].
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Fig. 6. Model of the wear mechanism of thermoplastic caositps containing short cut fibres [25]
a) polymer matrix, b) fibre, c) fibre rupture, @vities after the removed fibre

5. Summary

Mechanical and adhesion interactions and the creation of theng@oRIm trans
ferred onto the steel surface play the most important roleeimpitocess of friction of
polymer materials. The process of the film creation ggaied by tribechemical re
actions between the broken chains of the polymer and complexeatpasihe sur
face of the capperating material. The retention of the polymer layer isiplesdue to
adhesion interactions. An essential influence on the durabilitheffitm has the
chemical activity of the metal to the polymer and the gedoal structure of the
counterelement surface, which can make this detention process easmrediffi
cult. Additionally, the transferred layer of the polymer cawsenodification of the
geometrical structure of the metal surface. In the suttaar of the polymer and in
the film transferred onto the steel surface, complex physiwhichemical processes
evolve.

The dominant type of wear in sliding elements of machines madeywsh@omate
rials during their regular operation is adhesion wear. Tye of wear features the
least rate of material loss. During the 4inrprocess, asperities melting may occur as
a beneficial type of wear. Other types of wear like abragrear, fatigue, creep, and
especially thermal wear are to be avoided and shall be dinnitetheir scope by
a proper selection of parameters and conditions of the friction process.

Different and diversified physical and chemical interactital® place during the
process of friction of polymer composites on metals due to thig-phase structure
of these materials. These interactions are related to the wirar pélymer matrix and
the wear of individual fillers. Additionally, attention shall en to a mutual influ
ence of the fillers and the polymer matrix on the mode of wearelsas to the phe
nomena present on the surface of the metal coelgarent. The properties of cem
posites depend, to a high degree, on the volume and surface otlatadteristics of
the components, which change the character of the friction processpétéicles of
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the filler increase local stresses during friction trigggrincreased head dissipation
and changing mechanical processes when compared to those presenmiodifed
polymers.
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Mechanizm zuzywania tribologicznego tworzyw termoplastycznych

Slizgowe elementy maszyn wykonane z tworzyw sztucznych wspolpracuja najczesciej
w skojarzeniach z metalami. Podczas tarcia tych materiatow zachodzi szereg procesow takich
jak oddzialywania mechaniczne i adhezyjne, reakcje tribochemiczne, triboelektryzacja, itp.
W artykule przedstawiono procesy zwiazane z tribologicznym zuzywaniem materialéw poli-
merowych w warunkach tarcia suchego. Omowiono oddziatywania mechaniczne oraz adhe-
zyjne pomigdzy wspoltpracujacymi powierzchniami par $lizgowych. Zwroécono uwage na rolg
chropowatosci powierzchni elementu metalowego podczas tworzenia na nim filmu polimero-
wego a takze w procesie zuzywania materiatu polimerowego. Opisano podstawowe rodzaje zu-
zywania, charakterystyczne dla materialdéw polimerowych m. in. zuzywanie adhezyjne, $cierne,
zmgczeniowe, cieplne, chemiczne, nadtapianie, zuzywanie wskutek ptynigcia oraz fretting. Za-
prezentowano mechanizm zuzywania réznych materiatow polimerowych, w tym kompozytow,
uwzgledniajacy migdzy innymi aktywnos$¢ chemiczng wspolpracujacych metali, rol¢ wypeknia-
czy w przenoszeniu obciazenia oraz tworzeniu polimerowego filmu. Przedstawiono rowniez
mechanizm uwzgledniajacy dodatkowe rozgrzewanie materiatu polimerowego w wyniku tarcia
wewngtrznego oraz zmiennego obciazenia sita normalng oraz sita tarcia zewngtrznego pary §li-
zgowej metajpolimer.
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