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Chapter 1

RESEARCH ON THE TRIBOLOGY OFHYDRAULIC
RECIPROCATING SEALS

George K. Nikas’

Imperial College London, Department of MechanicagjiBeering,
Tribology Group, London, UK.

ABSTRACT

Hydraulic seals are found in industrial applicasiagmvolving linear or rotary motion,
as for example in hydraulic actuators. They arallgmade of a polymeric material (for
example, elastomer or “rubber”) or a combinationnmdterials (composite seals, for
example, elastomer and PTFE with glass fibres).irTéleape varies from the typical
rectangular cross-section with chamfered or rounct@ders and the typical O-ring to
hundreds of less conventional designs with comglksmetries, although they all have
the same basic function, which is the sealing widf, normally under relatively high
pressure (typically up to 80 MPa) and with opeiatiemperature ranging from subzero
values (typically as low as —65 °C) to relativelgthvalues of up to 200 °C, depending
on application. Low-pressure applications are aigb when seals are used as wipers, as
for example in tandem seal arrangements.

Theoretical research on sealing involves conceptsd amethods from
elastohydrodynamics, contact mechanics, thermosiasticity, adhesion and surface
topography, in order to achieve good agreement ifterimental results and industrial
experience, yet this is still quite difficult tolaeve because of the mathematical and
numerical complexity of the problem. Proof of sudifficulty is the fact that after more
than 60 years of research in this field, fundamempects of the problem are still being
tackled, for example, elastohydrodynamics withatefroughness effects, whilst making
simplifying assumptions about others, for examplkeating seal mechanics in the frame
of linear elasticity and ignoring frictionally-indad thermal effects.

The present chapter explores the progress andrchseands in computational and
experimental tribology of hydraulic, reciprocatingd and piston seals. Topics include

i Correspondence address: Dr G. K. Nikas, 3 Privmss, Hounslow, Middlesex, TW3 3RF, England
E-mail: gnikas@teemail.gr



12 George K. Nikas

the solution of the elastohydrodynamic and contaeichanics problem of flexible
polymeric and composite seals, modelling of setusion and anti-extrusion rings, seal
elasticity and its effect on sealing performancedeailing of tandem seals, rotary vane
seals, transient effects in lubrication, as wellpasformance evaluation in terms of
leakage, friction, extrusion and wear, followeddptimization. Experimental studies are
also briefly discussed with a presentation of ticdlties in validating existing models
and in producing realistic, reliable and consistasults. The review covers the period
from the 1940s to 2008 and serves as a referenoecesdor further study and
development in this challenging field, from thegimal basic experimental rigs and
archaic computers of mid 20th century to the sdmaited numerical methods and
expensive experimental devices of the recent era.

1 INTRODUCTION

There are mainly two types of hydraulic recipraggtseals: rod and piston seals (Fig. 1).
They are typically made of polymeric or plastic eré&ls and most commonly by elastomers.
Hydraulic seals are met in industrial, automotive aviation applications involving linear
and rotational motion, as for example in linearraydic actuators (Fig. 1) [1] and rotary vane
actuators [2].
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Figure 1. Typical hydraulic seals in a linear hydi@actuator

These seals operate under dynamic conditions dhblar sealed pressure, stroking
velocity and operating temperature. Specificalbgled pressures can reach 80 MPa (usually,
they are lower than 50 MPa), stroking velocities peach several metres per second (usually,
they are lower than 0.5 m/s), and operating tentpers can be as low as —85 or as high as
200°C (most often in aviation applications, as is exyd later).

Depending on application, a number of seal shapes avolved over the years based on
experience and applied research, often at greamdial cost. Seal designing was initially an
empirical process through trial and error. In récemes, particularly in the 1990s and
onwards, designs have become more sophisticatsgdban modern computational tools
such as Finite Element Analysis (FEA) software ai as on expensive experimental rigs to
study sealing performance under controlled conulition a laboratory in accordance with
international standards. The shape of hydraulidssearies from the typical seal of



Research on the tribology of hydraulic reciprocgteals 13

rectangular cross-section with chamfered or rouradeders and the typical O-ring to tens of
less conventional designs with complex geometriegluding composite seals and
combinations of seals and other elements sucheagieimg springs and back-up rings.

Hydraulic seals are critical machine elements. iufa of such elements is associated
with financial cost that greatly exceeds their loast, often by hundreds to thousands of
times. Even greater is the safety risk in applaratisuch as in the aviation industry where, for
example, hydraulic seals are used in linear hydragtuators [1, 3] and rotary vane actuators
[2, 4] controlling aircraft landing gear (Fig. 2(and wing flaps (Fig. 2(b)). A graphic
example of the critical role of some “humble”-longi seals, although not related to
reciprocating motion, is the tragic disaster of H&SA space shuttle Challenger in 1986; that
was officially attributed to the failure of a statelastomeric O-ring, which was used to
prevent hot gases from leaking through a jointrdythe propellant burn of the right rocket
motor. Apart from financial cost and safety rishke tfailure of hydraulic seals may also be
responsible for environmental pollution from leakkkdds, particularly when the toxicity of
some hydraulic fluids is taken into account. Itisar then that the understanding of sealing
mechanisms is of paramount importance to seal desigand manufacturers.
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Figure 2. (a) Aircraft landing gear controlled higelar hydraulic actuator; (b) Aircraft wing control

surfaces operated via classic linear hydrauliceotuand new rotary vane actuator (drawing courtesy
of Smiths Aerospace, UK)

Hydraulic seals are elements of complex mechantoahaviour. Their inherent
complexity stems from their material, which, gefigraobeys nonlinear stress-strain laws.
For example, elastomeric seals are nearly-incorajiiles hyperelastic solids. Mechanical
response to loading is, generally, viscoelastimanlinear, and suitable elasticity models
should be used for their mechanical analysis, @ddily when the maximum normal strain
exceeds 10 to 15 per cent [5, 6]. Elastomer regptinstress and strain changes significantly
at temperatures close to the glass transition teatye (typically in the order of zero to —70
°C), where the material stiffens and behaves m&eeléiather. Structural changes are normal
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at such temperatures and reversible, though theybeairreversible if the glass transition
temperature is exceeded many times or for longoderof time. Moreover, the thermal
expansion coefficient of elastomeric seals is highjcally between 13 and %10 K™
This means that their sealing performance is vanghrelated to the operating temperature.
In fact, their fundamental mechanical propertieshsas the moduli of elasticity and rigidity,
the Poisson’s ratio, the hardness and compresgjbdill vary with temperature. Their
flexibility is also causing leakage and frictionrigdions during reciprocating motion, which
depend on their geometry and operating conditiansl, are difficult to be modelled with
satisfactory precision. Chemical compatibility whigdraulic fluids is also of concern, as is
fluid absorption and swelling in normal operatidlastomer oxidation and ageing, even
when seals are out of service, is yet another itapbrfactor to consider. This limits their
storage life, typically to under 5 years. These athebr factors, which are explained later in
this chapter, mean that the computational modelliegformance analysis and application of
hydraulic seals is a complicated topic.

Despite the importance of this topic in terms af thumber of industrial applications,
financial costs and safety risks, related studiesthe scientific literature are rarely
encountered. This is probably attributed to théiadity in the computational modelling of
hydraulic seals and the study of their tribologipatformance. However, there is no doubt
that in-house studies and software from seal maturiars exist, yet they are rarely published
for obvious reasons of competitiveness secrecy. dutbor has first-hand experience with
sealing research funded by some of the top sealfaeturers [3, 4] and can attest that even
in recent times (1990-2000), seal analysis anduatiah is an empirical process to a
significant extent. Nevertheless, modern trends stiffl competition dictate that precise
computational modelling takes over the traditiorapertise of chief engineers, and seal
selection and evaluation changes from art to seienc

The scientific evaluation of hydraulic seals invasvthe computation of leakage and
friction, as well as the prediction of their weate in a given application with given operating
conditions. As these seals, naturally, operateubri¢ated conditions, the first step in the
analysis is to solve the problem of lubricationmeaonly known as elastohydrodynamic
lubrication (EHL) [1]. The EHL theory originated imby in the 1950s and 1960s, although
there are a few earlier studies exploring the IsasfcEHL. Applying the elementary EHL
theory, sealing research was given an impetus én1®60s and 1970s when pioneering
studies were published on the theoretical and é@xpatal analysis of rectangular and
toroidal hydraulic seals. However, lack of compsitand robust numerical methods (such as
FEA), as well as archaic experimental rigs hindewgad progress. This is reflected on the
leakage and friction results presented in manyho$é early studies, which are characterised
by a degree of scattering.

It is surprising yet true that the pioneering wofkWhite and Denny [7] at the end of
World War Il, which was an exhaustive, mainly expemtal work on reciprocating seals,
remains one of the definitive sources of refererolowing that original study, a number of
remarkable studies were published mainly in theO$9nd 1970s, most notably references
[8-15] on experimental sealing research and [16-@2]theoretical EHL modelling. Very
useful reviews have been presented in [33-35] fome of the pioneers in this field.

This chapter explores some of the fundamental t@olital and engineering aspects in
designing optimised hydraulic seals. The geomefitysical properties, mechanical
behaviour and performance analysis of hydraulidsseae explored in view of making
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selective optimisations such as minimising leakage friction in reciprocating motion. The
foundation for the successful tackling of the EHidaontact mechanics problem is laid and
some of the most notable solution methods to dedepeesented for historical and future
reference. Topics covered include seal shapes,rialafgroperties, operating conditions,
mathematical and computational modelling, expertadestudies, as well as current research
trends. Relatively satisfactory solution methods resented for simple geometries such as
rectangular and toroidal seals, which can be extgrid more complex seal geometries and
kinematical conditions. The author has been inwblire fundamental sealing research and
modelling of reciprocating seals for linear hydiauand rotary vane actuators, having
developed computational tools to analyse seal Ehtlgerformance evaluation [1-6, 36-42],
nonlinear seal mechanics and related effects [Str&hsient EHL effects [38], tandem seals
[40], extrusion effects [37], back-up rings [39hnaposite seals [42], etc. These topics are
discussed in the following sections in an attenspéxplain the basic sealing mechanism of
hydraulic seals, providing a source of referencadal designers, engineers and academic
researchers.

2 HYDRAULIC SEAL MATERIALS AND PERFORMANCE | SSUES

The most common materials used for hydraulic saedselastomers and thermoplastics
[43]. Material selection is based on the intendse of the seal. Most of the simpler shaped
seals such as rectangular, toroidal and U-cupsnade of some kind of polymeric material,
usually elastomer. Seals of less conventional desig demanding applications (as for
example for high sealed pressures or extreme textypes) may utilize composite materials
such as bronze-filled polytetrafluoroethylene (PTRBE in coaxial seals [43] or PTFE with
glass fibres and bonded with elastomers as inyrotamne seals [2, 4, 42].

The said materials are viscoelastic or viscopladtiis means that they are significantly
and nonlinearly affected by changes in their steass strain state, as well as by changes in
temperature. They are also susceptible to cherdiegtadation in reaction to incompatible
hydraulic fluids or contaminants, oxidation andiage Therefore, they play a vital role in
sealing performance and should be matched wittptbgcted application, that is, with the
service environment and operating conditions. S&meamental theoretical studies on the
effects of sealing elastomers on the performancee@procating seals can be found in [3]
and [44], which deal with rectangular and toroidahls, respectively. In those and similar
theoretical studies, material properties for thautations are typically obtained from time-
consuming experiments designed to measure the mwdfl elasticity, Poisson’s ratio,
thermal expansion coefficient, and, generally,sstrgtrain and relaxation curves at various
temperatures. The data are then used as inputit@bleu material models, for example
viscoelastic such as the generalized Maxwell m¢4i¢] or nonlinearly elastic such as the
Mooney-Rivlin model [3, 5, 6], which are incorpagdtin numerical models such as in FEA
software.
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2.1 Elastomersfor hydraulic seals, their benefits and deficiencies

Elastomers are suitable for hydraulic seals becaiséheir flexibility. They have
relatively low elastic and shear moduli, which meahat they can accommodate large
deformation, both tension and compression, as age#ihear deformation, without permanent
deflection or fracture. Additionally, they are nlgancompressible with Poisson’s ratio very
close to 0.5, normally greater than 0.490 (a typiedue used in numerical simulations is
0.499); this is characteristic behaviour of liqumtsmetals in perfectly plastic deformation.
Their flexibility and incompressibility mean thatey can be accommodated in different
housings or for different initial interference (doading) and conform to space restrictions or
adapt to temperature and sealed-pressure chandgksd whintaining their sealing ability.
Moreover, as nearly incompressible materials, thffgr seals the ability to transfer the
pressure exerted by a hydraulic fluid onto theisgadurface without changing their volume
and, thus, perform dynamic sealing, which is prtpoal to the sealed pressure.

However, elastomers are disadvantaged by severf@rpance limitations. Their main
problem is the dependency of their mechanical ptaggeto temperature, strain and strain
rate, as well as time (viscoelasticity, relaxataomd ageing). Rubber, which is a particular
form of elastomer and used extensively in hydradéals, is a compound of many
macromolecules (see section 1.5 in [45]). Macromgés are long molecular chains of three
types: linear, branched and crosslinked. Lineainshenove easily in relation to each other
and this explains the softening of rubber with mmgptand hardening with cooling.
Crosslinked chains do not move freely in relatioréach other, which explains the resistance
of rubber to flow when heated.

The elastic (Young's) modulus of elastomers geheddcreases with temperature. For
reference, the elastic modulus of a typical elastoosed for rod seals [5] is equal to 341
MPa at —54°C, 8.9 MPa at 23C and 9.5 MPa at 13%C, based on a compression test at
maximum normal strain of10 per cent; this represents two orders of mageittithnge in
the elastic modulus with temperature, which is vsignificant in applications where the
temperature has large variations, such as in lihgdraulic actuators in aircraft (Fig. 2(a)).
Thus, elastomeric seals stiffen at lower tempeestuiThis type of response becomes
nonlinear near the glass transition temperaturéghylfior typical hydraulic elastomeric seals
used in the aviation industry [3], is about —45-T® °C. Structural changes ensue as a result,
which are, generally, reversible, although they loarnrreversible to some extend, depending
on the duration and degree of the material expdsusech harsh conditions. Obviously, such
effects are of paramount importance in designirsgssthat will remain leak-tight for the
projected range of operating temperature and ttiend of their anticipated service life.

The thermal expansion coefficient of elastomerguige high, typically between 1band
3x10* K™ [43]. This means that seal dimensions change fiigntly with temperature.
Therefore, the contact pressure of a sealing coat&ing from interference fit of the seal is
also significantly affected. This can cause failuk sealing at low temperatures from
temporary loss of contact pressure, depending erséfaled pressure, as calculated in [4].
Such effects are obviously taken into account al sgdelling and performance evaluation,
as for example in references [1, 4-6, 38, 39, 4t ia similar studies in the literature or in-
house evaluations from seal manufacturers.



Research on the tribology of hydraulic reciprocgteals 17

In conjunction with the effects of temperature oecimnical properties, elastomers
exhibit nonlinear response to strain and straie.rélechanical response to strain even
changes for repeated loading [43]. Figure 3 shduwes dtress-strain curves for a typical
elastomer used for hydraulic seals [3, 5, 6], ole@i from a standard test at three
temperatures.
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Figure 3. Stress-strain curves of typical elastofmehydraulic seals [3, 5, 6] (results obtaineatrir
Trelleborg Sealing Solutions in England). The gkaassition temperature of this elastomer is 2@7

The elastomer responds rather linearly for very load and stiffens when the load is
increased beyond a limit. The results are cleagly different at subzero temperatures than at
room or higher temperature; they are also diffefggtiveen tension and compression. In
removing the load at the same rate as the origitalof application, the elastomer, generally,
does not follow the same stress-strain path. Tte ofload application is also influential,
owing to the viscoelastic nature of elastomers.thHeur complications surface in repeated
loading, with elastomers exhibiting hysteretic bebar, that is, successive stress-strain
curves appear displaced. Mechanical response @ affected by whether a previously
attained strain level is exceeded or not in sudeedsadings, particularly so when such
effects take place at low temperatures and neagl#ss transition temperature. These effects
are obviously of great concern when designing etastic seals that work in a broad range of
temperature and pressure for any number of operatiles, as for example in hydraulic
actuators used in aircraft landing gear and wingrobsurfaces (Fig. 2).

Other important deficiencies of elastomers include:

(a) sensitivity to oxidation, which is acceleragtdigher temperature and limits their
storage life;

(b) chemical attack from incompatible hydrauliadis

(c) swelling from fluid uptake, which obviously aiges seal dimensions and affects
sealing performance owing to change of the sealinmjact pressure;

(d) ageing, which manifests as hardening, embmitiet and eventual loss of seal
material;
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(e) relaxation and adhesion as for example in seataining stationary for long periods
of time, which then exhibit high friction duringast-up of motion and stick-slip
phenomena, manifesting as vibration.

Because of their detailed deficiencies, elastorasgsoften replaced by other materials in
hydraulic seals, mainly plastics and composite riate as explained in the next section.

2.2 Plastics and composites for hydraulic seals, their benefits and deficiencies

The use of plastics in sealing originated seveeabdes ago and saw an impetus in the
1970s [46]. Progress in the development of new madsecontinues and the reason for this is
the need to overcome elastomer deficiencies (setose?.1), improve performance and
extend the service life of seals. Among the mainefies of some plastics and composites
used in sealing are the increased resistance tq leeeer friction, avoidance of stick-slip and
relaxation phenomena, wider operating temperatamgea with more consistent performance,
and higher resistance to extrusion during recigiogamotion. PTFE was among the first
materials explored [47, 48] but other materialsehalso found applications. For example,
ultra-high-molecular-weight polyethylene (UHMWPPBRlyurethanes and other low-stiffness
materials. Composites are also in use, for exantplenze-filed PTFE as in coaxial seals
[43], PTFE with glass fibres and bonded with elass as in (reciprocating) rotary vane
seals [2, 4, 42], and PTFE with other fillers sashstainless steel and graphite. The selection
of these materials depends on the requirementspartacular application and should match
the operating conditions; for example, UHMWPE carb®used at temperatures higher than
about 80°C [46]. Some PTFE compounds on the other hand eansbd at much higher
temperatures because of their fillers, which prexdadded strength.

The tribology of polymers and plastics used inpemtating sealing applications involves
the study of their lubrication with hydraulic oilgjet and dry friction in sliding contacts,
abrasive wear when in contact with metallic surfacerosive wear when lubricated with
particle-containing fluids, etc. The state-of-thie@f polymer tribology (at least in 1998) can
be found in an exhaustive review compiled by Zhg@®; readers are also advised to refer to
the excellent chapter on this topic in book [503hapter 16. PTFE in various compounds is
the most widely used plastic material in reciprowatsealing, therefore it is discussed in
more detail next.

PTFE is a thermoplastic material best known fotats friction properties caused by its
surface porosity and low surface energy — see p@agen [43]. In lubricated contacts such as
in hydraulic sealing, its surface porosity allows lubricant storage and subsequent reduction
of friction, perhaps similarly to laser texturedfages. As a result, it is particularly suited to
reciprocating seals, which, otherwise, suffer fretick-slip and high friction immediately
after long periods of inactivity. However, extersiperiods of sliding result in polishing the
PTFE contact surface, which, in turn, causes sohataise of the friction coefficient and
accelerated wear of the PTFE. Thus, sliding of PBiREhard metallic surfaces — such as
piston rods in the case of rod seals — under dripoomdary-lubricated conditions, causes
excessive wear of the PTFE. The latter is owechéoRTFE undergoing delamination (see
Fig. 16.2 in [50]), transferring a thin polymeraykr to its sliding counterface in chunks.
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This can be reduced by reinforcing the PTFE willer§ such as glass fibres to produce a
composite material of higher strength. However, ltiaeder composites may increase the
abrasive wear of a counterface such as a pistomribd case of rod seals.

Owing to surface porosity and low effective areacoftact, PTFE hydraulic seals are
favourable towards lubricating film formation ireih sealing contact, which results in higher
leakage rate. This can be reduced by increasingah&act pressure, yet this negates the
benefit of PTFE having a low friction coefficiemiécan in fact increase the friction force.

PTFE has other important properties, which matidnyidraulic seal applications. PTFE
seals have a higher operating temperature limitefample over 250C [46], although that
may not be very useful in many applications (foareple, linear hydraulic actuators for
aircraft landing gear have an operating temperatae is, typically, lower than 14%C [1,

3]). Moreover, PTFE has a very high resistance deiry [48]. Its thermal expansion
coefficient is in parity with other thermoplastizsd in the order of-2L0~* K™, which is close

to that of typical engineering elastomers for hyticaseals. The latter encourages matting of
PTFE with elastomeric materials in composite s¢4B3, combining the benefits of both
materials, as is discussed later. However, greéemtidn to detail is advisable because of the
many conflicting properties of PTFE. In generalstls a material that requires a lot of
thought and analysis before it is used in hydraséial applications. This is perhaps more
emphatically realised when considering that therend such one “PTFE” material but,
actually, different forms with different propertidsor example, the Poisson’s ratio of a PTFE
compound can be as high as 0.46 or as (negatilely® as —12 (the latter in the so-called
expanded PTFE). Moreover, the behaviour of PTFEdmpression is different than in
tension, which is easily observed in uniaxial sfssain tests [51]. This means that its
modulus of elasticity, yield point and work-hardagibehaviour are different. Moreover, the
mechanical properties of PTFE vary with time anghgerature. They are also affected by
fabrication methods [51]. Details on the mechanjmalperties of various forms of PTFE,
including composites such as those with glassdibzan be found in [51-54].

3 DESIGN AND APPLICATION OF HYDRAULIC SEALS

The performance of seals designed for reciprocatiegion in high-pressure hydraulic
systems plays a critical role in the efficiency aadfe operation of such systems. Hydraulic
seals are typically designed to service hydrauicigment for a few million operating cycles.
The financial cost of a potential failure can beyvieigh considering the loss of productivity
and man-hours consumed to fix problems. Moreow&fetg risks involved in applications
such as in the aviation industry (Fig. 2) are @gh. Therefore, the technology of hydraulic
seals sees continuous progress towards optimisesnegges, designs and material
combinations for improved performance, even tail@ade for specific applications.

Depending on application, some important requirdmém selecting the best available
seal are as follows.

(a) Low leakage rate.
(b) Low friction and, as a result, low power losgldnigh efficiency.
(c) Resistance to wear and long service life withsistent performance.
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(d) Resistance to gap extrusion (usually in highspure applications).

(e) Resistance to low and high temperatures (farmple, in the aerospace industry).
() Chemical compatibility with sealed fluids.

(g9) Ease of installation.

(h) Low cost.

The previous requirements are usually met in coatlins and some may be conflicting,
as for example requirements (a) and (b) (low leakagd low friction), in which case a
compromise must be accepted. For a given applicatiee main parameters used for seal
selection in conjunction with the listed requirenseinclude the size, maximum sealed
pressure, maximum stroking velocity (speed) andelacation, the range of operating
temperature and the chemical properties of theeddhlid.

Based on the requirements and functional parameises in seal selection, a large
number of seal geometries and designs has appaadecthore are being developed to meet
specific demands. A large amount of specialise@rimftion can be found in product
catalogues of seal manufacturers, with hundredealf designs. In the next two sub-sections,
some important designs of rod and piston seal gordtions are presented, as taken from one
of the major seal manufacturers.

3.1 Examples of rod seal geometries and configurations

Rod seals are hydraulic seals used in equipmet asidinear hydraulic actuators (Fig.
1). Polymeric, plastic and composite seals araligtfor this task, depending on application.
Among the basic requirements of rod seals is tig lesv or zero leakage-per-cycle and low
friction in dynamic conditions (reciprocating mat)o zero leakage in static conditions (no
motion), and ease of installation. These are anleagnost basic-functioning of all seals and
have been under development for several decades result, they have become highly
specialised in their functionality and many geoistand designs have evolved.

Although the rectangular rounded seal [1, 3] ard@aring are the most basic of all rod
seals, they are not very efficient in many appiawa; for example, O-rings suffer from high
leakage and are best suited to static sealing.mpdation of some characteristic geometries
and designs is presented in Fig. 4, collected feoroatalogue of one of the major seal
manufacturers [55]. This is only a small selectéord does not include some arrangements
which are more complex. Many more seal shapes ambioations exist and details are
provided in product catalogues of seal manufactud@ectangular seals and stand-alone O-
rings are not included as they are very simplevagittknown.

For the sake of understanding some of the funditgndimitations and benefits of rod
seal designs, let us discuss some of the propeftite seals shown in Fig. 4. Although the
description is mainly based on [55], the main cbisdstics of the seals are typical.
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Figure 4. Examples of rod seals (compiled fromlogtze [55])

(a) Stepseal 2K. This consists of a single-acting seal elementemafdPTFE-based or
polyurethane material, which is energised by arstefaeric O-ring upon installation to
provide pre-loading. The combination of the twonebmits gives this seal great flexibility,
which allows it to be easily installed. The fledityi of the O-ring compensates hardware
tolerances and movement. The plastic material efséml ring allows for low friction, low
abrasive wear, low gap extrusion, and eliminatek-sip. The geometry of the seal ring
allows for steep rise of the contact pressure enléft side during outstrokes (motion from
left to right in the figure), which reduces filmi¢dkness under the seal; on the other hand,
there is a smoother rise of the contact pressuréherright side during instrokes, which
facilitates hydrodynamic film development under el to bring any leaked fluid back in.
This pressure mechanism results in very low to akage per cycle, as is explained in later
sections of this chapter. This seal is suitableafarery wide range of operating conditions,
namely temperatures between —45 and +Z)Gealed pressures up to 80 MPa and maximum
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stroking velocity of 15 m/s with reciprocating frggncy up to 5 Hz. It is often found in
tandem seal arrangements as the primary seal.

(b) Rimseal. This consists of a single-acting, polyurethanal sdement, which is
energised by an elastomeric O-ring upon instatetoprovide pre-loading. It is often found
as the secondary seal in tandem seal arrangemématse ihe primary seal is the stepseal
describes previously in (a). The chamfer this seal at its low-pressure side (right) enhances
the development of a hydrodynamic film during ink#s, thus reducing the leakage per
cycle. Another chamfer on its high-pressure sidé)(kllow a notch (pictured) to come into
contact with the flank of the groove at higher edgbressures. Overall, the geometry of the
seal ring can be optimised to minimise leakageeiiprocating motion by allowing for an
optimum distribution of contact pressure of thels@ag during operation. This seal is
suitable for operating temperatures between —45 +&@D °C (depending on the O-ring
material), sealed pressures up to 25 MPa as awmidodi seal or up to 60 MPa as the
secondary seal in tandem seal arrangements, aricharaxstroking velocity of 5 m/s.

(c) U-Cup RUO. This is a single-acting, single-lip (asymmetricdmpact seal made of
polyurethane. Owing to its flexibility, it can elsaccommodate deflections of the piston rod
and adapt to changes of the sealed pressure. HovegVew stroking velocities, it may suffer
from stick-slip motion. This seal is suitable foimeral-based hydraulic fluids with operating
temperatures between —35 and +200) sealed pressures up to 40 MPa (depending on the
rod-gland radial clearance) and maximum strokirigaryy of 0.5 m/s.

(d) U-Cup RUS. This seal has similar functionality and propestaes seal (c). Its most
obvious difference from the previously describedl $& the additional, small rear lip, which
reduces leakage and prevents the entry of contatsifieom the air-side of the seal (right).
The small amount of lubricant inevitably trappedwesen the two seal lips keeps the seal
lubricated and prevents dry running. As a reshk, stick-slip tendency associated with the
RUO U-cup design (c) is reduced.

(e) U-Cup RUSG. This U-cup seal has similar properties and tedimdata as other U-cup
seals discussed previously (RUO and RU3). Duestgedbmetry and integrated rubber O-ring,
which gives it flexibility and provides a pre-loadi upon installation, it has excellent sealing
performance, regardless of sealed pressure level. short sealing lip reduces friction in
comparison with other U-cup designs.

(f) Variseal M2. This is a single-acting, plastic U-cup seal. Theup is made of a
PTFE-based or polyurethane material and is enatdigea spring, as shown in Fig. 4. The
asymmetric profile of this seal with optimised anglif the lip offers low friction and long
service life. The spring offers the necessaryahire-loading of the seal to avoid leakage in
low system pressure, whereas at higher sealedupeegbe seal works automatically as all
other rod seals by transferring the sealed pregsuiiee sealing contact with the piston rod.
Due to its materials and construction, this typsed#l is suitable for a wide range of operating
conditions, namely temperature between —70 and #266troking velocity up to 15 m/s, and
sealed pressure up to 40 MPa in static loading.

(g9) Glyd Ring. This is a double-acting, plastic-faced seal, agsipy a PTFE or
polyurethane based slipper ring, energised by beubB-ring. This type of seal has been in
service for several decades as it is reliable,ctffe, and has low friction, high wear
resistance and virtually no stick-slip problemseTd-ring provides the pre-loading upon
installation and at very low sealed pressureshasstaled pressure is increased, the O-ring is
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squeezed by the sealed fluid and pushes the slimgragainst the rod surface to prevent
leakage. As a matter of fact, the slipper seal heaxe lateral notches to allow fluid to enter
the seal housing quickly and pressurise the O-awhgn there is abrupt rise of the sealed
pressure. This seal can be used in a broad ramgeeddting conditions, namely temperatures
between —45 and +20Q, sealed pressures up to 80 MPa and maximum styeldlocity of

15 m/s with reciprocating frequency up to 5 Hz.

(h) Double Delta. This is a double-acting, plastic-faced seal, aising a polyurethane-
based slipper seal, energised by an elastomeringdit is designed to expand under sealed
pressure and typically installed in existing O-rgrgoves as an improvement to O-rings. The
mechanism of operation is the same as that foGligd ring (g), namely preloading by the
initial interference of the O-ring in the seal himgsand subsequent pressurisation of the O-
ring as the sealed pressure is increased, withOting then energising the slipper and
pushing it against the piston rod. The benefitahid arrangement are the same as for the
Glyd ring but the maximum sealed pressure is maoaket, namely 35 MPa.

3.2 Examples of piston seal geometries and configurations

Similarly to rod seals, piston seals are used inipgent such as linear hydraulic
actuators (Fig. 1) and are made of polymeric, jastd composite materials, depending on
application. They have been under continuous dewetmt for several decades and many
complex shapes have evolved from their study, baseithdustrial experience and scientific
analysis. A compilation of some geometries andgiesis presented in Fig. 5, collected from
a catalogue of one of the major seal manufact(ig&is This selection does not include some
more complex designs. Many more seal shapes anlications exist and interested readers
can find detailed information in product catalogoéseal manufacturers.

(a) Glyd Ring T. This is a double-acting, plastic-faced seal, aisiqy a PTFE or
polyurethane based slipper ring, energised by ast@heric O-ring. The functionality and
technical data of this seal are the same as fosithpler glyd ring used on piston rods (see
section 3.1 — case (g)) and the aforementioned sealinterchangeable. This one though has
inclined profile flanks on the seal ring, which, @onjunction with the edge angle (see
chamfer) helps the seal tilt away from the sealesbgure side. Improved sealing is then
achieved by the steep pressure rise at the edpe skal on the sealed-pressure side.

(b) AQ-Seal 5. This is a double-acting, rubber energised, pdfatied seal. It comprises
a PTFE-based seal ring, energised by two elastorierings and hosting a quad-ring seal.
The O-rings provide the necessary preloading foy V@v sealed pressures by pushing the
two other elements of this seal. As the sealedspresis increased, fluid entering the seal
housing compresses the O-rings, which in turn posiother seal elements against the sealed
surface. This design combines the benefits ofpeti seal and an elastomeric seal offering
very good sealing, low friction and no stick-sligfeets. It is suitable for operating
temperatures between —30 and +200sealed pressure up to 60 MPa and speeds umts 3
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Figure 5. Examples of piston seals (compiled franalogue [56])

(c) POLYPAC PHD. This is a double-acting seal for heavy duty, kigbssure
applications. It comprises a PTFE-based slippdr sduch is energised by an elastomer and
supported by a back-up ring on each side. Thergpalechanism is the same as in previously
described seals and based on the preload offerethdyelastomer in addition to its
compression by the sealed fluid at higher sealedsprres, which is transferred to the slipper
seal to achieve automatic sealing. Some of the fpaiefits of this seal include its high
resistance to wear and extrusion (as a resulteob#itk-up rings), low friction, no stick-slip
effects and a long service life. It is suitable dperating temperatures between —45 and +135
°C, sealed pressures up to 40 MPa and sliding spgetis1.5 m/s.

(d) Stepseal 2K. This seal can also be used as a rod seal. &sisritbed in section 3.1 —
case (a).

(e) Double Delta. This seal can also be used as a rod seal. ésizrithed in section 3.1 —
case (h).
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() Variseal M2. This seal can also be used as a rod seal. éisigrithed in section 3.1 —
case ().

(g9) Piston U-Cup, Type PUA. This is a single-acting seal with single, asyniodip. It
is made of polyurethane. Its functionality and t@chl data are both similar to those of the
U-Cup RUO rod seal — see case (c) in section 3.1.

(h) Wynseal. This is a double-acting seal, comprising a patheane seal ring, energised
by a rubber O-ring. The O-ring offers the necesgmejoading for sealing at very low sealed
pressures. As the sealed pressure is increasetiythaulic fluid entering the seal housing
compresses the O-ring, which in turn transferssumesto the seal ring. The two upper seal
edges act as primary seal for pressures from biodttidns (right and left), whereas the
central back-up increases the sealing effect (dsim be realised by looking into the
similarities with a common twin-lipped U-cup seatee for example case (d) in section 3.1).
The seal is suitable for sealed pressures up tel28, operating temperatures between —35
and +110°C, and speeds of up to 0.5 m/s.

4 EXPERIMENTAL STUDIESON RECIPROCATING SEALS

4.1 A selection of someimportant early experimental studies

Systematic experimentation on hydraulic seal petéarce commenced in the 1940s. The
pioneering work of White and Denny [7] between $egter 1944 and December 1946 was
drafted in the United Kingdom by members of the thMinistry of Aircraft Production, the
Royal Aircraft Establishment, and Imperial CollegfeScience and Technology. In the era of
World War I, the increased demands for improvedquenance and reliability of hydraulic
seals used on aircraft dictated an understandingthefr fundamental performance
mechanisms. Time was of the essence and progresswifé The exhaustive work of Denny
under the general direction of Professor White peed a large amount of experimental data
and remains valuable even today. The work of Waitd Denny [7] put science into the
design of hydraulic seals, which, up to that timas rather empirical. Their extensive report
describes many experiments on flexible packingsluding rectangular, toroidal and U-
section seals. The experiments on various polynmaterials and with various sealed fluids
dealt with measuring the friction force, frictiomefficient and leakage rates at different
sealed pressures and operating temperatures, ttleanisms of seal extrusion and how this
could be eliminated, the mechanisms of seal faiftom abrasion and extrusion or fracture,
the effects of material hardness and the initial saeterference on the results, and similar
topics of importance.

In lack of sophisticated experimental devices atttthe, White and Denny had to resort
to ingenuity to complete some of their tests wisttissactory precision, as for example in
measuring the mass of leaked fluid. They demorestrahe effect of the seal material
hardness in reducing the abrasive wear and extrigibich led to cutting of a corner) of the
seal. They proposed seal and housing arrangemamisiding anti-extrusion rings, to
minimise or eliminate seal damage from extrusidreyfmanaged to measure the distribution
of the contact pressure at the sealing interfacklarated the most strained zone of a seal.
They demonstrated the proportionality of the fadnotiforce on the contact area at the sealing
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interface and showed the effect of seal hardnesghenfrictional force. During their
experiments with various fluids and at various sigeeand by demonstrating the effect of
those on the measured friction force, they estadtighe transition from the partial or mixed
lubrication regime (i.e. with a significant degre& roughness asperity interactions at the
sealing interface) to the hydrodynamic lubricatiegime, or vice versa. Subsequently, they
experimented with surface-finish effects, not anlyelation to the frictional force but also to
the static friction and stiction observed when Eastemer has remained at rest for some time
and is relaxed.

Having collected many results from their parametstady, it became clear that
elastomeric seals, owing to their incompressihilitghieve automatic sealing under dynamic
conditions of variable sealed pressure by readilggsferring the sealed pressure to the sealing
interface, provided that they have been given @mliinterference (pre-loading). White and
Denny then embarked on a theoretical analysis basdte Reynolds (lubrication) equation
to explain and back-up some of their experimentalifigs. Without a doubt, their work was
ahead of its time and set the foundation for subsegstudies in the 1960s and 1970s to build
on, taking advantage of modern hardware offerimggr precision.

Nearly twenty years after the work of White and Bxefi7], the first notable experimental
studies began appearing in the literature, mamiheé international fluid sealing conferences
organised by the British Hydromechanics Researchodiation. In 1964, three notable
experimental studies were presented at the sectachational fluid sealing conference in
England from some of the pioneers in this field.

Cnops [57] devised a rather simple experimental tdgmeasure the friction of
elastomeric, cup, piston seals. The piston waselddy a spring in a hydraulic cylinder and
the volume of oil in the cylinder, which was brdked, was varied harmonically. The piston
displacement, average pressure, and reciprocagilugity were all varied. The experiments
demonstrated creep and relaxation effects typitalastomeric materials. They also showed
stiction effects and a subsequent development fidii@ film under the seal at increasing
speeds, which gradually collapsed when the motias wlowed down or stopped. These
effects are well-known today and explainable vattieory of hydrodynamic lubrication.

In a more advanced study, Lawrie and O’Donoghueci@jstructed an apparatus to
examine the friction and lubrication of piston seahade of natural rubber and used in
automotive clutch and brake master cylinders. Thiged a hydraulic cylinder with
commercial brake fluid pressurised by a pump. Tiseop velocity and friction forces were
measured by displacement transducers. The existémobber-metal contact was established
by using conducting rubber seals and measuringdakng contact resistance; zero resistance
indicated full contact and infinite resistance gaded no contact or, in other words, full-film
separation between the seal and its counterfacemulti-channel recorder enabled
simultaneous reading of pressure, frictional fospged and contact resistance for a complete
operating cycle. Several tests were performed wldg and useful results were obtained,
showing how the seal performance varies duringcéecy

In an equally important study, Muller [8] presentadh experimental analysis of
elastomeric O-rings and quad (X) rings in reciptioga motion. His emphasis was on
understanding hydrodynamic film formation at thals®y contact and the transition from the
boundary to the hydrodynamic lubrication regime. Elgablished the effects of fluid
viscosity, stroking velocity, interference pressam seal dimensions on the leakage and
friction of (mainly) O-rings. He also discussed thdferences in hydrodynamic film



Research on the tribology of hydraulic reciprocgteals 27

formation between outstrokes and instrokes of thtp rod, and verified the thinness of the
typical lubricating film at the sealing contact.

In 1969, Dowson and Swales [11], following on thathp of Mdller [8] and taking
advantage of the emerging EHL theory by the firasthar (Dowson), presented their
experimental findings at the 4th international ewahce on fluid sealing. They used a
rotating disc machine to test a cylindrical rubbkack under conditions simulating the action
of a reciprocating seal undergoing an infinitelgdostroke. Capacitance techniques were used
to measure film thickness and a piezo-electric stlaner measured the sealing contact
pressure. Their results were compared with calcuiatbased on the EHL theory and the
agreement was reasonable. Among some of their tamtdindings was the realization of the
fundamental sealing mechanism in reciprocating sseamely the difference in film
thickness at the sealing interface between thenditig and the retracting stroke. They also
confirmed that the film thickness increases witeespand decreases with applied pressure.
Nevertheless, the present author would advise araut the reader to not generalise such
results, the reasons explained later in this clhapte

Another important contribution from that era, prdsel at the same conference in 1969,
was that of Aston et al. [58]. They described thapparatuses and a series of experiments to
measure the sealing force of rubber seals (Vitod &8ooro-silicone compound) at
temperatures up to 200C. Thus, they showed the change of the sealingefarith
temperature, following expansion and contractiothefrubber specimens. More importantly,
they demonstrated the physical and chemical rataxaf rubber leading to a reduction of the
sealing force in time and studied the recovery oétde material. This is of great importance
in elastomeric seals given the periods of inagtitlitty undergo under static compression at
very low or very high temperatures (for exampleha aviation industry), as well as when
considering the effects of rubber ageing. A physeglanation of these phenomena was
known at the time and provided by the network thedrrubber — see for example reference
[59].

In 1971, Nau [14] presented his results on a sefiexperiments to measure friction of
reciprocating rectangular rubber seals in lubridatenditions over a wide range of speeds
and pressures. The goal was to understand stighsnomena and the relation of friction to
speed. This was already established and explahetdtically: as speed is increased from
zero, friction rises, peaks and then falls. Theedpat which the friction peak is observed
depends on temperature and on the viscoelasticegiiep of rubber [60]. He found good
correlation with experimental data on dry rubbection and speculated on the nature of
rubber seal friction, which he believed to be esdiato boundary lubrication phenomena. In
the case of rubber friction on rough surfacess #vorth noting that the friction mechanism
involves hysteretic losses in the rubber, which rayse a secondary peak in a friction-speed
diagram [14]. In any case, the friction of polymershard surfaces is a complex phenomenon
involving many parameters [61].

Continuing on the topic of reciprocating-seal foat Field and Nau [10, 35] produced a
variety of experimental results in the 1970s on pinessure distribution, film thickness,
friction and leakage of rectangular rubber sealsmeasuring film thickness, they used
optical interferometry and electrical transducerbose results have similarities with the
experimental results of White and Denny [7] butthis author’s opinion, they were often
masked by some apparent inconsistencies. The iistensies — as for example in the form of
wavy experimental curves in performance diagramsowld be attributed to the limited
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availability of high-precision instrumentation &iat time. It may be surprising though that
such inconsistencies are highlighted in a study pé®lished much later, in 1988. The results
reported in [62] revealed a significant degree ohtter in experimental results on
reciprocating rubber seal performance. The surgrifact is that the said scatter refers to
differences in results obtained from seven laboiegoin different countries and for tests
performed under strictly controlled conditions. Aspible explanation was the lack of
standardised methods for the tests or difficultganforming with the test specifications.

In 1975, taking advantage of their experience fpyavious studies, Field and Nau [15]
presented a remarkable experimental study on tfextefof design parameters on the
performance of reciprocating rubber seals. Amortgerothings, they studied the effects of
seal hardness, interference (initial strain or Ipesling), back-up clearance and seal edge
geometry. They confirmed the now well-known factttthe development of a hydrodynamic
film at the sealing contact depends on the stroléngth and its ratio to the contact width of
the seal: if the stroking length is greater tharo ttimes the contact width, a full
hydrodynamic film can be developed and leakage goke) takes place. If the said length is
less than two times the contact width, the develamof a hydrodynamic film is incomplete.
(This can be understood by visualizing the flu@hsportation under the seal at the average
speed of the two counterfaces, which is equal tbthe stroking velocity because one of the
counterfaces is stationary.) The observations dfldFiand Nau led to plotting two
characteristic diagrams showing the film thicknessd friction versus the position of
measurement through the stroke — see Fig. 6.

Similar results had been derived in an earlierstd®71) by Hirano and Kaneta [13].
Apart from the criticality of the stroking-lengtb-tontact-width ratio in establishing a full
elastohydrodynamic film, Hirano and Kaneta discdg$e starting friction of seals that have
remained at rest for some time. That friction issiderably higher prior to full hydrodynamic
film development and gives the characteristic istictduring the start-up of motion. Those
effects had been discussed much earlier in theatitee, as for example by Denny [63] in
1959.
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4.2 Other experimental studies, progress and research trends

Apart from the pioneering experimental studies ufised in the previous sub-section, a
number of other studies can be found in the liteggtalthough the volume of published work
in this field is substantially smaller than thatatfier machine elements such as bearings and
gears. A selection of those is presented next. SEhection excludes a few studies (mostly
doctoral theses and reports) published in languatiess than English. A detailed discussion
of these and some other studies up to the earlpsl88n be found in Kanters’ thesis [64] and
related publication [65], as well as in a follow-tingsis by Visscher [66].

Kambayashi and Ishiwata [67] studied the contacttlwiand sealing force of
reciprocating seals. Static contact pressure bigidns have been measured by several
researchers [20, 68-75]. A number of techniques apuhratuses have been used in those
studies. For example, strain gauges, inductivesthacers for measuring displacements,
piezo-electric force transducers [10, 11, 76], plhdto-elastic techniques [77]. Film thickness
measurements in sealing contacts have also bedormped by several researchers. The
methods used involved inductive transducers for smeéag seal surface displacements,
optical methods involving optical interference dlubrescence techniques [78-80], electrical
capacitance methods [10, 11, 15, 35, 71, 76], dexirical resistance methods [9, 72, 81].
Static and dynamic extrusion of elastomeric seals studied by Reddy and Nau [82].

Leakage measurements have been performed withadawethods. The most basic of
those involves the removal and weighing of the éeb&il from piston rods [7, 8, 10, 13, 76,
83, 84], which can lead to accurate results if atet with care to make sure no oail layer
remains on the rod. Another method used for meagueiakage is by maintaining a constant
sealed pressure and measuring the oil flow neetledttieve this [10, 76, 85, 86]. Electrical
methods have also been used, e.g. in [67], comgisfi measuring the electrical capacitance
of leaked oil film layers with one or two electr@de

Friction measurements of reciprocating polymeraiséave been performed by most of
the researchers involved in experimental sealirgparch. The pioneering, fundamental
studies discussed in the previous sub-section ageaa starting point. Many different
apparatuses and test rigs have been used over#ns, ywhich makes discussion on their
details difficult and of little point. Interestedaders can find information on those methods
(up to the early 1990s) in [64-66].

The early experimental studies up to and includihg 1970s, as discussed in the
previous sub-section, provided valuable informatieam the behaviour of reciprocating
polymeric seals and set up the basic methodologiesmeasure seal performance.
Furthermore, experimental techniques developedmmrdaved by the pioneers in sealing
research offered a foundation for later studiebuidd upon and improve the methods and
apparatuses to achieve better precision. Most efithportant parameters affecting the
performance of hydraulic seals had been establighdioe first 30 years of research. What
remained to be done was to extend the range oatipgrconditions in experimental studies
and to apply emerging, high-precision techniquesuding on interfacial phenomena of the
micro-scale. For example, using a camera and ideecord the lubrication of the sealing
interface in real time. In this respect, Schra@a in the late 1970s (as reported by Kanters
[64]) was probably among the first to use a higeezspbcamera to photograph the contact of a
seal sliding on a glass cylinder. A few years ldt@wahara et al. [72] published results using
the same method.
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In more recent times, Kanzaki et al. [88] usedagptinterferometry in the sealing contact
to study oil film behaviour. Interferometric methsotb study fluid film thickness and profile
have been reported since at least the 1960s inicatibhs dealing with the contact of
polymers, steel and glass, as well as between rabizkglass. In the latter case, which is of
importance for the subject of this chapter, the kwok Blok and Koens [78], presented in
1965, provided a solution to the problem of podteotion of rubber surfaces — which is
mainly owed to their roughness — by covering thebar surface with a thin sheet of smooth
plastic, aluminised on its outer surface. Detaitstlis method with application to rubber
lubrication were published quite early in, for exdaen [89].

In recent years, Kaneta and co-workers [12] usedmano-chromatic optical
interferometry technique to directly observe ol formed between band-shaped nitrile
rubber specimens with “D” or lip-shaped cross sectn sinusoidally reciprocating glass.
There was no fluid pressure gradient in that sysaewh that gave low contact forces. The
rubber had to be specially moulded to be opticaftyooth, which means that its original
roughness was lost. Of particular interest in teaidy was the measurement of film profiles
in dynamic conditions, the average film thicknesd ¢he friction variation through a stroke.
The differences between pumping and motoring strekere clear to see as their graphs were
for one complete cycle. Publication [12] was rathenodern version of an earlier study [13]
of some of the same authors and reached similatclugions regarding the critical stroke-
length-to-contact-width ratio for the developmerft @ stable hydrodynamic film, the
importance of the contact pressure gradient onfimrmation and seal leakage, as well as the
importance of the so-called “duty parameter”. Téter is a dimensionless quantity, which is
useful in interpreting friction data with Stribetike curves. It is defined as the product of the
oil dynamic viscosity with speed and divided by fireduct of the average contact pressure
with the seal contact width. Kaneta et al. [12]foomed that the friction characteristics of a
seal are controlled by a critical duty paramet@edtically, if the duty parameter is greater
than the critical value, the friction coefficientcreases with the duty parameter, whereas
when the duty parameter is lower than the critigdilie, the friction coefficient increases with
decreasing duty parameter and friction force maxappear near the ends of the stroke. Other
researchers had used this parameter at leastthkind®60s, as for example Muller [8].

With advances on imaging technologies, sealingareseis lately focused on phenomena
taking place at the sealing interface for a bettederstanding of seal behaviour. In this
respect, the role of surface roughness is exanimei@gw of minimising leakage, friction and
wear [90]. Direct observation of a sealing inteefattring operation under realistic conditions
is, naturally, the best approach. A collaboratigsearch project between a University and
some major seal manufacturers in England expldrsdavenue [3, 91]. The 3-year project,
which was sponsored by the British Department afdérand Industry through the Civil
Aircraft Research and Demonstration programme, lieh experimental and theoretical
work on reciprocating elastomeric seals used iealirhydraulic actuators for the control of
aircraft landing gear (Fig. 2(a)). The experimemtatk involved — among other things — the
development of a rig for measuring seal friction amonitoring the sealing interface in real
time with a microscope.

Figure 7 shows a schematic of the original rig [36]. A rectangular seal is clamped on
a vice and a glass plate in contact with the seatdiprocated on top of it. The contact load
on the seal is varied by a weight attached at e &f the slider assembly and two force
transducers measure the force exerted on the Bioltkng the seal. The transducers are
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aligned perpendicularly to each other and can gieefriction force variation in directions
perpendicular and parallel to the direction of theiprocation. The rig is equipped with a
microscope, light source and video recording egeiin A data logging device and a
computer are used to calculate the friction oneedain of the system is calculated after a
calibration with a known load.

Microscope, light

and camera \

B
Sliding plate

Direction

of motion
Motor
and Bl ———
gears

Clamped Seal __/" -

Force transducer

Weight

Compuiter
Figure 7. Reciprocating rig for monitoring the seglinterface and performance testing [36, 91]

The stroke length, stroke speed and the load ornrébtangular seal can be varied.
Moreover, roughness effects can be studied by ¢hgribe seal and/or slider with others of
different roughness profiles (for example, by sitibishg a glass plate with a steel plate) and
results can be obtained under both static and dgnaanditions, as well as both dry and
lubricated conditions with various liquids. The poeflectivity of rubber can be overcome as
was done in [91] by applying a gold sputtering pscat high temperature to coat the seals
with a 200 nm coating of gold consisting of fourri@ layers.

Results from friction tests for various reciproogtispeeds and with various slider
roughness profiles are shown in Fig. 8. Imageseaf sontacts are shown in Fig. 9 for dry
and lubricated (with oil) conditions. Many inteliegt and useful results are obtained with this
configuration such as results on stick-slip phermmameseal running-in and wear, cavitation
phenomena at the edges of the seal after longmgrimes (for example, after 30 minutes or
more) and film depletion from the reciprocating oot of the assembly, effects from
contamination or wear particles in the sealing aonthydrodynamic film development and
local collapse based on stroking length and spsted,
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Figure 8. Friction measurements at various recgting frequencies and glass-plate roughness from
the rig pictured in Fig. 7 (from [36, 91])

(a) Dry conditions (O-ring, 1 mm cross section)b) Wet conditions (dark spots represent contact).
Figure 9. Images of rubber seals in contact wilsgiplate [36, 91] (from the rig in Fig. 7)

As in previous studies [13, 15], it has been vedfithat the development of a
hydrodynamic film is linked to the stroking lengthrelation to the seal contact width. When
a full hydrodynamic film has not been developed dmde are areas of boundary lubrication
in the contact, friction rises significantly. This accentuated in rough contacts. Given that
elastomeric seals are normally quite rough withcglpaverage roughness in the order of 1.5
um [1, 3], it is the roughness of the seal counterféior example, the piston rod or cylinder
bore surface) that matters and can make some diiffer if prepared before installation.
However, as shown experimentally in [36, 91] (ahdoretically in, for example, [3]),
reducing the average roughness beyond a certaindffers negligible benefit in reducing
friction. Thus, expensive super-finishing of, fotaeple, piston rods, that is, opting for an
average roughness of less than about 0.0540mi0n order to reduce friction, is not really
necessary.

Advancing the realism of seal testing, an improsigdvas built [91, 92] in collaboration
with some major seal manufacturers in England. §éas, dimensions and clearances used
were typical of linear hydraulic actuators to apex® design specifications. A schematic of
the rig is shown in Fig. 10. A hollow, transpardnigh-strength tube is attached to a motor
and gear mechanism transferring reciprocating mo#osteel casing hosts gland elastomeric
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seals and a hydraulic circuit with pump supplidsinder pressure between the casing and the
tube. A boroscope with its own light source is phainder one of the seals and feeds its
signal to a CCD camera, video recording equipmemt eomputer. Sealed pressures are
restricted to about 7 MPa for safety reasons.

High-pressure

Hollow, transparent, hydraulic circuit
high strength tube
Mechanical Area of interest  Boroscope and
actuation light source
equipment
| L CCD camera
| -
\ —> _'é | | o
[ | .
-
e vl R
v 4 Computer
Steel casing (fixed) Hydranlic fluid
with force transducers Rectangular seal

Figure 10. A seal specific rig with glass tube agement and boroscope [91, 92]

With a still boroscope, unaffected by vibrationghie system, images captured are clear.
Figure 11 shows images from the rig at nearly z=aled pressure (left image) and at 0.7
MPa sealed pressure (right image). The more fumzyge on the right is owed to the
development of a fluid film under the seal, whidhrigs in thickness as is realised by the
different colour shades. This is not the case enl#ft image of Fig. 11 where the fluid
pressure is nearly zero and the film under thelsesabpartially collapsed.

(b)

Figure 11. Sealing contact (sealed fluid on thediefe of each image) from the rig in Fig. 10 [91].
(a) Nearly zero sealed pressure (thin film); () Pa sealed pressure (thick, non-uniform film).

These images can be magnified and stored for kamination. Many results are
collected with this arrangement [91, 92], includiresults on leakage, friction, stick-slip,



34 George K. Nikas

effects of roughness and sealed pressure, realttiordtoring of the sealing interface and
observation of development of a fluid film with ghness asperities deforming dynamically,
study of cavitation effects as air bubbles enter tbntact, study of the effect of debris
particles and how they affect seal leakage, etc.

Seal wear is also studied by measuring the seajhrmss before and after the test.
Results reported in [91, 92] show a smootheninghef seal surface (running-in), despite
sliding on a very smooth counterface (glass tuBggcifically, the average roughness was
reduced from 1.8 to 1.Am and skewness was reduced from 1.07 to QrA3Wear appears
to take place mostly during the beginning and egdifistrokes, which is explained by the
thinness of the lubricating film owed to the absent motion at those intervals, for example,
at the reversal of motion. Abrasive wear of thel seaalso affected by the presence of
contamination particles harder than the seal natddebris particles are also responsible for
increased leakage because they can create micnoisaon the counterfaces for the highly
pressurized sealed fluid to escape. The latter al&s discovered quite early by White and
Denny [7] by creating small grooves onto the sw@fata seal. The wear is not confined to
the seal though. As the seal is normally much stffign its counterface (for example, a steel
surface), debris particles are trapped and, emloesidthe seal, they can scratch the harder
counterface during the sliding motion.

Research trends on reciprocating seals includedhénuous improvement of existing
methods and development of novel techniques tleaéitiner more accurate or could provide
real-time analysis. The latter could be used fanditton monitoring. For example, lately,
there is interest in ultrasonic methods to measheefiim thickness in machine elements,
including mechanical seals [93]. Whether these puxttare developed to the point they offer
clear advantages over existing methods remainsetesden but preliminary results are
promising.

5 THEORETICAL STUDIES ON RECIPROCATING SEALS

Theoretical work on reciprocating seals is focusedolving the contact mechanics and
lubrication problems in order to calculate seakéege, friction and wear. This task has met
formidable obstacles since first undertaken moentB0 years ago and a truly accurate
solution has yet to be demonstrated. Despite ttiban@atical equations of the problem being
well posed, their numerical solution is far fromsgar straightforward. The challenges met
can be summarized as follows.

(a) Polymeric seals are objects of complex mechariehaviour. As explained in
section 2, their mechanical properties vary sigatfitly with temperature and they have large
thermal expansion coefficient. Elastomeric seaks aearly incompressible, hyperelastic
solids, with nonlinear response to stress or stiaiafoundly different response near their
glass transition temperature, and exhibiting sigaift relaxation and creep effects. They age,
even when not in use, owing to oxidation, and tmeéchanical performance deteriorates
accordingly. They may suffer from swelling from hgdlic fluid absorption, chemically react
with incompatible hydraulic fluids, and wear quigkilhen rubbed on relatively rough, hard
surfaces. Similar problems are met in thermoplasticomposite seals such as those made of
PTFE (see section 2.2).
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(b) The mechanics of polymeric seals is a diffi¢aftic. Suitable models should be used
to properly account for their thermo-viscoelastictioermo-viscoplastic nature. These are
models of nonlinear mechanics such as the MoonelpRinodel and mechanics of finite
deformations, the latter explained by the fact tiet maximum normal strain is normally
around 10 per cent and sometimes exceeds everr 28me

(c) The contact mechanics of polymeric seals is alglifficult topic. Given the complex
shape such seals have, calculating the contacsyseedistribution is impossible to do
analytically, except for the simplest geometrieshswas rectangular (and even then, a
compromise in precision at the edges of the saalldhbe accepted). Therefore, advanced
numerical methods such as FEA should be used. Merethe typical polymeric seal surface
is rough. A typical average roughness of elastasgals is in the order of 1.&n [3]. From
a contact mechanics perspective, the proper madalind accounting of surface roughness is
vital in studying interfacial phenomena, which nteeycrucial in a performance analysis such
as in calculating leakage and friction. Modellingghty deformable surface roughness
asperities in any contact mechanics model is &difftask.

(d) The lubrication problem of polymeric seals lge to the category of “soft EHL".
This is among the most computationally demandirastehydrodynamic problems, even
more so given that it involves transient operatiohsariable speed and sealed pressure. The
reason for this difficulty is the high sensitivibf the numerical solution algorithm to small
errors in the calculation of the film thickness.thiese are not prevented or corrected, the
numerical solution becomes unstable very quicklgreover, in reciprocating motion, the
reversal of motion at the end of strokes posseatgnamerical difficulties in terms of
properly accounting for the local inlet conditidnssolve the EHL problem.

(e) The contact mechanics and lubrication probleare coupled. For flexible
reciprocating seals, the shear stress at the gealierface alters the pressure distribution,
which, in turn, alters the development of the hylgramic film at the inlet zone of the seal,
which determines the film thickness at the seatiogtact and shear stress. In other words, a
computational loop should be used to correctlyluestihe contact pressure and film thickness
coupling. The difficulty in this case comes frone ftexibility of the seal and the fact that the
contact pressure distribution is impossible to wake analytically with high precision. This
means that resorting to complex and time-consurRiB§ is the only way possible yet this
has to be repeated in every iteration until consecg is achieved at a given time step. In a
transient analysis with hundreds of steps or nmewhkjtion time becomes excessively long or
plainly unacceptable. This is the reason why, t® Ilest of the author's knowledge, the
coupled problem remains unsolved in the literataréate (2008).

The previously listed theoretical obstacles arentagor ones. Details are provided in the
next sections to help readers understand the #&pgxidblems, solution methods, and the
potential for future research.

5.1 Phenomenological models of polymeric seal materials
Polymeric materials for reciprocating seals arbegielastomeric (rubber compounds) or

plastic (for example, PTFE). Composite materiale atso used, for example, particle-
reinforced rubbers and PTFE with glass fibres. Techanics of thermoplastics such as
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PTFE or polyurethane, as well as that of compasierials is a complex and specialised
topic — see for example [51]. Interested readers foad information on this topic in the
volumes accompanying most of commercial FEA softwdihe mechanics of elastomeric
materials on the other hand is a much older topit @f greater interest as most hydraulic
seals are elastomeric. Thus, the discussion isramhfo the mechanics of elastomeric seals in
this section.

Elastomeric materials are typically rubber compaynithat is, substances for which
vulcanised natural rubber is the prototype. (Syithebbers are also produced with sulphur
or other additives.) They are also referred toraber-like materials” [59]. Typically, these
are hyperelastic and nearly incompressible. Thetgjasticity is exhibited in sustaining large
strains without fracture and recovering to initdimensions when stresses or strains are
removed, without appreciable hysteresis at temperst above the glass transition
temperature. According to the statistical-molecwdarnetwork theory of rubber elasticity
[94], they consist of very long molecular chaindhiehh are folded and kinked [43]. The
chains are chemically cross-linked, forming a tkai@eensional network. Free space exists
between chains, which varies transiently in voluand location. As atoms in said chains are
thermally agitated, they assume a variety of dtedity determined conformations [95]. This
dynamic or transient chain motion is slowed dowrewthe material is cooled and eventually
ceases when the material is close to its glassitiamtemperature (usually between zero and
—70°C, depending on the particular elastomer). Thidarp the extensibility of elastomers
at temperatures well above the glass transitiorpéeature. It also explains their rigidity at
subzero temperatures, especially near the glassiticm temperature where the material
behaves like brittle glass with significantly aéidrcrystallinity.

There are many papers and phenomenological modetabber thermoelasticity in the
literature. Some classical, detailed studies e8®e95-97]. Treloar’s classic paper [95] in 1976
and Ogden’s review [98] in 1986 give a good intrctthn to phenomenological models at the
time of their publication and are still useful tgd#@ thorough presentation can be found in a
book published in 2000 by Holzapfel [99]. For reoigating hydraulic seals specifically, a
satisfactory constitutive model is the so-calledavdey-Rivlin model.

The Mooney-Rivlin model is based on the pioneexigk of Mooney [100] and Rivlin
[101] on finite elasticity in the 1940s. Its deriza is based on the elastic strain energy per
unit volume, W, which is a function of the three principal sthets of deformation or

extension ratios [98], that i%V =W(4,,4,,4,), where 4, =1, /L, (i = 1, 2, 3)J; andL; being
deformed and reference length, respectively. &sisumed that the mechanical properties of
rubber-like solids can be represented in termshefdnergy function. Assuming isotropic

solids and isothermal conditions, the energy mestnidependent of the coordinate system
used (isotropy). Thus, it can be expressed in tewohsthe three strain invariants

|1:;Lf+/1§+/1§’ l, :(/11/12)2"'(/1213)2"'(/13/11)2 and |, :(/112'22'3)2’ that s,

W =W(I,,1,,1,). For an incompressible solid such as an elastersesl (which is nearly
incompressible with typical Poisson’s ratio of ®%9the volume is constant, which means
that 4, 4,4, =1, hencel; = 1. Many explicit forms of functiowv have been reported in the
literature [98] but the Mooney-Rivlin function hbsen extensively used; it can be expressed
as
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W:C—21(I1—3)+C—22(I2—3) (1)

where coefficientsc; and ¢, are obtained experimentally at the temperaturenterest.
According to [95], this is the most general firsder expression ih, andl .

Given the strain energy functiow, the Cauchy (true) principal stressescan be
calculated from (see Eq. (6.69) in [99])

ow ,
= —— i=1,2,3 2
O '6/1' P. ( ) )(

wherep. is a hydrostatic pressure, which can be determiireed equilibrium equations and
boundary conditions. Using the Mooney-Rivlin fuecti(Eq. (1)), Eg. (2) yields

o, = 2o+, (2 +2)-p, @i k=1,23and=j=k=i) 3)

Coefficientsc, andc; in Eq. (3) are calculated from stress-strain dataniaxial tension
or compression of the rubber-like material suchirasFig. 3. In uniaxial tension or
compression, assuming that “1” is the load directiy = 03 = 0 andA, = A3. Settingoy = o
and A, = A, pressurg is calculated from Eq. (3) using either = 0 or oz = 0 and utilizing
the incompressibility constraing, 1,4, =1. The result isp, = [cl +C, (/12 +J//1)]//1 . Then,

Eq. (3) yields

o= /1[01 " &j[/i —izj (4)
AN

The engineering (or nominal) stress,q is equal too/ A . Thus, using Eq. (4),

Geng

pRyERLAL ©
Equation (5) represents a straight line. Using mewing test datast.q 4) and plotting them
as “reduced pressureb‘eng / (/1 - /1’2) versus the inverse of stretclf,l , coefficientsc; and
c; are easily calculated. If a stress-strain curveds available and only the modulus of
elasticity, E, is known, then, according to reference [102] éaf333), a reasonable
approximation to use isc,=4c, and 3(c,+c,)=E, resuling in ¢, =4E/15 and
c, = E/15.

According to [43], the Mooney-Rivlin model has baesed for strains up to 200 per cent.
This means that it is adequate for the problemeofprocating hydraulic seals, where the

maximum normal strain rarely exceeds 25 per cethiissmore typically less than 15 per cent.
Owing to its simplicity and satisfactory precisidihe Mooney-Rivlin model has been adopted
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in many studies in the literature. Though it ordguires calculating two constants, it can be
further simplified to what is known as the neo-Heak model. The strain energy function for

the latter isW = C(Il —3) (c being a constant). The neo-Hookean model mayrbplsi and

easier to apply, however, it is much less accutze the Mooney-Rivlin model at higher
strains. Therefore, if precision is a priority, th®oney-Rivlin or a better model should be
used.

Other phenomenological models have also been deseld\ccording to Holzapfel [99],
the (more complex) Ogden model [10&X¢tellently replicates the finite strain behaviair
rubber-like materials However, it should be remembered that the diffees between the
various models become significant only at largdues of strain, which are normally not met
in hydraulic reciprocating seals. Moreover, theselefs work under isothermal conditions.
Some approximations in engineering calculations lbandone when there is temperature
variation, as demonstrated by Nikas and SayleS][i the case of reciprocating rod seals for
linear hydraulic actuators (Fig. 2(a)). Models halso been developed for compressible
materials [99], though they are more complex ancbg@bly not justified in the case of
reciprocating seals because of the relatively ltrairgs involved.

Further complications in the phenomenological miauglof rubber-like materials comes
from inelastic effects such as hysteresis, frequelependent response, strain-stiffening at
large stretch, scission of molecular cross-linkhigh temperature leading to time-dependent
softening or permanent set, and stress-softertieglatter known as the Mullins effect. (The
Mullins effect is observed in cyclic loading duritige first and successive cycles at given
strain when the stress drops, hence the term $ss@ftening”. This effect is important in
engineering elastomeric parts. As it is relateéatgue, it clearly has implications in the life
expectancy of elastomeric parts.) The aforementiceffects are more evident in rubbers
hardened with fillers or particle-reinforced elastws and there are several models developed
in recent years to estimate elastomer behaviosmdh cases — see for example [99, 104-108].

For the purposes of calculating the performandeydfaulic reciprocating seals, even the
classic Hookean (linear elasticity) model with alimce of thermal effects may be adequate
if the maximum normal strain does not exceed ath®uter cent [5, 6]. For strains larger than
about 10 per cent and up to 15 per cent, Nikas Sanes [5, 6] reported that a more
advanced model should be used. Comparing the Hooked the Mooney-Rivlin model
predictions on rod seal leakage, hydrodynamic ifnictand extrusion predictions at
temperatures of —54, +23 and +135, and sealed pressure of up to 35 MPa, Nikas and
Sayles [5, 6] reported a maximum difference in égpk of about 15 per cent at the highest
temperature and high sealed pressure (of 25 MRipugh the differences are usually
between zero and 5 per cent.

5.2 Contact mechanics of hydraulic reciprocating seals

The contact mechanics of hydraulic reciprocatinglssénvolves the calculation of the
contact pressure and tangential traction at argpabintact. The latter is about calculating the
shear stress or friction in the contact. The cdntschanics may also involve calculating the
stress field in the body of a seal in order to feczones of stress concentration and to link
those with fatigue modelling or, simply, as a guidemake improvements in design in order
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to eliminate stress concentrations. Finally, thetact mechanics may also involve calculating
the overall deformation and change of shape ofséad in dynamic conditions in order to
establish potential performance issues such asséaty, which may be of concern.

The aforementioned computational tasks are all éiocatpd because the solid mechanics
of polymeric seals is highly nonlinear and the ¢gbiboundary conditions in reciprocating
sealing are complex and transient. Precise analysiclutions are not feasible. Analytical
solutions can only be applied on the simplest af geometries such as rectangular and only
approximately. Such analytical solutions on theisteontact pressure assuming plane-strain
conditions have been presented by Hooke et al.]@9] in 1966, Johannesson [20] in 1979,
and Dragoni and Strozzi [110] in 1988 on O-ringheibseals, Field and Nau [17] in 1975 on
rectangular rubber seals, Strozzi [73] in 1986 eniangular rounded seals, Johannesson and
Kassfeldt [111] in 1989 on seals of arbitrary crsestion, and more recently by Nikas [1-6,
37-42] on rectangular rounded elastomeric sealsratagly vane seals, including composite
(PTFE-elastomer) seals [2, 4, 42]. The contact somes in most of those studies was
calculated from the amount of surface overlap tarfarence and contact friction was usually
neglected.

For complex seal geometries and boundary condititorsexample those pictured in
figures 4 and 5, numerical solution is the onlybléaoption. This means that FEA should be
used whenever possible, though care should be tmkese finite elements formulated for
incompressible materials to avoid meaningless t&stEA has been applied mainly since the
1970s in the study of hydraulic seals — see fogta references [32, 64, 73, 75, 85, 112-
121]. A bibliographic review of FEA of rubber-likmaterials, covering the period 1976-1997,
can be found in reference [122]. Figure 12 showexample of FEA analysis of a rubber O-
ring, pressed between two frictionless plates.

5.3 Elastohydrodynamics and performance of hydraulic reciprocating seals

Hydraulic reciprocating seals typically operatehaatthin lubricating film in their sealing
contact (see for example figures 9 and 11). Time $éparates the seal from its counterface, as
for example in the simplified schematic in Fig. H&picting a rod seal in a linear hydraulic
actuator. The fluid film thickness varies from avfeanometres to a few micrometres. This
form of lubrication is characterised as elastohgigmamic (EHL). The fluid film is
developed when lubricant enters the sealing cotitpotiscous shear and/or at high sealed
pressure. The thickness of this film depends onynfiactors such as the stroking velocity,
contact pressure distribution, surface roughnesgsjdant viscosity and density at operating
conditions (pressure, temperature), inlet geomelkegree of lubricant starvation, etc. As the
main seal performance variables, namely the leakafgeand friction, both depend on the
thickness of the sealing contact fluid film, theegise calculation of the film thickness is of
major importance.
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Figure 12. FEA example of a rubber O-ring pressadiéen two rigid, frictionless plates; original and
deformed mesh shown with maximum shear stresshditibn
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Figure 13. Schematic of rectangular elastomeritwsith back-up ring in a linear hydraulic actuator
(only the upper half of the seal, ring and housihgwn)

Calculating the film thickness distribution in theealing contact is far from
straightforward and simple. The calculation is ldage a number of simplifying assumptions.
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For example, fluid inertia is neglected becausefitheis very thin; frictional heating of the
contact and fluid can be neglected when the stgpkeatocity is low, as for example in typical
hydraulic actuators controlling aircraft landingage surface roughness effects can be
neglected as a first approximation or becausedhesliffness seal roughness asperities are
flattened under pressure. With such reasoning,rabgenplifications can be made prior to
writing down a suitable equation to calculate thém fthickness distribution. The
aforementioned equation is derived from the Na@tkes equations of Fluid Mechanics
after several simplifications and is the well-knoReynolds’ equation [123] in a form that
suits the particular application with assumptioosegted.

As fluid flow in the sealing contact under recipating motion is mainly one-
dimensional, a suitable form of the Reynolds’ emumis as follows [4]:

3
i[ph @] eV a(:Oh)_i_lz a(:Oh) (6)
ox\ n ox oX ot

Transientterm

wherep is local contact pressurh,is local film thicknessy is the sum of the tangential
velocities of the cooperating surfaces of the odntastands for time, ang and » are the
mass density and dynamic viscosity of the lubnizafluid, respectively, which are functions
of temperature, pressure and shear rate [42],umththe latter is neglected because it is weak
in the low-speed, low pressure applications met réeiprocating sealing. For low
accelerations/decelerations or, generally, as groapnation, the last “transient term” in Eq.
(6) is omitted and Eq. (6) then yields

3
i[ph %_th]:o 7)
dx| n dx

which, obviously, holds for steady-state conditidhat is, operation with constant speed and
sealed pressure. Almost all studies in the liteeatf reciprocating seals deal with the one-
dimensional form of the Reynolds equation and thet ynajority assume that the sealing
contact is perfectly smooth. If surface roughndfects are accounted for, micro-EHL effects
among neighbouring roughness asperities play soieeim performance. Therefore, a more
general, two-dimensional form of the Reynolds eiquatan be used, as was done in [1, 3, 5,
38-40] for rectangular rod seals.

The Reynolds equation may be accompanied by kireahatnd boundary conditions.
For example: (a) the no-slip boundary conditiorgtating that the fluid velocity on a
boundary wall is equal to the wall's velocity (zesip); (b) the inlet conditiondp/dx =0

“away” from the contact in the inlet zone, etc. Fodetailed presentation of these topics,
please refer to the literature, for example [1632, 38-42].

Once the mathematical problem is well-posed, thgnBlels equation can be solved
numerically for the film thickness if the contaatepsure distribution is known, or for the
contact pressure if the film thickness distributierknown, or for both, in conjunction with
contact mechanics equations, as explained in #ndqars section. Given the highly nonlinear
nature of this problem, a successful solution isioled only by using a convergence loop in
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an algorithm involving the lubrication and contanechanics equations. Several solution
methods have been published in the literature avperiod of decades, varying in realism,
sophistication and precision. Among the earliegtliss are those of White and Denny [7],
who assumed a tapered film profile and parabolesgure distribution in deriving the film
thickness, and that of Muller [8], who also usethpered film profile, different between
outstrokes and instrokes, and measured contactypeedistributions.

If the pressure distribution is somehow known @ittmeasured or empirically assumed),
Reynolds’ Eq. (7) can be easily inverted to a cuathiebraic equation and solved for the film
thickness. This is the so-called inverse solutibithe Reynolds equation, which is usually
attributed to Blok [124]. For details of this methin general, see reference [123]. In the
study of reciprocating hydraulic seals the methad been applied by most researchers [16,
18, 19, 21, 22, 24-27, 64, 76, 77, 125, 126]. Dedfs relative simplicity, the method is not
without problems because it involves the trickytpafr calculating the roots of a cubic
equation and doing so for many points in a seatiogfact. This is not an easy task from a
numerical perspective and erroneous, imaginarysroah destabilise the solution process.
The difficulties and pitfalls associated with thigethod in sealing have been detailed by
Ruskell [23]; an interesting discussion can alséooed in reference [26].

A modification of the method that avoids the cubmuation and solves a first-order,
ordinary differential equation instead was postdain reference [41] and further applied in
references [2, 4, 42] on rectangular rounded recigiing seals, including composite and
rotary vane seals. According to the latter develeptthe equation to solve is [41]

d’q
3
aH _ ol ®)
g _gy2dd
dx

where H = ph and dg/dx = (dp/dx)/(npz). In order to solve Eq. (8) fdd, a boundary
condition is needed, that id, must be known at any one point in the sealingainSuch a
suitable point is the extremum point (say X,) of g, where dq(xm )/dx: 0 and, by the
definition of g, dp(x,,)/dx =0. With a known pressure distribution, the extrempoint is

easily located. Then, following the analysis of][4khe required boundary condition, which is
the value oH at the extremum point @f is calculated from

12
2 N
H, =2 8 (9)
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where index &” refers to the inflexion point df, pi, is the EHL inlet film pressure, anx;(:)

is the distance between the inflexion point andniggrest edge of the “dry” contact zone.
As is realised from Eq. (9), in order to calculéite film thickness with the inverse
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hydrodynamic theory, it is necessary to locateittilexion point of a curve related to the

contact pressure distribution. The correct locatainthe latter is crucial in the precise
computation of the boundary condition to solve filra thickness equation and small errors
lead to irrelevant results in terms of seal leakagd friction. Moreover, the role of the

pressure gradient at the inflexion point (see dénatar in Eq. (9)) on sealing performance is
now revealed: the higher the gradient, the thinheraverage film in the contact. This was
quite early established in the literature and casagrthe “secret” of minimising leakage,

though, unfortunately, this increases hydrodynafmation because thinner films result in

more viscous drag [2, 4]. Thus, the inlet geometirngthe seal and resulting local pressure
distribution in that critical area is of paramountportance, a fact taken advantage of in
modern seal designs with optimised profiles to sué&n dynamic operating conditions.

The modified inverse hydrodynamic theory expressadequations (8) and (9) has also
been used with the more general transient Reyriedfg6) as in reference [2]. The results
produced by this and similar techniques are réalgit most published studies are based on
static contact pressure distributions, which agedistc only at very low speed and for well
supported seals such as rectangular seals suppmyrtedck-up rings on both sides. In cases
where seals are allowed to move in their housimgneéy a small amount (for example, O-
rings), the inlet contact pressure has a dynami@atian and so does sealing performance.
This is explained by the friction in the sealingitaxt, which deforms the seal, changing the
inlet geometry dynamically. The problem is cleadgupled and solutions based on de-
coupling it are more or less inaccurate when agplie dynamic sealing conditions.
Unfortunately, to the best of the author's knowlkedat the time of writing (2008), no
published study has tackled the coupled probleme Téasons include computational
complexity and time restrictions. Ideally, the gesh must involve FEA for the contact
mechanics of the seal combined with computatiohadl fdynamics or, equivalently, FEA
with fluid-structure interactions. Such tasks regui high degree of sophistication and are
time consuming, being rather unsuitable for paramednalyses involving hundreds of
computer software executions.

Alternative methods have been applied by sevesdarehers, though still not tackling
the coupled problem in dynamic conditions. The sa&thods solve the Reynolds equation
together with an elasticity equation for the se#ther simultaneously or serially in a number
of iterations. Such “direct” methodologies were pteéa in [1, 17, 76, 127]. In one of the
earliest such studies, Field and Nau [17] in 198%etbped an elasticity equation from simple
compression of a rectangular rod seal in smootlactnincluding internal shear stresses in
the material. After a lot of effort, they obtaineskults for outstrokes but failed to produce
results for instrokes due to numerical instabditi€his is not surprising at all. The Reynolds
equation is very sensitive to even very small ariorthe film thickness (of sub-micrometre
order of magnitude). When such errors are not eliteid in a numerical iteration scheme,
they quickly destabilise the numerical procedureiswas reflected on the results [17] with
wavy curves, which are indicative of numerical awslity. Similar problems have been
reported by Swales et al. [128].

Nikas [1, 3, 5, 38-40] also applied the direct iolu method but extended this to the
two-dimensional Reynolds equation [1] on rough aotg. He calculated a static contact
pressure distribution for the rough contact witkchumnar stress model but separated the
pressure perturbations induced by roughness agpeirit the numerical analysis, which are
very weak in comparison with the bulk contact puessin order to achieve and accelerate
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convergence. Typical results from his theoreticellgsis on film thickness are shown in Fig.
14 for the rough contact of a rod seal and a pistwh His approach was based on the
solution of the Reynolds equation with a Succes€iverrelaxation (SOR) method but that
also encountered numerical problems.
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Figure 14. Film contour maps from the rough consamiulation of rod seal on piston rod. Lighter
shaded areas indicate thinner film and red aresarksolid contact. Notice the partial film collapest
low sealed pressug (left image)

A better yet much more complicated method was pteseby Ruskell [32] in 1980.
Ruskell's method overcame convergence problemsnbgrporating the Reynolds and seal
elasticity equations into a single equation, whias solved numerically in a few iterations,
usually up to six. His elasticity equation thoughsabased on contact pressure distribution
pre-calculated via FEA on a static, frictionlessiteat. This is of course not the real coupled
EHL-mechanics problem but his method is still dicint approach to a difficult problem. A
similar approach was adopted by Prati and StroZZ].[A more sophisticated method,
incorporating surface roughness and inter-aspedtjtation effects, was published in 2007
by Salant and co-workers [121, 129] for steadyestainditions of a reciprocating rod seal.
The authors reported realistic results and empbddie role of surface roughness in sealing
performance.

Apart from the methods already described, methaelgeldped for solving the EHL
problem of soft solids in general have been pubtiskince the 1960s. The work of Hooke
[130-132] is of particular interest to elastomeréciprocating seals, as it deals with soft
contacts under conditions of reciprocating motibhough Hooke’s approach is approximate
in dealing with the EHL inlet and exit zones, itnmthematically sound and provides useful
results on transient motion. Of great interest ligeresults on the issue of the reversal of
motion, showing the expected film thinning at thiges of the contact, where most of seal
wear takes place. Indeed, the precise numericatnient of the reversal of motion in
reciprocating seals is a complicated issue andirsn@hallenging to date. A further analysis
of this issue, though not confined to soft solidas also presented by Hooke for line contacts
using the one-dimensional Reynolds equation [133].

In order to avoid the numerical complexities invéng the transient Reynolds equation
(Eqg. (6)), Chang [134] proposed a simple and v#tidanethod, based on the solution of a
first-order partial differential equation of onesdinsional wave propagation. This is
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essentially derived from Eq. (6) by setting thet-fefnd side term equal to zero and is
sometimes referred to in the literature as the ticed” Reynolds equation. The method
provides a practical alternative to avoiding a follmerical solution, though it may be
suitable only for well-supported seals, withoutngigant flexing during the reversal of

motion. Ikeuchi et al. [135] have also publishedimplified method to solve the transient
problem in the contact of compliant solids, inchgldynamic seals.

Further insight into the issue of transient lubtitma of reciprocating seals was offered
quite early by the theoretical simulations of Hoaand Kaneta [22, 24]. They studied the
development and potential collapse of EHL films hwitre-determined contact pressure
distributions such as parabolic and Gaussian [2Bgir theoretical results confirmed their
experimental results [13] on the criticality of te&roking-length-to-contact-width ratio in
establishing a full elastohydrodynamic film, whichust be at least 2. This is physically
explained by considering the speed of wave propagaf the fluid from the contact inlet to
the outlet, which is half the speed of the movingaxe in the contact. Therefore, relatively
short strokes result in partially collapsed filnmdancreased wear of the seals. These results
have been confirmed in several other studies. Heweas Hirano and Kaneta pointed out
[13], the film collapse (in the exact sense) isotletical because it neglects the micro-EHL
taking place between surface roughness asperitifgeccounterfaces in the contact, as for
example the asperities of a rod seal and a pistn r

Micro-EHL is indeed an efficient method of wear wetion and can be analysed on
roughness scale, although its theoretical treatrmedtnumerical analysis are both complex
[136, 137]. In the author's experience (e.g. [41),proper treatment of roughness in
elastomeric contacts should involve aspects suchntas-asperity cavitation, viscoelastic
effects to explain stick-slip micro-scale phenomenah as Schallamach waves [45], and
asperity adhesive forces [138, 139]. The lattdgtee to attractive molecular forces at the
sealing interface among closely engaged roughregserities, affects friction during start-up
of motion, when the material is relaxed and th@ffiim at the sealing interface is partially
collapsed. Moreover, as friction is related to weanoper roughness modelling will be
beneficial in predicting seal wear more accuratelgwever, the topic of abrasive wear of
elastomers rubbed on hard surfaces is vast andtéenadequately discussed within the
confines of this chapter. Interested readers aextdid to references [49, 140, 141] for an
introduction to the subject and, particularly tcariy’s book [45].

The real necessity of roughness modelling may bestipnable considering that
polymeric seals, when rubbed against hard, rougfases, can deposit a thin layer of
polymer on the hard surface, filling up valleysvibegén asperities of the hard surface [142,
143]. This is well known for PTFE for example anduld effectively reduce the average
roughness of the hard surface, giving some juatifim for a smooth-contact model.
Furthermore, as already discussed in section &perignental results reported in the
literature, for example [91, 92], show smootherifithe seal surface during running-in, even
when sliding on very smooth counterface such assgl@hus, it would appear that roughness
modelling is useful as a theoretical improvemerithwpotentially more accurate friction
predictions, but it is doubtful that it is absolytecritical to the seal designer. In well
lubricated elastomeric contacts, the largest portibfriction comes from viscous shear and
that can be realistically predicted with existingdals of smooth EHL [41]. In contacts
starved of lubricant, predictions are also realistith a smooth-surface model [42], provided
it is capable of calculating very small film thidgses. Roughness modelling can thus be
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understood in terms of refining and fine-tuningeaisting theoretical model.

5.4 Performance of hydraulic reciprocating seals and related issues

The main variables to consider when evaluatingpisdormance of reciprocating seals
are leakage, friction and extrusion. Leakage iseasure of how efficient sealing is. Friction
is related to the resistance to motion and thecéssal power loss in the system. Finally,
extrusion is related to the risk of damage to #@ssfrom stress concentration and damage to
their edges.

Leakage refers to the rate of mass of liquid pgstimough the sealing contact in the
direction of reciprocation. As the fluid continuigquation (mass conservation) must be
satisfied everywhere in the contact, leakage cacdbeulated at any one point. However,
avoiding an arbitrary point selection, it is, geally, better to calculate the average leakage in
the contact. Thus, in the case of the one-dimeaiBeynolds equation (Eqg. (6)), the mass
leakage rat€) is [41]

_L(Y(vh_hdp 10
Q_Wjo [2 1277dx]'0dx o

whereW is the contact width in the direction of recipriboa andL is the contact size in the
transverse direction. In a transient analysis, sameables in Eqg. (10) are, naturally,
functions of time, for example, spe®dand local film thicknes$. In the case of the two-
dimensional Reynolds equation, see for exampl8§]Lfor the analysis of rod seals.

The frictional force on a reciprocating seal caisssf a hydrodynamic component and
other components related to adhesive or molecwlere$ such as van der Waals forces
between closely engaged roughness asperities ofdbeterfaces in a sealing contact. In
practise, the hydrodynamic force, which is greatedhick-film lubricating conditions, is,
almost always, the only one calculated, especialign the model refers to smooth instead of
rough EHL. The hydrodynamic frictional force on s®al,F, is calculated by integrating the
local viscous shear stress on the seal surfackeirsé¢aling contact. In the case of the one-
dimensional Reynolds equation (Eq. (6)), the hygnadgnic frictional force is [41]

W
| [ﬂl@j i (12)
0 h 2dx

In the case of the two-dimensional Reynolds eqnatiee for example [1, 38] for the analysis
of rod seals. For other sources of friction, reéef138, 139].

Apart from leakage and friction, reciprocating seaften suffer from extrusion damage.
For example, in the case of rod seals in lineardylit actuators without back-up rings, the
seal may get squeezed into the clearance betweblnlusing and the piston rod as in Fig. 15.
The localised strain in the form of the extrudedt i a zone of stress concentration and is
readily affected by the sealed pressure and fricba the sealing contact. This localised
deformation can lead to a cut or abrasion of tted after a number of operating cycles,
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causing a premature end to the service life obta.

Seal housing

Sealed
pressure

Ps

Seal
Leaking
fluid >

2

Seal extrusion-/’

Piston rod

Figure 15. Extrusion of a rectangular, roundedstelaeric, rod seal (only the upper half of the sewal
housing shown)

The phenomenon was discussed quite early by WhideDenny [7]. Nikas [37] analysed
seal extrusion mathematically and produced algelaqiations giving the length, shape and
contact pressure on the extruded part as a functidhe operating conditions and corner
geometry of the seal. It was thus demonstrated towninimise extrusion. The results
showed that extrusion is unavoidable for seals siithrp corners but it was not significantly
influenced by the stroking velocity and the vistpsif the sealed fluid. Moreover, it was
shown that extrusion rises with the sealed presanc the rod-housing clearance; it is
reduced with the seal width, the seal corner ragihgsthe seal elastic modulus. As a result of
those findings, it was suggested that the two nwmimtious solutions to minimise seal
extrusion are (a) to use seals with rounded coraershamfered ends and (b) to use anti-
extrusion or back-up rings.

Back-up rings (Fig. 13) are devices resembling weshTheir main task is to support
elastomeric seals in high-pressure hydraulic systgreventing seal gap extrusion. Thus,
they are also known as anti-extrusion rings. They also used to prevent seal roll
deformation [144], which can cause total seal failuAs they normally affect seal
deformation during operation, they should be actedinfor when modelling seal
performance. This is even more crucial if the rimge in contact with the reciprocating
surface (e.g. a piston rod) and, thus, perform seeading action. A mathematical analysis of
back-up rings for rod seals was developed by NjB8§ calculating their effects on leakage
and friction of the seals for operating temperaturetween -54 and +13%, and sealed
pressures between 1 and 35 MPa. It was found hieatdntact pressure and average surface
roughness of a back-up ring can be optimised toimise the leakage-per-cycle of the
system. It was also found that there exist a alittealed pressure over which a back-up ring
can become a more effective sealing element trasdhl it supports. The effect of operating
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parameters on those results was also exploredeamiad other conclusions were postulated
in what was a computationally complex analysis. Ewev, it should be emphasized that such
results cannot be generalised because they depenchamy factors such as the exact
geometry of the solids involved (seal and ringsjeirt dimensions and the operating
conditions.

Seal extrusion can also be reduced by using cotepssals. For example, consider the
seal shown in Fig. 16. It has a centrally placesteimeric part bonded to two outer PTFE
parts. The depicted seal is actually just the loot&l part of a goalpost-shaped vane seal
developed for rotary vane actuators [2, 4] and atpey in reciprocating motion. The PTFE
(with glass fibres) gives the seal the needed itigidt the edges to reduce extrusion and
allows the corners to be sharp, minimising leakageheoretical analysis of this type of
composite, rectangular, reciprocating seal wasepttesl in [42] with an extensive parametric
study of sealing performance and how it can bentpéd in a broad range of temperatures.
Results of leakage, friction and seal extrusionenmgresented on both starved and flooded
contacts, and an optimum PTFE-to-seal volume ratas calculated, based on given
priorities, such that the composite seal outperfortine elastomeric seal of the same
dimensions. This means that an elastomeric seabeaeplaced by a composite seal of the
same dimensions (thus fitting in existing housingthout modifications), giving lower
leakage, friction and extrusion.

X PTFE

Other means of improving sealing performance irydrdwlic system involve the fitting
of two seals in a row. The seals in this arrangeraes known as dual or tandem seals (Fig.
17) and their primary goal is to minimise the legdaper-cycle. The primary seal, which is
the closest of the two to the high-pressure champerforms most of the sealing. The
secondary seal merely wipes the fluid that haselddkom the primary seal. Various seal
combinations can be had in such an arrangemerdtmasdesign priorities.
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Figure 17. Tandem seal arrangement (courtesy dieboeg Sealing Solutions [55])

If properly designed, the tandem seal arrangemem reduce system leakage
significantly. However, caution is advised to avdiesigns promoting the development of an
interseal pressure. The latter, mostly observettiémtical-seal arrangements, is about the
abrupt rise of the pressure at the interseal spaeery high values, sometimes exceeding
sealed pressure and causing damage to back-upamagsr sealing failure. This phenomenon
was quite early recognised and studied experimgritgl Field and Nau in [145]. Nikas and
Sayles [40] presented a mathematical analysis erftical tandem rod seals supported by
back-up rings and studied their benefits in terfrigakage and friction, reporting on leakage
reduction in the order of 50 to 70 per cent oveiide range of temperatures compared with a
single-seal arrangement.

Furthermore, assuming that the interseal spacgtially filled with air and using the van
der Waals equation of state for that air, they ys®l the evolution of the interseal pressure
with the number of strokes. A typical result ofithenalysis is shown in Fig. 18 where it is
clear that the interseal pressure rises abruptlsr afbout 1700 strokes (the analysis was
stopped as the pressure exceeded system presgerel ahore stroke). Nevertheless, the
critical number of strokes to avoid damage canredipted (about 1600 strokes in the case of
Fig. 18) and taken into account during operatioaltow for servicing, for example, venting
the interseal space. The critical number of strakayg be too large in some systems to pose
any problem, as for example in hydraulic actuatmstrolling aircraft landing gear, where
one thousand strokes take a rather long time.

It is also worth noticing in Fig. 17 the use of@aping element (right end of picture).
This is primarily used to prevent solid contamirsaentering the system and damaging the
seals and gland bearings but it may also perfommesftuid sealing, particularly in single-seal
arrangements (unlike Fig. 17). Therefore, its gdomelays a vital role in system
performance [146].
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Figure 18. Variation of interseal pressure andvgsme with the number of strokes in a tandem seal
arrangement of identical, rectangular, roundedetasric seals [40]

The presence of solid contaminants is detrimerdélonly to seal life in the long term,
but also to system leakage in the short term. Bglaiticles can become embedded on a soft
seal and scratch a hard piston rod. The scorindcsrare, effectively, micro-channels that
allow high-pressure liquid to escape. Unfortunatélys not only relatively large debris that
are capable of such damage. Remarkably, the weshiadfs and seals in tests performed by
Tanoue et al. [147] in 1971 was significantly aféetby sub-micrometre particles (< 0.25
pwm) contained in used lubricating oils. Wear waprtonal to particle concentration and it
was reported that even for small particle concéintng, e.g. 0.2 per cent by weight, wear was
significant.

6 CONCLUSION

Hydraulic reciprocating seals are critical elemeotscomplex mechanical behaviour.
Knowledge of their functioning is of paramount imgamce in hydraulic efficiency and
safety. Evaluating the performance of reciprocatsgpls requires a combination of
specialised mathematical tools from contact medsaand tribology. This is a very difficult
task and expert advice is required to achieve sgfgedesigns and reliable operation. As
with other machine element applications, attentmmetail is of great significance. This is
often of little concern to the end-user who doespunchase the seals but the equipment fitted
with the them. Nevertheless, basic knowledge dfrspanechanisms is advantageous or even
sometimes necessary to avoid costly mistakes ih-tigl applications and prevent
catastrophes such as the destruction of spacdes@titllenger in 1986...
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