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Focus on Reciprocating Seals
Exploring the latest developments and their applications
This event will explore the latest developments in sealing technology and concentrate particularly on design and selection. You will gain
insight into the problems experienced in sealing, focusing principally on reciprocating seals. 

Attending will help you:
• Solve complex tribological problems while adhering to the necessary biological and environmental controls

• Review four decades of progress in our understanding of reciprocating seals

• Explore future developments in seals

• Utilise new advances in detailed numerical analysis 

• Learn of developments in test rigs

• Discover new procedures for assessing seal performance

• Find resolutions to effects of elasticity on sealing performance 

• Examine the increasing demands upon seals to operate at temperatures of up to 110°C and pressures of up to 400bar

• Understand the challenges involved in using surface technology inside and outside the recommended limits 

• Follow the latest advice for using surface roughness parameters

• Resolve elastohydrodynamic and contact mechanics problems of polymeric and composite seals

• Improve modelling of seal extrusion and anti-extrusion rings

• Learn the best techniques for measuring oil film based on ultrasonic reflection

• Learn from case studies which used a non-invasive high-speed measurement 

• Develop knowledge of piston ring performance and how lubrication affects performance

• Gain knowledge of models that predict hysteretic behaviour of elastomeric seal contacts

• Meet, greet and network with key industry professionals

Who should attend
Engineers working in the transportation and medical sectors will obtain the most benefit from attending this one-day event.

Exhibition and sponsorship
Why not take this opportunity to display an exhibition stand, or provide inserts about your company in the delegate packs? For more
information contact Lisa Rist on +44 (0) 20 7973 1242 or email l_rist@imeche.org

Organising Committee
Professor Rob Dwyer-Joyce Senior Lecturer, University of Sheffield

PROGRAMME
25 June 2008

09:40 Registration and Refreshments

10:25 Chairman’s Welcome
Professor Rob Dwyer-Joyce to welcome delegates

10:30 A Review of the Development of Reciprocating Seals
Robert Flitney, Consultant, UK

This presentation reviews the progress in our understanding
of reciprocating seals over the past four decades. Some
key experimental observations, and how they assisted
developments that have led to the seals we have today, are
discussed, together with examples of how seal design has
progressed and performance improved. Detailed numerical
analysis has lagged behind empirical development until very
recently. The reasons for this, and some of the latest
developments which show considerable promise to help
development in the future are described.

11:00 Dynamic Testing of Reciprocating Seals
Nick Peppiatt, Technical Manager, Hallite Seals
International Ltd, UK

Increasing demands are being made on the service
conditions for reciprocating hydraulic cylinder seals in some
applications, particularly off-highway. Here, operating
temperatures of up to 110°C are often specified, with
pressures up to 400bar. These conditions place
considerable demands on the cylinder seals and the fluid
media, as well as the other hydraulic components. This
paper describes the developments in test rigs and
procedures to assess seal performance under such
conditions. Much testing is carried out using conventional
reciprocating rigs, and a novel cylinder test rig will also be
described.



11:30 Morning Coffee

12:00 Counter Surfaces of Hydraulic Sealing Systems for Heavy-Duty
Applications
Dipl.-Ing Frank Steep, Application Engineering,
Freudenberg Simrit, Germany

The surface roughness of rods in hydraulic cylinders may
cause an early failure of the sealing system. In this study, the
rod surface structure is described both with common and
additional roughness parameters. To describe the
counterface surface roughness, it is recommended that
some new surface roughness parameters out of the Rk group
are used. These have been designated the MCP (Merkel
Counterface Parameters). As an introduction, details are
given on parameters such as Ra, Rmax and Mr at Cerf 0%.

Based on customer experience and test runs at Merkel
Freudenberg Fluidtechnic, the Rk group parameters and
their limits have been established. This study presents the
concept together with the results of our investigations.
These investigations have been carried out with partners
specialising in surface technology. The challenge has been
the reproducibility of the required surface structure, inside
and outside the recommended limits.

12:30 Fundamentals of Sealing and Tribology of Hydraulic
Reciprocating Seals
Dr George Nikas, Research Associate, Imperial College
London, UK

The paper examines some fundamental performance and
tribological issues of hydraulic reciprocating seals. Topics
include the solution of the elastohydrodynamic and contact
mechanics problem of polymeric and composite seals; the
modelling of seal extrusion and anti-extrusion rings; seal
elasticity and its effect on sealing performance; modelling of
tandem seals, rotary vane seals, transient effects in
lubrication; as well as performance evaluation in terms of
leakage, friction, extrusion and wear, followed by
optimisation.

13:00 Lunch

14:00 The State of Lubrication in the Piston Ring Packs of Internal
Combustion Engines
Professor Martin Priest, Jost Professor of Engineering
Tribology, University of Leeds, UK

The sealing capability of the piston ring pack is crucial to the
energy efficiency and environmental impact of the modern
internal combustion engine. Maximum energy must be
derived from the combustion event with minimum oil
consumption, friction and wear. Elegant and sophisticated
mathematical models of the tribology of the sub-system that
the piston rings form with the cylinder wall, and the piston
itself, have been developed by many research centres
around the world, including that of the author. However, as
models these are inevitably simplifications of the real world,
and therefore experimental validation is key to establish a
meaningful simulation tool for such a complex physical and
chemical environment. This presentation reviews recent
experimental studies on a fired gasoline engine, aimed at
defining the actual lubrication conditions in the cylinder and
how this changes with time.  

14:30 Tribology of Compression Ring-to-Liner Conjunction
Professor Homer Rahnejat, Professor of Dynamics,
Loughborough University, UK

The compression ring-to-liner conjunction accounts for 70%
of all frictional losses of piston/ring-pack-to-cylinder liner
contacts. The parasitic losses of the piston system are the
major losses of all the IC tribological conjunctions (about
40%). Thus, detailed study of compression ring behaviour is
very important; a 4% reduction in frictional losses amounts
to 1% improvement in fuel efficiency. 

The presentation focuses on the detailed analysis involved
in determining in situ ring shapes with oval cylinders and
modal behaviour of incomplete rings. It considers how
contact conditions are altered, how they determine actual
film shapes and generated presses within all the way
through to high shear rates in high-performance engines,
and their effect on thinning of lubricant. It also provides
experimental work which indicates that introducing surface
textures via laser ablation can reduce frictional losses at the
dead centres.

15:00 Afternoon Tea

15:30 Measurement of Film Thickness in a Piston Ring using
Ultrasonic Reflection
Dr Philip Harper, Director, Tribosonics Ltd, UK

The efficiency of a piston depends on the lubrication
performance of the piston ring. If the film is too thin, then
wear occurs quickly; if it is too thick, then oil is lost into the
cylinder and efficiency is reduced. In this paper, a technique
for oil film measurement based on ultrasonic reflection is
presented. The measurement method is discussed and
implementation in real applications is described. Results are
shown from the application to a hydraulic motor piston ring
demonstrating this technique’s potential as a non-invasive
high-speed measurement method.

16:00 Tribology of Elastomeric Seals in Drug Delivery Devices
Dr Stephanos Theodossiades, Senior Lecturer in
Engineering Dynamics, Loughborough University, UK

Elastomeric seals are extensively used in an assortment of
drug delivery devices, such as syringes and pressurised
metered dose inhalers. Although tribology of rubber seals
and o-rings is reasonably well understood in engineering
applications, the drug mixtures and formulations do not
enjoy the required rheology to ensure coherent
hydrodynamic action. The formation of uninterrupted
hydrodynamic films is not actually sought in drug delivery
devices, which often contain mixtures that are volatile when
exposed to the environment, while many drug delivery
systems are actuated manually and frequently by frail
individuals. Therefore, the tribological problem is quite
complex, with many biological and environmental
constraints. This work highlights a parametric virtual
prototype for combined adhesive friction due to asperity
interactions and non-Newtonian viscous action of the
formulation. The model predicts the hysteretic behaviour of
elastomeric seal contacts and conforms reasonably well to
the experimental measurements of the same through
actuation and release of inhaler valves.

16:30 Final Discussion

17:00 Close of Seminar

The programme is subject to amendment.
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Fundamentals of sealing and tribology of hydraulic reciprocating seals 

by George K. Nikas (1) 

Imperial College London, Department of Mechanical Engineering, Tribology Group; London, UK. 

 

1. Introduction 
There are mainly two types of hydraulic reciprocating seals: rod and piston seals (Fig. 1). They are 

typically made of polymeric or plastic materials and most commonly by elastomers. Hydraulic seals 
are met in industrial, automotive and aviation applications involving linear and rotational motion, as 
for example in linear hydraulic actuators (Fig. 1) [1] and rotary vane actuators [2]. 

 

 

 

 

 

 

 

 

 

Fig. 1 Hydraulic seals in a linear hydraulic actuator. 

 
These seals operate under dynamic conditions of variable sealed pressure, stroking velocity and 

operating temperature. Several seal shapes have evolved over the years based on practical experience 
and engineering research to suit particular applications. Although initially seal designing was an 
empirical process, in recent times, particularly after the 1980s, designs have become more 
sophisticated, based on modern computational tools such as Finite Element Analysis software as well 
as on expensive experimental rigs to evaluate sealing performance under controlled conditions in 
accordance with international standards. 

Hydraulic seals are critical machine elements. Sealing failure is associated with financial cost 
greatly exceeding the seal cost, often by hundreds to thousands of times. The safety risk may be even 
more important, particularly in the aviation industry where, for example, hydraulic seals are used in 
linear hydraulic actuators [1,3] and rotary vane actuators [2,4] controlling aircraft landing gear (Fig. 
2(a)) and wing control surfaces (Fig. 2(b)). A graphic example of the critical role of some “humble”-
looking seals, although not related to reciprocating motion, is the tragic disaster of the NASA space 
shuttle Challenger in 1986; it was officially attributed to the failure of a static elastomeric O-ring, 
which was used to prevent hot gases from leaking through a joint during the propellant burn of the 
right rocket motor. The failure of hydraulic seals may also be responsible for environmental pollution 
from leaked fluids, particularly considering the toxicity of some hydraulic fluids. 
 

                                                
1 Correspondence address: Dr G. K. Nikas, 3 Princes Mews, Hounslow, Middlesex, TW3 3RF, England. 
E-mail: gnikas@teemail.gr ; Web: www.imperial.ac.uk/tribology/george.htm 
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(a)              (b) 

Fig. 2 (a) Aircraft landing gear controlled by linear hydraulic actuator; (b) Aircraft wing control 
surfaces operated via classic linear hydraulic actuator and new rotary vane actuator (drawing 
courtesy of Smiths Aerospace, UK). 

 

2. Operating conditions 
Operating conditions for most hydraulic seals are as follows. 

• Sealed pressure up to 80 MPa but more typically under 50 MPa. 
• Stroking velocity up to several metres per second (e.g. 15 m/s) but more typically less than 0.5 m/s 

as in linear hydraulic actuators. 
• Operating temperature usually between –65 and +200 °C. The lowest temperatures are met in 

aerospace applications. 
 

3. Seal selection criteria 
Depending on application, some of the most important requirements in selecting the best available 

hydraulic seal are as follows. 
(a) Low leakage rate. 
(b) Low friction (low power loss and high efficiency). 
(c) Resistance to wear and long service life with consistent performance. 
(d) Resistance to gap extrusion (usually in high-pressure applications). 
(e) Resistance to extreme temperatures (for example, in the aerospace industry). 
(f) Chemical compatibility with sealed fluids. 
(g) Ease of installation. 
(h) Low cost. 

Some of the listed requirements may be conflicting, as for example (a) and (b) (low leakage and 
low friction), in which case a compromise must be accepted. For a given application, the main 
parameters used for seal selection in conjunction with the listed requirements include the size, 
maximum sealed pressure, maximum stroking velocity (speed) and acceleration, the range of operating 
temperature, and the chemical properties of the sealed fluid. 
 
4. Seal materials, benefits and deficiencies 

Hydraulic seals are made of polymeric materials, thermoplastics and composite materials. The 
choice is mainly based on the lowest and highest operating temperature, maximum stroking velocity, 
desirable resistance to abrasive wear and extrusion, as well as on the requirement to have low friction 
and to avoid stick-slip phenomena. 
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4.1 Elastomeric materials 
Polymeric seals such as rectangular, toroidal and U-caps are usually made of elastomers, including 

rubber. Elastomers are suitable for hydraulic seals because of their flexibility. They have relatively 
low elastic and shear moduli, accommodating large deformations, both in tension and compression, as 
well as shear deformations, without permanent deflection or fracture. They are nearly incompressible 
with Poisson’s ratio very close to 0.5 (typically 0.499 or higher), resembling liquids or metals in 
perfectly plastic state. Thus, they are suitable for reciprocating seals because they give them flexibility 
and the ability to adapt to temperature and sealed-pressure changes whilst maintaining sealing ability. 
Moreover, as nearly incompressible materials, they offer seals the ability to transfer the pressure 
exerted by a hydraulic fluid onto the sealing surface with negligible change in their volume and, thus, 
perform dynamic sealing, which is proportional to the sealed pressure. 

However, elastomers have several performance limitations. The main problem is their mechanical 
properties greatly depending on temperature, strain and strain rate, as well as time. The elastic 
modulus of elastomers generally decreases with temperature and the change is very large at subzero 
temperatures where elastomeric seals stiffen. The response to strain is nonlinear near the glass 
transition temperature, which, for most elastomers varies between zero and –70 °C. Operation below 
the glass transition temperature can cause irreversible structural changes and permanently reduce 
sealing performance. Moreover, owing to large thermal expansion coefficients of elastomers, 
elastomeric-seal dimensions change significantly with temperature, which impairs sealing 
performance at low temperatures and can even cause loss of sealing when the sealed pressure is very 
low. 

Other important deficiencies of elastomers include the following. 
• Sensitivity to oxidation, which is accelerated at higher temperature and limits their storage life. 

Thus, the recommended storage life of elastomeric seals is under five years. 
• Chemical attack from incompatible hydraulic fluids. 
• Swelling from fluid uptake, which affects sealing performance owing to change of the sealing 

dimensions and, consequently, contact pressure. 
• Ageing, which manifests as hardening, embrittlement and eventual loss of seal material. 
• Relaxation and adhesion as for example in seals remaining stationary for long periods of time, 

which then exhibit high friction during start-up of motion and stick-slip phenomena, manifesting 
as vibration. 
Because of their deficiencies, elastomers are often replaced by other materials in hydraulic seals, 

mainly plastics and composite materials. 
 
4.2 Thermoplastics and composite materials 

The use of plastics and composites in seals originated several decades ago. Among the main 
benefits of such materials are the increased resistance to wear, lower friction, avoidance of stick-slip 
and relaxation phenomena, wider operating temperature range with more consistent performance, and 
higher resistance to extrusion during reciprocating motion. 

The best known material in this category is polytetrafluoroethylene (PTFE). Other materials have 
also found applications. For example, ultra-high-molecular-weight polyethylene (UHMWPE), 
polyurethanes and other low-stiffness materials. Composites are also used, for example, bronze-filled 
PTFE as in coaxial seals [6], PTFE with glass fibres and bonded with elastomers as in (reciprocating) 
rotary vane seals [2,4,7], and PTFE with other fillers such as stainless steel and graphite. 

The selection of these materials depends on the particular application requirements and should 
match the operating conditions. For example, UHMWPE cannot be used at temperatures higher than 
about 80 °C [8]. Some PTFE compounds on the other hand can be used at much higher temperatures 
because of their filler, which provide added strength. 
 
5. Seal shapes 

The simplest reciprocating seals are of rectangular cross section with chamfered or rounded edges, 
as well as toroidal seals (O-rings), although the latter are poor performers and best suited to static 
sealing owing to their high leakage in reciprocating motion. Apart from those, there are tens of less 
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conventional designs and combinations, including additional elements such as energizing springs and 
back-up rings. Some characteristic designs are shown in Fig. 3. 
 

                                        
              (a) Stepseal 2K                                                       (b) Glyd Ring 

 

           
              (c) U-Cup RU0                    (d) U-Cup RU3 

 

                     
          (e) U-Cup RU6                                                      (f) Variseal M2 

 

                                                            
          (g) POLYPAC PHD seal                                                 (h) AQ-Seal 5 
                                                        
 

Fig. 3 Examples of rod seals (a-f) and piston seals (g, h), compiled from catalogues [9,10]. 
 

 For the sake of understanding some of the functionality, limitations and benefits of seal designs, 
let us discuss some of the properties of the seals shown in Fig. 3. 
(a) Stepseal 2K. This rod seal consists of a single-acting seal element made of PTFE-based or 

polyurethane material, energised by an elastomeric O-ring upon installation to provide pre-
loading. This gives the seal great flexibility and ease of installation. The flexibility of the O-ring 
compensates hardware tolerances and movement. The plastic material of the seal ring allows for 
low friction, low abrasive wear, low gap extrusion, and eliminates stick-slip. The geometry of the 
seal ring allows for steep rise of the contact pressure on the left side during outstrokes (motion 
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from left to right in the figure), which reduces film thickness under the seal. There is a smoother 
rise of the contact pressure on the right side during instrokes, which facilitates hydrodynamic film 
development under the seal to bring any leaked fluid back in. This results in very low leakage per 
cycle. This seal is suitable for a very wide range of operating conditions, namely temperatures 
between –45 and +200 °C, sealed pressures up to 80 MPa and maximum stroking velocity of 15 
m/s with reciprocating frequency up to 5 Hz. It is often found in tandem seal arrangements as the 
primary seal. 

(b) Glyd Ring. This is a double-acting, plastic-faced rod seal, comprising a PTFE or polyurethane 
based slipper ring, energised by a rubber O-ring. This seal is reliable, effective, and has low 
friction, high wear resistance and virtually no stick-slip problems. The O-ring provides the pre-
loading upon installation and at very low sealed pressures. As the sealed pressure is increased, the 
O-ring is squeezed by the sealed fluid, pushing the slipper ring against the rod surface to prevent 
leakage. This seal can be used in a broad range of operating conditions, namely temperatures 
between –45 and +200 °C, sealed pressures up to 80 MPa and maximum stroking velocity of 15 
m/s with reciprocating frequency up to 5 Hz. 

(c) U-Cup RU0. This is a single-acting, single-lip (asymmetric), compact rod seal made of 
polyurethane. Owing to its flexibility, it can easily accommodate deflections of the piston rod and 
adapt to changes of the sealed pressure. However, at low stroking velocities, it may suffer from 
stick-slip motion. This seal is suitable for mineral-based hydraulic fluids with operating 
temperatures between –35 and +110 °C, sealed pressures up to 40 MPa (depending on the rod-
gland radial clearance) and maximum stroking velocity of 0.5 m/s. 

(d) U-Cup RU3. This rod seal has similar functionality and properties to a U-Cup RU0 but has an 
additional, small rear lip, which reduces leakage and prevents the entry of contaminants from the 
air-side of the seal (right). Moreover, the small amount of lubricant that is, inevitably, trapped 
between the two seal lips, keeps the seal lubricated and prevents dry running. Thus, the stick-slip 
tendency associated with the RU0 U-cup design (c) is reduced. 

(e) U-Cup RU6. This U-cup rod seal has similar properties and technical data as other U-cup seals 
(RU0 and RU3). Its geometry and integrated rubber O-ring give it flexibility and provide a pre-
loading upon installation. It has excellent sealing performance, regardless of sealed pressure level. 
The short sealing lip reduces friction in comparison with other U-cup designs. 

(f) Variseal M2. This is a single-acting, U-cup rod seal made of a PTFE-based or polyurethane 
material and energised by a spring. The asymmetric profile of this seal with optimised angle of the 
lip offers low friction and long service life. The spring offers the necessary initial pre-loading of 
the seal to avoid leakage in low system-pressure. At higher sealed pressure, the seal works 
automatically as other rod seals by transferring the sealed pressure to the sealing contact with the 
piston rod. Due to its materials and construction, this type of seal is suitable for a wide range of 
operating conditions, namely temperature between –70 and +260 °C, stroking velocity up to 15 
m/s, and sealed pressure up to 40 MPa in static loading. 

(g) POLYPAC PHD. This is a double-acting piston seal for heavy duty, high-pressure applications. It 
comprises a PTFE-based slipper seal, which is energised by an elastomer and supported by a back-
up ring on each side. The sealing mechanism is the same as in previously described seals and 
based on the preload offered by the elastomer in addition to its compression by the sealed fluid at 
higher sealed pressures, which is transferred to the slipper seal to achieve automatic sealing. Some 
of the main benefits of this seal include its high resistance to wear and extrusion (as a result of the 
anti-extrusion rings), low friction, no stick-slip effects and a long service life. It is suitable for 
operating temperatures between –45 and +135 °C, sealed pressure up to 40 MPa and sliding speeds 
up to 1.5 m/s. 

(h) AQ-Seal 5. This is a double-acting, rubber energised, plastic-faced piston seal. It comprises a 
PTFE-based seal ring, energised by two elastomeric O-rings and hosting a quad-ring (X) seal. The 
O-rings provide the necessary preloading for very low sealed pressures by pushing the two other 
elements of this seal. As the sealed pressure is increased, fluid entering the seal housing 
compresses the O-rings, which in turn push the other seal elements against the sealed surface. This 
seal design combines the benefits of a slipper seal and an elastomeric seal offering very good 
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sealing, low friction and avoidance of stick-slip. It is suitable for operating temperatures from –30 
to +200 °C, sealed pressure up to 60 MPa and speeds up to 3 m/s. 

 

6. Sealing mechanism 
Reciprocating seals are installed with initial interference. For example, in the case of the rod 

rubber seal shown in Fig. 4, the seal is initially squeezed to fit its housing and there is radial 
interference between the seal and the piston rod and housing. This prevents leakage when the sealed 
pressure is nearly zero. As soon as the sealed pressure is increased, fluid pressurizes the seal from its 
vertical face and, owing to the rubber incompressibility, the pressure is transferred to the sealing 
contact. Thus, automatic sealing is achieved. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Schematic of rectangular elastomeric seal with back-up ring in a linear hydraulic actuator 
(only the upper half of the seal, ring and housing shown). 

 

When the piston rod is in motion, fluid is dragged by viscous shear to the sealing contact and a 
hydrodynamic film lifts the seal. During an outstroke, film formation is from left to right (Fig. 4). The 
film transportation occurs at an average speed equal to the average speed of the contact counterfaces, 
and, if the seal is stationary as in the case of rod seals (Fig. 4), this means that the film is transported 
with a velocity equal to half the stroking velocity. Therefore, a full film is developed only if the stroke 
length is at least twice the contact length. Typical fluid films in reciprocating seals are in the order of a 
few nanometres to a few micrometres in thickness. 

Once a full film has been developed, fluid leaks to the air side (Fig. 4) as long as the rod is in 
motion. During an instroke, some of the leaked fluid remaining in the air-side of the piston rod will be 
dragged back in to the sealed chamber. Once the piston rod has retreated fully, the fluid remaining in 
the air side constitutes the so-called leakage-per-cycle, where a “cycle” is one outstroke, followed by 
one instroke. 

The average thickness of the fluid film varies dynamically during each stroke and depends mainly 
on the contact pressure, stroking velocity, surface roughness, fluid viscosity and lubricant starvation. 
This explains why the fluid film is thinnest at the beginning of outstrokes and end of instrokes, where 
the combination of contact starvation and low or zero velocity dictate the minimum film thickness. For 
the same reason, seal friction and wear are maximised accordingly. It is characteristic that friction is 
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considerably higher prior to full film development and gives the well-known stiction during the start-
up of motion. 

The “secret” of minimising seal leakage is in the contact pressure distribution. It is proven 
theoretically by the so-called “inverse hydrodynamic theory” [11] and verified experimentally and by 
practical experience that the gradient at the inflexion point of the contact pressure at the inlet zone of 
the contact dictates the average thickness of the fluid film in the sealing contact: the higher the 
gradient (steeper pressure curve), the thinner the average film in the contact. Thus, the inlet geometry 
of the seal and resulting local pressure distribution in that critical area is of paramount importance, a 
fact taken advantage of in modern seal designs with optimised profiles to suit even dynamic operating 
conditions. For example, observe the contact geometry of the stepseal in Fig. 3(a): it is sharp on the 
left, giving a steep pressure rise that reduces leakage during outstrokes, and it is smoothly converging 
on the right, facilitating fluid film development during instrokes to reduce the leakage-per-cycle. 
Unfortunately, leakage minimisation by reduction of the film thickness is linked to an increase of 
hydrodynamic friction because thinner films cause more viscous drag [2,11]. In fact, a compromise 
between seal leakage and friction/wear must always be accepted. 
 

7. Tribology of hydraulic seals 
The tribology of hydraulic seals involves the theoretical analysis and experimental study of the 

lubrication and contact-mechanics phenomena taking place at a sealing interface. These involve the 
calculation of the contact pressure and film thickness distribution, the calculation of shear stresses and 
friction, the calculation of frictional heating (if any), the study of the effects of surface roughness on 
sealing performance, as well as other related issues. The goal of this kind of research is to understand 
the fundamental sealing mechanisms and factors affecting sealing performance in order to minimise 
leakage and friction (power loss), and to maximise the life expectancy of seals. 

Theoretical work on reciprocating seals commenced in the 1940s and is still in progress. The 
precise calculation of contact stresses and film thicknesses of dynamic, reciprocating, polymeric seals 
is a formidable task. Computational modelling and numerical solutions have met great obstacles for 
various reasons. Polymeric seals are elements of complex mechanical behaviour, obeying nonlinear 
stress-strain laws. They are greatly affected by temperature, exhibit hysteretic behaviour at macro and 
micro scale with relaxation and creep effects, suffer from swelling from fluid absorption, react 
chemically with incompatible hydraulic fluids, wear quickly when rubbed against hard surfaces (even 
smooth ones), suffer from oxidation and ageing, etc. The mechanics of polymeric seals require 
complex models of thermoviscoelasticity to be properly described. The contact mechanics and 
lubrication analysis involve highly nonlinear equations that involve surface roughness, transient and 
thermal effects. These are computationally demanding and very unstable. In fact the contact 
mechanics and lubrication problems are strongly coupled. 

Taking into account the complexity of seal designs and materials combinations as in composite 
seals, some complex numerical models have been developed to study reciprocating seals in steady-
state and dynamic conditions [1,5,11-15], including composite seals [2,7], tandem (dual) seals [16] 
and rotary vane seals [2]. Supplementary models have been developed for the analysis of seal 
extrusion [17], which is crucial in seal damage (see Fig. 5), and anti-extrusion rings for the prevention 
of seal extrusion [18]. Validation of numerical predictions is also difficult owing to a significant 
degree of scatter characterising experimental results on reciprocating seal performance. The results 
reported in reference [19] and obtained from seven laboratories in different countries and for tests 
performed under strictly controlled conditions are revealing of this trend (a possible explanation for 
the scatter was the lack of standardised methods for the tests or difficulty in conforming with the test 
specifications). 
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Fig. 5 Extrusion of a rectangular, rounded, elastomeric, rod seal 
(only the upper half of the seal and housing shown). 

 

 Experimental work on reciprocating seals has been going on for several decades [20,21]. Static 
contact pressure distributions have been measured with several techniques and apparatuses including 
strain gauges, inductive transducers for measuring displacements, piezo-electric force transducers and 
photo-elastic techniques. Film thickness measurements in sealing contacts have been performed with 
methods involving inductive transducers for measuring seal surface displacements, optical methods 
involving optical interference and fluorescence techniques, electrical capacitance and electrical 
resistance methods. 

Leakage measurements have also been performed with several methods. The most basic of those 
involves the removal and weighing of the leaked oil from piston rods. Another method used for 
measuring leakage is by maintaining a constant sealed pressure and measuring the oil flow needed to 
achieve this. Electrical methods have also been used, consisting of measuring the electrical 
capacitance of leaked oil film layers with one or two electrodes. 

Friction measurements of reciprocating polymeric seals have been performed by most of the 
researchers involved in experimental sealing research. Many different apparatuses and test rigs have 
been built over the years. Most of the important parameters affecting sealing performance had been 
established up to and including the 1970s. What remained to be done was to extend the range of 
operating conditions in experimental studies and to apply emerging, high-precision techniques, 
focusing on interfacial phenomena of the micro-scale. Optical interferometry has been used in many 
studies but, ultimately, the benefits of using real-time visual observation of a sealing contact are 
unsurpassed. 

The technique of using a camera and video to record the lubrication of the sealing interface in real 
time has been reported since the late 1970s but it has recently been improved to the extent of 
producing clear images that capture micro-scale interfacial phenomena between interacting roughness 
asperities [22]. A reciprocating-seal rig (Fig. 6) has been built at Imperial College London in a 
collaborative research project with major seal manufacturers in England [3,22-24]. The seals, 
dimensions and clearances used were typical of linear hydraulic actuators to aerospace design 
specifications. A hollow, transparent, high-strength tube is attached to a motor and gear mechanism 
transferring reciprocating motion. A steel casing hosts gland elastomeric seals and a hydraulic circuit 
with pump supplies oil under pressure between the casing and the tube. A boroscope with its own light 
source is placed under one of the seals and feds its signal to a CCD camera, video recording 
equipment and computer. Sealed pressures are restricted to about 7 MPa for safety reasons. Many 
results are collected with this arrangement [22,24], including results on leakage, friction, stick-slip, 
effects of roughness and sealed pressure, real-time monitoring of the sealing interface and observation 
of development of a fluid film with roughness asperities deforming dynamically, study of cavitation 
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effects as air bubbles enter the contact, study of the effect of debris particles and how they affect seal 
leakage, etc. 
 

 

Fig. 6 A seal specific rig with glass tube arrangement and boroscope [22,24]. 
 

8. Conclusion 
Hydraulic reciprocating seals are critical elements of complex mechanical behaviour. Good 

understanding of their functionality is of great importance in hydraulic efficiency, reliability and 
safety. The performance evaluation of reciprocating seals requires a combination of specialised 
mathematical tools from contact mechanics and tribology. This is a very difficult task and expert 
advice is required to achieve successful designs and reliable operation because attention to detail is 
truly significant. This introductory paper explored some fundamental issues of reciprocating seals. For 
a complete review on the tribology and scientific research of reciprocating seals between 1945 and 
2008, the reader is directed to the following reference. 
Further reading: 
Nikas, G. K. Research on tribology of hydraulic reciprocating seals (~48 pages, 147 references). 
Chapter in the book titled "Tribology Research Trends" (Editor: T. Hasegawa). Nova Science 
Publishers, Inc., New York, USA. ISBN: 978-1-60456-912-4. Publication date: 4th quarter of 2008. 
(Contact the author if you require a copy of this chapter when it is published.) 
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