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temperature in O-ring seal (°C)
temperature in seal chamber (°C)
ambient temperature (°C)
surface temperature of the seal chamber
(°C)
axial velocity component of flow (m/s)
radial velocity component of flow (m/s)
angular velocity component (m/s)
peripheral sliding velocity (m/s)
temperature in flow (°C)

h

coefficient of convection (W/m2-C)

ABSTRACT
An O-ring seal is of paramount importance in hydraulic and pneumatic machinery used in oil and
gas drilling processes. O-ring seals are generally employed to contain the environments of
working fluids existing on either side of the seal from interacting with each other, to maintain a
uniform pressure chamber and to eliminate the environmental contaminants that interact at the
rubbing interface. Failure of dynamic O-rings in hydraulic and pneumatic machinery often
results in considerable productivity loss to the chemical and petrochemical industries. Therefore,
it is highly important to determine the life of an O-ring for these applications under various
operating conditions and to predict and prevent the possible O-ring seal failure.
The purpose of this research was to design and build a new O-ring seal test rig (OSTR) capable
of testing various O-rings. The O-rings were evaluated by considering effects of peripheral
sliding velocity and operating differential pressure. This thesis contains both theoretical and
experimental phases associated with the performance of the Buna-N O-ring seal with variations
in peripheral sliding velocity and operating differential pressure.
Experimental measurements of temperature, flow rates, differential pressures, shaft rotating
speed, power loss, friction torque for corresponding tests were performed. Variations of
frictional torque, O-ring power loss and interfacial temperatures with changes in sliding velocity
and operating pressure differential are also presented. In order to analyze the temperature at the
contact interface, a two dimensional axisymmetric computational fluid dynamics (CFD) model is
preprocessed in GAMBIT and thermal heat transfer analysis is carried out using a commercial
CFD package, FLUENT. Results reveal that the O-ring friction power nearly linearly increases
with increase in sliding velocity. Further, it is found that the friction power significantly
increases with relatively higher pressure differentials. Friction torque is found to drop with
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increase in shaft speed and rises at relatively higher pressure differentials. Moreover, the
interfacial temperatures are found to increase with increase in sliding speed and operating
pressure differentials.
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CHAPTER 1 INTRODUCTION
1.1 Introduction to O-ring Seal and Its Operation
O-rings are used to prevent or control leakage from various mechanical components such as
pumps, compressors, mixers etc. O-rings are designed to fit around the shaft to eliminate or
reduce leakage between the two environments to an acceptably small level. The primary purpose
of the O-ring seal in rotary applications is to separate two environments existing on the either
side from interacting with each other and properly sealing the rotating shaft which passes
through the two environments. The two environments may be pressurized or unpressurized liquid
of contaminated or uncontaminated type or a combination of these.

Figure 1: O-ring seal used in rotary applications (Parker Hannifin O-ring Handbook, 2001)
Figure 1 shows an O-ring seal used as a rotating shaft seal, as dynamic O-rings seals are of
primary interest in this thesis study. It is observed that the O-ring seal is in direct contact with the
rotating shaft member which seals the pressurized fluid on one end from interacting with the
atmosphere present on the other end of the seal thereby preventing or minimizing leakage.
1

Elastomeric seals are used in many applications involving rotating shafts. Generally, the fluid in
contact with the rotating shaft is sealed by some sort of shaft seal or an elastomeric O-ring seal.
Various mechanical equipment utilizing elastomeric O-ring seals are as follows:
1. Hydraulic pumps used in irrigation and agricultural sector
2. Pneumatic pumps used in oil and gas drilling applications
3. Motors and engines in aerodynamic applications like rockets and jets
4. Down hole drilling applications for oil and gas extraction
5. Stuffing box in mechanical-seal applications
6. Semiconductor applications
7. Fuel systems, break system and transmission systems for automobiles
8. Cooling and heating systems in air conditioning and refrigeration
9. In ship building industry, power steering systems and turbo machinery systems
10. Chemical processing and food, beverage and portable water industries
11. Nuclear technology
O-rings are versatile elements with an exceptionally wide range of pressures, temperatures and
tolerances. Traditional methods of sealing rotating shafts using packings are now replaced by
contemporary methods which utilize mechanical seals, O-ring seals and other sealing
arrangements to minimize the leakage rate, avoid shaft scouring problems and decrease the unit
power consumption. In dynamic applications, O-rings are generally used in reciprocating and
rotary sealing configurations because of their unique properties and additional desirable features.
An O-ring is a torus shaped loop molded from an elastomer with a generally circular crosssection used as a seal or gasket. O-ring seals are widely used in machine design because they are
inexpensive and reliable. Dynamic O-ring seals presently used are the result of experimental
work by Mr. Niels A. Christensen in the early 1930’s. An O-ring seal prevents the loss of fluid or
2

gas by maintaining a seal assembly between the O-ring and the gland. O-rings seated in the gland
are compressed during assembly between two or more parts, creating a seal at the interface. The
joint may be static or may have dynamic motion between the parts and the O-ring element.
Successful O-ring joint design requires a rigid mechanical mounting that applies a predictable
deformation to the O-ring. This induces a mechanical stress at the O-ring contacting surfaces. As
long as the fluid pressure does not exceed the contact stress of the O-ring, leakage does not
occur. A point contact exists between the inner element of the O-ring and the outer element of
the rotating shaft which sustains a high local stress and sustains high pressure avoiding seal
failure. This flexible nature of O-ring materials accommodates for imperfections in the mounting
parts and surfaces in contact with the seal. O-rings can sustain tons of megapascals of pressure
and can withstands temperatures as high as 300° C or greater. O-ring seals are available in
various standard dimensions and materials. In general, the O-rings are specified by its internal
diameter (ID) and the cross section (CS) as shown in Figure 2.

Figure 2: O-ring seal with circular cross section


Stages Involved in O-ring Operation
The O-ring (extremely viscous) is forced to flow within the gland due to external pressure or the
pressure by the fluid to produce ―zero clearance‖ in order to seal the less viscous process fluid.
Figure 3 presents the basic operating stages of an O-ring functioning as a seal. The first stage ―Oring installation stage‖ in the above figure shows the initial phase of the O-ring just right after its
3

installation and without any application of pressure across an O-ring. It is observed that the Oring is mechanically squeezed to seal the fluid passage. When the fluid pressure is applied across

Figure 3: Various stages of O-ring operation (Parker Hannifin O-ring Handbook, 2001)
the O-ring, the seal tends to flow up to the tiny clearance between shaft and gland surfaces. This
helps the O-ring in gaining greater contact area and thereby greater sealing force of contact. The
third stage ―O-ring extrusion stage‖ shows the O-ring slightly extruding into the narrow
clearance gap. If the differential pressure across the O-ring at this stage of operation further
increases, the seal might have the possibility to reach the final stage (O-ring failure stage). The
final stage ―O-ring failure stage‖ shows that further increase in pressure across O-ring, results in
extrusion and the seal loses its surface tension to resist the flow creating a leak path thereby
causing seal failure.
4

1.2 Types of O-ring Seals, Their Properties, Advantages and Limitations
Table 1 presents the various materials generally used for an O-ring.
Table 1: Types of O-ring seal materials (Senior Design Paper, 2007-08)
Synthetic Rubbers (Thermosets)
Butadiene rubber (BR)

Polyisoprene (IR)

Chlorosulfonated polyethyne (CSM)

Silicone rubber (SiR)

Epichiorohydrin rubber (ECH,ECO)

Styrene butadiene rubber (SBR)

Ethylene propylene diene monomer
(EPDM)
Ethylene propylene rubber (EPR)

Semi-Conductive Fluorocarbon with
nano tubes
Silicone rubber (SiR)

Fluoroelastomers (FKM)

Styrene butadiene rubber (SBR)

Nitrile rubber (NBR)

Polychloroprene (CR)

Perfluoroelastomer (FFKM)

Chlorosulfonated polyethyne (CSM)

Polyacrylate rubber (ACM)

Epichiorohydrin rubber (ECH,ECO)

Polysulfide rubber (PSR)

Butyl rubber (IIR)

Silicone rubber (SiR)

Semi-Conductive Fluorocarbon
with nano carbon tubes

Styrene butadiene rubber (SBR)
Thermoplastics
Thermoplastic elastomer (TPE)
Thermoplastic polyolefin (TPO)

Thermoplastic etheresterelastomers
(TEEEs)
Thermoplastics

Thermoplastic polyurethane (TPU)

Thermoplastic elastomer (TPE)

Thermoplastic polyamide (PEBA)

Thermoplastic polyolefin (TPO)

Melt Processible Rubber (MPR)

Thermoplastic Vulcanizate (TPV)
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Selection of an elastomeric O-ring is based on chemical compatibility, application temperature,
sealing pressure, lubrication, quality, size, material, durometer, and cost. O-rings are generally
classified under two categories, thermosets and thermoplastics.
Thermoset is a polymer like material which hardens and does not soften or distort by the
application of heat or pressure. A thermoplastic behaves in the reverse manner compared to the
thermosets. A thermoplastic material is a substance which has the ability to soften, melt, flow
and distort with the application of heat.


Ultimate Properties of O-rings
O-rings are widely used due to their special properties like viscoelasticity and incompressibility.
Incompressibility
An incompressible material exhibits zero volumetric change under hydrostatic pressure.
Poisson’s ratio of a rubber material is exactly one-half (0.5) and the bulk modulus is infinite. If
the material is unchanged due to movements, the system is likely to fail due to wear, friction,
thermal expansion, etc.
Viscoelasticity
Rubber exhibits a rate-dependent behavior that can be modeled as a viscoelastic material whose
properties change with temperature and time. Among the features of viscoelastic materials, the
following are of relevance to study.


A viscoelastic material under constant stress undergoes creep



Under constant strain exhibits stress relaxation; and



During loading/unloading shows hysteresis type behavior

When an O-ring is squeezed diametrically due to application of pressure, an out-of-round shape
is obtained. This ensures contact with both firm ends of the passage under static conditions due
to which the pressure tends to force it along its groove. Because of its deforming nature the
6

elastomer flows up to the passage, completely sealing it. Higher fluid pressure trying to leak past
the seal generates higher sealing force which results in tighter and stronger sealing capability.
Upon release of the applied pressure, ideally the resiliency of the rubber compound causes the Oring to return to its natural round and undamaged form.


Advantages of Using O-ring Seals

The advantages of using O-ring as a seal are listed as follows.





Cost-effective



Easy maintenance



Effective sealing



Withstands a wide range of temperature, pressure and tolerance



No smearing or retightening, vibration damper, viscoelastic nature



Unaffected by structural damage (No critical torque on tightening)



Light in weight and require less space, ease of installing and replacing damages seals



Failure is not sudden (gradual failure)



Seals to the surfaces in contact forming effective sealing

Limitations of O-ring as a Seal

In spite of numerous advantages of O-ring as a seal, they are not considered as an effective seal
in certain cases.


O-rings cannot withstand high temperature, high surface speeds, and large shaft
clearances



Maximum limit of using O-ring as a seal is under 1500 FPM



Surface finish and gland dimensions vary with every different application



Incompatible environment (sealing or processing fluid)
7



Thermally degraded O-ring sticks in the gland and presents difficulty in gland cleaning



Improper sealing under high differential pressures



Difficulty in leakage detection and



Incorrect seal material

1.3 Types of O-ring Failure, Contributing Factors, and Possible Remedies
O-rings are generally subjected to extreme temperature conditions, chemical attack, vibration,
and abrasion depending on the environmental conditions and type of application. A few modes
of failures observed generally in O-ring seals presented by EPM, Inc (2009) are as follows.


System Contamination damage is usually caused by unwanted elements such as dirt, grit, mud,
dust entering into the system externally and by breakdown products of fluid, circulating metal
chips, hoses or other degradable system components which are generated internally in the
system. System contamination can be eliminated by using proper filtration cycles and techniques.
System contamination damage is usually detected by scored rod and cylinder bore surfaces,
excessive seal wear and steady leakage.



Spiral Failure in O-rings is often a result of standard seal geometry, long stroke and softer Oring material. Improper installation of the O-ring in the seal gland leads to installation damage or
spiral breakdown. Use of correct seal geometrics such as circular cross section, rectangular, dove
shape based on suitable applications and working environments will usually eliminate spiral
damage.



Chemical Breakdown of the O-ring seal is most frequent problems caused due to incorrect
material selection or due to chemical reactions as a result of improper combination of the
working fluid and the O-ring material. Incorrect use of materials can lead to chemical attack on
O-ring by process fluid additives, hydrolysis and oxidation reduction of seal elements. Loss of

8

seal lip interface, softening of seal, excessive swelling, and shrinkage are generally as a result of
chemical breakdown which often leads to seal failure.


Improper Installation is a major cause of O-ring failure in the initial stages. Other problems
initiating installation damage include over tightening of the seal gland resulting in seal lip folds
during installation. The solution to these problems is proper installation, careful examination of
the gland for unwanted hard particles and primarily focusing on cleanliness in order to protect
the seal from nicks and cuts and proper lubrication provisions.



Extrusion of the seal element is usually due to excessive clearances in metal components, high
axial loading, high system pressures and use of softer seal material. Extrusion causes a loss in
shape and stability of sealing. This is usually avoided by using a secondary seal to prevent seal
extrusion. Generally back up seals of higher hardness are used as secondary seals to prevent
extrusion.



Heat Degradation damage is due to excessive heat buildup at the interface junction. This is
because of the poor dissipation of elastomer material at the contact. Heat buildup results in
harder seal, brittle nature, seal lip breaking, loss of seal lip effectiveness through excessive
compression set and loss of seal material. These problems arise due to incorrect seal material,
high dynamic friction, excessive lip loading, no heel clearance and proximity to outside heat
source. Proper measures to avoid this problem involve reducing seal lip interference, increasing
lubrication, change of seal material etc.



Slip-Stick damage arises due to the difference between the static and dynamic friction
coefficient relating to its sliding mechanism. Slip-stick damage occurs between static and
dynamic sealing modes, when there is variation in the system fluid pressure, as a result of shock
loads which cause the piston to jump back to the static mode. Strange movement or noise due to
slip stick is usually the sign of the system failure.
9



Common O-ring Failure Modes
Table 2: Details of the common O-ring failures and remedies suggested by Marco
Rubber and Plastic Products, Inc (2009)
DAMAGE TYPE

ABRASION

DAMAGE
MODES

DESCRIPTION

EXPLOSIVE
DECOMPRESSION

Rough sealing
surfaces. excessive
temperature, dynamic
motion, environmental
conditions.

Gland surface
finishes,
lubrication.

Flat-sided crosssection.

Excessive
compression,
excessive temperature,
high compression set.

Low compression
set, proper gland
design, material
compatibility.

Blisters, cracks,
voids or
discoloration.

Incompatibility with
the chemicals or
environment.

Chemically
resistant
elastomer.

Blisters, pits or
pocks, Absorption
and rapid release
of gas at high
pressure.
Ragged edges.

Rapid pressure
changes. Lowmodulus/hardness
elastomer.

Higher-modulus /
hardness, slower
decompression.

Excessive clearances
and pressures, lowmodulus /hardness,
irregular clearance
gaps, improper sizing.
Sharp edges, improper
sizing, low modulus
hardness.

Higher-modulus /
hardness, decrease
clearances, proper
gland design.

EXTRUSION

Small cuts, nicks
or gashes.
INSTALLATION
DAMAGE

THERMAL
DEGRADATION

SUGGESTED
SOLUTIONS

Flat surface
parallel to the
direction, loose
particles and
scrapes found.

COMPRESSION
SET

CHEMICAL
DEGRADATION

CONTRIBUTING
FACTORS

Radial cracks,
signs of
softening, a shiny
surface.
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Elastomer thermal
properties,
temperature
excursions or cycling.

Remove all sharp
edges, proper
gland design,
proper elastomer
sizing.
Improved thermal
stability, cooling
sealing surfaces.

Table 2 presents a brief description of the damage occurring in O-ring seals with corresponding
figures. Discussion on the contributing factors leading to damage, possible solutions and
remedies to overcome damages occurring in O-ring seals is also discussed.
Other failure modes in O-ring seal include (Marco Rubber and Plastic Products, Inc,
2009)


Outgassing / Extraction
Description: Difficult to detect, decrease in cross-sectional size.
Contributing Factors: Improperly cured elastomer, High vacuum levels.
Suggested Solutions: Avoid plasticized elastomers, post-cured.



Over Compression
Description: Parallel flat surfaces, circumferential splits.
Contributing Factors: Improper design, excessive compression, thermal or chemical volume
changes.
Suggested Solutions: Gland design, responses to chemical and thermal environments.



Plasma Degradation
Description: Discoloration, powdered residue, erosion.
Contributing Factors: Chemical reactivity, electron ion bombardment, improper gland design.
Suggested Solutions: Plasma-compatible, minimize exposed area.



Spiral Failure
Description: Cuts or marks, spiral around its circumference.
Contributing Factors: Tight installation, low-modulus /hardness, irregular surface finish,
inadequate lubrication.
Suggested Solutions: Correct installation procedures, internally lubed elastomers, Higher O-ring
modulus.
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1.4 Physical and Chemical Characteristics
Proper selection of the O-ring material for the right application is the key to avoid any initial
problems. A few physical and chemical characteristics of the elastomer O-ring as presented by
Parker Hannifin O-ring Handbook (2001) are as follows.


Hardness
Hardness is of primary concern when it comes to dynamic applications. The hardness of the seal
has an influence on running friction because the harder seal experiences lower coefficient of
friction compared to a softer material. However, the actual running and breakout friction attain
higher values because the compressive force required in achieving the right squeeze is much
greater. Compounds having shore A durometer hardness of 70 to 80 are generally most suitable.
Softer material experiences the tendency to easily flow in the clearance between the bore and the
shaft. Harder O-ring materials offer greater resistance to extrusion.



Toughness
Toughness is a combination of resistance to physical forces other than chemical action. It is not a
measured property or measured parameter.



Tensile Strength
Tensile strength is measured in units of pressure (psi or MPa). It is the pressure required to
rupture a specimen of a given elastomer material under stress. Compound uniformity and
indication of deterioration of the compound is generally ensured by measuring its tensile
strength.



Resistance to Fluid
It is of prime concern to prevent the seal from being affected by chemical attack. Incompatible
fluid might drastically influence the performance of the seal negatively.
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Table 3 presents the compatibility of various types of O-ring seal materials for various industrial
fluid medium.
Table 3: Compatibility table for commonly used elastomers (Parker Hannifin O-ring Handbook,
2001)



Elongation
Elongation limit is the maximum stretch tolerated by an O-ring housed in the gland. It is of
greater importance in case of smaller gland diameters. Elongation is also a measure of the ability
of a compound to recover from localized load when considered in conjunction with tensile
strength.
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O-Ring Compression Force
The limited force required to compress the O-ring to achieve an adequate sealing contact.



Modulus
Modulus refers to the elasticity modulus or Young’s modulus of the seal. Seals with higher
elasticity modulus exhibit a greater tendency to recover from an applied force or load. Modulus
generally increases with increase in hardness and is considered as the best indicator of toughness.



Tear Resistance
Extremely low values of tear resistance increase the risk of nicking/cutting of O-ring during
installation. In dynamic applications poor tear strength indicates increased abrasion, premature
wear and failure of the seal.



Abrasion Resistance
It is the ability of the seal material to resist wear, scrapping, and rubbing of the surface. Harder
compounds are more wear resistant than softer compounds. Generally, dynamic applications use
seals of 90 durometer hardness to avoid abrasion damage.



Volume Change
Swell or volume change due to incompatible process fluid contact results in decrease in hardness
of the seal or vice versa. For static O-ring applications volume swell up to 30% and 10 to 15%
swell in case of dynamic applications is usually tolerated (Ref. Parker Hannifin O-ring
Handbook, 2001).



Compression Set
Compression set is considered to be the most important property for elastomeric seals. It is
defined as the percentage of deflection by which the elastomer fails to recover after a fixed
period under specified conditions of squeeze and temperature. Figure 4 clearly explains the
meaning of compression set including the calculations involved with the compression set of an
14

O-ring seal. Zero percentage indicates no relaxation and 100% indicates total relaxation (Ref.
Parker Hannifin O-ring Handbook, 2001). Generally low compression set property is desired for
O-ring seals.

Figure 4: Compression set discussed with an example (Parker Hannifin O-ring Handbook, 2001)
Figure 5 presents the compression set of nitrile butadiene rubber (NBR) of 70 hardness
durometer for three different cross sections of 1.80 mm, 3.55 mm and 7.00 mm.

Figure 5: Compression set of NBR 70 compound with various cross sections (Parker
Hannifin O-ring Handbook, 2001)
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Thermal Effects
Of several other factors, the compression set and the seal hardness are greatly influenced by
change in thermal conditions. The hardness of the seal compound is decreased with an increase
in heat. Under much lower conditions of temperature the seal behaves like glass exhibiting
brittleness.
Figure 6 presents the comparison of compression set property of high temperature elastomer with
normal temperature elastomer subjected to various temperature ranges for 70 hours test duration.
Figure 7 presents the variation trend in hardness experienced by various seals of different
materials for a lower temperature range of -57°C to 27°C.



Resilience
Resilience is defined as the ability of the elastomer to return immediately to its original shape
after deflection. This is an important property especially in case of dynamic sealing applications.
Resilience can be enhanced or destroyed by compounding techniques.



Deterioration
Permanent loss of elastomer properties due to chemical change observed in O-ring with time is
referred as deterioration.
Corrosion
Corrosion in O-rings refers to chemical attack due to fluid or elastomer causing corrosion
damage on the contact metal shaft or in the seal gland.



Permeability
The tendency of the gas or liquid to pass or diffuse through the O-ring is measured by
permeability. Permeability is of main concern in vacuum and other pneumatic applications.



Coefficient of Friction Coefficient of friction depends on several factors including the hardness
and lubrication conditions. Proper lubrication in case of dynamic applications can greatly reduce
16

the friction between moving parts. Proper O-ring lubricants (generally grease) must be used for
dynamic seal applications. Silicone grease must be avoided when using silicone O-rings.

Figure 6: Compression set with temperature for NBR 70 compounds (Parker Hannifin Oring Handbook, 2001)

Figure 7: Effect of Low Temperature on Rubber Hardness (Parker Hannifin O-ring Handbook,
2001)
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Joule Effect
The ability of rubber-like compounds to contract when heated is called Gough-Joule effect.
Proper measures must be taken to eliminate or reduce the effect of elastomer contraction as this
may lead to high system torques or may result in shaft seizure.



Coefficient of Thermal Expansion
It is of paramount importance to account for the seal thermal expansion during the gland design
phase. It is to be noted that the coefficient of volumetric expansion for solids is approximately
three times the linear expansion. Also, the coefficient of thermal expansion of elastomers is
roughly twelve times that of the expansion of steel.

1.5 Equipments and Arrangements using O-ring seals
Table 4: Arrangements and mechanisms using elastomeric O-ring seals (Parker Hannifin O-ring
Handbook, 2001)
Hydraulic Pumps

Transmission

Pneumatic Pumps

Cooling and Heating systems

Aerodynamic applications

Air conditioning and Refrigeration

Down hole drilling applications

Power steering systems

Stuffing box

Food, Beverage and Potable Water

Semiconductor Applications

Aerospace Technology

Mechanical-seal

Nuclear Technology

Engine

Chemical Processing/ Oil Fields

Break system

Fungus-Resistant Compounds

Fuel systems

Hydraulic Fluids

Fuels for automobiles

Semiconductors
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O-rings are widely used in many applications such as pumps, valves, plumping system, and
hydraulic systems etc. O-rings are used as sealing elements in numerous applications. Table 4
presents a few mechanisms and arrangements using O-ring for sealing purpose.


Configurations and Applications Using O-ring seals
Applications of O-ring as a seal are generally classified under static and dynamic applications.
Dynamic applications are majorly classified under rotating, reciprocating and oscillating
configurations. O-rings used in static applications last longer than those used under dynamic
applications. Dynamic O-ring seals are affected by several operating parameters and usually last
for shorter life duration compared to static seals.



Static Applications
In case of O-rings used in static applications there exists no relative motion between the inner or
outer elements of the seal with the contact surface. Examples: A static O-ring application are seal
under a bolt head, a seal under a cover plate, a seal at a pipe or tubing connection etc. (Ref.
Parker Hannifin O-ring Handbook, 2001)

Figure 8: Applications showing typical static seals (Parker Hannifin O-ring Handbook, 2001)
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Dynamic Applications
There are numerous factors affecting the dynamic seal for every application such as % squeeze,
cross section, gland depth, diametral clearance, groove width groove radius and eccentricity.
Therefore, O-rings for dynamic applications should be selected considering all the factors listed
above.
In case of O-rings used in dynamic applications there exists a relative motion between the inner
or outer elements of the seal in a rotating, reciprocating or oscillating fashion with the contact
surface of the shaft. Therefore, the dynamic O-ring applications are mainly classified under three
categories rotating application, reciprocating application, and oscillating application. Apart from
these three major dynamic applications, O-rings are also used as seat seals, pneumatic seals,
vacuum seals, cushion installation, crush installation and in rod wiper installations (Ref. Parker
Hannifin O-ring Handbook, 2001).



Rotating Application
In rotating applications the shaft in contact with the inner or outer element of the stationary seal
turns in one direction only. Examples of rotating sealing applications: A motor or engine shaft, a
wheel on a fixed axle, hydraulic and pneumatic machinery and shafts used in downhole drilling
applications (Ref. Parker Hannifin O-ring Handbook, 2001).

Figure 9: Rotary dynamic O-ring seal configuration (Parker Hannifin O-ring Handbook, 2001)
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Reciprocating Application
In reciprocating applications there exists a motion which tends to slide or roll the O-ring, or
sealing surface at the O-ring, back and forth with reciprocating motion between the inner or outer
elements of the seal with the contact shaft. In these applications the O-rings are best when used
on short-stroke, relatively small-diameter applications. Examples involving reciprocating
applications: a piston in a cylinder, a plunger entering a chamber (Ref. Parker Hannifin O-ring
Handbook, 2001).

Figure 10: Reciprocating O-ring seal configuration (Parker Hannifin O-ring Handbook, 2001)


Oscillating Application

In oscillating applications, the inner or outer member of the seal assembly is in an oscillating
motion (arc) with the shaft axis relative to the shaft.

Figure 11: Faucet valve stem using oscillating seal configuration (Parker Hannifin O-ring
Handbook, 2001)
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This motion tends to rotate one or the other element in relation to the O-ring. Faucet valve stem
is a typical example of O-ring under oscillating application (Ref. Parker Hannifin O-ring
Handbook, 2001).

1.6 Factors Influencing Performance of an O-ring Seal
Several factors affect the normal functioning of the seal such as the temperature, pressure,
lubrication, assembly, extrusion, squeeze, stretch, cross-section, gland fill and compatibility etc
as discussed by Parker Hannifin O-ring Handbook (2001). They are

 Operating Temperature
High operating temperatures in the system are caused due to high friction heat generated at the
interface of the rotating shaft rubbing against the stationary O-ring seal in case of dynamic
applications. Longer exposure to high temperatures softens the seal and thereby promotes
extrusion or thermal degradation damage. For high temperature operations, the gland volume
should be considerably larger to compensate for O-ring thermal expansion. Normal operating
temperatures at the vicinity of the seal are around 80° C to 100° C. The seal material will tend to
relax with temperature rise and loses its compression set resulting in softer and elastic seal. Low
temperatures may stiffen the seal material and cause brittle failure.

 Operating Pressure
Generally the O-rings operate with pressure differential across them. With higher pressure
gradient across the O-ring, greater is the contact pressure between the rubbing elements which in
turn increases the load on the O-ring leading to high friction forces in the arrangement. Higher
friction causes an increase in the heat generation at the interface. Excessive pressures can force
the seal into the passage at the non pressure side of the O-ring which causes nibbling damage on
the seal causing premature seal failure. However, decreased pressure gradient across the O-ring
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may promote excessive seal leakage due to insufficient sealing force. Reasonable machine
tolerances and proper selection of the seal is necessary is avoid the effect of pressures.


Contamination
System contamination can occur due to the inadequate cleaning of the parts before or after
assembly due to operational debris generated from the seal and bearing elements. High levels of
contamination in the system may cause scores on the mating surface causing leakage. In dynamic
applications the contaminants may interact at the rubbing interface thereby increasing the contact
friction causing excessive wear and high temperature negatively affecting the seal life.
Contaminants may lodge under the seal lip allowing a leak path, therefore proper filtration
techniques must be employed to ensure the cleanliness of the working fluid from hard foreign
particles like dust, metal chips and grit so that the level of contamination is less intense closer to
the seal.



Compatibility
The first and the foremost parameter to be looked is the compatibility of the O-ring to the
contacting working fluid. Incorrect process fluid will lead to immediate adverse effect initiating a
chemical reaction resulting in surface destruction, loss of strength and degradation.



Extrusion
Extrusion problem occurs as a result of extreme differential pressure applied across the O-ring
which causes the seal to flow in the clearance in the direction of low pressure. Backup rings are
thin hard rings (nylon , viton and PTFE ) fitted into the glands between the seal and the clearance
to avoid extrusion damage due to excessive pressures.



Lubrication
Lubrication plays a vital role in both static and dynamic sealing applications. In case of static
sealing, lubricants are applied at the contact in order to achieve proper sealing by preventing the
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gases to escape through the contact. In case of dynamic applications lubricants are used to
achieve both effective sealing and to reduce the friction produced by the relative movement.
High viscosity silicone fluid and petroleum grease are the most common lubricants used in case
of O-ring seals (Ref. Parker Hannifin O-ring Handbook, 2001). Proper lubrication also helps
protect some polymers from degradation by atmospheric contamination.


Assembly
Great care must be taken in installing the O-ring seal in the gland during the assembly to avoid
installation damage. It should be made sure that the O-ring stays in the gland in the right position
and does not slide back or forth in the gland during the assembly (Ref. Parker Hannifin O-ring
Handbook, 2001).



Cross section
O-ring with proper cross section should be selected for the right application. O-rings with thicker
cross sections are more suitable for reciprocating applications. This may lead to spiral failure in
the O-ring causing failure of the ring thereby promoting leakage. However, smaller cross section
reduces the contact area which decreases the contact friction, leading to less heat generation and
longer life time of the seal.



Squeeze
Squeeze is the compression of O-rings cross-section between the sealing surfaces. In dynamic
applications the maximum squeezes is around 16% due to the considerations of the friction and
wear (Ref. Parker Hannifin O-ring Handbook, 2001).

% 𝑆𝑞𝑢𝑒𝑒𝑧𝑒 =

(𝐶𝑆 − 𝐺𝐷)
∗ 100
𝐶𝑆

CS= original cross section and GD= gland depth
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However, a lower squeeze is recommended in case of rotary dynamic applications as higher the
squeeze, greater is the compression force acting on the cross section which builds higher heat at
the rubbing interface. According to the Gow-Joule effect the rubber shrinks or contracts at higher
temperature. Therefore in case of dynamic applications, the O-ring may shrink over the shaft
causing shaft seizure in the bore.


Stretch
The right amount of O-ring stretch in the gland is of crucial importance. When the O-ring is
stretched its cross section is reduced and flattened. This change in O-ring cross section due to the
change in the stretch causes the squeeze to change. Squeeze being the major parameter for most
of the applications can be compensated by reducing the gland depth which retains the necessary
squeeze and allows efficient sealing.



Surface Finish
Surface finish method used to produce the surface texture is equally important parameter when it
applies to dynamic sealing applications. Improper surface finish may lead to excessive wear and
abrasion damage on the sealing element. For dynamic sealing applications, 16 rms finish is
recommended on the moving surface. However, a lower surface finish of 32 rms is
recommended in the seal gland to avoid the O-ring seal element to rotate with the shaft (Ref.
Parker Hannifin O-ring Handbook, 2001). Better surface finish on the moving surface lowers the
friction and wear of the seal material.



Compression Force
The compression force plays a major role as it influences the compression set of the O-ring. If
the compression force exceeds the limit, then the tendency of the O-ring to return to its
uncompressed state would decrease which may result in change of cross section or possibly
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damage the O-ring seal. However, the compression force to be applied depends on the shore
hardness and seal cross section.


Gland Fill
To account for the swell volume and possible thermal expansion of an O-ring due to the heat
generated by friction, the percentage of the gland occupied by the O-ring known as gland fill is
of crucial importance. To compensate these effects, most O-ring seal applications call for a fill
between 60% to 85% of the available volume with the optimum fill being 75% (Ref. Parker
Hannifin O-ring Handbook, 2001).
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CHAPTER 2 LITERATURE REVIEW
O-rings are generally employed to contain the environments existing on either side of the seal
from interacting with each other, to maintain a uniform pressure chamber and to minimize or
eliminate the external contamination interacting at the rubbing interface. Failure of dynamic Orings in hydraulic and pneumatic machinery often results in considerable productivity loss to the
chemical and petrochemical industries. In dynamic applications, O-rings are generally used in
reciprocating and rotary seal configurations because of their unique properties such as resistance
to heat, high tensile strength, and viscoelastic nature to damp out the effects of vibration.
Of the many factors that affect the life of O-ring, the operating pressure differential and the
shaft speed are the most influential. Accordingly researchers have devoted much attention to
quantifying the effect of these parameters using advanced experimental and analytical tools. For
example, Dareing, 1980 performed experimental tests on the seal tester and measured
temperatures occurring around the seal to investigate the effect of rotary speed, operating
pressure differential, seal material and ambient temperatures in influencing the peak seal
temperatures in downhole motors. He also developed a one-dimensional heat transfer model of
rotary seals in downhole motors and made reasonable predictions of temperature profiles across
the rotary seal assemblies in the seal tester. Lawrence et al. 1969 experimented on elastomeric
lip seals with various material compositions at peripheral velocity of 36.576 m/s (120 feet per
second) in oil mist, nitrogen gas atmosphere by monitoring the running torques, lip temperatures
and leakage rates. Plath et al. 2005 performed experimental study of rotary shaft lip type seal
and investigated the torque variation with rotary speed and temperature. They, then, verified the
torque results using FEA simulations. Salant et al. 1992, 2006 contributed immensely to the state
of the art by developing elastohydrodynamic models of rotary lip seals to investigate flow fields,
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film thickness and pressure distributions within the lubricating films. They predicted seal
operating characteristics as load support sharing between hydrodynamic and contact pressure,
locations of cavitation regions, reverse pumping rate by considering the micro asperities existing
on the lip and the surface of the shaft.
Pertinent studies relevant to the discussion of the present paper include the work of Toth,
1991 who conducted a comparative heat transfer study by experimentally measuring lip
temperatures for insulated and conductive radial lip seal running surfaces. He also developed a
finite element model (FEM) to analyze and validate the temperatures generated at the seal lip.
Goerres, 2000 tested different rotary seal designs in biodegradable fluids and experimentally
monitored the friction torque variation with changes in rotary speed at various operating
pressures. He performed an FEA analysis to predict friction torque, stress-strain behavior, and
temperature field to compare with experimental measurements. Stolarski and Tucker, 1996
investigated the relationship between frictional force and gauge pressure in various types of Oring seals at the commencement of linear motion of the shaft by experimenting with variations in
squeeze force and pressure differential across O-rings. Bisztray, 1999 performed endurance and
friction characteristic tests on U-ring seals and measured the friction force and leakage
endurance curves to study the critical operating seal parameters under different design and
working conditions. He also studied the effect of increased operating pressures on friction force
increment of the seal remaining in the sealing gap under reciprocating motion.
In another paper, Maoui et al., 2008 numerically performed a thermoelastohydrodynamic
analysis of elastomeric radial lip seals by considering local approach and global approach to
determine the distribution of temperature at the contact zone. They also analyzed the influence of
other operating parameters such as film thickness, power loss and frictional torque by local
temperature effect. Kang and Sadeghi, 1997 developed a numerical model by using the control
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volume finite difference approach to investigate thermal effects at the lip seal-shaft interface.
They investigated the effect of temperature on the leakage rate for various operating test
conditions and also solved for the pressure distribution at the seal-shaft interface by considering
both isothermal and thermal cases. Kim and Shim, 1997 experimentally and numerically studied
the contact force and thermal behavior of radial lip seal as a function of the interference using the
Mooney-Rivlin model.
Proctor and Delgado, 2004 investigated the heat generation and power loss from
contacting seals by performing tests on brush, finger and labyrinth seals in the NASA High
Speed, High Temperature Turbine Seal Test Rig with various temperatures, surface speeds and
operating pressures. In another work, Proctor and Delgado, 2006 experimented on labyrinth and
annular seals at NASA to quantify seal leakage and power loss at various temperatures, seal
pressure differentials, and surface speeds. Domashnev and Antipin, 1972 experimentally
investigated the effect of operating conditions on the reliability and lifetime of double
mechanical seals by monitoring the friction moment, frictional heat, and temperature gradient of
the mating couple.
In the present study, the results of a series of experimental measurements at various sliding
speeds with different operating pressures across an O-ring seal are presented. The variation of Oring friction power with increase in shaft speed and operating pressures is investigated. Results
for the friction torque at the interface are presented. A two-dimensional axisymmetric model is
developed and the associated conjugate heat transfer problem is solved using FLUENT, a
commercial software package for treating general fluid dynamic problems. The experimental
temperature measurements close to the O-ring tip are presented. These temperatures are
compared with numerical predictions at the same measured location. A series of temperature
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results obtained is compared and discussed to emphasize on the effect of sliding speed and
pressure differential in influencing the temperatures occurring across O-rings.
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CHAPTER 3 DESIGN CONCEPTS
3.1 Design of Seal Chamber and Piston-Shaft
Proper design of the seal chamber and the piston shaft is very crucial in case of dynamic sealing
applications. Several additional factors must be considered in designing of components for
dynamic applications. The rate of heat dissipation in case of rotary seals is comparatively much
lesser than the dissipation rate in reciprocating application. Therefore proper provisions must be
made in order to keep the heat build-up to a minimum.
Certain design considerations and provisions must be implemented to ensure proper and safe
design of the seal chamber and the piston shaft. A few design considerations suggested for
dynamic seals by RL Hudson Company (2009) are as follows.


The inner bore of the seal chamber should not contain any (or to install) bearings which generate
heat in the system.



It is proper to install the bearings as far as possible from the O-rings inside the seal chamber and
as close as possible to the lubricating fluid. This is to keep the O-rings unaffected from the
bearing generated heat and to ensure high bearing heat dissipation by the lubricant fluid flowing
around the bearings.



Proper bearings should be used to support the drive shaft to ensure that the shaft run out does not
exceed 0.0508 mm (0.002") of the Total Indicator Reading (TIR).



The housing length should be at least 8 to 10 times the O-ring cross-section to achieve better heat
transfer in the system.



The ends of the piston-shaft should be chamfered with a 15/30° chamfer to prevent O-ring
installation damage. Sharp shaft corners may damage the O-ring during initial installation and
may lead to premature O-ring failure.
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The free O-ring inner diameter should be comparatively larger than the piston shaft onto which it
fits. This is of major design concern in case of rotary seal applications. This reduces the initial
compression force (squeeze force) on the O-rings which in turn decreases the possibility or
avoids the O-ring stress in elastomers.



The inner diameter of the gland should be such that it is smaller than the free O-ring OD.
(Because when the O-ring is placed in the gland, the cross section of the O-ring is peripherally
squeezed and does not remain circular any longer. Therefore the inner diameter of the seal is
reduced and the seal maintains a positive interference with the piston shaft. This makes the seal
to remain in the unstressed condition which avoids problems like rapid frictional heat generation,
shaft seizure, and O-ring rotation in the groove).



A clearance gap of 0.127 mm (0.005 inches) per side is recommended to prevent O-ring
extrusion damage due to high pressure gradient maintained across the seal.



O-ring seals with higher durometer hardness (90D) are recommended if the pressure gradient is
greater than 800 psi.
Figure 12 presents the complete schematic design of the 2-D model with dimensions of the seal
chamber and the rotating piston shaft before assembly. The diameter of the rotating piston-shaft
is slightly lesser than the inner diameter of the housing. This is to provide some permissible
clearance between the seal chamber and the rotating piston shaft. The seal chamber has two
outlets drilled on the surface of the chamber through the inner bore. It is also observed that the
O-ring groove (gland) is drilled on the inside bore of the seal chamber. The process fluid inlet
port is drilled on the closed end of the seal chamber. The seal chamber has two outlets drilled on
the surface of the chamber through the inner bore. Details of the gland design and the O-ring are
discussed in the following section.
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Figure 12: Schematic of the 2-D model of the set up with rotating shaft and seal chamber before
assembly (all dimensions in cm)

3.2 Conventional Gland Design and O-ring Specifications
O-ring Design and Specifications
Nitrile butadiene rubber (Buna-N) of circular cross section, commercially available in standard
sizes with inner diameter (ID) 53.57±0.46 mm and thickness (CS) of 3.53±0.10 mm was used as
a test specimen (Std. AS568A227 O-ring- Marco Rubber and Plastic Products, Inc (2009).
The O-ring test specimen was purchased from Marco Rubber. The below information
about the O-ring test specimen provided by Marco Rubber and Plastic Products, Inc (2009) are as
follows.


Resistance: NBR has excellent resistance to petroleum based oils and fuels, water and alcohols.
Nitrile also has good resistance to acids and bases, except those with a strong oxidizing effect.



Limitations: Avoid highly polar solvents (Acetone, MEK, etc.) and direct exposure to ozone and
sunlight.
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Chemistry Copolymer of butadiene and acrylonitrile. By varying the acrylonitrile content,
elastomers with improved oil/fuel swell or with improved low-temperature performance can be
achieved. Specialty versions of carboxylated high-acrylonitrile butadiene copolymers (XNBR)
provide improved abrasion resistance. And hydrogenated versions of these copolymers (HNBR)
provide improve chemical and ozone resistance elastomers.



Trade Names CHEMIGUM ® , HYCAR ® , PARACRIL ® , PERBUNAN ®



ASTM D1418 Designation NBR, XNBR, HNBR



ASTM D2000/SAE J200 Type, Class BF, BG, BK, CH



Temperature Range –55° to 120°C (–65° to 248°F)



Typical Uses Ion Implant, PVD
Table 5: Mechanical properties of the Buna-N O-ring test specimen (Courtesy: Marco Rubber
and Plastic Products, Inc (2009)
Compound#

Color

Hardness
Shore A

Tensile
Mpa (Psi)

Elongation
%

22Hr
C/S
@ 100C

Low
Temp

High Temp

B1000

Black

70

15.0
(2,150)

400

10

–40°C
(–40°F)

120°C
(248°F)

O-ring seal is considered as the best static seal ever developed. But when it comes to dynamic
applications, O-ring seals are not recommended to be used for rotary applications only under the
following conditions when:


Pressure gradient across the O-ring exceeds 800 psi.



Temperatures around the vicinity of the seal are not in range of−40°C ≤ T ≤ 110°C.



Interfacial peripheral sliding velocity should not exceed 600 feet per minute (FPM).
Feet Per Minute (FPM) = 0.2618 X shaft diameter (inches) X rpm
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Figure 13: Schematic of the O-ring test specimen
Table 6 presents the dimensions of the standard O-ring test specimen used in the study.
Table 6: Standard dimensions of the O-ring test specimen (Marco Rubber and Plastic Products,
Inc (2009)
O-ring size (Std.)

AS568A227

O-ring (ID)

53.57±0.46 mm

O-ring mean (OD)

60.629 mm

O-ring Width (CS)

3.53±0.10 mm

O-ring Material Type

NBR (Buna-N)

Gland Design and Specifications
Several parameters like the initial squeeze, gland fill, stretch, tolerance, surface finish, friction,
pressure, temperature and surface speed limits are to be considered in achieving a proper gland
design. To minimize the effect of high frictional heat at the contact, primary importance should
be given to designing a proper gland in minimizing the Gow-Joule effect. Once the O-ring seizes
the rotating shaft, there exists a dynamic interface between the O-ring outer diameter (OD) and
the groove inner diameter (ID) instead of dynamic interface existing between the O-ring ID and
the piston OD. The contraction process also causes an increase in the rate of frictional heat
generation, increases in power consumption and friction torque which further exacerbates the
situation and cause premature seal failure.
35

Figure 14: Typical gland design for rotary applications (Parker Hannifin O-ring Handbook,
2001)
Here, G= groove width, F=groove depth, L=gland depth, E=clearance. Table 7 presents typical
gland dimensions for particular O-ring test specimen with inner diameter 53.57±0.46 mm and
cross section of 3.53±0.10 mm that was used as a test specimen in the present study. The gland
was drilled in the bore of the seal chamber to seat the O-ring under test.
Table 7: Details of the gland dimensions for AS568A227 size O-ring (Parker Hannifin O-ring
Handbook, 2001)
O-ring
size

AS568A227

OD (shaft)
+ 0.000

Groove dia.
(gland) +.003

Throat
dia. +0.003

Groove
width +0.004

53.619 mm

60.375 mm

54.025 mm

3.6576 mm

(2.111 in)

(2.377 in)

(2.127 in)

(0.144 in)

3.3 Operational Features of the O-ring Seal Test Rig
The new O-ring seal test rig is designed with the capability of testing O-ring seals under various
combination of operating test conditions and features


It can test O-ring seals of standard dimension (AS568A227) with various materials like
Viton, Buna-N, and EPDM etc.
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It can test O-rings considering effect of peripheral sliding velocity. This feature is of
paramount importance as dynamic O-ring seals are greatly influenced by the sliding speeds.



Capability to test O-ring seals with pressure differential maintained across the O-ring cross
section. Generally dynamic seals experience a wide variety of problems due to the pressure
differential across them. Therefore, testing O-rings with considering the effect of pressure
differential is highly important.



Capability to test O-rings considering the effect of contamination. Generally the O-rings are
exposed to harsh and contaminated working conditions. The working fluid flowing around
the O-ring seals might have the possibility to get contaminated. The contaminants cause
serious issues with O-ring failure causing leakage. Therefore, it is important to study the
effect of contamination on the O-ring seals.



It can test the O-ring with a combination of all these effects, i.e sliding velocity, operating
pressure differential and contamination effects.



Components of O-ring test rig
Table 8 presents the basic components of the O-ring seal test rig. The O-ring seal test rig is
basically a collection of several subsystems and components on the rig. It consists of
instrumentation and data monitoring system, leakage measuring arrangement, working fluid
supply system and main testing arrangement. It consists of other sub components like
bearings and couplings, valves and fittings, housing components, motors and drives,
alignment and vibration monitoring indicators, and control switches. All the major
components on the rig are mounted and installed on the top rugged steel platform to avoid
any kind of vibration and shaft misalignments during the test. The working fluid pumping
system including the pump motor is mounted on the bottom platform of the rig.
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Table 8: Subsystems and basic components on OSTR
Working Fluid Supply System
working fluid reservoir (5 gal)
working fluid collection chamber (2 gal)
working fluid flow (tin) channel
copper tubing
cast steel piping
Instrumentation and Data Monitoring
System
flush diaphragm pressure transducer
solid state pressure transducer
wire and rod type thermocouples (K-type)
optical tachometer sensor
hand held tachometer
data acquisition system
power adaptors and surge protector
DAQ view and lab view software
computer system
Control Switches
emergency stop switch
pump power switch
Valves and Fittings

Bearings and Couplings
foot mount bearings
linear sliding bearings
couplings and spider
Motors and Drives
heavy duty AC induction motor (3HP)
pump motor (0.5 HP)

water inlet value
bypass valve
check valve / pressure relief valve
compression fittings

leakage collection and measuring chamber
double sided NPT threaded connector
Base Platform
top robust steel platform
bottom platform

VFD /phase /voltage converter
Housing and components
stainless steel housing
working fluid inlet port
working fluid exit port
lubrication port
pressure sensor port
O-ring seals
sleeve with locking nut arrangement
adjustable casters on the housing
aluminum locking bolts
Leakage Measuring Arrangement

Main Testing Arrangement: The experiments are performed on an O-ring seal test rig (OSTR)
consisting of a stainless steel housing chamber one end of which is closed and the other end is
open to the atmosphere as shown in Figure 15. A groove with standard dimensions is drilled in
the inner bore of the seal chamber to house the O-ring test specimen. A carbon steel piston-shaft
with outer diameter slightly greater than the inner diameter of the O-ring seal is inserted
completely into the seal chamber such that the left end of the piston-shaft is coplanar with the
open end of the seal chamber. The piston-shaft at the open end of the housing is connected to a
drive shaft supported by two ball bearing blocks (foot mount bearings) to achieve better
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alignment on the rig. Bearing blocks are installed far away from the housing to avoid the bearing
heat affecting the O-ring seals. The drive shaft is coupled to the 3HP heavy duty AC induction
motor mounted on the rig shown in Figure 16. A programmable logic controller (PLC) drive with
a capability to monitor a wide range of motor parameters is wired to an AC motor. The PLC
drive has the capability to calculate and display the motor power consumed, torque supplied, and
shaft speed during the tests using software installed into the computer unit.

Figure 15: Exploded view of the rotating piston-shaft and the seal chamber
Working Fluid Supply System: A plastic tank (5 U.S gal) is installed on the top platform of the
test rig to store the process working fluid used for the test. The copper tubing is used for the fluid
inlet, fluid outlet supply lines and also to establish a connection between the fluid pressure sensor
and the pressurized seal chamber. The copper tubing is used in order to have better heat
dissipation of the heated fluid flowing in the tubes. Cast steel piping is used to make connections
in the flow lines connecting the pump suction and discharge to reservoir outlet and housing inlet
respectively. Cast steel piping is used to avoid any possible corrosion problems.
A 0.5 HP motor is connected to the pump shaft to drive the fluid pump located on the bottom
platform. Clean water used as a process fluid stored in the reservoir is pumped into the seal
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chamber through the water inlet port, flows around the shaft and O-ring in the seal chamber and
leaves the housing through the water outlet ports located on the surface of the chamber.

Figure 16: Schematic of the subsystems on the O-ring seal test rig (OSTR)
To achieve control over the flow velocity and pressure of the pumped process fluid circulating in
the flow lines, a large number of valves are fitted in between the respective piping and tubing
lines. The fluid inlet valve is used to control the fluid flow velocity and mass flow rate of the
fluid entering into the seal chamber. The bypass valve is used to control and adjust the required
pressure to be maintained into the housing and across the O-ring. A safety check valve with 100
psi pressure limit is connected closer to the pump discharge which directs the over pressurized
fluid back to the main reservoir maintaining lower system pressures for safety operation.
A tin channel located on the top platform beneath the seal chamber in between the two
linear bearings is used to collect the working fluid remaining in the chamber after the test and
directs the fluid to the smaller reservoir (2 gal). The collection channel is not fixed and is slid
between the linear bearings to allow ease of installation and removal.
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Instrumentation and Data Monitoring System: A wide variety of instruments installed on the
test rig are used to monitor and analyze the data obtained during the testing process. A flush
diaphragm type pressure sensor is connected to the working fluid side of the housing chamber to
measure the pressure maintained across the O-ring. A solid state pressure transducer is connected
to the other side of the housing chamber to analyze the pressure of the fluid pressurizing the Oring seal from the other end (this sensor is used only under certain testing modes). Two rod Ktype thermocouples are inserted into the holes drilled closer to the O-ring groove to measure the
temperatures occurring close to the O-ring tip. A remote optical sensor (ROS) is installed at 45°
to the rotating shaft to measure and record the speed of the shaft rotation. A hand held
tachometer can be used to crosscheck the speed reading obtained from the drive and the ROS.
Electrical signals from all the sensors on the rig are converted into readable and analyzable
digital data through the data acquisition (DAQ) system located on the instrumentation table on
the rig. The data is read, recorded and displayed on the computer screen by PDAQXL
application fed into the computer. A leakage measuring chamber is connected on the surface of
the housing by a double threaded NPT connector in order to measure the leakage past the O-ring
seal (only under certain testing conditions).
Alignment Indicators and Vibration Control: To achieve better vibration stability on the rig
during the testing process, a wide variety of arrangements are made on the rig. A robust stress
relieved and grounded steel platform is used to mount all the sub components on the rig. The
complete rig is mounted on the vibration absorbing stand which absorbs the vibration produced
on the rig up to a maximum possible extent.
Control Switches: The emergency stop switch on the test rig allows to immediately stopping the
functioning of all the sub components on the test rig by disconnecting the power supply on the
rig in cases of emergency.
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3.4 Experimental Testing Procedure on an O-ring Test Rig
The newly developed O-ring seal test rig (OSTR) is capable of testing O-ring seals under various
combinations of sliding velocity and pressure differentials. It is of primary concern to follow a
consistent testing procedure to test O-ring seals correctly by following necessary safety
precautions.
The O-ring seal to be tested (material and O-ring dimensions) should be decided before
configuring the test set-up. Buna-N with standard dimensions was chosen as the test specimen
due to its wide application in oil and gas industries. The seal chamber, piston shaft and process
fluid should be maintained at room temperature before a new test is conducted. The housing
chamber, piston shaft and O-ring groove should be properly cleaned to eliminate abrasives or
any hard particles present in the housing. Brush sufficient O-ring silicone lubricant (semi solid
grease) on the outer surface of the piston shaft. Install the test O-ring specimen in the groove
present in the inner bore of the housing. Make sure the O-ring is not in the damaged condition
due to improper installation in the gland. Place the housing on the linear bearings and slide it
towards the stationary piston-shaft until the open end face of the housing chamber is co-planar
with one end of the piston. Lock the housing chamber by inserting two aluminum lock nuts in the
holes made in the linear bearings to arrest the seal chamber from moving under higher chamber
pressures. Connect the process fluid inlet, exit and pressure sensor line to respective ports drilled
on the surface of the seal chamber. Make sure all the tubing and piping connections are properly
connected to avoid any leakage during the testing process. Add sufficient water to the reservoir
located on the top platform of the rig. Open the reservoir exit valve and allow the water to flow
in the pump mounted on the bottom platform. Make several revolutions of the pump shaft to
completely fill the pump casing with the test process fluid. Add any additional lubricant in the
lubricant port located on the surface of the seal chamber. Check if the thermocouples, pressure
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sensor and the remote optical sensor connections are properly made to the analog and digital
channels on the DAQ board. Insert the thermocouples in the holes drilled circumferentially
around the surface of the seal chamber above the O-ring groove. Allow power to the seal test rig
and the computer system. Turn on the frequency drive and set the desired speed (shaft rotation).
Before allowing power to the pump check to see if the bypass valve is open and the housing inlet
line is completely closed. Allow power to the pump and immediately adjust the bypass valve
such that the desired pressure is obtained across in the seal chamber. In the PDAQView software
application make sure the thermocouples read the room temperature and the pressure sensor
reads the desired pressure set in the seal chamber. Run the VFD and simultaneously enable the
GO tab on the PDAQView software to start recording the instruments. Run the test for two hours
after the measured temperature readings reach the steady state condition. After the steady state is
reached, turn off the pump and stop the shaft rotation by controlling the drive. Also stop
recording the readings on the software and save the file in a desired location. After the test,
slowly disassemble the shaft and the seal chamber by following the correct procedure. Clean any
process fluid that spills on the test rig during the chamber disassembly process to avoid corrosion
problems.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 Experimental Test Results
In this thesis we report the results of the tests conducted in two sets of operating pressure
conditions. The first set focuses mainly on the tests carried out at peripheral sliding velocity of
0.266 m/s (100 rpm), 0.798 m/s (300 rpm), 1.329 m/s (500 rpm), 1.862 m/s (700 rpm) and 2.393
m/s (900 rpm) with pressure differential of 0.068 MPa (10 psi) maintained across the O-ring seal.
Tests conducted in the second set emphasize mainly on the tests carried out at similar sliding
velocity conditions but with a relatively higher pressure differential of 0.172 MPa (25 psi) across
the seal. The temperatures occurring close to the O-ring tip are measured and temperature curves
are recorded experimentally for each test conducted.
Table 9 presents the summary of the tests conducted with specific set of boundary conditions.
Table 9: Summary of the tests conducted on the O-ring Seal Test Rig
Test No.

Specimen

Sliding Velocity (m/s)

Differential Pressure (∆P)

Test 1

AS568A227-BunaN

0.266 m/s (100 rpm)

0.068 MPa

Test 2

AS568A227-BunaN

0.798 m/s (300 rpm)

0.068 MPa

Test 3

AS568A227-BunaN

1.329 m/s (500 rpm)

0.068 MPa

Test 4

AS568A227-BunaN

1.862 m/s (700 rpm)

0.068 MPa

Test 5

AS568A227-BunaN

2.393 m/s (900 rpm)

0.068 MPa

Test 6

AS568A227-BunaN

0.266 m/s (100 rpm)

0.172 MPa

Test 7

AS568A227-BunaN

0.798 m/s (300 rpm)

0.172 MPa

Test 8

AS568A227-BunaN

1.329 m/s (500 rpm)

0.172 MPa

Test 9

AS568A227-BunaN

1.862 m/s (700 rpm)

0.172 MPa

Test 10

AS568A227-BunaN

2.393 m/s (900 rpm)

0.172 MPa
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The sliding time is represented on the X-axis and the rise in temperature is measured on the Yaxis. The temperature curves presented represent the average of the temperatures obtained by
two thermocouples placed around the O-ring groove. All the tests conducted are run for a
minimum of 240 minutes to ensure the steady state temperatures are reached. Test-1 to Test-5
represents the tests carried at operating differential pressure of 0.068 MPa (10 psi). The Test-6 to
Test-10 is representative of the tests conducted at higher operating differential pressure of 0.172
MPa (25 psi).

Test -1

Figure 17: Experimentally measured temperature curve at 0.266 m/s with 0.068 MPa
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Test -2

Figure 18: Experimentally measured temperature curve at 0.798 m/s with 0.068 MPa

Test -3

Figure 19: Experimentally measured temperature curve at 1.329 m/s with 0.068 MPa
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Test -4

Figure 20: Experimentally measured temperature curve at 1.862 m/s with 0.068 MPa

Test -5

Figure 21: Experimentally measured temperature curve at 2.393 m/s with 0.068 MPa
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Test -6

Figure 22: Experimentally measured temperature curve at 0.266 m/s with 0.172 MPa

Test -7

Figure 23: Experimentally measured temperature curve at 0.798 m/s with 0.172 MPa
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Test -8

Figure 24: Experimentally measured temperature curve at 1.329 m/s with 0.172 MPa

Test -9

Figure 25: Experimentally measured temperature curve at 1.862 m/s with 0.172 MPa
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Test -10

Figure 26: Experimentally measured temperature curve at 2.393 m/s with 0.172 MPa

4.2 Computational Model and Simulations
In order to analyze the heat transfer characteristics at interface between the O-ring seal and the
shaft, FLUENT, commercially available computational fluid dynamics (CFD) software is
employed. The coupled conduction and convection heat transfer in the seal chamber, rotating
shaft and the O-ring are simulated to investigate the heat transfer characteristics and to estimate
the local temperatures occurring at the contact. Specifically, we present the results of
temperatures obtained for various combinations of sliding velocities and pressure differentials.
The process fluid to be sealed is the water entering through inlet functions as a coolant as it flows
over the O-rings and circulates in the seal chamber around the shaft. The flow in the seal
chamber is assumed to be laminar and axisymmetric. For this purpose the Navier–Stokes and
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energy equations are solved simultaneously to numerically investigate the conjugate heat transfer
associated with laminar flow within the seal chamber around an O-ring seal.
Taking advantage of the axisymmetric property of the problem, a two-dimensional axisymmetric
model is set up using structured grids and solved implicitly by employing pressure based solver
using SIMPLE algorithm. Details regarding the solver and SIMPLE algorithm are available in
Anderson (1995), Patankar (1980), and Fletcher (1991).
Conservation of mass
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The flow boundary conditions for Navier-Stokes equations are
At the inlet I1
𝑢𝑧 = 𝑢𝑓𝑙𝑢𝑠 ℎ , 𝑢𝑟 = 0, 𝑢𝜃 = 0

where 𝑢𝑓𝑙𝑢𝑠 ℎ is the axial velocity of flush in m/s.
At the outlet boundary O1
𝑢𝑧 = 0

𝑎𝑛𝑑

At the surface of the rotating shaft
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𝜕𝑢𝑟
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𝑢𝑧 = 0, 𝑢𝑟 = 0, 𝑢𝜃 = 𝑢𝑝𝑖𝑠
Conservation of Energy
The energy equation for flow within housing chamber is
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Heat conduction in seal chamber
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Heat conduction in rotating shaft
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The energy equations are solved in both solid and liquid domain with the computational model
taking into account the heat generated between the interface of the rotating shaft and the
stationary O-ring seal, heat conduction into the O-ring, shaft, seal chamber and also accounting
for the heat convection into the surrounding fluid in the chamber.
Figure 27 presents the schematic of the model with the notations describing the boundary
conditions with the summary and the description of these boundary conditions presented in the
following Table 10. Faces F1 through F9 exchange heat to the surroundings by convection. A
velocity inlet boundary condition I1 is applied to the inlet and outflow boundary condition O1 is
applied to the outlet of the seal chamber as shown in Figure 27. The volume flow rate of the
process fluid entering into the housing is measured and the flow velocity is then estimated by
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considering the ratio of volume flow rate (m3/s) to the cross sectional area of the tube (m2). The
flow is initialized at the velocity inlet boundary condition (I1) by the estimated flush velocity
represented in Table 11. Heat generated due to the relative motion between the rotating shaft and
stationary O-ring seal at the dynamic interface HG in Figure 27 is estimated using the O-ring
friction power loss data obtained experimentally. The estimated heat generation at the contact
interface is inputted to the numerical code to interpret the temperatures occurring at the contact.
A rotating wall boundary condition with the known rotor speed is imposed on the surfaces of the
rotating piston-shaft.

Figure 27: Computational domain of the 2-D axisymmetric model in rz-plane
Table 10: List of boundary conditions
Boundary
Face I1
Face O1
Interface HG

Face - F1, F2, F3, F4
F5, F6, F7, F8, F9

Face - F10, F11

Type
velocity inlet

Condition
T∞ = 25 C

Description
flush inlet

outflow

flush outlet

interfacial wall

𝑘𝑠

𝜕𝑇𝑟

wall, convection to air

𝑘ℎ

𝜕𝑇ℎ
𝜕𝑟

𝜕𝑇𝑝

= Ei

interfacial region

= ℎ (𝑇𝑠 − 𝑇∞ )

convection to air

− 𝑘𝑝

𝜕𝑟

𝜕𝑟

𝑢𝜃 = 𝑢𝑝𝑖𝑠

wall, rotating wall
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rotating shaft wall

Table 11: Details of the inputs for the numerical code
parameter
property
u
flush inlet velocity
Ta
h
uθ

ambient temperature
convection coefficient
shaft speed

model input values
1.1 m/s (0.068 MPa ),
2.0 m/s (0.172 MPa )
25°C
8 W/m2C
100, 300, 500, 700 and 900 rpm

The material properties for various materials used in the numerical analysis are presented in
Table 12.
Table 12: List of material properties (at 25°C)
ρ (kg/m3)

cp (J/kg-C)

0.145

920

1845

water

0.6

998

4182

O-ring ( NBR)

0.43

1460

2000

shaft (carbon steel)

50

7080

475

16.5

8030

502.4

k (W/m-C)
lubricant (silicone grease)

seal chamber (stainless steel)

4.3 Interfacial Heat Calculations and Temperature Contours
The estimation of heat generation plays an important role in achieving the O-ring contact
temperatures. The heat generation values estimated is given as an input to the numerically
developed CFD code to estimate the O-ring interfacial temperatures and to generate the
temperature contours in the domain of interest. The power consumed by the O-ring seal to
overcome the friction existing at the interface is obtained experimentally. The frequency drive
which is wired to the AC induction motor on the top platform of the rig has the ability to
estimate the power and torque consumed (friction torque) during the test. These results of power
and torque estimated by the drive are exported to the Mint Workbench software installed into the
computer. The obtained results of O-ring power are used to estimate the heat generation existing
at the interface.
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Calculation for interfacial heat generation

Figure 28 presents the O-ring seal with a small assumed heat generation volume. The heat
generation gap with high thermal conductivity is assumed to be at the interface between the seal
and the piston-shaft. The thickness of the heat generation gap (H) is assumed to be 0.0001
meters.
Here, L= length of the contact=0.003meters (3 mm)
H=thickness of the gap=0.0001meters (0.1mm)
R= radial distance to sliding surface=0.026809 meters (26.809 mm)

Figure 28: O-ring seal and heat generation volume
Volume: π R2 L-π r2 L
here R=(r+H)
Therefore replacing ―R‖ by (r+H) gives:
Volume = π (r+H)2 L-π r2 L
= π (r2+H2+2rH) L-π r2 L
= π L r2+ π L H2+ π 2rH L - π r2 L
= π L H2+ π 2rH L
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Volume: π L H (H+2r)
V= π. (0.003) (0.0001) (0.0001+2 (0.026809)) m3
V= 5.06024E-08 m3
The heat generation Ei (W/m3) is estimated by considering the ratio of O-ring friction power
(Watts) consumed for corresponding test with specific design conditions and the estimated heat
generation volume.
Heat Generation ( Ei ) =

P (Watts)
Heat Generation Volume (m3 )

The Table 13 presents the heat generation in W/m3 for each test conducted with various sliding
velocities at operating pressure differential of 0.068 MPa. It is observed that the heat generation
increases with increase in peripheral sliding velocity. The highest value of heat generation
(2.57x109 W/m3) is attained for Test-5 with sliding velocity of 2.393 m/s at operating pressure
differential of 0.068 MPa.
Table 13: Heat generation calculations for tests conducted at 0.068 MPa

Test No.

Test-1
Test-2
Test-3
Test-4

O-ring Friction

Heat Generation Ei

Power, Nol (W)

(W/m3)
3.95 x108

20

9.88 x108

50

1.48 x109

75

1.88 x109

95

2.57 x109

Test-5
130
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The Table 14 presents the heat generation values in W/m3 for each test conducted at various
sliding velocities with operating pressure differential of 0.172 MPa.
Table 14: Heat generation calculations for tests conducted at 0.172 MPa

Heat Generation

Test No.
O-ring Friction

(W/m3)

Power, Nol (W)
Test-6
Test-7
Test-8
Test-9
Test-10

5.93 x108

30

1.19 x109

60
105
135
150

2.08 x109
2.67 x109
2.96 x109

For the tests conducted at operating pressure differential of 0.172 MPa, the highest value of heat
generation (2.96 x109 W/m3) is attained for Test-10 with the highest sliding velocity of 2.39 m/s.
Temperature Contours
The temperature contours generated by FLUENT at the vicinity of the O-ring seal for each test
with various combination of operating conditions are presented. Here, the temperatures at level 1
represent the numerically estimated temperatures at the experimentally measured location. The
temperatures at level 10, 11 are representative of the temperatures occurring at the contact
interface.
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Test -1

Level
1
2
3
4
5
6
7

T (°C)
31
31.8
32.2
32.6
33
33.4
33.8

Level
8
9
10
11
12
13
14

T (°C)
34.2
34.6
35
35
34.6
34.2
33.8

Figure 29: Numerical temperature contours at 0.266 m/s with 0.068 MPa
Test
Condition
0.266 m/s
0.068 MPa

Experimental
Temperature (°C)
30.5

Numerical
Temperature (°C)
31

Interfacial
Temperature (°C)
35

Test -2
Level
1
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Figure 30: Numerical temperature contours at 0.798 m/s with 0.068 MPa
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Figure 31: Numerical temperature contours at 1.329 m/s with 0.068 MPa
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Figure 32: Numerical temperature contours at 1.862 m/s with 0.068 MPa
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Figure 33: Numerical temperature contours at 2.393 m/s with 0.068 MPa
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Figure 34: Numerical temperature contours at 0.266 m/s with 0.172 MPa
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Figure 35: Numerical temperature contours at 0.798 m/s with 0.172 MPa
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Figure 36: Numerical temperature contours at 1.329 m/s with 0.172 MPa
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Figure 37: Numerical temperature contours at1.862 m/s with 0.172 MPa
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Figure 38: Numerical temperature contours at 2.393 m/s with 0.172 MPa
Test
Condition
2.393 m/s
0.172 MPa

Experimental
Temperature (°C)
57.9

Numerical
Temperature (°C)
54

62

Interfacial
Temperature (°C)
81

4.4 Analysis of Results


Effect of Sliding Velocity and Pressure Differential

Of many other factors like the seal material, shaft material, type of working fluid, ambient
temperatures, lubrication and contamination, the shaft sliding velocity and operating pressure
differential across the O-ring greatly influence the functioning of the rotary O-rings. According
to Dareing (1980), the rate at which the heat is generated at the contact interface is directly
proportional to the shaft sliding speed and friction torque at the interface. The high rate of heat
generation due to higher shaft speeds gives rise to increased temperatures due to high abrasion
and wear at the interface. The frictional torque existing at the contact depends directly on the
frictional force due to pressure differential maintained across the O-ring seal. The investigation
on the effect of sliding velocity and operating pressure differential on the influence of O-ring
power loss, friction torque and contact temperatures are presented.

4.4.1 Influence on Friction Power Loss
The amount of power loss expended on O-ring friction is equally important in determining
efficient functioning of the seal. According to Yeaple, 1996, the frictional drag of a typical lip
seal dissipates about 40 W and if these losses are multiplied by millions of seals considering the
vehicles on road and off the road, approximately 5 billion gallons of fuel is annually spent just to
overcome the frictional drag which is roughly the oil output of Venezuela and Kuwait for 2
weeks. Therefore, O-rings being the primary friction elements contribute considerably to the
power expended on friction compared to other shaft lip seals. Generally, the power expended on
the seal friction depends on numerous factors such as the diameter of the shaft, design of the
seal, viscosity of lubricant, shaft speed, pressure differential and the area of contact. Of these
factors the sliding velocity and pressure differential across O-rings greatly influence the power
loss. Moreover, the power loss expended on O-ring friction greatly contributes in influencing the
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temperatures generated across the seal causing O-ring material to soften and loose its strength.
With increase in the power consumption, the rate of dissipation of mechanical energy into heat
energy raises the temperature of the O-ring seal and shaft in contact. Generally the O-ring seals
operate with pressure differential across them with a relatively larger area of contact under the
boundary lubrication mode.
In order to estimate the power consumed to overcome the frictional torque at the dynamic
interface, a PLC programmable drive is wired to the motor which measures and records the
power drawn for each test at various operating conditions. Here, the no-load power loss Nnl is
determined at various shaft speeds by accounting solely for the mechanical losses due to friction
in the ball bearings and other mechanical elements on the rig. The total system power loss N tl is
obtained for each test under loaded conditions of pressure differential and sliding velocity. For a
corresponding test, the power loss expended on O-ring friction Nol is determined by subtracting
the no-load power loss Nnl from the total system power loss Ntl by considering the Eq. (1).
Nol = Ntl - Nnl

(1)

Similar technique to determine the power loss expended on disk friction in mechanical seals is
employed by Mel’nik, 2004.


Analyzing Friction Power Loss at ∆P=0.068 MPa

Figure 39 presents the variation of O-ring friction power with various sliding velocity conditions
at operating pressure differential of 0.068 MPa. It is observed that the O-ring friction power
nearly linearly increases with increase in peripheral sliding velocity. Figure 39 reveals that the
power increases with a minimum of 20 Watts at 0.266 m/s to a maximum of 130 Watts at 2.393
m/s for the tests carried out with pressure differential of 0.068 MPa. A similar linear dependence
in power loss with shaft rotational speed is observed in elastomer radial lip seals tested by
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Maoui, 2008 and in face seal and double mechanical seal by Domashnev, 1972 and Mel’nik,
2004, respectively. Similar variation in power loss is observed in testes conducted on various
contacting seals by Proctor and Delgado (2004, 2006).

Figure 39: O-ring friction power as a function of peripheral sliding speed at 0.068 MPa
Table 15: Details of the power loss data obtained experimentally at 0.068 MPa
No-Load

Total Power

O-ring Friction

Power, Nnl (W)

Loss, Ntl (W)

Power, Nol (W)

Test-1

40

60

20

Test-2

80

130

50

Test-3

110

185

75

Test-4

130

225

95

Test-5

135

265

130

Test No.

Typical values of the O-ring power loss data for various surface speeds at 0.068 MPa operating
pressure is presented in Table 15. Greater surface speed creates more continuous friction and this
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in turn consumes more power. Therefore, the power consumption at higher sliding velocities is
higher. For example, the O-ring power consumption at sliding velocity of 0.266 m/s is 20 Watts,
it increases by 30 Watts when the sliding velocity is tripled (0.798 m/s).

Figure 40: Friction power as a function of peripheral sliding speed at 0.068 MPa
Figure 40 presents a comparison of the O-ring friction power loss with the total system power
loss and no-load power loss at 0.068 MPa. It is observed that the total system power loss is
relatively much higher than the power loss due to an O-ring. This is because of the additional
friction in the ball bearings and mechanical elements present on the rig. It is also observed that
the O-ring power loss is lesser than the no-load power loss. This is because of the relatively
lower differential pressure across the O-ring. However, the O-ring power considerably rises with
further increase in design operating conditions to which the O-ring specimen is subjected.


Analyzing Friction Power Loss at ∆P=0.172 MPa

Figure 41 presents the variation of O-ring friction power with various surface speeds at operating
pressure differential of 0.172 MPa. Similar linear variance of O-ring friction power with surface
speed is observed at 0.172 MPa as in 0.068 MPa. Increase in surface speed increases the
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frequency of piston rubbing against the O-ring. This increases the contact friction and thereby
consumes more power to overcome higher friction at greater speeds. For example, the O-ring

Figure 41: O-ring friction power as a function of peripheral sliding speed at 0.172 MPa
power consumption at sliding velocity of 0.266 m/s is 30 Watts, power consumption increases
by 30 Watts when the sliding velocity is tripled (0.798 m/s). The power varies with a minimum
of 30 Watts at 0.266 m/s to a maximum of 150 Watts at 2.393 m/s for the tests conducted with
pressure differential of 0.172 MPa. Typical values of the O-ring power loss data for various
surface speeds at 0.172 MPa operating pressure are presented in Table 16.
Table 16: Details of the power loss data obtained experimentally at 0.172 MPa
No-Load

Total Power

O-ring Friction

Power, Nnl (W)

Loss, Ntl (W)

Power, Nol (W)

Test-6

40

70

30

Test-7

80

140

60

Test-8

110

215

105

Test-9

130

265

135

Test-10

135

285

150

Test No.
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Figure 42 presents a comparison between the O-ring friction power loss with the total system
power loss and the no-load power loss at 0.172 MPa. The total friction power loss is observed to
be much greater than the O-ring power loss because of the additional friction other than the Oring friction.

Figure 42: Friction power as a function of peripheral sliding speed at 0.172 MPa
The power loss in all the cases nearly follows the linearly increasing trend. It is also observed
that the O-ring power loss is slightly lesser at the beginning and increases gradually with the noload power loss. O-ring power loss considerably rises to the no-load power loss at higher
operating differential pressures.


Comparison of O-ring Power Loss at 0.068 MPa And 0.172 MPa
Figure 43 primarily focuses on the comparison of O-ring friction power loss at two different sets
of operating pressure conditions (0.068 MPa with 0.172 MPa). It is previously discussed that the
power consumption increases with increase in sliding velocity for the tests carried out at
operating pressures of both 0.068 MPa (Figures 39) and 0.172 MPa (Figures 41). Figure 43
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reveals that the O-ring friction power curve for 0.172 MPa lies completely above the 0.068 MPa
power curve. Therefore, it is observed that the power loss expended on O-ring friction not only
increases with sliding velocity but also increases with pressure gradient maintained across the Oring. For example, the power loss expended on O-ring friction for a sliding velocity of 0.266 m/s
at 0.068 MPa is 20 W, the power loss increases by 10 W when the pressure differential is
increased to 0.172 MPa with similar sliding velocity condition. The highest O-ring power loss
(150 W) is observed at maximum operating condition of 2.393 m/s at 0.172 MPa.

Figure 43: O-ring friction power at various sliding speeds with pressure differential pressure of
0.068 MPa and 0.172 MPa

4.4.2 Influence on Frictional Torque
The torque required to overcome the O-ring friction existing at the interface is calculated by the
following Eq. (2) by considering the corresponding values of power (watts) and the shaft speed
(rpm) obtained for corresponding test.
T=

P (60)
2πN

N.m
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(2)



Analyzing Friction Torque at ∆P=0.068MPa

Figure 44 presents the variation of O-ring friction torque with varying surface speeds at
operating pressure differential of 0.068 MPa.

Figure 44: O-ring friction torque as a function of peripheral sliding speed at 0.068 MPa
It shows that the friction torque demands relatively higher values at lower sliding speeds. This
can be attributed to poor lubrication at the contact junction at lower speeds, promoting excessive
wear of the O-ring seal with higher dominant values of friction force which consequently
diminishes the performance life of the seal (Bisztray, 1999). Results presented by Goerres, 2000
also reveal that the friction torque at lower surface speed attains higher values and then
significantly drops with surface speed until reaching a position after which it almost remains
unchanged with sliding speed. Similar observations were found in experiments and simulations
performed by Plath, 2005. The torque drops gradually with rise in shaft speed. For example, the
torque value for sliding speed of 0.266 m/s at 0.068 MPa is 1.910 N.m, the torque significantly
drops to 1.592 N.m when the sliding speed is tripled (0.798 m/s). Similar variation in torque
curves with shaft speed was observed in the experiments conducted by Ludwig, 1969.
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The details of the typical torque values obtained for various surface speeds at 0.068 MPa are
presented in the Table 17. Here the no-load torque Tnl is the torque required to overcome solely
the friction in the bearing and other mechanical elements on the rig. The total friction torque (Ttl)
is the torque consumed under loaded test conditions of sliding velocity and pressure differential.
The O-ring friction (Tol) is the torque required to overcome solely the O-ring friction.
Table 17: Details of the friction torque values at operating pressure differential of 0.068 MPa
No-Load

Total Friction

O-ring Friction

Torque, Tnl (N.m)

Torque, Ttl (N.m)

Torque, Tol (N.m)

Test-1

3.821

5.732

1.910

Test-2

2.547

4.140

1.592

Test-3

2.101

3.535

1.433

Test-4

1.774

3.070

1.296

Test-5

1.433

2.813

1.380

Test No.

Figure 45: Friction torque as a function of peripheral sliding speed at 0.068 MPa
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Figure 45 presents a comparison between the O-ring friction torque with the total system torque
and the no-load torque. It is observed that the total system torque is relatively greater than the Oring friction torque and follows a similar decreasing trend with the increase in surface speed. It is
observed that the O-ring friction torque curve completely lies below the no-load torque curve at
0.068 MPa. This is because the pressure differential across the O-ring seal is lower, which in turn
consumes less power and lesser torque to overcome the existing O-ring friction.


Analyzing Friction Torque at ∆P=0.172MPa

Figure 46 presents the variation of O-ring friction torque with various surface speeds at 0.172
MPa. Sliding velocity in m/s is represented on the X-asis and the O-ring friction torque is shown
on the Y-axis.

Figure 46: O-ring friction torque as a function of peripheral sliding speed at 0.172 MPa
Similar trend of drop in torque with shaft speed is observed at 0.172 MPa with attaining a
maximum value of approximately 2.866 N.m at minimum sliding speed condition (0.266 m/s)
and a minimum torque of 1.592 N.m is obtained at a highest sliding speed (2.393 m/s). Further
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details of typical values of torque obtained at various surface speeds at 0.172 MPa are presented
in Table 18.
Table 18: Details of the friction torque values at operating pressure differential of 0.172 MPa
No-Load

Total Friction

O-ring Friction

Torque, Ttl (N.m)

Torque, Tol (N.m)

Test-6

Torque, Tnl
(N.m)
3.821

6.709

2.866

Test-7

2.547

4.472

1.910

Test-8

2.101

4.121

2.006

Test-9

1.774

3.628

1.842

Test-10

1.433

3.035

1.592

Test No.

Figure 47 presents a comparison between the O-ring friction torque with the total system torque
and no-load torque at 0.172 MPa. It is observed that the total system torque always remains
greater than the O-ring torque. The O-ring torque curve initially lies beneath the no-load curve
and gradually rises with equaling the no-load curve at relatively higher surface speeds. However,
the O-ring torque considerably increases with further increase in the operating conditions.

Figure 47: Friction torque as a function of peripheral sliding speed at 0.172 MPa
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Comparison of O-ring Frictional Torque at 0.068 MPa and 0.172 MPa

Figure 48 reveals that the torque curve for the tests carried out at 0.172 MPa lies completely
above the torque curve at 0.068 MPa. Since with an increase in the pressure gradient across the
O-ring, proportionally increases the normal load onto the shaft due to elastic nature of O-ring.
This in turn increases the frictional force at the contact. To account for this behavior, for example
Dareing, (1980) assumed that the contact pressure (Pc) is equal to the pressure gradient (ΔP)
maintained across the seal. Experience has shown that seals undergo essentially no wear due to
hydrostatic pressure and the seal wear is directly related to the pressure gradient maintained
across the seal (Dareing, 1980). It is therefore assumed that the torque consumed at higher Oring pressure differential is higher. For example, the torque for operating conditions of 0.266 m/s
at 0.172 MPa is 2.866 N.m. For a similar sliding speed but at relatively lower pressure of 0.068
MPa the torque drops to 1.91 N.m.

Figure 48: O-ring friction torque at various sliding speeds with pressure differential pressure of
0.068 MPa and 0.172 MPa
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Figure 48 also reveals that the major portion of the no-load torque curve lies above the 0.172
MPa curve, this shows that the no-load torque is considerably more than the torque expended on
O-ring friction at 0.172 MPa.
Similar experiments conducted by Goerres, (2000) also show that higher differential pressures
demand greater torque. Experiments focusing on similar criteria in an O-ring sealing a
reciprocating shaft show that the the friction force considerably increased as expected with the
increase in pressure differential (Stolarski, 1996). According to Stolarski, (1996), this increase in
friction force is related to the increase in contact area between the seal and the shaft as a result of
inevitable seal extrusion due to the pressure differential with increases the area of contact. It is
therefore known that frictional force attains quite high values at higher pressures. Similarly,
Bisztray, (1999) observed that by elevating the operating pressure across the O-ring seal, the
sealing pressure and the squeeze force automatically increased as on high pressures elastomeric
materials behave like high viscosity fluids. This behavior in the sudden friction force change
indicates fast deterioration in the lubrication conditions between the O-ring and the rotating shaft
surface.

4.4.3 Influence on O-ring Temperatures


Effect of Sliding Velocity on Temperature Rise
The sliding velocity imposed at the contact interface plays a predominant role in generating high
interfacial temperatures. The outer element of the shaft continuously rubs against the inner
element of the O-ring generating high frictional heat at the contact junction. The rate of
dissipation of interfacial generated heat through the bulk rubber slows down the diffusion
process due to the poor thermal conductivity property of rubber, thus accumulating more heat at
the interface contributing to reduced O-ring life due to thermal damage.
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Figure 49 presents a series of experimental temperature curves for various sliding velocities to
emphasize the role of sliding velocity in influencing the temperatures across the O-ring at
operating pressure differentials of 0.068 MPa and 0.172 MPa. The temperatures are measured by
placing two thermocouples as close as 0.61 mm to the outer element of the O-ring as shown in
Figure 49. The temperature curves in Figure 49 reveal that the temperatures instantaneously rose
at the beginning phase of the test and gradually tend to reach steady state with sliding time.
Figure 49 reveals that the initial transient temperatures sharply rose at a maximum sliding
velocity of 2.393 m/s in both the cases. This high energy dissipation is responsible to heat the Oring and the shaft in contact. Therefore, it is observed that relatively higher steady state
temperatures are observed in cases of tests with higher sliding speeds.

Figure 49: Temperature curves measured around the O-ring tip for various shaft speeds
For example, the steady state temperature for sliding velocity of 0.266 m/s at 0.068 MPa is
30.5°C, the temperature increases by 4.5°C when the sliding velocity is tripled. A maximum
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temperature of approximately 51°C is reached for a highest sliding velocity of 2.393 m/s at 0.068
MPa. Similar variation of increase in temperature with sliding velocity is observed for the tests
carried out at 0.172 MPa. A maximum temperature of approximately 57.9°C is obtained for a
sliding velocity of 2.393 m/s at 0.172 MPa. Higher sliding velocities causes high rate of
temperature rise at the contact region which results in significant effects taking place at the micro
level such as the Gow-Joule effect in case of the elastomers (Ludwig, 1969). The Gow-Joule
effect is the ability of the elastomers to contract (shrink) in tension under high temperatures.
These high temperatures induces tension in the lip of the seal thereby exerting radial force
against the shaft, increasing the magnitude of tension induced by radial force contributing greatly
to a sudden unpredictable failure of the seal ring (Ludwig, 1969). Accoring to Dareing, (1980)
sliding friction can produce a significant rise in temperature across the seal assembly, great
enough to deteriorate the seal material and cause premature seal failure and that the life
expectancy of rotary seals in downhole motors depends on the temperature generated by sliding
friction.


Effect of Operating Differential Pressure on Temperature Rise
Applications involving rotary seals reveal that the contribution of heat at the interface is not only
due to the sliding velocity but also due to the pressure differential maintained across the seal
(Dareing, 1980). Therefore, an increase in pressure differential across the O-ring cause
proportional increase in the normal force acting perpendicular to the contact interface thereby
increasing the frictional torque at the contact (Bisztray, 1999).
Figure 50 shows a series of temperature results presented at similar sliding velocities at pressure
differential of 0.068 MPa and 0.172 MPa to enunciate the influence of pressure differential in
increasing temperatures across the O-ring.
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Figure 50: Experimentally measured temperature curves at various operating conditions
The results show that the temperatures for all the cases remain greater for relatively higher
pressure differentials. For example, at sliding velocity of 0.266 m/s, an average steady state
temperature of approximately 30.5°C is reached at 0.068 MPa, the temperature increases by
approximately 4.8°C when the operating pressure is increased to 0.172 MPa. Further, the
difference between steady state temperatures obtained at 0.068 MPa and 0.172 MPa increase
with increase in shaft sliding speed. Therefore, it is observed that operating pressure differential
greatly influence the temperatures across O-ring seals. Also, it is clear that the temperatures
greatly increase with increase in operating pressure differential and sliding velocity.
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Analyzing O-ring Temperatures at ∆P=0.068MPa

A comparison of the temperatures measured experimentally and those estimated numerically at
the same location for the tests conducted at operating differential pressure of 0.068 MPa is
presented in Figure 51.

Figure 51: Comparison of experimental temperatures with numerical predictions at 0.068 MPa
It is observed that the numerical temperatures yield comparatively higher values than
experimental temperatures at the same location.
It is well known that the temperatures occurring at the dynamic interface are relatively greater
than those measured experimentally. Figure 52 presents the variation of experimental
temperatures and the temperatures occurring at the contact. There exists a large deviation
between the experimental temperatures and contact temperatures. This is because the
experimental temperatures are measured at a distance of 0.61 mm from the outer element of the
O-ring seal and contact temperatures represent the temperatures occurring at the interface
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between the O-ring and the shaft. The temperatures occurring at the contact interface are
practically difficult to measure because of the existing dynamic contact.
It is well known that the maximum temperatures in the system occur at the epicenter of heat
generation domain, i.e at the contact interface between the O-ring and the shaft. Therefore, the
temperatures occurring at the contact interface are numerically estimated by using the O-ring
frictional power loss data as an input to the numerical code developed in FLUENT (As discussed
in the chapter 4.2).

Figure 52: Contact temperatures and experimental temperatures at 0.068 MPa


Analyzing O-ring Temperatures at ∆P=0.172MPa
In case of 0.172 MPa the experimental results yield relatively higher values when compared to
numerically obtained temperatures (Fig. 53). There exists a small error between the experimental
and theoretical correlation.
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Figure 53: Comparison of experimental temperatures with numerical predictions at 0.172 MPa

Figure 54: Contact temperatures and experimental temperatures at 0.172 MPa
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Contact temperatures at 0.068 MPa and 0.172 MPa
It is well known that the temperatures occurring at the contact between the O-ring and the shaft
are much greater than those measured experimentally. Figure 55 presents the temperatures
numerically estimated to occur at the contact for both 0.068 MPa and 0.172 MPa. At 0.068 MPa,
the contact temperatures vary from a minimum of 35°C at 0.266 m/s to a maximum of 76°C at
2.393 m/s. Similarly at 0.172 MPa, the temperatures vary from a minimum of 38°C at 0.266 m/s
to a maximum of 81°C at 2.393 m/s at the contact interface. Generation of excessively high local
interfacial temperatures can reduce the strength of the seal material and is one possible cause of
failure initiation in rotary seals (Dareing, 1980).

Figure 55: Contact temperatures at various differential pressures and sliding velocities
It is also observed that the contact temperatures at 0.172 MPa remain significantly higher than to
those obtained at 0.068 MPa. Therefore, it is observed that the temperatures across the O-rings
are greatly influenced by pressure differentials and shaft surface speeds. Further, the difference
between the contact temperatures is found to increase with sliding speed and operating pressure
differential.
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CHAPTER 5 CONCLUSIONS
In this work, experimentally and theoretically obtained results are presented that quantify the
influence of sliding velocity and operating pressures in influencing the power loss, friction
torque and contact temperatures in NBR O-ring seals. The experimental temperatures around the
O-ring tip for corresponding tests are presented. The average values of total power dissipated by
the system is experimentally monitored and recorded. The O-ring seal power loss is estimated by
accounting for the no-load power loss of the system. The corresponding values of O-ring friction
torque is determined by using the O-ring power data by applying suitable relations. The O-ring
friction power loss data obtained is used as an input to the numerical code to solve the heat
transfer problem and to estimate the temperatures occurring at the contact interface.
Comparative studies of the results obtained in both pressure sets (0.068 MPa, 0.172 MPa)
are presented. The results reveal that the O-ring power loss nearly linearly increases with sliding
speed in both the cases. Moreover, it is shown that the O-ring power loss is significantly high at
relatively higher operating pressure differentials. It is also observed that the friction torques
initially drops significantly with increase in sliding speed and remains nearly unchanged with
further increase in shaft speed. Results also reveal that the friction torque at relatively higher
pressure differential is greater. The temperature results obtained experimentally and numerically
show a pronounced rise with sliding velocity. Further, it is observed that higher temperatures are
attained with relatively higher operating pressure differential across the O-ring.
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CHAPTER 6 FUTURE RESEARCH
The following new areas can be explored for future research on the OSTR:
1. Build a new housing and piston arrangement having the ability to test O-ring seals of
large diameter and cross section.
2. The test rig should be made more compatible to withstand much higher pressures in order
to better evaluate the effect of higher pressure gradient and withstand higher system
temperatures.
3. Further tests should be conducted by using different working fluids as process fluids
which are compatible with the O-ring seal such as oil, slurry with ash content to evaluate
the performance of the O-ring seal in contaminated environment.
4. Harder O-rings of different materials like viton , kalrez , EPDM and silicon should be
tested to evaluate their performance in different working fluid environments.
5. O-rings other than the standard 70 durometer should be tested to evaluate the
performance of harder O-rings.
6. O-rings should be tested at temperatures higher than room temperature by making certain
arrangements by using or fitting band heaters on the surface of the housing to increase the
temperatures of the ambient.
7. Further, customized industrial O-rings such as grafoil rings and anti-friction rings (self
lubricated rings) should be tested which exhibit comparatively very low friction due to
their smooth nature.
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APPENDIX-A COMPATIBILITY OF TESTING AND OPERATING PROCEDURE ON
THE NEW O-RING SEAL TEST RIG
The mobile O-ring seal test rig located in Dept. of Mechanical Engineering, Center for Rotating
Machinery (CeRoM), Patrick F. Taylor Hall, Louisiana State University can be used to test
1. O-ring seals of various hardness and dimensions.
2. O-ring seals of various materials like Viton, Buna-N and EPDM etc.
3. Test O-ring under variable operating temperatures and pressure ranges.
4. Test the O-ring seal with various compatible working fluids.
5. Test operation over 100 hours and more.
The following operations can be successfully executed by safely using the test rig. The following
are a list of sequential procedures and methods to be followed for successful operation of the Oring seal test rig.

Figure 56: O-ring seal test rig at Center for Rotating Machinery (CeRoM, LSU)
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 Operating Procedure
The O-ring seal test rig shown in the Figure 56 is set-up at Centre for Rotating Machinery
(CeRoM), LSU laboratory for testing various O-ring seals. This work was completed by a team
of senior design students (2007-08) in collaboration with the author of this thesis under the
guidance of Professor Michael M. Khonsari of Dept. of Mechanical Engineering, LSU.

 Starting Up Procedure
1. Do not allow power to the rig at the time of start up.
2. Maintain the housing and the piston at room temperature before starting the test.
3. Do not rest the rig on wheels, instead support it by adjustable stands fixed to the machine
bottom platform.
4. Decide on the desired material of O-ring to be tested, design working conditions (i.e.,
fluid pressure, air pressure, lubrication, rotational speed, working fluid type, lubrication
and contamination if necessary).
5. Clean the housing and the grooves properly with clean water to eliminate any abrasive
particles remaining in the housing. This could affect the results obtained in the
succeeding tests conducted. (The wing nuts on the housing are tightly fixed. Do not
loosen the nuts during cleaning operation to eliminate any alignment issues between the
housing and the rotating shaft).
6. Insert the O-rings properly and correctly in the groove made in the steel housing in order
to avoid O-ring installation damage. (If a 2 inch O-ring (AS568A227)is to be tested, no
sleeve is needed. Suitable arrangements have to be made to insert a sleeve over the steel
piston and fix it with the set screws if O-ring of bigger size is to be tested)
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7. Apply a liberal amount of solid O-ring lubricant on the surface of the piston shaft. Do not
apply any lubricant on the O-rings or in the grooves .This may allow the O-ring seal to
rotate in the groove during the test and may cause leakage problems.
8. Gently slide the seal chamber with housed O-ring onto the lubricated piston and lock the
assembly by inserting two locking bolts in the holes made in the linear bearings.
9. Make piping connections only after the seal chamber is arrested after its assembly
process. After assembly the piston should lie completely inside the housing bore.
10. Supply the liquid lubrication in the lube port located adjacent to the thermocouple hole on
top surface of the housing (generally silicon lube is used with O-rings). Do not use the
silicon lube when testing silicone O-rings.
11. Connect the fluid inlet and exit lines to their respective ports on the housing. Connect the
pressure transducer lines to their respective ports. Do not over strain the housing piping
connections during the fitting operation. This may cause the fitting to seize and break in
the housing ports.
12. Insert two wire/rod thermocouples into the appropriate thermocouple holes located on the
surface of the chamber exactly above the test seal gland.
13. To measure leakage, properly connect the leakage chamber on the port present on the
lubricant chamber side of the housing.
14. Close the globe valve at the reservoir exit. Then add the working fluid up to 3/4th level in
the reservoir. (Do not add the fluid in the reservoir during the experiment. This may
greatly influence the temperature results).
15. Pull out the emergency stop switch and allow the power to the rig. Now set the VFD to
the desired speed of the piston required for the test. (Do not exceed the speed limits of the
O-ring to be tested (Check Ref. Parker Hannifin O-ring Handbook, 2001).
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16. Turn on the PDAQ View or LabVIEW software on your computer to make sure all
sensors are reading properly and correctly. Save the DAQ configuration and exit the
PDAQ View program. Turn on the PdaqView XL application on your desktop and
enable the macros. Then go to the add-in header menu and open a new data sheet by
clicking the ―create new document icon‖ just below the header menu. Select the
―PdaqviewXL‖ menu and hit ―Go‖ to begin data recording if ready to get started with the
experiment.
17. Completely follow the experimental procedure discussed below to avoid any unexpected
circumstances.

 Experimental Procedure
1. Completely close the housing inlet line, and completely open the bypass valve.
2. Before plugging the power cord into the outlet, switch off the pump, the VFD, and the
emergency stop switch should be pushed in.
3. Turn on the computer and load the DAQ View/ Lab view program.
4. Open the reservoir exit glove valve, and turn the pump by hand several revolutions in the
clockwise direction to allow the pump to be filled with working fluid before the test. (Do
NOT turn the pump shaft counter-clockwise direction which may damage the pump).
5. Reset the emergency stop switch and turn on the pump switch.
6. Set the air compressor regulator to the desired pressure and fill the air through the inlet
valve on the housing until program reads the appropriate air pressure (psi) if required for
the test (this step is followed only if air pressure in the seal chamber is required).
7. Close the bypass valve while opening the fluid inlet valve until the desired fluid pressure
is reached in the housing. (Never run the test rig with both bypass and fluid inlet valves

90

closed. This will cause a backpressure on the pump and will burn the stator and rotor on
the pump. Allow a couple of minutes for the system to reach equilibrium).
8. During the test leakage must not occur in the tubing and piping arrangements.
9. Enable the VFD with the required speed.
10. Begin recording data in DAQ View for the complete duration of the test.
11. To stop the test, follow the shutting down procedure discussed below.

 Shutting Down Procedure
1. Stop shaft by using STOP button on the VFD.
2. Completely open bypass valve then close fluid inlet valve immediately.
3. Turn pump power switch to the ―OFF‖ position and make sure the pressure in the
housing is relieved.
4. Push emergency stop switch in, to turn off the power to the rig.
5. Stop recording in the PdaqViewXL sheet application by hitting the ―Go‖ tab. (―Go‖ tab is
used both to start and stop recording).
6. Remove the thermocouples carefully from the holes on the housing and place it on the
table safely.
7. Save the recorded readings file in the desired location. In the data sheet include all the
details about the operating conditions and type of O-ring seal used in the test to avoid any
later confusion.
8. Disconnect all the power connections to the rig to disallow the power to the rig.
9. Insert the working fluid collection channel (Tin channel) underneath the housing and
slide it on the linear bearings.
10. Open the housing inlet line and allow all the water in the housing to flow through the tin
channel and collected in another small reservoir.
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11. Disconnect the other two piping connections of the pressure sensor and the fluid exit
without damaging the piping and the tubing fittings. (Some water may spill on the top
platform from these two ports. Clean it immediately to avoid any serious corrosion issues
which may further damage the alignment on the rig).
12. Remove the two locking bolts inserted in the linear bearings and slide back the housing
over the linear bearings to place it on the bottom platform of the rig. (Cool the housing
completely to the room temperature before starting the next test).
13. Remove the test O-ring from the gland using O-ring pick tool. Save the test specimen for
further analysis with the details mentioned on the packet cover of the O-ring. (Details
such as: Size of the O-ring, material of the O-ring tested, operating conditions of the test
like piston speed and pressure gradient (psi) maintained across the test O-ring seal and
any contaminants used for the test).
14. Wash the housing properly before making another test.
15. Remove all water from the upper platform, lower platform, housing and piston.
(Accumulated water can cause serious corrosion issues on the rig).
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APPENDIX-B DETAILED DESCRIPTION OF THE COMPONENTS ON THE OSTR


AC Induction Motor
A 3 HP AC induction motor (Baldor CSSEWDM3611T) with maximum speed range of 1750
rpm with a full load efficiency of 89.5% and service factor of 1.15 was used. The voltage
specification for the motor is 208-230/460 V and respective full load amperage specification is
8.4/8.0/4 amps. The starting current is 32 amps and the no load current is 1.8 amps. The motor is
a 3-phase motor with a frequency rating of 60 Hz. The breakdown torque, pull up torque and
locked rotor torque for the motor are 31, 13.5 and 20.5 lb-ft and the full load torque delivered by
is motor is 9 lb-ft. The motor is bolted on the left end of the top platform on a standard 182TC
NEMA frame. The motor is wired to the variable frequency drive located below the induction
motor.



Variable Frequency Drive
A Baldor variable frequency H2 drive (VS1SP63-1B*) which works as a phase and voltage
converter, is bolted vertically on the left end of the frame. The input to the drive is 120V or 230V
single phase and the output of the drive is a 3 phase 230 volts. The output of the drive is fed as
an input to the ac induction motor. The rotation of the motor shaft can be controlled by
increasing or decreasing the frequency on the drive with a keypad located on the drive. The
frequency drive has the ability to reverse the rotation of the shaft immediately whenever required
(JOG Mode). The drive has the ability to be controlled via a computer by using a software ―Mint
Workbench‖ available on Baldor web site.



Pump and Pump Motor Specifications
A Moyno 500 series positive displacement, non-pulsating (33308-3913330800) general purpose
pump which can handle thousands of applications from clean, clear liquids to abrasive and
corrosive fluids with temperature ranges of 240F was bolted on the bottom platform of the
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machine. The 500 series pump was chosen as it has a self priming capability, ability to handle
contaminated working fluids, quite operation and low maintenance which is crucial for the
system. The pump discharges water with a pressure of 100 psi into the galvanized piping
connected to the pump discharge. However, the pressures as high as 200 psi can be maintained
into the housing chamber by closing the outlet and adjusting the bypass valve connected on the
pump exit. The pump is run by general purpose 3HP motor (Iron horse MTR-P50-1AB-18) with
a constant speed range of 1725 rpm. A safety guard is placed over the couplings to avoid the
machine parts spun off during the operation.


Reservoir Capacity
A fiber plastic container 14.5 inches tall and 11.5 inches in diameter was used as a reservoir for
storage and supply of working fluid. A non-metallic container was selected due to its noncorrosive and heat resistant property and its ability to withstand high temperatures. The
maximum capacity of the container was 5 US gallons .The working fluid (water) is filled up to
9.5 inches of the total height of 14.5 inches which occupied 3 US gallons.



Piping and Tubing Connections
Galvanized steel welded pipe of ¾ inch outer diameter was used for making the piping
connections form the pump located on the bottom platform to the reservoir located on the top
platform. Galvanized steel is chosen for the piping as it can withstand high operating
temperatures and pressures and is compatible and non-corrosive with any working fluid. ASTM
B75 copper seamless tin-lined tubing with an ID of ¼ inch and OD of 5/16 inch was used to
make connections for the working fluid inlet and fluid outlet on the housing. Copper was chosen
for its high heat dissipation property. The tubing can withstand pressures anywhere from 1000 2000 psi and temperature ranges up to 500F.The tubing used is compatible for air, water, natural
gas and oil used as working fluid.
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Instrumentations and Data Logging



Thermocouples Rod and wire thermocouples of K-type (temperature ranges: 0-1250C) are used
to measure the temperature in real time on the seal test rig. Three thermocouples were inserted
on the holes made in the housing at 120 degrees around the circumference right above the test
seal gland to be able to measure the interface temperature as close as possible.



Optical Sensor A Remote Optical Sensor (ROS) with a 303 stainless steel threaded body was
installed at 45° towards the rotating shaft with a reflecting tape attached on it. The voltage and
current specifications of 3.3 to15Vdc and 40mA respectively is achieved with a 40 mA radio
shack adapter connected to the power source. The optical sensor which used a green LED at the
other end to ensure the power supply during operation had temperature limits of -40 to 180F.



Water side Pressure Transducer Omega miniature flush diaphragm hermetically sealed in
stainless steel body with operating temperature limits of -65F to 300F and maximum pressure
range of 200 psi was used as a pressure transducer (PX61V0-200GV) to measure the pressure on
the water side of the housing. The small, light weighed transducer ideal for tough vibration and
shock environments suited well to serve the required purpose. The sensor used an adapter to
achieve the right voltage and power inputs.



Air side pressure Transducer Omega solid state accurate and highly reliable stainless steel
fitted air pressure transducer (PX209-015G5V) with 0-5Vdc or 4-20mA output with maximum
pressure ranges of 300 psi are used to measure the air side pressure of the housing. The sensor
used an adapter to achieve the right voltage and power inputs.



Data Acquisition system (DAQ) An 22-bit omega OMBDAQ55 personal data acquisition
system with high accuracy, resolution with the ability to directly measure the voltage,
thermocouple, pulse, frequency, and digital I/O with ten analog channels on one side of the
system and five frequency channels and five digital channels present on the other side of the self
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powered acquisition system was used. A personal DaqViewTM plus & XL graphical data
acquisition software with post view, easy-to-use yet powerful application is provided with the
system which allows users to configure a test, and display, record or analyze the data within
minutes, without programming.
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