
■ ELASTOHYDRODYNAMIC LUBRICATION OF

OFFSET O-RING ROTARY SEAL

A Dissertation

Presented to

the Faculty of the Department of Mechanical Engineering

• • University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Doctor of Philosophy 

by

Manmohan Singh Kalsi

August 1975



ACKNOWLEDGEMENTS

I express my sincere appreciation to all those who have contributed 

towards the successful completion of this project.

I thank my advisor. Professor G. A. Fazekas for suggesting this 

project, and for his valuable guidance in all phases of this work. I 

thank all the other Dissertation Committee members, especially Dr. Hedgcoxe 

for his suggestions on the test-apparatus design. Dr. Witte for his dis

cussions on the temperature measurement techniques. Dr. Cook for loaning 

the optical equipment, and Dr. Nunes for a critical review of the optical 

technique.

The assistance provided by W-K-M Valve Division of ACF Industries in 

machining of the test-apparatus, and the University of Houston in provid

ing me with measuring and recording equipment is greatly appreciated.

My wife, Marie-Luise has helped and encouraged me throughout my 

graduate studies, and even more so during this effort. My.children, 

Isken, Carle and Indira have been very patient.

I thank my parents-, who provided me with the opportunity to start my 

graduate studies at the University of Houston.

And finally, I thank Sue Leach for her timely effort in typing this 

dissertation.



ELASTOHYDRODYNAMIC LUBRICATION OF '

OFFSET O-RING ROTARY SEAL

An Abstract of a Dissertation

Presented to

the Faculty of the Department of^Mechanical Engineering

University of Houston

In Partial Fulfillment

of the Requirements for the Degree

Doctor of Philosophy

by

Manmohan Singh Kalsi

August 1975



ABSTRACT

A fundamental research into the lubrication mechanism and operation 

of a new type of seal for rotary shaft applications has been conducted. 

Optical interference technique has been successfully extended to study 

the film profiles at the sealing interface.by producing optically smooth 

elastomer seals. Elastohydrodynamic lubrication was found to exist over 

a wide range of operating conditions. A study of the other performance 

variables for the Offset-Seal define its useful application range to be 

between the Packing-Gland and Face-Seal.

Hydrodynamic pressures were calculated using the finite element 

method. Results indicate the need to consider the departure of hydro

dynamic pressures from static pressure distributions, in order to refine 

the inverse-hydrodynamic approach to predict seal operation.



TABLE OF CONTENTS

Chapter * Page

I. INTRODUCTION AND BACKGROUND . . 1

1.1 Literature Review 5
1.2 Review of Contents 9

II. EXPERIMENTAL APPARATUS 10

2.1 General■Considerations
2.2 Description of The Seal Test Apparatus
2.3 Measuring and Recording Systems 

. A. Friction Torque
B. Rotor Speed
C. Fluid Temperature
D. Seal Contact Temperature

2.4 The Optical Interference System
A. Fringe Theory for Oil Film Thickness
B. Set-up for Film-Thickness Measurement
C. Fringe Photography

2.5 Optically Smooth Seals
2.6 Test Conditions

III. EXPERIMENTAL PROCEDURE AND RESULTS 4°

3.1 Film Thickness Results ^1
A. Dimensional Analysis ' ^1
B. Circumferential Film Shape
C. Film Thickness Variation with Speed and Pressure *
D. Effect of Varying Seal Offset 59
E. Conventional Concentric Seal Experiments 64
F. Qualitative Phenomena at the Sealing Interface 67

3.2 Seal Temperature at the Interface 69
3.3 Seal Friction Torque 74
3.4 Leakage measurements .84
3.5 Discussion of Experimental Results, and Design 86.

Considerations

IV. THEORETICAL WORK 96

4.1 Statement of Reynolds1 Equation as a Variational 97
•Problem

4.2 Finite Element Method 99
4.3 The Computer Program - 100
4.4 • Application to the Offset Seals 103
4.5 The Hydrodynamic Pressure Distribution Results 106

12
17
17
19
19
20
22
22
25
28
30
34



Chapter Page

V. CONCLUSIONS AND RECOMMENDATIONS 109
5.1 Recommendations for Future Work 112

Appendices

I. Bearing Torque Calibration " ' 113
. II. Color Fringe Calibration 116
III. Measurement of Modulus of Elasticity of Seal Elastomer 119
IV. Calculation of Initial Interference Pressure 122
V. Typical Strip Charts 123

VI. Justification for the Use of Product Function 124
VII. A Simple Heat Transfer Model 125
VIII. Seal Leakage Parameter 129

IX. A Sample Calculation for (f) Based on Film Thickness 133

REFERENCES 135

vii



LIST OF FIGURES

Figure Page

1. (a) Lip-Seal 2
(b) Packing-Gland 2
(c) Face-Seal 2

2. Offset O-Ring Seal 4

3. Offset O-Ring Seal with Two Convolutions 4

4. Seal Test Apparatus 13

5i Schematic of the Test Setrup 14

6. The Test Apparatus (Photograph) 15

7. Interference Fringe - Formation " 26

8. Optical Set-up for Observing Seal Contact Fringes 26

9. Detail of the Seal-Mold 33

10. , Molded O-Ring 1 35

11. Detail of a Seal-Carrier 37

12. (a) Viscosity - Temperature Curves for the Test-Fluids 39
(b) Density - Temperature Curves for the Test-Fluids 39

13. (a). Offset-Seal Geometry 45
(b) Fringe Photographs of the Seal Contact 46, 47
(c) Film Profiles at Various Locations Around the Seal 48 

Circumference

14. Effect of Speed on Pumping-Out Film Thickness 53
(e=l/4 inch)

15. Effect of Pressure on Pumping-Out Film Thickness 54
(e=l/4 inch)

16. Effect of Speed on Pumping-In Film Thickness 55
(e=l/4 inch)

17. Effect of Pressure on Pumping-In Film Thickness 56
(e=l/4 inch)

viii



Figure Page

18. (a) Typical Fringe Photographs at Pumping-Out . 57
Location (e=l/4 inch)

(b) Typical Pumping-Out Film Profile Under Different 58
Pressures

19. (a) 'Minimum Film Thickness at Critical Location, 6=90° 60
(b) Cross-Plot of Minimum Film Thickness at Critical 61

Location, 6=90°

20. (a) Effect of Speed on Pumping-Out Film Thickness 62
(e=l/8 inch)

(b) Effect of Pressure on Pumping-Out Film Thickness 63
.(e=l/8 inch) ।

21. Typical Fringe Photographs and Film Profiles for the 65, 66
Concentric Seal

22. Fringe Photographs, and Film Profiles showing Fluid 68
"Entrapment" Action

23. A Circumferential Starvation Streamer at the Seal Contact 70

24. Temperature Distribution Across the Seal Width 73

25. Effect of Pressure on Maximum Seal Temperature 73

26. / Seal Contact Temperature Variation with Speed 75

27. Variation "of Contact Width with Fluid Pressure 77

28. Friction Results from 1/4 inch Offset-Seal 78

29. Friction Results from 1/8 inch Offset Seal 80

30. Friction Results from Conventional Seal 81

31. Combined Friction Results for the Offset Seals "83

32. Seal Leakage Results
(a) Measured Leakage Data 85
(b) Dimensionless Presentation 85

33. Incompressible Lubrication Domain and Finite Element 98
Idealization

34. Flow-Diagram of the Finite Element Computer Program • 101

35. Finite Element Scheme for the Offset-Seal 105

ix



Figures Page

36. Hydrodynamic Pressure Distribution Calculated by 107
Finite Element Program

A-l. Bearing Torque Calibration Arrangement U4

A-2. Bearing Torque Calibration 115

A-3. Color-Fringes U7

A-4. A Simple Heat-Transfer Model for the Seal 126

A-5. Velocity Components for the Offset-Seal 130



NOMENCLATURE

e = Seal eccentricity (offset) 

e*  = Dimensionless seal eccentricity = (e/R)

E = Modulus of elasticity of the seal material

f = Coefficient of friction of the seal 

h = Film thickness at a po

hc = Central film thickness
location •

h = Central Film thickness
n location (0=180 )

hTn1-n = Minimum film thickness

h . = Central film thicknessout _ , , .o.location (0=0 )

h*  = Dimensionless film thi

across the seal width at a given angular

across the seal width at a pumping-in

at (0=90°)

across the seal width at pumping-out

kness at a point = (h/R)

Ay = Direction cosines of the outward normal to the lubrication 
boundary

N = Rotor speed in R.P.M.

p = Fluid pressure

pc = The average contact "pressure across the seal 

p^ = Pressure due to initial seal interference 

pg = Fluid pressure being sealed

p*  = Dimensionless pressure = (p/E)

"q = Normal outward flow over a boundary segment

Q = Leakage across the seal

Q*  = Dimensionless leakage parameter = (2Q/a)eRr)
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r = Cross-section radius of the O-ring seal

r*  = Dimensionless seal curvature = (r/K)

R = Mean radius of the seal ring

tf = Fluid temperature

t = Temperature at the seal contact

T . = Friction torque due to seal

U = Velocity component in the x - direction

U*  = Dimensionless speed parameter = (pto/E)

Ue* = Dimensionless effective speed parameter = (pcue/Er)

V = Velocity component in the y - direction

w .= Seal contact width

p = Density of the fluid

p = Kinematic viscosity of the fluid being sealed

a) = Angular speed of rotation

6 = A variable defining the angular position around seal
circumference
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Chapter I 

INTRODUCTION AND BACKGROUND

Sealing a rotary shaft against fluid pressure is accomplished 

presently by three main types of seals: The Lip-Seal, the Packing-Gland 

and the Face-Seal. All of these are self-contained and sophisticated 

proprietary products.

• A Lip-Seal is sketched in Figure 1 (a). It can be used to seal 

pressures up to 50 psi (1)*.  Between the lip and shaft, a hydrodynamic 

film is generated by secondary effects (1) ensuring virtual freedom from 

wear.

*Underlined numbers in paranthesis designate references on page 135.

A Packing-Gland, shown in Figure- 1 (b), can be used in the 

intermediate pressure range of 0 to 1500 psi (1^). The sealing action is 

by the brute force of radial squeeze which excludes proper hydrodynamic 

action, but may permit boundary lubrication. This seal is wear-prone, 

and it requires periodic adjustment and replacement. Friction is high, 

so that cooling becomes mandatory in many applications.

A Face-Seal is sketched in Figure 1 (c). It is suitable for 

pressures up to 3000 psi (IL). Hydrodynamic lubrication exists in such 

seals over a wide range of operating conditions (2^, 3^, 4_). Wear of such 

seals is thus negligible, friction and leakage is minimal. This, however, 

is achieved at the expense of complexity, bulk and added cost.



(A) LIP-SEAL

(B) PACKING-GLAND

(C) FACE-SEAL

FIG.l COMMERCIAL ROTARY SHAFT SEALS
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To the above three categories of seals, a fourth may be added now, 

the Offset O-Ring, two versions of which are shown in Figures 2 and 3. 

This form of seal is simple, and can be used in the same pressure range 

as that covered by the Packing-Gland, offering several advantages over 

it. " . .

Offset mounting of the O-Ring seal to introduce a hydrodynamic 

action has been proposed independently by Trevaskis (6), Fazekas (7^) and 

Tisch (8). An earlier review had revealed no published performance data 

or analysis, except a casual reference by Denny (9_). Therefore, a 

feasibility study of the above concept was.completed, which consisted of 

both experimental work and analysis (10)'. It was concluded that the 

Offset O-Ring seal can be used in"the intermediate pressure applications, • 

presently covered by the Packing-Gland, with the advantages of lower 

friction, no maintenance and virtually wear-free life (10). Experiments 

were designed primarily to determine the feasibility of the concept, and 

comparison between the theory and experiments was done indirectly by 

comparing the seal friction, and leakage". Measured friction was found to 

be seven to eight times higher than the theoretical prediction, but a 

closer agreement was found between the leakage rates. These performance 

variables, being indirect measurements of.the state of lubrication at 

the sealing interface, do not provide adlrect insight into the lubrication 

mechanism of such seals.

The present research was undertaken to accomplish a more fundamental 

understanding of the lubrication mechanism of the Offset O-Ring seal, and 

to develop basic information which will serve as a guideline for design, 

and successful incorporation of this seal in commercial applications.



FIG.2 OFFSET O-RING ROTARY SEAL

SEAL CARRIER WITH

FIG.3 OFFSET O-RING SEAL WITH
TWO CONVOLUTIONS fREFERENCE 7)
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Film thickness generated between the seal and its mating surface is 

the crucial variable that determines the operation and life of a dynamic 

seal. To our knowledge, the optical interference technique has been success

fully extended, for the first time, to measure film thickness in the 

actual elastomer seals' containing pressure, as a part of our present 

research effort. Important details for successful application of this 

technique are described in this work. Hopefully, this should stimulate • 

additional research in other dynamic elastomeric seal applications, 

where a knowledge of the film thickness is important.

Sufficient research into the performance of offset seals has been 

accomplished to serve as a guideline for -design, and predict the seal 

behavior. Needless to say, many areas need.further research and refine

ment. Recommendations for future research are included in the last 

chapter of this dissertation.

1.1 Literature Review

Even though no published data on performance or analysis of the 

slanted seal were found, a review of the related research on seals and 

the measurement techniques, which were useful to the present research, 

is presented below.

A survey of the literature revealed that a. lot of research has been 

devoted to fluid seals in the recent years. A majority of this research, 

however, has been directed towards the mechanical face seals due to their 

obvious importance in many industrial applications, and probably also due 

to the relative ease with which measurements of the film thickness 

between the seal faces using a capacitance probe can be made (2^, 3).
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This, in turn, has stimulated a lot of work In the development and 

refinement of the theory of face-seal operation (4^, 5). For elastomer 

seals, such as rotary O-ring, lip-seal and the reciprocating O-ring or 

rectangular ring, the experimental film thickness data are almost non

existent. Most of the papers relating to such seals cover friction and 

leakage measurements. One of the earliest attempts, to determine the film 

thickness under a reciprocating seal was that by White and Denny (12) in 

their extensive research on the sealing mechanism of flexible packings. 

The method was to simulate a reciprocating seal using a rubber pad having 

a central slot for the oil supply, running against a circular glass table. 

The leakage under the pad was measured, and an average film thickness 

calculated from it. In addition, a simple theory was developed assuming 

a double tapered wedge film profile, which gave a reasonably good agree

ment with the experiments, by adjusting slope constants.

In the meantime, three main techniques for measuring elastohydrodynamic 

(EHD) film thicknesses in ball and roller bearings have evolved. These 

are: capacitance measurement (13), X-ray transmission (14) and optical 

interferometry (15). The optical interference technique, which was first 

applied by Archard and Kirk (15) in the lubrication study of crossed 

perspex cylinders, and later refined "by Cameron (16) and others (17, 18) 

in the EHD studies on point or line contacts, has emerged as the vastly 

superior one because of the accuracy and detail it provides. Extensive 

amount of literature has been published in the recent years regarding the 

EHD lubrication studies in ball and roller bearings using the optical 

interference technique, which has .helped significantly in the advancement 

of the relevant theory (22, 23).
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In the seal research, Dowson and Swales (19) applied the capacitance 

technique to study the film profiles between a pad of conductive rubber 

running against a steel disc. Extreme difficulties in the calibration, 
especially below film thicknesses of 200 x 10~^ inches were encountered, 

and the reliability of their measurements below this value was reported 

to be poor. Recently (in 1973), this method has been applied more 

successfully by Field and Nau (24) in the film thickness measurements of 

a reciprocating retangular-section rubber seal.

The application of optical interference technique to flexible rubber 

seals has been hampered by practical difficulties of producing optically 

reflective rubber surfaces. The first attempts by Blok (25) to study the 

film thickness between a glass plate and a large oscillating cylindrical 

rubber specimen were unsuccessful because of poor reflection from the 

rubber surface. He overcame this by bonding a thin aluminized plastic 

foil segment to the surface of the rubber specimen. This is an impractical 

method to use in actual seal tests because the aluminized coating will 

wear off during start-ups when the film thickness is absent. Roberts 

and Tabor (26) recently reported that they have successfully produced 

optically smooth rubber specimens with the help of Avon Rubber Co., in 

.England. Their reported work is confined to hemispherical and hemi- 

cylindrical contacts under very light.loads (small deformations), slow 

speeds, and no fluid pressure. No details of how the smooth rubber 

specimens were produced are given. Optical interference method has not 

yet been applied to study EHD lubrication of dynamic rubber seals where 

differential pressure exists across the^seal, and seal deformations are 
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large. Extension of this valuable technique" to determine film thicknesses 

in the hydrodynamic O-ring rotary seals was undertaken in our present 

research.

In the theoretical approach, the EHD lubrication of the reciprocating 

O-ring seal was studied by O’Donoghue et al (27) using the theory of 

elasticity to calculate the initial contact pressure distribution, and 

applying the inverse - hydrodynamic solution, proposed by Dowson & 

Higginson (21) and Blok (28), to find film profiles compatible with it. 

Dowson and Swales (29) also solved the EHD lubrication problem for 

reciprocating O-rings with no fluid pressure across it. They used an 

iterative method similar to the one used "by Dowson & Higginson (21) for 

hard contacts, e.g. gears, but they had difficulties obtaining convergent 

solutions satisfying the elasticity and Reynolds’ equation simultaneously. 

Quite recently, Field and Nau (30) solved the EHD lubrication problem of 

reciprocating rectangular section rubber seals using their experimentally 

measured film pressure profiles. They also encountered instability in 

their solutions, and were able to obtain stable solution for film profiles 

during the outward stroke of the seal only. In all of the above work, 

only one dimensional Reynolds’ equation is encountered. Two dimensional 

solutions for a simple -elastomer lined bearings was obtained by Benjamin 

et al (31) by solving the non-linear equations resulting from the coupling 

of elasticity equations with the Reynolds’ equation using the numerical 

techniques. Recently, the finite element approach has been generalized 

by Zienkiewicz (32) to solve field problems. Its application to the 

incompressible, isothermal lubrication problem was presented by Reddi 

(33). The generality of the approach makes it suitable for solving lubri

cation problems for complex, two dimensional geometries.
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1.2 Review of Contents

The presentation is divided into five chapters. .Chapter II, that 

follows the Introduction, gives the details of a new test-apparatus that 

was built for the current research. All the instrumentation and related 

systems are described in detail. Two major contributions made as a 

result of this research are: an improvement in the application of the 

optical interference technique to study elastohydrodynamic lubrication; 

and a method of producing optically reflective elastomer seals. This is 

presented in detail to stimulate its application to related research.

The experimental procedure’and test results are presented in 

Chapter III. This includes both quantitative, e.g., film thickness, 

friction and leakage results, as well as qualitative phenomena observed 

during the experiments. A discussion of the test results and design 

considerations, for the offset seals is included at the end of this 

chapter.

Chapter IV presents an outline of the use of finite element 

method to solve the incompressible, isothermal, two dimensional lubri

cation problem. A computer program was developed, and used to calculate 

the pressure distribution at the seal contact under dynamic conditions, 

since the measurement of it is quite difficult. A discussion of these 

results is presented in this chapter also.

Conclusions from the overall research are presented in Chapter V, 

followed by Recommendations for Future Work.



Chapter II

EXPERIMENTAL APPARATUS

2.1 General Considerations ■ •

The performance of a rotary shaft seal is judged by its FRICTION 

TORQUE, LEAKAGE and LIFE. Film thickness interposed between the seal 

and its mating surface during operation is one of the most important 

variables that governs the operation and life of these seals, which in 

turn depends upon a number of other variables, notably: fluid pressure, 

speed, temperature, lubricant viscosity, hardness of the seal elastomer, 

initial seal compression, seal groove clearance, surface finish of the 

rubbing surface and seal geometry.

In the present research, it was decided to pursue an approach that 

will allow a direct measurement of the film thickness as well as simul

taneous measurement of the other performance variables. Extension of 

the optical interference technique was undertaken to measure film pro

files in the rubber seal contact because of the proven superiority of 

this method over the other methods used in ball and roller bearing EHD 

lubrication studies. Another reason for taking this approach was the 

visual access provided by it to observe the interface phenomenon at the 

seal contact, which can provide additional insight into the lubrication 

mechanism.

The independent variables for the seal tests were considered to be: 

the seal geometry, fluid, pressure (P), speed (N), and fluid temperature 

(tf). The dependent variables are: friction torque (T), leakage rate (Q),
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contact temperature (tc), and the film thickness (h). The test apparatus 

should allow a simultaneous measurement of the above independent and 

dependent variables. Additionally, it should have the flexibility to 

allow various seal configurations to be conveniently tested, and a 

design in which the fluid can be drained and changed rather quickly. 

The test-rig that had been previously designed and built for the feasi

bility study of the slanted O-ring (10) could not be used for the current 

research as it does not lend itself to the application of the optical 

interference technique, nor does it have an adequate arrangement for 

measuring seal leakage. Also, the seal contact temperature measurement 

using this test-rig presents difficulties, and would involve the use of 

slip rings with their inherent disadvantage.

A new test apparatus, which successfully incorporates all the 

design requirements of the current research programme, was designed and 

built. The final design evolved after considering three new approaches, 

and incorporates some features from each of them. In particular, it 

retains the stationary inner-shaft, or core, feature which was found to’ 

be an excellent arrangement for accurate seal friction torque measurement 

in our feasibility tests. Other features.that deserve special mention 

are: an improvement in the optical interference technique for film 

thickness measurement using a plano-convex lens as a rotor, which gives 

excellent fringe visibility without the need of any anti-reflection 

coatings used by others in EHD lubrication studies; and the use of an 

infra-red thermometer for seal contact temperature measurement — which 

gives very accurate and repeatable results, free of contact-noise



12

problems normally associated with the use of slip rings. These, and other 

features of the new test apparatus are described below in detail.

2.2 Description of the Seal-Test Apparatus

A cross-section of the seal test machine is shown in Figure 4. The 

principle of operation of the test apparatus is shown schematically in 

Figure 5. An overall view of the test-apparatus and all the related 

measuring and recording equipment is shown in a photograph in Figure 6.

As can be seen in Figure 4, the O-ring test seal is installed in an 

axial groove (or in a face-seal configuration) rather than in a radial 

groove, as it is conventionally used in rotary shaft applications. This 

arrangement was suggested by Hedgcoxe (11) in an oral communication, and 

it offers several distinct advantages in the proposed test-programme, 

without changing the basic relative geometry of the surfaces from the 

lubrication mechanism standpoint. The advantages of using the face-seal 

configuration are: (1) The optical interference set-up can be used 

easily as the interference takes place between the flat transparent 

runner and the seal surface. Thus the interference fringes are formed * 

in a flat plane, making it easier to observe and photograph. If the 

conventional- radial groove O-ring configuration had been used, the inter

ference plane would have been a cylindrical one. (2) It is a lot easier, 

and more economical to machine complex seal groove configurations in a 

flat specimen rather than a cylindrical one. (3) Transparent flat glass 

discs are much cheaper and easier to obtain than optical glass cylinders.

An optically smooth Test-Seal (3 inches O.D., 0.3 inch cross-section 

diameter) is installed in the groove machined in a removable Seal-Carrier



FiHMQF 4 SEAL TESt APPARATUS



FIGURE 5 SCHEMATIC OF THE TEST SET-UP




