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Abstract

The O-rings are the very commonly employed solution for creating sealing to prevent the loss of pressurized fluid or gases.
In the present work the design of an O-ring with un-restrained arrangement is presented.

Keywords: Lubricated O-ring, Un-lubricated O-ring, Sealing, Design, Leakage, Elastomers

1. Design of Unrestrained O-ring

The unrestrained installation of the O-ring in the groove
assembly pertains to the configuration when the O-ring is
not in contact with the groove walls. This condition can be
further classified into three different categories based
upon the loading of the O-ring and the geometry of the
groove into: (i) Axial O-ring, (ii) Radial Male O-ring and (iii)
Radial Female O-ring. Two conditions arise when the O-
ring is installed within the groove such as: (a) Unlubricated
Condition and (b) Lubricated Condition, depending on
whether lubrication will be provided to the O-ring prior to
its installation.

2. Axial O-ring

An axially loaded groove arrangement for the O-ring is
shown in the figure below:
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Fig. 1 Axial O-ring

The nominal inner diameter of the groove (mm) is
represented by ‘ID’ with Gptol and Gntol representing the
positive and negative tolerances on the O-ring.
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Similarly, the nominal outer diameter of the groove (mm)
is represented by ‘OD’ with the positive and negative
tolerances being Bptol and Bntol respectively. The
dimensions of the groove i.e. the groove width (mm) and
the groove depth (mm) have been represented by ‘W’ and
‘H" respectively while ‘C’ represents the separation
between the sealing faces (mm). The axial O-ring is further
divided into two conditions: (i) Unlubricated Condition and
(ii) Lubricated Condition depending on whether lubrication
will be provided to the O-ring prior to its installation in the
groove assembly. Lubrication results in swelling of the O-
ring resulting in an increase in the cross-sectional diameter
of the O-ring.

2.1 Unlubricated condition

The unlubricated condition specifies the situation when
the O-ring has been installed in the assembly without prior
lubrication around the surface of the O-ring. In static
applications, where movement between the sealing faces
and the O-ring is negligible, unlubricated O-rings can be
utilized without significantly affecting the life of the O-ring.

2.2 Cross Sectional Diameter range

The minimum diameter (dmin) of the O-ring is decided
based on the ratio of groove width to expected minimum
compression and the maximum diameter (dmax) decided
based on the ratio of groove depth (H) to maximum
compression. Above to this, the clearance and the
tolerance are incorporated in estimating the diameter
range of the O-ring. The (dmin) and (dmax) of the O-ring is
given by equations (1) and (2) respectively. Where; ‘CSptol’
is the positive tolerance on O-ring cross section (mm),
‘CSntol’ is the negative tolerance on O-ring cross section
(mm), ‘C’ is the clearance (mm), Cmin and Cmax is the
minimum and maximum compression of the O-ring.

dpmin = + + CSntol + C (1)

1= Cnin
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Ay = —0— + CSptol + C (2)

1- Cmax
2.3 Inner Diameter Range

The inner diameter of the O-ring should be greater than
the nominal inner diameter of the groove for the
unrestrained condition but lesser than the outer diameter
of the groove. By including the tolerances of the groove,
the range of inner diameter is estimated form the equation
(3) and (4). Where Gntol is the negative tolerance on OD
(mm) and IDN is the negative tolerance on O-ring bore
(mm).

OD—-ID d

IDg_ringt = Droove + ( - ) — 2~ Gntol — IDN (3)
OD—-ID d

IDg_ringz = Droove + ( - ) — %+ Gptol + IDP (4)

Where IDN and IDP represent the negative and positive
tolerances on the inner diameter of the O-ring
respectively.

2.4 Groove Width (GW)

The range for the groove width taking into consideration
parameters such as nominal inner groove diameter,
nominal outer groove diameter, the O-ring cross-section
and their respective tolerances is available in the
standards.

Taking into consideration the fact that if the O-ring
occupies the entire groove, it will lead to the generation of
increased stress which will result in shearing failure of the
O-ring, in order to achieve a realistic design, the volume of
the O-ring should be kept between 65-80 percent of the
groove volume so that after the application of loading of
the O-ring, the failure of the O-ring from extrusion can be
avoided. The groove width is therefore, calculated as
shown below:

2 2
0 — ring volume = %* n(ID + 2d) = %(ID +

2d)d? (5)

Groove Volume = groovewidth * groovedepth *
OD—-ID

n(*57) ©

This leads to the following two equations:

. _ 1 [ m?d?(uD+2d) |
Groovewidth, = oes (—4(11(02_17_%)*1{)) Gntol (7)
242
Groovewidth, = — [ =2 b+2d) + Bptol 8

= () ool ®

2.5 Young’s Modulus (E)

Two approaches are provided for the calculation of
Young’s Modulus:

2.6 Using Hardness

The estimation for Young’s Modulus has been formulated
using the value of hardness as a parameter using the
empirical relation proposed:

E = 0.256 * ¢0-047+(hardness—hardtol) (9)

E = 0.256 * e0.047*(hardness+hardtol) (10)

2.7 Using stress and strain values
The calculation of Young’s Modulus using stress-strain
values has been calculated using the Mooney-Rivlin model

wherein ‘f denotes the Cauchy Stress and C: and C; are
material constants.

=23+ 6)6- 3

Where ‘f denotes the Cauchy stress and C, and C;are
material constants.

(11)

2.8 Groove Height

Groove height is the sum of the groove depth value and
clearance and is given by equation (12).

Groove Height =H + C (12)

2.9 Compression in x and y direction

The O-ring though initially unrestrained, will be restrained
during compression by lateral walls of the groove resulting
in deformation along the surfaces of the wall. In order to
account for this, the compression imposed on the O-ring
needs to be normalized taking into due consideration the
restraining effects of the lateral walls.

A parameter known as 8, is defined which is known as
the equivalent squeeze in the x direction associated in part
due to the force directly applied in the x-direction and in
part due to the constraint imposed by the walls which are
perpendicular to the x direction i.e. in y direction, which is
shown in figure. Alternately, for restrained axial loading,
Oyx is the equivalent normalized squeeze on the groove
walls perpendicular to the top/bottom compressive
surfaces as shown.

(a) bxy
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(b) 6yx
Fig. 2 Compressive load applied on O-ring

By definition &yx is estimated as a ratio of difference
between (i) a virtual deformed O-ring diameter along the
y-axis caused by the compression (6xy); (ii) the deformed O-
ring thickness, h. The denominator is the un-deformed O-
ring diameter, ‘d’. Hence,

df (8, )~ h
e f(%)—g (13)
Where;
f(8) =1+ 0.4156,, + 1.1567, (14)

Applying similar reasoning in the perpendicular x-
direction, and using the groove width, (as the O-ring
thickness), gives the equivalent squeeze

(15)

5, = df (§yx)— GdrooveW|dth - f(5yx)— GroovdeWidth

Equations (13) and (15) are solved by iterations.

2.10 Squeeze after compressive load

The effective squeeze induced upon the O-ring is
calculated from the product of deformation (8x) and O-
ring diameter (d). The formulation is given in equation (16).
(16)

squeeze = 8y *d

Now, after the application of the above load, deformation
takes place on the O-ring as shown below:

1

1

Fig. 3 O-ring deformed shape under axial loading

The deformed state of the O-ring will be analyzed using
two different parameters, namely:

(A) Displacement related parameters
(B) Stress related parameters

2.11 Displacement related parameters

The compression imposed upon the O-ring will result in the
generation contact width between the O-ring surface and
the groove walls.

2.12 Contact width between O-ring and top (or bottom)
surfaces

The contact width generated between the O-ring and the
groove surface will be expressed as a product of 1.5 times
the normalized compression, whose value was obtained
using Eq. (13) and (15) raised to a power of (2/3).

Contact Width = 1.5 * 621 (17)

2.13 Contact width between O-ring and lateral walls

Similarly, there will be contact between the O-ring surface
and the groove walls due to the restraining effects of the
groove, which can be evaluated as follows:

Contact Trans = 1.5 * 553/,3 (18)

2.14 Stress related parameters

Subsequent to deformation, our analysis proceeds to the
discussion of stress related parameters. Load per unit
length is estimated as a function of the Young's Modulus,
cross-section diameter and the normalized compression.

L=Exdx (1256817 +50 % 55,) (19)
After evaluating the load per unit length, the total
compressive force exerted by the O-ring will be the
product of the load per unit length times the
circumference of the O-ring i.e. (*D).
Comp_Force = m*L*D (20)
The stress generated will be distributed over the contact
width with its peak at the center and zero just after the
edges. Therefore, we need to estimate the value of
average stress exerted by the O-ring which is a function of

the normalized compression times the Young's Modulus of
the material.

Stress = E * \/% * [1.25 = 032 + 50 = 6§x] (21)

The stress generated will be distributed over the contact
width with its maximum at the center of the contact width.
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The stress generated will be a function of the normalized
compression estimated using the least square method.

MaxContStress = (E(3.838,, — 23.00 62, +

82.69 53;;)) (22)
MaxContStressLat = (E(2.656,, — 16.17 83, +
71.59 6,§y)) (23)

The internal fluid sealed by the O-ring will exert pressure
on the O-ring, thereby, deforming it further. This
consequent deformation will result in increased contact
pressure generation by the O-ring. This stress is known as
hydro-stress and is expressed as the product of the Poisson
ratio times the fluid pressure.
Hydrostress = v * P; (24)
Therefore, the max. stress developed by the O-ring
becomes:

MaxContStress(MPa) = (E(3.836xy —23.006%, +

82.695%,)) + v+ Py (25)
MaxContStressLat(MPa) = (E(2.656yx - 16.1765, +
71.5963,)) + v * P, (26)

3 Lubricated Condition

Lubrication is provided to the O-ring in order to increase
the life of the O-ring and reduce the chances of the O-ring
from wearing out in any case. But the lubrication provided
to the O-ring will result in the increase of the cross-section
diameter of the O-ring resulting from permeation of the
fluid from the O-ring material. This increased diameter is
denoted by diand is dependent on sw, the percent of swell
of the O-ring.

d, =dv1+0.01Sw (27)
We proceed with the discussion of only those parameters

which change as a result of the increase in the cross-
sectional radius.

3.1 Normalized compression in x and y direction for
lubricated O-ring

The normalized compression §,, was defined as the
equivalent squeeze in the y direction associated in part due
to the force directly applied in the x-direction and in part
due to the constraint imposed by the walls which are
perpendicular to the y direction.

Cdy#f(8,) —h
=

Syx = f(axy -

Oyx

h

o (28)

Where §,, represents the equivalent squeeze in the x-
direction as a consequence of the squeeze directly applied
in the x-direction and in part due to the restraining effects
of the walls perpendicular to the y-direction. This is
defined as:

_dx f(6yx) — Groove Width

Opy = 4
Groove Width
Sxy = f(8y) = =, —— (29)
The function (&) is defined as follows:
f(8yx) =14 04158, + 1.15 % §,,° (30)

Eg. (28) and (29) are solved using iterations. Represents
the normalized deformed chord length of the O-ring
subject to the abovementioned squeeze.

3.2 Squeeze after loading for lubricated O-ring

The normalized squeeze into the O-ring can be calculated
as:

squeeze = 8y, * dy
(31)

The remaining steps involved for the case of axially loaded
lubricated O-rings was similar to the case for unlubricated
axially loaded O-rings,

4 Radial Male O-ring

Consider a “Radial Male O-ring” as shown in figure 4,
where ‘IDgroove’ is the nominal inner diameter of the Groove
(mm), ‘IDeyiinder’ is the nominal inner diameter of the
cylinder (mm), ‘W’ is the groove width, ‘H’ is the groove
depth (mm) and ‘C’ is the clearance between the sealing
faces (mm). The positive and negative tolerance of groove
inner diameter is given by Gptol and Gntol respectively.
Similarly, the positive and negative tolerance of cylinder
inner diameter is given by Bptol and Bntol respectively.

O-Ring C H

Cylinder

Gptol

1D groove
Gatol

Bptol
ID cyiinger
Batol

Fig. 4 Radial Male O-ring
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For the Radial Male arrangement, as proposed above, two
different cases are considered: (i) Unlubricated Condition
and (ii) Lubricated Condition. The difference between the
two arises when the O-ring is provided lubrication before
its installation into the groove assembly. Since fluid
permeation is an inherent property of all materials, the
lubrication provided results in the swelling of the O-ring.

4.1 Unlubricated Condition

Unlubricated condition refers to the installation of the O-
ring inside the assembly without prior lubrication provided
to the O-ring surface. For static applications where the
movement between the sealing faces and the O-ring
surface is negligible, the effects of abrasion, tear, etc. are
minimal and therefore, it does not drastically affect the life
of the O-ring.

4.2 Cross Sectional Diameter range

The minimum diameter (dmin) and the maximum diameter
(dmax) of the O-ring is decided based on the ratio of groove
depth (H) to the minimum and maximum compression
respectively and is calculated using Eg. (1) and (2)
respectively.

4.3 Inner Diameter Range

The inner diameter of the O-ring should be greater than
the nominal inner diameter of the groove for the
unrestrained condition but lesser than the outer diameter
of the groove. By including the tolerances of the groove,
the range of inner diameter is estimated form the equation
(32) and (33). Where Gntol is the negative tolerance on OD
(mm) and IDN is the negative tolerance on O-ring bore

(mm).
IDo_ring1 = 1Dgroove — Gntol — IDN (32)
IDg _ring2 = IDgroove + Gptol + IDP (33)

Where IDN and IDP represent the negative and positive
tolerances on the inner diameter of the O-ring
respectively.

4.4 Groove Width (GW)

The range for the groove width taking into consideration
parameters such as nominal inner groove diameter,
nominal inner cylinder diameter, the O-ring cross-section
and their respective tolerances is available in the
standards. Taking into consideration that the volume of
the O-ring has been kept between 65 — 80 percent of the
groove volume so as to allow for a more realistic design
attainment.

. 1 n2d?(ID+2d
Groovewidth; = — Deylind (ID : -
0.65 4(1_[( ylinder Grzoove ZC)*H)

2 (34)

Gntol

m2d?(ID+2d)

L +
IDcy i ID
0.80 4(11( Cylzmder Grzaove ZC)*H)

(35)

Groovewidth, =

Bptol

4.5 Young’s Modulus (E)

The Young’s Modulus for the O-ring can be calculated using
two methods: (i) Hardness and (ii) Stress-Strain values.

4.6 Groove Height

Groove height is calculated by the difference between the
inner diameter of the cylinder and the groove allowing for
the provision of the distance between the sealing faces and
is given by equation (36).

Groove Height = IDcyjimger — Dgroove (36)

4.7 Compression in x and y direction

Although the O-ring is initially unrestrained, loading upon
the O-ring in the radial direction will lead to its
deformation and consequently, the O-ring will come into
contact with the groove walls and thereafter, stresses will
generate along the surface of the groove. The compression
imposed upon by radial compression, first needs to be
normalized because of the axial constraining and
therefore:

A parameter known as &, which is known as the
equivalent squeeze in the x direction, is defined,
associated in part due to the force directly applied in the x-
direction and in part due to the constraint imposed by the
walls which are perpendicular to the x direction i.e. iny
direction, which is shown in figure 5(a). Alternately, for
restrained axial loading, 6y« is the equivalent normalized
squeeze on the groove walls perpendicular to the
top/bottom compressive surfaces as shown in figure 5(b).

By definition 6y« is estimated as a ratio of difference
between (i) a virtual deformed O-ring diameter along the
y-axis caused by the compression (8xy); (ii) the deformed O-
ring thickness, h. The denominator is the un-deformed O-
ring diameter, ‘d’. Hence,

Fig. 5 Compression of O-ring

6y = LT = £(5,) - 57)
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Where;

f(8) =1+0.4155,, + 1.158§x (38)
Applying similar reasoning in the perpendicular y-
direction, and using the groove width, (as the O-ring
thickness), gives the equivalent squeeze

df (8xy)—GrooveWidth
8., =
yx d

GrooveWidth

L (39)

= f(gxy) -
Equations (37) and (39) are solved by iterations.

4.8 Squeeze

The effective squeeze induced upon the O-ring is
calculated from the product of deformation (6x) and O-
ring diameter (d). The formulation is given in equation (40).

squeeze = &, *d (40)

4.9 Contact Width

The compression imposed upon the O-ring will resultin the
generation of contact width between the O-ring surface
and the groove walls. Hertz first evaluated the contact with
generated between the O-ring surface and the groove wall
but limited the case to frictionless unrestrained loading.
Wendt in 1971 further extended Hertz relation by taking
into consideration the effects associated with the presence
of friction but restricted his calculations to the case of
Unrestrained loading. In 1988, Strozzi and Dragoni
examined the cases for laterally restrained O-ring seals and
provided us with the following relation which has been
incorporated in the software:
Contact Width = 1.5 * 52, (41)
Similarly, there will be contact between the O-ring surface
and the groove walls due to the restraining effects of the
groove, which can be evaluated as follows:

Contact Trans = 1.5 * 6;,/63 (42)

4.10 Contact Stress

Since the contact width was evaluated taking into
consideration the effects of restraints imposed upon
compression, similarly, normalized compression from
equation (37) and (39) provide us the value of the load per
unit length used to compress the O-ring.

L=Exdx(125x08% +50%8) (43)

The total compressive force, therefore, can be calculated
through:

Comp_Force = m=L=*D (44)

The average stress acting over the O-ring was therefore:

8
Stress(MPa) = E = \/; * [1.25 % 8L5 + 50 * &8,
(45)

After a series of FEM analysis carried out by Green and
English, it was found out that the stress relations by Strozzi
and Dragoni overestimate in values. Therefore, in order to
remedy the situation, they provided empirical expressions
for the peak contact stress and the peak contact lateral
stress area, which are as follows:

MaxContStress(MPa) = (E(4.936,, — 32.32 62, +

123.6353,)) (46)
MaxContStressLat(MPa) = (E(2.38,, — 1535 62, +
76.37 sgx)) (47)

The internal fluid sealed by the O-ring will exert pressure
on the O-ring, thereby, deforming it further. This
consequent deformation will result in increased contact
stress generation by the O-ring. This stress is known as
hydro-stress and is expressed as the ratio of the Poisson
ratio divided by one minus the Poisson ratio times the fluid
pressure.

Hydrostress = vP;(5.48)

Therefore, the max. stress developed by the O-ring
becomes:

MaxContStress(MPa) = (E(4.936,, — 32.32 62, +

123.6383,) +vP,) (49)
MaxContStressLat(MPa) = (E(2.38,, — 15.35 62, +
76.37 83,) +vPy) (50)

5. Lubricated Condition

Lubrication is provided to an O-ring prior to its installation
into the groove assembly, even for the case of static
application of an O-ring, in order to improve the service
functionality of the O-ring and helps reduce the effects of
wear from creeping into the arrangement. But permeation
is a property inherent to all materials, and lubrication
results in the swelling of the O-ring, thereby, increasing the
cross-sectional diameter of the O-ring.

If the increased cross-sectional diameter after
lubrication is denoted by d1 and the percentage of rubber
swelling by sw, the new diameter can be expressed as a
function of the original cross-section d and sw by the
following relation:

d, = dv1+0.01Sw (51)

This swell in diameter results in a change in a few
parameters, which have been discussed in the subsequent
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sections taking into consideration the increased cross-
section diameter and how it affects the consequent
properties.

5.1 Compression in x and y direction with lubrication

The compression taking into account the restraining
effects imposed upon by the walls of the groove. With the
provision of lubrication to the O-ring, the cross-sectional
diameter of the O-ring changes and therefore, Eq. (37) and
(39) changes and this has been shown below:

_ dlf(5xy) H

6xy - f(‘sxy) - o (52)

_ d1f(8xy)—Groovewidth _

Oyx = dy - f(‘sxy) -

GrooveWidth

(53)

Equations (52) and (53) are solved by iterations.

Where di represents the increased cross-sectional
diameter resulting from swelling after lubrication.

5.2 Squeeze for lubricated radial O-ring

The effective squeeze induced upon the O-ring is
calculated from the product of deformation (8x) and O-
ring diameter (d). The formulation is given in equation (54).
squeeze = GOy * dy (54)
Where di represents the increased cross-sectional
diameter resulting from swelling after lubrication.

5.3 Radial Female

The radial female arrangement differs from the radial male
arrangement in the sense that it consists of a female
groove rather than a male groove which has been cut on
the outside machine part. The arrangement of a radial
female O-ring is shown in figure 6 where ‘ODyiston’ is the
nominal outer diameter of the piston (mm) with Gptol and
Gntol as the positive and negative tolerances respectively
and ‘ODaroove’” represents the nominal outer diameter of
the groove with positive and negative tolerances as Bptol
and Bntol.
c

o
o f

Cylinder

N

Cptol

Dpiston
ntol

Bptol |

Batol

Fig. 6 Radial Female O-ring

A radial female O-ring arrangement has been shown in Fig.
6. The discussion of those parameters which change their
value with the change in the geometry from a radial male
arrangement to a radial female arrangement. This
arrangement can be classified into two conditions: (i)
Unlubricated Condition and (ii) Lubricated Condition.
These two sections have been discussed below:

6. Unlubricated Condition

The condition when lubrication is not provided on the O-
ring surface prior to its installation inside the assembly is
known as unlubricated condition. For static applications,
where movement between the sealing faces and O-ring is
negligible, lubrication does not drastically affect the life of
the O-ring.

6.1 Inner Diameter of the O-ring

A range for the value of the inner diameter of the O-ring
taking into due consideration the unrestrained installation
of the O-ring in the groove assembly, the outer diameter
of the piston and the groove along with the clearance
between the sealing faces along with the positive and
negative tolerances of both the O-ring and the groove.

oD — O0Dp;
IDO—ringl = ( Gmw—ez Plswn) — C — Bntol —

Gntol — IDN (55)
IDO—ringz — (ODGroove; ODPiston) — C — Bptol +
Gptol + IDP (56)

6.2 Groove Height for radial female O-ring

Groove height is the difference between the outer
diameter of the groove and the piston which takes into
consideration the clearance between the sealing faces and
this is given by equation (57).
Groove Height = OD¢roope — ODpiston (57)
The remaining calculations of the O-ring in regards to the
groove width, Young’s Modulus, Compression in x and y
direction, contact width and contact stress remain the
same as that of radial O-ring.

6.3 Groove Width (GW)

The range for the groove width taking into consideration
parameters such as nominal outer groove diameter,
nominal outer piston diameter, clearance between the
sealing faces, the O-ring cross-section and their respective
tolerances. Taking into consideration that the volume of
the O-ring has been kept between 65 — 80 percent of the
groove volume so as to allow for a more realistic design
attainment.

1 n2d?(ID+2d)
0.65 4(1.[(0D612’00ve ODPZiston ZC)*H)

(59)

Groovewidth, =

Gntol
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242
Groovewidth, = T d (1b42d) ) -

1
ﬁ(‘l((n (ODG;OOUE ODP;ston ZC)*H)

Bptol (60)

7. Lubricated Condition

Lubrication when provided to the O-ring at the time of
installation results in the increase in the cross-sectional
diameter of the O-ring and thereafter, the increased
diameter di is calculated as a function of the initial
diameter d and the percentage of swell of the O-ring ‘sw’.
This has been calculated in Eq. (51). The changes in the
parameters of a lubricated O-ring follow the same pattern
as for a radial male lubricated O-ring.

Conclusion

In the analysis for the arrangement of an unrestrained O-
ring placed inside a groove arrangement three possible
arrangements of the O-ring: (i) Axial, (ii) Radial Male and
(iii) Radial Female has been discussed. The discussion was
further sub-divided into two conditions depending on
whether lubrication had been provided to the O-ring prior
to its installation inside the groove assembly. The
discussion began with the estimation of a few basic
parameters namely groove width, groove height, cross-
section diameter of the O-ring, inner diameter of the O-
ring and the Young’s Modulus. After the O-ring was loaded
inside the groove, contact width was calculated following
which the contact stress generated over the contact width
was estimated. The effect of the sealed fluid pressure on
the contact stress was also discussed.
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