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Abstract

Sealing is always a very important mechanical element when damage, breakage, leakage or even more serious disasters occur. Sealing
has a range of cross-sections, such as O-rings, X-rings, Square-rings and D-rings, which is used in many ways. The cross section of a D-
ring without curvature radius is simply combined with the half cross sections of an O-ring and Square-ring. The general D-ring has the
same corner angle as the Square-ring's corner. Therefore, a stress concentration can easily cause damage. To reduce this stress concentra-
tion, a D-ring without curvature radius should be changed into a D-ring with a curvature radius on the square corner. Stress analysis of a
D-ring with a curvature radius is needed. In this sturdy, the stress of a D-ring with a curvature radius under a uniform squeeze rate 20%
and various internal pressures was analyzed by using a photoelastic experiment hybrid method. The results showed that the D-ring with a
curvature radius has the advantages of both an O-ring and Square-ring, and the magnitudes of the contact stress in the D-ring with a cur-
vature radius are almost constant along the contact line. This means that the packing ability of a D-ring with a curvature radius is excel-
lent.

Keywords: Photoelastic experimental hybrid method; Uniform squeeze rate; Internal pressure; D-ring with a curvature radius; Contact stress; Packing

ability; High pressure

1. Introduction

Sealing is used as packing element of the mechanical parts
of high pressure equipment, such as the rocket propulsion
parts, aircraft parts, hydraulic parts and other high-pressure
sensitive parts. Damage, breakage or leakage in the sealing
can result in serious disaster. Therefore, sealing is a very im-
portant element in the mechanical parts. The mechanics of the
contact problems in the sealing is very important in the me-
chanics of sealing.

Hertz initially studied the contact problem [1]. He solved
the size of the contact region and the magnitude of the contact
pressure by assuming the distribution shape of the contact
pressure on the material, for which theoretical analysis of the
strength can be analyzed. Such contact problems include the
point load applied to the elastic half plane, uniform pressure
applied to the infinite half plane, rigid flat punch, and contact
between one cylinder and another cylinder.

Sealing can be classified as O-ring, X-ring, Square-ring and
D-ring. The usage of each ring is also various.
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Many researches exist on the behavior of O-ring [2-6], and
a little exists on the stress distribution of square ring [7] or a
stepped D-ring [8, 9]. It is suggested that sealing rings with
square and half circular cross sectional configuration demon-
strate better performance than O-ring or square when tested or
used in the same groove designed for the O-ring [2].

The cross section of a general D-ring with is a combination
of the half cross section of an O-ring and cross section of a
square ring. Hence, a D-ring has the merits of an O-ring and
square-ring. However, a general D-ring has square angle cor-
ner similar to a square-ring. Stress can concentrate easily at
this corner (= inside square corner of D-ring, see Fig. 1),
which can result in failure. If the D-ring has a rounded corner
with a curvature radius, stress concentrations may be reduced.
Therefore, a study on the stress distribution and deformation
behavior of the D-ring with a curvature radius (Hereafter,
“The suggested D-ring”) is essential.

The photoelastic experimental hybrid method is a photoe-
lastic experimental method in which the stress components
(oy, oy, Ty ) can be separated by using isochromatic only
without the use of isoclinics.

The stress distributions, change in cross section shape and
contact length of an O-ring [5, 6], square-ring [7], stepped D-
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ring [8, 9] and X-ring [10] have been studied by using this
photoelastic experimental hybrid method.

In the present study, the stress distributions, forcing out, the
behaviors of the contact lengths, and the change in the cross-
section shape of the suggested D-ring under a uniform
squeeze rate (20%) and internal pressure (7~20 MPa) were
studied. The main goal of this study is a demonstration the
superiority of the suggested D-ring under a uniform squeeze
rate and internal pressure through the stress analysis by using
the photoelastic experimental hybrid method. The additional
purposes of this research are as follows:

(1) Contact stress analysis along the contact line of the sug-
gested D-ring under various internal pressures.

(2) Observation of the variations of the contact length and
isochromatic fringe patterns of the suggested D-ring according
to the internal pressure.

(3) Internal stress analysis of the suggested D-ring exposed
to various internal pressures.

2. Basic theory
2.1 Hertz contact theory

The stress components using Muskhelishvilli's complex
function and the Airy stress function [11] are given by

+E¢’(z)+‘l’(z)] M

where for convenience, ¢(z)=¢'(z), WY(z)=w'(z) and
z=x+iy. The symbols ‘Re’ and ‘Im’ denote the real and
imaginary parts of the complex variable, respectively.

Generally, a contact problem is a half-plane problem. If the
body occupies the lower portion of the body, S- (z<0), an ana-
Iytic complex function can be defined as follows [12]:

¥(2)=4(2)-4(2) -2 (2)- @

By substituting Eq. (2) into Eq. (1), the stress equations can
be obtained in terms of only one function, ¢(z):
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As shown in Eq. (3), the stress components can be deter-
mined readily by only determining the complex function
#(z). The stress function ¢(z)is analytic, and can be ex-
pressed as a power series, as follows:

N L
#(z)=>.C,z>. )
n=0
Finally, the stress components expressed by the power se-
ries can be obtained as follows:

0(2) = X Re[C,[2F (1,2) - G(n) |+ C.F (m,2)]

o, (z)=§:Re{Cn [2F(n,z)+G(n,z)]—anF(n,z)} ®))

2.2 Photoelastic experimental hybrid method

The stress optic law for an isotropic material is given by
[13]

NG

By combining the actual experimental fringe data and the
analytical assumed values for the stress components, an error
can be generated that is never zero (see Eq. (8)). Therefore, a
numerical method can be used to calculate and minimize these
errors:

t

(&T (o,-0, ) ~(26, ) = D(e) ()

where [ is the stress fringe value, N, is the isochromatic
fringe order, ¢ is the specimen thickness, and z represents
the position coordinates (z = x +iy ).

Eq. (8) is obtained by substituting Eq. (5) into Eq. (7).
When the precise experimental data are substituted into Eq.
(8), the equation becomes a function of only two coefficients,
a, and b, of a complex variable; ie., C,=a,+ib,. The
converging condition of D(&)< 10-5 was used in this study,
and the errors almost converge to zero. By applying a numeri-
cal method [14] to Eq. (8) with the measured experimental
data, a,and b, are determined, which satisfies the limit val-
ues of the errors:
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C,=a, +ib, were then substituted into Eq. (4) to deter-
mine the stress function ¢(z) for a given experimental condi-
tion. Using Eq. (2), the stress function, ¥(z), is determined.
When the determined stress functions are substituted into Eq.
(1), the stress components for an arbitrary load can be deter-
mined. These processes are called the photoelastic experimen-
tal hybrid method.

3. Experiment and experimental method

The model material of the photoelastic experiment used in
this study is a high temperature epoxy resin composed of Ar-
aldite B41 and harder HT-903(Hutsman Advanced Materials,
Switzerland) at a weight ratio (Araldite : hardener) of 10:3.

Table 1 lists the mechanical properties of high temperature
epoxy resin at 120°C.

Figs. 1(a) and (b) show the geometrical dimensions, and the
relationship between the local and global coordinates in the
present study of the D-ring with a curvature radius of 0.7 mm
at the inside square corner (Namely, “The suggested D-ring”)
used with the photoelastic experimental hybrid method. On
the lower side, x; = X and y, = Y. On the front region, x, = ¥
and y, = -X. On the upper side, x, = -X and y, = -Y. Based on
the coordinate system, the contact length on each side was
taken as the abscissa with the center of the contact length be-
ing the origin of the local coordinate system. A model of the
photoelastic experiment, as shown in Fig. 1(a) was molded
from a silicon mold.

Fig. 2 shows the experimental loading device for the D-ring
at a uniform squeeze rate and internal pressure used in this
study. The stresses of the model D-ring with a curvature ra-
dius of 0.7 mm under a uniform squeeze rate of 20% and vari-
ous internal pressures were frozen at 120°C using the 3-
dimensional photoelastic stress frozen method [5-10]. During
the 3-D photoelastic experiment, the internal pressures were
applied to the model D-ring using an internal pressure device.

Fig. 3 shows cylinder and cover with D-ring of loading de-
vice, and illustrates the path of applied oil.

A video microscope [10], at a magnification of 40x, was
used to measure the contact lengths of the suggested D-ring.

The stress-frozen D-ring was sliced into the cross-section
with 2 mm thickness. The contact lengths were measured.
And then, the slices were polished until their thickness was
about 0.4 mm.

Table 1. Mechanical properties of the high epoxy resin.

Mechanical property at 120°C Value
Elastic modulus (MPa) 15.6
Poisson’s ratio 0.47
Hardening temperature (°C) 120
Stress fringe value (N/m) 242.6
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(b) Coordinate systems at a cross-section of the suggested D-ring

Fig. 1. Geometric dimensions, global (X, Y) and local coordinate sys-
tem (x, y) of D-ring used in this study.

Hydraulic
system

Cylinder

(a) Hydraulic loading device

(b) Drawing of loading device

Fig. 2. Experimental loading device for the D-ring under a uniform
squeeze rate of 20% and various internal pressures.

D-ring

Guide Ring

Fig. 3. Photographs of cylinder and cover with D-ring, and illustration
for oil path ; The guide ring and D-ring is inserted into the cylinder.

The isochromatic fringe patterns using the transparent type
photoelastic experimental device were recorded by a digital
camera, and then transferred to a computer for analysis. The
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measured experimental data was evaluated by using the stress
optic law [13]. Hooke’s and Jeeves’ numerical method [14]
was applied to the stress optic law with the experimental data.
C, was determined (n ~ 11 to 15).

The resulting C, was substituted back into the stress optic
law, and then the graphic isochromatic fringe patterns can be
plotted. A comparison was made between the actual isochro-
matic fringes and the plotted isochromatic fringes. The stress
components were finally determined when the graphic
isochromatic fringes were identical to the actual isochromatic
fringe patterns and the maximum shear stress contours ()
were analogous to the actual isochromatic fringe patterns. If
the patterns were not analogous, the process was repeated until
the two patterns were identical and analogous.

4. Experimental results and discussion

Fig. 4 shows the actual isochromatic fringe patterns of the
suggested D-ring under a uniform squeeze rate of 20% at var-
ious internal pressures. As shown in Fig. 4, the forcing out
was occurred when internal pressure was 11 MPa. The inter-
nal pressure (11 MPa) is much higher than internal pressures
of 3.92, 3.92 and 1.96 MPa of forcing out of the O-ring [5],
Square-ring [7] and X-ring [10], respectively. In this study,
“Forcing-out (or ‘Gap extrusion’ in Ref. [2])” is defined as a
condition that the front side of a pressurized D-ring flows over
the extension line from the laterally-constrained wall along the
assembly gap of the loading device.

There is little difference between isochromatic fringe pat-
terns of the suggested D-ring and those of the O-ring in the
vicinity of points, in which the curvature begins.

A comparison of the isochromatic fringe patterns of the
suggested D-ring with those of O-ring at the same internal
pressure [5], isochromatic fringe patterns in the upper portion
of the suggested D-ring are similar to those of the O-ring. In
contrast, the isochromatics in the lower portion of the sug-
gested D-ring are similar to those in which the isochromatic
fringe pattern of the O-ring is spread along one side, but dif-

P;=7MPa

Table 2. Contact length of D-ring with a curvature radius of 0.7 mm
under various internal pressures and 20% squeeze rate.

Pressure (MPa) | Upper contact length [mm] | Front contact length [mm)]
7 4.830 4.060
9 4.944 4.166
11 5.164 4.257
13 5.403 4.420
15 5.517 4452
20 5.538 4.723

P;=9 MPa

ferent to those of the square-ring [7].

The square-ring, despite its stability, had a stress concentra-
tion at the lower comer, in which every designer wishes to
avoid. The suggested D-ring has the advantages of both the O-
ring in the upper part and a square-ring in the lower part. In
other words, the distribution of isochromatic fringe patterns is
more uniform (= uniform stress distribution) than that of the
pure O-ring [5]. This is because the whole sealing material
was interrupted from easily moving toward the front wall due
to the square-shape of the lower part in the suggested D-ring
(= the stability of the square-ring), and the half “O”-shape of
the upper part protected the leakage of fluid through the upper
contact path by the higher distributed contact stress (= the
packing ability of O-ring). In addition, the stress concentration
at the lower corner between the lower part and the front wall is
relieved due to the existence of the curvature radius of 0.7 mm
at the square corner in the suggested D-ring (= the reduction
of the stress concentration). And the suggested D-ring is more
excellent than the stepped D-ring [8, 9], on the stress concen-
tration at the connecting point between the square shape and
the half “O”-shape, because the connecting point in the sug-
gested D-ring has a tangentially continuous connection, but
not in the stepped D-ring.

Table 2 lists the contact length of the suggested D-ring un-
der a range of internal pressures and 20% squeeze rates. As
shown in Table 2, the contact length of the upper part and

P;=11 MPa

P;=13 MPa

P;=15MPa

P;=20 MPa

Fig. 4. Actual isochromatic fringe patterns of D-ring with a curvature radius of 0.7 mm under a squeeze rate of 20% at various internal pressures.
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(b) Front part (a = 2.083 mm)

Fig. 5. Actual and graphic isochromatics of the D-ring with a curvature radius of 0.7 mm under a 20% squeeze rate (P; =9 MPa).

(a) Upper part (a = 2.702 mm)
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(b) Front part (¢ = 2.210 mm)

Fig. 6. Actual and graphic isochromatics of the D-ring with a curvature radius of 0.7 mm under a 20% squeeze rate (P; = 13 MPa).

lower part of the suggested D-ring increases slightly with in-
creasing internal pressure, the contact length of the upper part
is longer than that of the front part of the suggested D-ring,
and the increase in the contact length with the internal pres-
sure of the upper part is greater than that of the lower part of
the suggested D-ring. This means that the packing ability on
the upper part is better than that on the front part of the sug-
gested D-ring, and that the variation of contact length of the
upper part is more sensitive to the internal pressures than that
of the front part of the suggested D-ring.

From the variations of the isochromatic fringe patterns and
the contact lengths, it was found that forcing out of the sug-
gested D-ring occurs at a higher pressure than the pressures at
which the forcing out of the O-ring, X-ring and square-ring
occur. This means that the suggested D-ring is more effective
than another sealing ring in the high pressure system.

Figs. 5(a) and (b) show the actual and the graphic isochro-
matic patterns in the upper part and the front part of the sug-
gested D-ring at a squeeze rate of 20%, respectively, when the
internal pressure (= P;) is 9 MPa. Here, the isochromatics of
the left and the right sides are the actual isochromatics and the
graphic isochromatics, respectively. The graphic isochromat-
ics were obtained by using the photoelastic experimental hy-
brid method. The data points were measured inside the rectan-
gular (O0) region on the actual isochromatic fringe patterns.
The crosses (+) marked on the graphic isochromatic fringe
patterns indicate the points at which the experimental data was
obtained. The experimental data were measured along the
center line of the white or the dark bands (which means each
integer and integer plus 0.5 orders) of the actual isochromatics.
These cross marks (+) must be located almost along the center

line of the white and dark bands of the graphic isochromatics.
These point data and the fringe orders at each point, together
with the stress fringe value and thickness of the specimen,
were used with the photoelastic experimental hybrid method
to obtain the graphic isochromatic fringe patterns, stress com-
ponents (o, Oy, Tyy), principal stresses, maximum shear
stress ( z,,,, ), and von Mises equivalent stresses.

As shown in Fig. 5, the graphic isochromatic fringe patterns
are identical to the actual ones and all cross marks are located
along the center line of the white or the black bands. Therefore,
the photoelastic experimental hybrid method used in this study
is valid for the stress analysis of the suggested D-ring.

Figs. 6 and 7 show the isochromatics in the upper part (Figs.
6(a) and 7(a)) and the front part (Figs. 6(b) and 7(b)) of the
suggested D-ring. The graphic isochromatics were also ob-
tained by using the photoelastic experimental hybrid method.

Figs. 5 and 6 show that the fringe orders of the isochromat-
ics increased with increasing internal pressures, and the den-
sity of the isochromatic fringes around the assembly gap is
quite high after forcing out, that is, the stress gradient becomes
large. Therefore, it can be easily predicted that the maximum
shear stress in the suggested D-ring occurs around the assem-
bly gap.

The change of the isochromatic fringe orders in the lower
part (Namely, upper portion of (a) and right portion of (b) in
the Figs. 5-7) with increasing the internal pressure are small,
while the increment variations of isochromatic fringe orders in
the front and upper part are quite large compared those in the
lower part. This situation means that the sealing effect of the
suggested D-ring is more related to the magnitudes of the
contact stress around the assembly gap between the front part
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(a) Upper part (a = 2.759 mm)

(b) Front part (¢ =2.226 mm)

Fig. 7. Actual and graphic isochromatics of the D-ring with a curvature radius of 0.7 mm under a 20% squeeze rate (P; =15 MPa).
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Fig. 8. Stress contours in the upper part of the D-ring with a curvature radius of 0.7 mm under 20% squeeze rate and an internal pressure of 15 MPa

(x,=x=-X, y,=y=-Y).

and the upper parts of the suggested D-ring than the magni-
tudes of contact stresses of the lower part.

According to previous studies, the fracture is initiated at the
assembly fillet part of the assembly gap portion in most seal-
ing system. This is dependent on the maximum shear stress
criterion that the fracture initiates at the point at which the
maximum shear stress occurs. The maximum shear stress will
be occurred at the point that the gradient of isochromatic
fringe is steepest and the fringe order is also highest. There-
fore, these results show that it is possible to estimate the point
at which the fracture of the sealing material is initiated.

The detailed stress analyses of the suggested D-ring with
the internal pressures from 7 to 20 MPa were performed.
However, only a detailed analysis of the suggested D-ring at a
uniform squeeze rate of 20% and an internal pressure of 15
MPa is reported in this paper for the sake of brevity.

Fig. 8 shows the internal stress contours, oy, oy, Tyy,
and the maximum shear stress distribution, 7., , and the
principal stresses o,, o, , and the von Mises stress o,, in
the upper part of the suggested D-ring at a uniform squeeze
rate of 20% and an internal pressure of 15 MPa. From these
results, the highest values of the contact stresses, oy, oy
and 7,, are 16.15, 15.78 and 0.06 MPa, respectively. In

addition, oy, o,, 7 and oy, are 16.15, 15.78, 0.19,
and 15.97 MPa, respectively. The stress contours in the upper

max

part show that the region close to the extrusion gap is highly
stressed.

The stress contours shown in Fig. 9 represent the distribu-
tions of the interior stresses, and the maximum shear stress etc.
in the front part of the suggested D-ring under a uniform
squeeze rate of 20% and an internal pressure of 15 MPa. The
highest values of contact stresses, o,, o, and 7,, are in
these regions are 15.20, 15.16 and 0.06 MPa, respectively. In
addition, oy, o,, 7, and oy, are 15.22, 15.11, 0.17
and 15.15 MPa, respectively. The stresses in the upper part
were shifted slightly to the right compared to those of the pure
Hertzian contact stress. The highest magnitudes of the oy,
stresses are much higher than those of 7, in the upper and
front parts. It is noted that the maximum stresses (o, ) and the
minimum stresses (o, ) on the upper side were higher than
those of the front side.

Fig. 10 shows the variations of the contact stress component
(oy, oy and 7,,) along the contact length with internal
pressure of the upper part in the suggested D-ring under vari-
ous internal pressures and a uniform squeeze rate (20%). As
shown in Fig. 10, o, and o, increased with increasing
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Fig. 9. Stress contours in the front part of the D-ring with a curvature radius of 0.7 mm under a 20% squeeze rate and an internal pressure of 15 MPa
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Fig. 10. Variations of the contact stresses of the upper part in the D-ring with a curvature radius of 0.7 mm under various internal pressures and a

uniform squeeze rate (20%).

internal pressure and they were almost constant along the con-
tact length. This means that the suggested D-ring has very
good packing ability. The distribution configuration of stress
oy Wwas similar to that of the stress o, . The stresses around
the assembly gap decreased slightly at internal pressure of 13
MPa just after forcing out, and then at internal pressure 15
MPa, similar behaviors as at the previous internal pressures
were produced.

In the O-ring, the maximum contact stress occurs around
the center and the magnitude of the contact stresses decreased
with approaching the end points of contact, i.e., the distribu-
tion configuration of the contact stress in O-ring is “N”, while
almost constant along the contact length in the suggested D-
ring.

The z,, sign of the upper part in the suggested D-ring is
changed at the center of contact. In addition, the magnitudes
of 7,, were considerably small compared to those of o
and oy , which suggests that the isochromatic fringe patterns
of the suggested D-ring under a uniform squeeze rate (20%)
and various internal pressure are occurred from the difference
between the o, magnitude and o, magnitude, and that the
magnitudes of the principal stresses o, and o, are similar
to those of o, and o, . These results are similar to those of

O-ring [5].

Fig. 11 presents the distribution of contact stresses o,, o,,
von Mises equivalent stress °" and maximum shear stress
7.« along the contact line of the upper part in the suggested
D-ring under various internal pressures and a uniform squeeze
rate of 20%. Fig. 11 shows that the magnitude of the principal
stresses o, and o, are similar to those of o, and oy,
their magnitudes increase with increasing internal pressures
and their magnitudes are relatively constant along the contact
path. After forcing out, the maximum o; and o, occurs
around the assembly gap (x,/a = -1). The maximum shear
stress occurs around the assembly gap. The behaviors of the
von Mises equivalent stress are similar to those of the princi-
pal stresses

Fig. 12 shows the variations of the contact stresses with the
internal pressures along the contact line of the front in the
suggested D-ring under various internal pressures and a uni-
form squeeze rate (20%). The magnitudes of o, and oy
also increased with increasing internal pressures. Their magni-
tudes were relatively constant along the contact line. The dis-
tributions and magnitudes of the stress o, are similar to
those of the stress o, . The magnitudes of z,, of the front
part in the suggested D-ring under various internal pressures
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Fig. 12. Variations of the contact stresses of the front part in the D-ring with a curvature radius of 0.7 mm under various internal pressures and a

uniform squeeze rate (20%).

and a uniform squeeze rate of 20% is very small compared to
those of o, and oy, as observed with the results from the
upper part in the suggested D-ring.

The variations of 7, of the front part in the suggested D-
ring were relatively large. These results were attributed to the
characteristic isochromatic fringe pattern produced at the cen-
ter part of the front part in the suggested D-ring. This shows
that those characteristic isochromatic fringe patterns occurred
due to the connecting portion between the square shape and
the “O”-shape at the center part of the front part in the sug-
gested D-ring.

Fig. 13 shows variations of the contact stresses along the
contact line of the front part in the suggested D-ring under
various internal pressures and a uniform squeeze rate of 20%.
The distributions of the contact stress along the contact line of
the front part are similar to those of the upper part in the sug-
gested D-ring. But, the distributions and magnitudes of the
maximum shear stress z,,,, around the assembly gap of the
front part in the suggested D-ring were significantly higher
than of another part in the suggested D-ring after forcing out.
These results are related to the situation that the fracture of

most sealing materials occurs around the assembly gap, i.e.,
the maximum shear stress criterion is more effective than the
maximum normal stress theory.

Figs. 10-13 show that the contact stress (o ,0y ,0,,0,
and oy,, ) distributions and stress (oy , 0y ,0,,0, and
oy, ) magnitudes of the front part in the suggested D-ring
along the contact line are more uniform and smaller than those
of the upper part, respectively, that the shear stress (z,, and
Tax ) distributions of the upper part are more uniform than
those of the front part in the suggested D-ring, and that the
magnitudes of the shear stress (z,, and rz,,, ) of the upper
part are similar to those of the front part in the suggested D-
ring. The magnitude sequence (Order) of the contact stresses
of the upper and the front part in the suggested D-ring is o,
Oys Opys> Ops Ops Tyaysald Tyy.

The contact stresses of the upper part are greater than those
of the lower part in the suggested D-ring. In the sealing system,
there are two paths through which the fluid can leak. One is
the upper path on the upper part of the packing ring. Another
is the lower path underneath the lower part of the packing ring
plus the front path on the front part of the packing ring. The
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Fig. 13. Variation of the calculated contact stresses of the front part in the D-ring with a curvature radius of 0.7 mm under various internal pressures

and a uniform squeeze rate (20%).

length of the latter is longer than that of the former. Therefore,
the fluid can leak more easily along the upper leakage path
than the lower leakage path.

The magnitudes of the contact stresses of the upper part in
the suggested D-ring are greater than those of the lower part or
the front part in the suggested D-ring.

Figs. 10-13 show that the upper part in the suggested D-ring
has the benefits of O-ring in the upper part and square-ring in
the lower part, and reduce stress concentration in the case of
the stepped D-ring in the front part. In other words, the sug-
gested D-ring maintains the stability of a square-ring and re-
duces the stress concentration of the stepped D-ring and re-
lieves the stress concentration at the lower square corner be-
cause of the existence of the curvature radius. Therefore, these
results confirmed that the suggested D-ring has advantages of
both the O-ring and Square-ring, and the packing ability of the
suggested D-ring is excellent.

5. Conclusion

The following conclusions were drawn based on the study
of the suggested D-ring under a 20% uniform squeeze rate and
various internal pressures using the photoelastic experimental
hybrid method.

(1) The suggested D-ring has both advantages of the O-ring
and square-ring, and relieves the stress concentration at the
lower square corner because of the existence of the curvature
radius. The packing ability of the suggested D-ring is also
excellent.

(2) The increment of isochromatic fringe order of the upper
part in the suggested D-ring is much greater than that of the
lower part in the suggested D-ring. This means that the pack-

ing ability on the upper part in the suggested D-ring is more
effective than underneath the lower part.

(3) The variation of the contact length of the upper part in
the suggested D-ring under various internal pressures is more
sensitive than that of the front part and the lower part. These
results mean that the contact portion on the upper part in the
suggested D-ring has a larger influence on the packing ability
than the other portion.

(4) Magnitude sequence (Order) of the contact stresses of
the upper part and the front part in the suggested D-ring is o, ,
Oy, Opys> Oy Oy, Tpay» and 7., . The magnitudes of all
contact stresses of the upper part in the suggested D-ring are
greater than those of the front part. This means that the pack-
ing ability on the upper part in the suggested D-ring is better
than that on the front part.

(5) Shear stress (7, and 7, ) distributions of the upper
part in the suggested D-ring are more uniform than those of
the front part. The magnitudes of shear stress of the upper part
in the suggested D-ring are similar to those of the front part.

(6) The distributions and magnitudes of the contact stress
(0y,0y,0,,0, and oy, ) of the upper part in the sug-
gested D-ring along with the contact line are larger than those
of the front part, and more uniform than those in the O-ring
under the same loading conditions.
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