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. ABSTRACT

The double-cone ring gasket used as a-static seal for high
pressure operates on the principle of unsupported area by which the
pressure appliéd to the gasket produces a large pressure at the seating
surfaces thus maintaining a tight joint.

An analysis based on elastic behaviour-and simplifying assump-
tions .is developed for predicting the sealing forces and the-strains in the
gasket.

An apparatus was built for testing- the:effectiveness of the
gasket for sealing pressures-to 10,000 psi. Gaskets:of several different
proportions were-testedrandfall wereqfound*to»seai»satisfactori]y. Strain
measurements made-during the-:tests showed satisfactory;agreement with
predicted- values- for the assembly-condition, but:there-were-discrepancies
between- the predicted and-observed values-for the-gaskets under pressure.
These discrepancies indicate that: the-simple assumptions used in the
analysis .are-not sufficiently accurate.

- The general conclusions are-that the-double-cone ring gasket is
satisfactory . for high-pressure static seals and that the proportions of

the ring cross-section: are not critical-to the-effectiveness: of the seal.
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CHAPTER 1

INTRODUCTION

1.1 Purpose.of Investigation

It is obvious that the most vital-problem which must be faced in
every high-pressure application is the prevention of :leaks. This means in
every case some- form of sealing.

To- prevent: the-migration-of-high-pressure-fluid across the joint
of a vesse1~or~an:assemethhérefno~reﬂatﬁve»mot10n~occurs between the
joined parts, a-great-many forms of static seals have been developed in
the past years.- One of these,-the double-=cone ring-gasket,-is the subject
of the present study.  :This-gasket is-a:pressure-energized ring seal used
in-various- fields- of-high pressures.-- Although- a- large amount-of information
about:such ring- seals  have-been:published, "much-research -work: is yet to be
-done. . Accordingly,-to-study the behaviour of-the double-cone ring gasket
"as arstatic seal with-a-view:to determining-the-optimum-design properties

and conditions-becomes the-original:object: of-this research project.

- 1.2.+0utline of Thesis

In the present:thesis; a-historical-review-of the-design concepts
of high-pressure-gaskets-is reported,-and-the basic design principle of
the double-=cene-ring gasket-is discussed.

A-simplified-elastic analysis is-developed,-and- equations for
prediecting the sealing  forces-and the-tangential-strains-in the double-
cone -ring . gaskets-are-derived-as ‘the- results-of-this analysis.

For the experimental part of the investigation, double-cone

ring-gasket models  are made and- tested. The physical-properties of



model-materials,-the  design details-of-the medels, the: testing apparatus

- and- the-test-procedure are:separately-described- in the- thesis. Then the

‘results of the strain-measurements-made-in testing-the: ring- gasket models
are-presented-in- graphic: form-and- compared-with:-the theoretiecally predicted
- values.  In-additiony the observations-on-the-perfermance-characteristics
-of-the-tested-models-are-also-reported: --These-observations-lead to some
-design: criteria-for-the-double=eone-ring gasket.
Finally,-a-few-statements-serving-as-the general conc]usions
-of the-present-investigation-are-mentioned,-and-suggestions=which may be
helpful-to-further-researches:-on-the-behaviour-of-double-cone:ring gasket

are stated.



CHAPTER 11
THE- DESIGN PRINCIPLE OF DOUBLE-CONE RING GASKET

2.1 Historical+Review-of-High=Pressure-Gasket Design

Three-distinct-stages-in-the-evolution-of high-pressure gasket
design-may-be-distinguished-{1J*. -The-design::concept-devetloped in each of
these three-stages-can-be-discussed-separately-by-way-of -introducing the
problemfofwsea11ng~the#pipelconneetion*in”a*highhpressure system.

A-schematic- i1lustration of-the most-primitive-design is shown
in Figure 1% = In-this design,-the-sealing=pressure-exerted-on the sealing
surfaces between-the-gasket-and: the rigid members- completely depends on
the initial bolt Toad applied in assembling-this pipe connection. This

design has two -shortcomings.

// \\\

W \‘« 22227724
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v

FIGURE T Most Primitive Designvof~High:Pressure Gasket

*Numbers in-brackets-identify-references-at the-end of thesis.



The first one is that during the assembly process,; in-order to make the
gasket proof against high pressure, the-gasket must- be very tightly com-
pressed; as a consequence, the gasket:might flow sidewise, either into
the interior of the pipe or to the outside:::Another shortcoming of this
design is that;~when*thé'hydrostat1c=pressure-in:the‘pipeuis very high,
the gasket will be blown out by it.

The second-stage-of  evolution: is:-shown-in- Figure 2. In this

"
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FIGURE.2--Amagat's: Type-of: Fully-Enclosed Gasket

: ﬁmproved~design,'a:fiange:iseformed~oh:the-end-of*theipipe, and this

pipe flange enters:a»reeess»in*such~awway~that=théAgasket is entirely
enclosed-by rigid.metal walls.--Therefore;-the-gasket-can-neither flow
sidewise-under-initial-bolt- 1oad; nor-can-it-be:blown-out-by the hydro-
static pressure contained:: - The~gaskets:of-such-a-design- are commonly
known as the-Amagat's: type-of: fully-enclosed: gaskets.--However, the upper

pressure-limit at-which an: Amagat's-gasket-ean-be-effectively  used is still



set by the intensityzofithe"1n1t1a4*boﬂt*10ad~1mposed~in~a$semb]yc When
the hydrostatic pressure in the: pipe- has:reached an-intensity equal to
that initially-exerted-on:the: sealing-surfaces-by-the-screws, there is
ba]ance;v-Anwaurther~1ncrease:of=hydrostatie"pressurewabove this limit
will cause- the gasket- to-shrink-away- frem: the: containing-wall: and produce
a leak.

Figure 3 shows the- gasket-design-in-the-third-stage:of evolution.

At first sight, it seems-that-this-design-appears-.to-be-enly-a-modification
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FIGURE 3--High-Pressure-Gasket-Pesign Utilizing
----- -+ --the Principle+of Unsupported Area

of the one shown- in-Figure-2.::The- location=of- gasket-has-beén changed
from the front: to-the:back-side" of the-pipe-flange:--However, this
apparently -trivial change>has introduced:-a-very-important change in

the design concept-of high-pressure-gasket:, and-has-made-the conventional,
compressive gasket -into-one-utilizing the:principle-eof- unsupported area.

This principle forms  the basic: design: concept-of-the-double-cone ring



gasket and many otherpressure-energized-gaskets.: -The next section will

be devoted to-describing: this' principle in detail.

"+ 2.2 - The: Principle: of ‘Unsupported Area

The: principle:--of unsupported-area-can-be-stated-as-{1][2][3][5]:
"If the geometrical-design of-a-gasket:assembly is such that there exists
a certain- amount-of unsupported:-area;-then--the-intensity-of the sealing
pressure on the sealing-surface- of the-gasket can-automatically be main-
tained at-a-fixed-percentage-higher-than-the-:pressure-intensity in the
- -contained -fluid, and- leak-of the: fluid -cannot-occur--as- Tong as the
retaining . walls: of .this gasket-assembly hold."

In the-design-shown in-Figure: 3y the -unsupported area is the
area of -the-cross-sectton: of+the pipe.--This-principle-of unsupported
area is commonly -credited: to-P:W.: Bridgman;-and-has-been-widely employed
in many high-pressure-gasket-designs.- - A-survey-of- the existing high-
pressure -gaskets -reveals that:most-of the-pressure-energized gaskets

- -used- in-various-fields-of-very-high-pressures-.utilize-this principle

(81091].

2.3 Design-Features-of-the-Double~Cone--Ring Gasket

. The double-cone ring:type--of .gasket-was«originally developed
in Germany-for-high-pressure reactors.:. -As-implied:by«=its-name, this
‘='~»:gasketvisvessentiallywaametaiiicuringrjoint:madeufromrforgedva]uminium or
mild steel, consisting-of -two-cone: type:seating-bevels-which-form part of
the outer-surface.-.The-schematic+illustration-of-such-a-ring joint is

shown in Figure 4.
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FIGURE 4 A Double-Cone Ring Gasket

When used as- a static seal, this ring gasket is placed between
two flanges of specific design;vas shown>1n'Fngre 5. In-ofder to create .
the necessary initial seal; so that the-hydrostatic pressure subsequently
applied to this assembly can act on the inner: surface of ring only, the
flanges and the ring are so dimensﬁoned“that”thE“Seating*bgvé]s of ring
come in contact with the sealing surfaces-of flanges when the flanges
have a standoff-g (see Figure-5). Tightening-the’studSvswages-the ring
inward until the flanges are face to face. Under this~bolt-up condition,
no hydrostatic pressure -exists: and the full bolt lead-is-carried by the
slightly coned ring. - -Figure-6- shows: a double-cone*ring-gasket in the.

assembled state.
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~FIGURE ‘5. -The--Double-Cone~Ring-Gasket*and"Flanges-Before Assembly
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FIGURE -6 -The Double-Cone--Ring: Gasket-in+the-Assembled State
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After the flanges are -tightly bolted and the~ring has been
properly seated; hydrostatic pressure can then be- applied. - A portion of
the applied-pressure, which is -acting on- the-inner-surface of ring,
expands the ring into the sealing surfaces of flanges and forces it to
-maintain-a -seat. -Since-there:-exists'an unsupported area-in this gasket
design, which is-equal to the-difference between the-inner surface of
- ring and-the- projected areaof-ring bevels, the -increase in the
intensity of sealing pressure will be higher than the increase in the
intensity of applied pressure.--Therefore, an-effective seal can be
retained no-matter how high the applied pressure.

Since the ring expansion mentioned in -the last paragraph,
along with- the ‘hydrostatic pressure-acting on the flat portions of the
flanges, tends to separate the bolted flanges, this gasket assembly
‘must be firmly held in place by some proper -means. In the original

design [6], a large-threaded plug was used, as shown in Figure 7.
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FIGURE 7--A Double-Cone Ring Gasket Assembly Utilizing Threaded Plug
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This arrangement s satisfactory: from the strength- standpoint, but the
- threads -are-subjected to-damage. It was then-decided that large-diameter
studs be adopted-as the-boiting devices.

-In some ‘modern designs; the- double=cone-type: ring gasket is
~modified by cutting grooves-on-the seating bevels-to reduce the contact
area. An even more-complicated modification: has also been:used in other
heavy-duty applicationsy- [5][6].- ~This modification; which is schematically

shown in Figure 8, consists of providing a mechanical-backing shoulder to
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- FIGURE--8---A--Modified- Double=Cone~Ring~Gasket Design
v~preventvthe~ringvfrom“excessivef4nwardfdef1ection*iftit’becomes necessary
to preloadi the-studs tighter-than normal’ to-overceme: surface variation
in: gasket or flanges.- A groove-is cut in’this shoulder:for its entire
circumference and-holes provided to make certain that the applied hydro-
static pressure will act-on the: inner’ surface-of the ring. However, for
the sake of easy-fabrication, these modifications were not applied to the

ring models used in this investigation. The ring models remained as



plain-bevel, non-backing type.

1
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CHAPTER III:
THEORETICAL ANALYSIS

3.1 General

The -elastic behaviour of+-the double-cone ring gasket used as-
a static seal may be theoretically analyzed in-the-sense-that a longitudinal
- sliver 2b°rd@"h isolated from the ring gasket, as shown—in‘Figure 9, can

be treated as "a beam on elastic foundation".

\ ]
/"\\ d¢’f"'\

FIGURE 9 A Longitudina]—S]iver=Iso]ated?from*a Ring Gasket

If rd@ is taken-te be-unity;-then-the ring-sliver-becomes a beam
of unit width, which rests-on an-elastic-foundation-consisting of the rest
of the ring (covering an-angle-of-2n-d@).- This=beam-is- acted upon by
resultants of sealing pressure-N;-hydrostatic-pressure-p-and hoop com-
pressions S e The hoop compressions, which-are-assumed-to .be uniformly
distributed-a]ong-both~sides-offthé'ringhs1iver;hare—not=quite in opposite
directions, but include-a small-anglie-df between-them.-~Therefore, the

resultant of-these»hoop-compressions;esh52b3h=d¢,~const1tutes the
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reaction force imposed on the "beam" by the-"“elastie- foundation", and is

proportional to the def1ectionvof the beam.

3.2 Fundamental Assumptions

In deve]oping*the'mathematica1'approaehfforeaﬁaiyzing the ring
deformat%on under app]ied~]oads;>some'sﬁmpiifying<assumptions are to be
made so that the resU]ting differentia1*equation*whichtgoverns the elastic
Tine of a ring;s]iverlis simplified-to-such-an extent that: it-may be solved
without too much mathematical difficulty. These-assumptions are
summarizee as follows: |

1) The material-from-whieh-the ring is made-is-assumed to be.

-homogeneous;~isotropic~andﬂperfect1y elastic.

2) The'f]anges-betweenhwhich*the*ringzis=assemb]ed are assumed

to be~abso]ute]y.rigid;-and*the*studs*hoiding-these flanges in

place are assumed-to-have: infinite strength, or, in other
words, it is assumed:that-no flange deformation or stud stretch
could occur.

3) A ring sliver is-assumed to be a rectangular beam with

uniform cross-sections,-as:shown in-Figure 10. In addition, it

is assumed»that~the»beam equation-may“be~used~for»a.re]atively
small length-to depth ratio. |

4) The resultant of-the~sea1ing%pressereAacting on each ring

bevel can be- resolved into- two- orthegonal- components (see

Figure 10) ' One of these components, Ncose, wh1ch is in the

radial direction of the r1ng, is’ assumed to act at the extreme

outer edge of ring, while the other component Nsing, also acting

at the edge‘of the ring, is rep]aced’by'the statically equivalent
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bending moment Nsine*h/2 and an axial force with a magnitude

equal to Nsing.

ot LLLLLEE DUELE LR Wsinec

. < - ‘\\ Nsine
Nsi : 0 —
Sin o | B / X

Ncose ' Ncose

'FIGURE~10~-Simp]ﬁfied~BoundarthonditionSiofva Ring Sliver

3.3 Derivation of the-Governing Differential Equation

If a set -of rectangular co-ordinate-axes XYZ: is-chosen for the
beam (see Figure 10);-an-infinitesimal-beam-element -dx-is-acted upon by shear
- force- V- bending- moment: M, hydrostatic pressure-p-and-hoop compressions

»»sh,-as»shown in Figure 11.

FIGURE 11--An-Infinitesimal Beam Element
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From the consideration-of:equilibrium:of- the-forces-acting on this
beam element, it-follows-in-the Z-direction
(3.1)

The magnitude of the hoop-compression:is:-given:by-the expression

Sp T r

= Y. u £N51nﬁ + ph) L (3.2)

where E is Young's-modulus, u-is Poisson's ratio-and-w-is beam deflection
in Z-direction consisting of the-deflection-attributable-to-bending, Wy »

and that attributable to-shear, Wes i.e.

where D is the flexural rigidity

3

D = Eh >
12(1-u")

The rate of change-of-the-deflection-due-to-shear-[11] is given

by

dw
S . 1.5V - 3(]+u) R L

& - he - &V (3.4)
Combining Equations-(3.1) to-(3.4); and-replacing p(1 - %F) -

u (Nsine + ph) by B, give
dw _ M, 3(1+) 301+) . p |
___2—=_B-+ 2“ °W+——ETU—‘.P (3-5)
dx r

Taking the-derivative of-(3.5) twice and using Equation (3.1)

again, give
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4 2 .2 =
It gt - (3.6)
dx H dx :
where
4 30-0)
)
r

h
This differential-equation-expresses-the-relation between the
ring deformation and the applied loads; andfisfeoineident with that
derived by S. -Levy for-shert-cylindriecal shells-[12] allowing for reverse

in sign of w.

3:4--Solution-to the: Governing-Differential Equation

Any solution to-the-governing differential-equation obtaihed in
the preceeding-section applies-enly-to a-particular-ring-gasket of mean
radius r-and thickness-h. To overcome this-and-reduce-the number of
independent variables at the-same-time, Equatien-{3:6)-is-made dimension-

less. This is done by defining two dimensionless parameters

£ = % (3.7a)
and

w= - (3.7b)

Combining- Equation- (3-6)-with: Equations-{3:7),-and recalling
that

=r =B
G and o h

as defined in last chapter-give-a-dimensioniess expression

d4w _ 3(1+u)a +
d€4 pz dﬁz 02

2 2 2, 4 2. 4 .
d°w , 12(1-p")a’ 0= - 12(1EE @ . p (3.8)

The solution of Equation (3.8) with yw = 0.3 is
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w = C] cosh Ag cos yg + C2 sinh g sin g + C3 cosh Ag sin veg
+ C4 sinh A cos g - P* (3.9)
in which, P* is the particular integral

px = =P (3.10)

mjo

and, x and v are parameters defined for simplicity

A= 1.285 %-/p + .5901
vy = 1.285 %w/p - .5901

and C], CZ’ C3, C4 are constants of integration.
Since the deflection, w, is symmetrical with respect to the
Z-axis

C,=C,=0 (3.11)

Other boundary  conditions useful in-evaluating the non-zero
constants C] and C2 are:

1) The end disp]acementvof beam;-we, is-a-known quantity.
2) The bending moment at-the ends:of:beam,-Nsinevg-is known .

These two end conditions -can be expressed mathematically as

We

;\l - ——

nb!€=i_'l r (3a]2)

and
o 3.94°  3.945 _ 5.460°Nsing (3.13)
422 7 v 7 P Eoh .
1515 e P g=+]

respectively.

For simplicity, define

=

c = =S (3.14)

e r
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and
we o _ 5460 Nsing (3.15)
Eph :
Then the end conditions (3.12) and (3.13) become
w =C (3-]6)
g=] ¢
and
2 2 2
dw _ 3.% o - 3.9 p* - (3.17)
2 2 2
d, p P

Substituting Equation (3.9) into (3.16) and (3.17) and solving
the resulting simultaneous equations, yield

1

C, =
! ny(sinhzx + coszy)
* 2 2 2, 2, . .
{(Ce + P*)[2xycosh ) cos v + (A" - y© - 3.9a/p")sinh A siny]
- M* sinh x siny} (3.18)
and
_ 1
Cp = 7

2xy(sinh2,x + cos"y)

{(ce + P*)[2xy sinh ) siny - (Az - y2 - 3,9a2/p2)cosh A cosy]

+ M* cosh A cosy} - (3.19)
At this point, it is recognized that to combine Equation (3.9)
with Equations (3.10), (3.18) and (3.19) does not give the complete
solution to the deflection, because there is still an unknown quantity,
N, involved in P* and M*. However, this can be clarified by noting
another boundary condition that

dM

- = Ncos® ’ (3.20a)
g
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or, in alternate form

|d3w 3°9a2 dw _ 10.92a3 cose (N . (3.20b)
ST s W |

m

After some cumbersome operations, the expression for the magni-
tude of sealing force per unit length of ring circumference, N, can be

obtained by solving the following equation

N__ . . D
B - Kc Co t Kp E (3.21)

in which K_ and Kp are coefficients relating c, and %—to the quantity (%H)

.‘] ’)zﬂ_ ]
Ke = Tar [(2x YTy yrorz)cosh A sinh A

- (ZAYZPZ + AFOP]) cos y siny]

and

S 2 . :
Kp = Den- (p‘0°8)k2K ¥P1=¥Iglp)cosh A sinh

- (2Ay2P2+AFOF])COS y siny]

where Fgs Tys Tp and Den. are defined for simplicity

FO = AZ - YZV- 3°9a2/p2
Iy = AZ - 3y2 - 3=9a2/p2
r, = 3% - 4 - 3.967/07

and

Den. = 0.3 sing [2A2yF] - YTplo + ]8u2(a2/p)F2]COSh A sinh 2
Y 2 2, \_ .
- 0.3 sin [2xay Fp + ATgTy - 18.2(a /p)r]]cos v sin y

- 21084(a3/p)AyCOSB(Sinh2A + COSzy)
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Then, Equations (3.18), (3.19) and (3.10) reduce to

C, = e
1 2xy(sinhzx + COSzy)
{[ry - 0.3(ry - 18.20%/p)sine"K Jsinh r sin y
+ 2xy(1 - 0.3 sine'Kp)cosh XA €coS vy}
¥ e
2xy(sinh™x + cos®y)
(Lo - 0.8)7, - 0.3(r, - 18.2a2/p)sine'Kp]sinh A sin y
+ 2xy[(p - 0.8) - 0.3 sine'Kp]coshxcos v} (3.22)
c
C, = <
2 ny(sinhzx + coszy)
{2xy(1 - 0.3 sine“KC)sinh A sin v
—[PO - 003(1“0 - 18.2a2/p)sine°KC]cosh A COS v}
+ p/E
2 7
2xy(sinh®x + cos”y)
{2xy[(p - 0.8) - 0.3 sine'Kp]sinh A sin vy
-[(p - 0,8)1‘-0 - 0,3(r0 - ]8c2a2/p)51n6°Kp]COSh A COS v}
(3.23)
and
. L 7. P
P* = -0.3 sine’K_"c  + [(p - 0.8) - 0.3 sins Kp] 3 (3.24)

Substituting these values into Equation (3.9) gives the final
solution to the differential equation (3.8). This solution in turn indi-
cates the radial deflection of the ring.

In particular, at the center of the ring sliver concerned, i.e.

at the origin of the co-ordinate system chosen, where

i

x = 0, or £ =0
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the solution reduces to
We=Q = g = C] - p* _ (3.25)

3.5 Tangential Strains of Ring Gasket

Since the double-cone ring gasket is-axisymmetrical in geometry
and is subjected to axisymmetrical- loading;-the tangential-strain at the
centroid of any axial-cross-section of the ring gasket is

"9

o = - T = g ‘ (3.26)
the minus sign in the right-hand side denotes that-an inward deflection
gives a compressive strain.

Furthermore; the fangentia] strain-at-the point S (see Figure 10),

which is on the outer surface of the ring gasket, is given as

- . 4 u(Nsine + ph)
S 0 Eh

. . .. P
ey * 0,3Kcs1ne co ¥ Kp(] + sing) E (3.27)

Equation (3.27) is of practical:interest-because-in-the experimen-
tal part of this investigation, the tangential -strains-at point S were

actually measured by using strain gages.

-3.6- Effects-of Design-Parameters-on=Ring-Deformation-and-Sealing. Pressure

The combination of -Equation (3.26) with Equations-(3.25), (3.22)
and (3.24) gives an alternate-expression for- the tangential-strain at the

centroid of any axial-cross-section of ring

P
EO = _xc Co + Up (E) (3.28)

where
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1
n =
¢ 2Ay(sinh2 + cosz)

([ry - 0.3(r, - 18.2a2/p)sine’Kc]sinh A sin y

+ 2xy(1 - 0,3sine‘Kp)cosh A Cos-y} + OBBKC sin &  (3.29)

and

; -1
n ?

P ZAy(SinhZA + cos“y)

([(p - 0.8)ry --0.3(r, - ]8.2a2/p)sine'Kp]sinh A sin y
+ 2xy[(p - 0.8) -0.3 sine’Kp]coshAcos-y}
+ (o - 0.8) - 0.3 sin o (3.30)

are coefficients-relating»ce and %—to the tangential strain of ring

respectively. By using a digital computer for rapid calculations, the
relationships between these two coefficients and the design parameters
of ring, as well as the relationships between coefficients, KC and _Kp
(see Equation (3.21)), and the design parameters, are shown in Figures

12 to 15. From these figures, the effects of the design parameters, o

and a, on the ring deformation and the sealing force can be readily seen.
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CHAPTER IV

DESCRIPTION OF TEST MODELS

4.7 Model Material

A1l of the ring models-used in this fnvestigation were fabricated
from SAE 1020 carbon steel. As receivéd; the model material appeared in the
form of round, seamless, cold-drawn tubing which was-supplied by the
Wilkinson Company, Limited. The tubing was -6 1/4 in. in outside diameter and
1/2 in. thickness, without any heat-treatment when purchased.

In fabricating the ring models, sections with suitable lengths
were cut from the tubing. Some of .these tubing sections in as-received
- condition were then turned on a lathe to the predetermined shapes, and
the resultant rings were designated Models Al, Bl, B2, C1 and C2 according
to their dimensions, as-outlined in next section. As for Models A2, B3
and-C3, the fabrication process was somewhat different from that just
described. The associated tubing sections were softened by annealing
before machining operations. -The annealing temperature was 1350° F,.

Since the-physical properties of the:-cold-drawn tubing depend
upon  the- degree- of cold work- performed in producing each piece, tension
tests were performed to secure reliable information about the proportional
limits-and- the-ultimate-strengths- of the model materials, which were of
the-most- importance for analyzing the behaviour of the ring models.

In performing the tension tests, test specimens were cut from
the cold-drawn and the annealed tubing sections, and then loaded to
failure in an-Instrdnvtestingvmachine.v Table 1 shows the results of the
tension tests,-along-with the average Rockwell readingsvof the model

materials as taken from the hardness tests.



TABLE 1

Physical Properties-of -Model Materials

MATERIAL PROPORTIONAL ULTIMATE ELONGATION ROCKWELL B.
LIMIT STRENGTH IN 2 IN.

Cold-drawn | 52,000 psi. . 87,000 psi. 14% 94

Annealed 33,000 psi. 57,000 psi. 38% 70

4.2 Design Details of Ring Models

In designing a ring model, suitable numerica] values were first
selected for the design parameters-o and-p, as‘well-as the: pressure-contact
ratio k. Then, the ratio of the-radial component of:end displacement of
the ring-in the-assemp]edvstate-t0f1t5ﬁmean’radius;:c6, was - predetermined
by considering the required-initial:-sealing pressure.-:This ratio was
given by the-following expression:

< =»9i%§ﬂﬂ- (4.1)

in which g was the initial stand-off-of the flanges:with the ring snugly

located between them; and-e6-was-the inciinatien-angle-of the-seating bevels

of -the-ring, which, in this-investigation; was-taken:as 12.5 degress.
With»a]lsof"these»predetermihed&va]ues»chosen,»the thickness

of the ring model was then calculated-from-the=geometrical relation

R

ST F (T - /K atanet 5

(4.2)

where R was the maximum radius-of-the bore-of  flanges, which was also a
fixed quantity of 3 in. in the-present-investigation,
In order to observe the effect on the performance of the ring

gasket as the proportions between the ring-dimensions were changed,
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eight ring models were-designed;~each=with-different dimensions. According
to their a-values, these eight models were divided-inte-three groups,
namely, the wide-ring; the-mid-ring-and-the-narrow-ring-series. Table 2
shows the design-parameters of:-the ring models; aleng-with-their nominal

dimensions.

4.3 Preparation-of Test Model

Because of -their-stability,-accuracy-and-relatively small sizes,
the-bonded; variable-resistance-strain-gages-had-been:generally accepted
as-one of the-best-strain-sensing-devices for:experimental stress
analysis, and thus-adopted-in this-investigation:to-measure-the deformations
of the ring models in-working condition.

The strain-gages used were of-the-Budd-C6-141-B-type, with the
following characteristics:

Gage Factor: 2.05 + 1/2%

Gage Resistance: 120 + .2 ohms

Gage Length: 1/4 1in.

Grid-Form: Etched Metalfilm

In-preparing~for tests, the strain-gages were-bonded to the ring
models-with-GA-2 polymeric cement which was-also-supplied by the Budd
--Company. The bonding procedure-was-performed follewing the recommendations
of the supplier.

In order to measure-both axial and-tangential-strains of the
ring, for each -model -of the-wide-ring-series; four two-element rectangular
- gage-rosettes were-applied to-the-ring-and were-equally-spaced around its
outside circumference: However;-for-other ring models; due to their
limited widths, only four single-strain gages oriented-in-the tangential
-direction were applied to each ring. The photograph in-Figure 16 shows

both kindsof-gage-arrangement.



Design- Parameters-and -Bimensions-of Test Models

TABLE 2

DESIGN- | PRESSURE- | OUTSIDE |- INSIBE THICK-
MODEL | PARAMETERS CONTACT DIA. DIA. WIDTH NESS
SERIES NO. a ] o -RATIO CIN. IN. "IN IN. REMARKS
Al 3115 3 5.8590 | 5.4810 |-1.1340 - 1890 | cold-drawn
wide-ring
. A2 3|15 6 5.8094 | 5.4346 | 1.1244- .1874 | annealed
B1 2 |15 3 5.8900 | -5.5100 .7600 .1900 - | cold-drawn
mid-ring B2 2 | 15 3 5.9086 | 5.5274 7624 .1906 | cold-drawn
B3 2 |15 6 5.8776 | 5.4984 | 7584 .1896 | annealed
C 1110 6 5.9325 | 5.3675 .5650 .2825 | cold-drawn
narrow-ring C2 1] 12 6 5.9354 5.4606 .4748 .2374 cold-drawn
3 1|12 6 5.9225 | 5.4487 .4738- | .2369 | annealed

0€



FIGURE 16 Gage-Arrangements for (a) A Wide-Ring Model, and (b) A Mid-Ring Model

LE
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To provide the means-of communicating- the signals from a strain
gage to the-strain-indicating'device~dupiné“the*ring“mode1“tests,'e]ectri-
cal lead was soldered to the gage subsequehtiy?to:the-curing:of the bondind
material. Usually, the lead used~in-this investigation was of the three-
wire type for the reason that the-vchanges in-lead-wire resistance due to

the temperature-changes of-a three=wire lead<could be-made-self-compensating.
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CHAPTER V-

INSTRUMENTATION AND-TEST PROCEDURE

5.1 Description of Apparatus

The apparatus used for testing the ring models is shown in the
photograph- in Figure 17. This:apparatus consists of the following
components:

Pressure Chamber

SPS-245 steel was chosen for fabricating the pressure chamber
because of its high strength and rigidity. The chamber consisted of two
major parts; the top cover and the vessel. Design details of thesé two
parts of .chamber are shown in Figure§ 18-and 19, and their general views
are photographica]]y'presented in Figure 20.

For assembling the cover and the vessel together, twelve 3/4 in.
studs were provided. These studs were firmly fastened on the vessel, as
clearly showﬁ in the photographic picture. Of these twelve studs, three
-were-with: a centre -hole in-which-Budd-140-B- strain-gages-were installed
-to measure- the stud strains-during the tests.

" Hydraulic Pump

The -choice-of the-pressure-source-in-the:testing system was
-greatly influenced by the ease-with-which- the pressure-applied to the
pressure chamber- could be controlled. From-this:point of view, an Enerpac
P-85 hand pump manufactured-by-the Blackhawk:-Industrial: Products Company
was- selected. - This-pump: was-a-self-contained; piston=type hydraulic pump

with a rated capacity of 10,000 psi.



PRESSURE (A

FIGURE 17 Arrangement of the Testing Apparatus
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In order to form the union of the pump-with- the pressure chamber,
a 3/8 in. flexible hose~withﬂp1ug~1nvtype*couplerS‘wa5<a1so supplied by
- the- pump manufacturer.: Throughfthis*hose; thehydraulic-oil under pressure
- was transmitted'frdm'the-pump-tovan~1n1etﬁepeﬁing~lccated at the bottom
of the-pressure chamber. |

Pressure Gauge

The pressure=gauge-u$ed-in~this'1nvestigation was supplied by
the American Standard-Advanced'Technoiogy Laboratories. - It was a Bourdon
-spring-type gauge.capablé»of'indicating pressure up-to 10,000 psi. and
with-a readabi]ity of- 50 psi. - In-working, the pressure-sensing element
of- the-gauge, which was-essentially a tube flattened and bent to an arc of-
~a-eircle, waS«exposed»tovthé«pressure‘1n~the pressure chamber thrqugh a
bottom connection of the- gauge, and~thenAwith~ahsuitabie-m&1tip1y1ng
mechanism, the intensity of pressure was-shown-by-the position of a
pointer .on.the gauge dial.

Strain-Indicating Device

The strain-indicating device used consisted mainly of a P-350
Strain Indicator.which- was manufactured by the Instrument-Division of the
Budd-Company. This 1nstrument was designed primarily for use in determining
static strains;whénausedrwith resistance-type-straﬁn;gagesgrandAwith the
following.characteristic features: | | |

Range:. £50,000 y strains

: Accuraéy:f 5 u.stfainﬁldr-:s% "
Readability: 17 strain

vSensitfvity: . 40----2,000yu:-strains- for- full.scale -one side meter
deflection '

External Circuits: - full,-half or*quarter-circuit
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Internal Dummies: 120 and 350 ohms

Battery: 9 volts

Amplifier: A-C transistorized.

This indicator was also equipped-with-a control for adjusting
circuit balance and a selector for switching the internal dummy half-
bridge into external circuit-for quarter- and half-bridge applications.
In this 1nvestigationl only -the- quarter-bridge-external circuit, as

shown in Figure 21, was employed.

Active

Gage Internal

120-0hm
Dummy

Galvano-
meter

(0]

il

9-v Battery

FIGURE 21 External--Quarter-Bridge Circuit-with-Internal Dummy
-Another major component- of: the~strain-indicating device was a
Budd- SB-1 Switch and Balance-Unit.~ By: combining- this Switch and Balance
-Unit with the-Strain Indicator-just-described, a“strain-measuring operation

to- read-gage -points up to-a number-of 10-was possible.

5,2 -Test Procedure

The procedure'of test1ngaa*ring-mode4~cou1d-be~div1ded in two

~distinct parts; one in which- the ring model-was-assembled-into a proper.
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position- in- the- pressure: chamber;  and in-the: other: the +hydrostatic pressure
was applied to the ring. These two parts of a ring-medel test were
denoted as the- assembly-and-the-pressure test respectively, and will be :
'separate1y-described~in-the‘rémainderfof-this section.
Assembly

The: method-of -assembling~a- ring-model~into.the pressure chamber
was as follows. -With the ring bevels-and the sealing surfaces of the
pressure- chamber coated with a thin layer of Rulon-anti-stick agent, the
ring-model- was placed-into the-pressure -chamber, and snugly rested in a
position between-the  top:-cover: and the- vessel of - the  chamber. At this
point,- the -gap--between-:the.:flange-of:-the coverand' that: of the vessel
was measured and:recorded.- - This-initial value--of-gap; g,-could be checked
with the one predetermined-in-the-design- of-the ring-model through the
utilization- of Equation- {4.1).- Theny: after the-strain gages on the
-ring-model:-had- been-connected to-the:strain-indicating device, the top
- cover-of- the.chamber- was -1owered-by: tightening  the nuts on-the studs until
its flange:- came in contact with that-of the vessel face to face and the
assembly- of -the-ring-model-was-completed. - During-this- assembly process,'.
- great..care :should- be-taken:to-ebtain~an-even: tightening of nuts for
-maintaining-an-uniform gasket-ioading~and-preventing-the-ring: from shifting
out of: place.-. Usually,-this was- done-by conducting the-assembly process
~in-a-suitable-number. of steps.--At each-step;~the:gap-of -the pressure
chamber-was-checked--at- four-chosen-points- and-the strain measurement of the
ring was taken.

“Pressure Test

-The purpose  of ‘a-pressure test was to observe the- sealing capacity

of the ring model being tested, and to measure the ring deformation due to
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the applied hydrostatic pressure.: -In-this' testy~-the-oil-under preséure.
was transmitted from- the-hydraulic pump-to the-bolted' chamber and acted

on the assembled ring~mode1;~“The*1nteﬁsity'of pressure: was- increased from
0-to 10,000 psi. - in ten increments, and strain measurement of the ring was
taken-at- each increment.- - In-addition, the tensile strain-readings of the

studs- were-also recorded-in the test.
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CHAPTER VI -
EXPERIMENTAL RESULTS "AND" DISCUSSIONS

6.1 Results-of Strain-Measurements

The strain-measurements-made in-testing the ring models determined
the tangential strains on the-outer surfaces of the models tested. This was-
based on the consideration that these strains'not only gave an indication
of the ring deformations during tests, but also provided a means to check
the validity of.the theoretically developed formulas.

| During the tests, thesstrain-=readings:read out from the strain
indicator were merely apparent strains ingicated'byvthe strain gages
placed in biaxial strain fields which differed-from the biaxiality of the
strain field in which the gages were calibrated. Although the correction
for transvérse-strain effects should be made to convert these apparent
strains into true strains, it was found that the accuracy of the strain-
measurements, the cross-sensitivity factor of the gages and the biaxiality
of the strain fields did not seem to justify this correction. Consequently,
the strain-readings taken from: the experiments-were directly used for
plotting the test curves without being corrected-for transverse strain
effects. The errors-involved werewquitefsmailkéhd'cou]d be neglected.

Figures 22, 23 and 24 ‘show the results: of.the strain-measurements
made in assembling the ring models. "The plotted strain values represent
the average tangential strains as measured-at:four chosen points around
the outer circumference of- each ring model:* These-measured strains are:
compared with the theoretical values, plotted-in dash lines, directly

computed from Equation (3.27) with p = 0.
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In Figures 25, 26 and 27 are pressure-tangential strain curves
for various ring models.- During pressure tests,- strain-measurement was
- taken- at-every 1,000 psi.- throughout: the pressure range up-to 10,000 psi.
for all ring models except-No. A2 -and No. C3. The strain gages bonded on
these: two models  failed to-perform normally-when-the hytrostatic pressures
applied had intensities over 4,000 psi. and 5,000 psi. respectively. The
strain-measuring operations for Model A2 -and C3 were thus forced to stop
at these pressures. Again, for the:purpose of comparison, in addition to
the test curves, the -computed curves are also shown:in dash lines in the
figures. It should be noted that the corrections for the f]ange—mqvement
effects on ring deformations were made to the computed curvés rather than
to the test curves. -In every pressure-test, the average stretch of studs
at each pressure increment was obtained, through-calibration, from the
- tensile strains-which were indicated by the strain gages installed in
;-three-of the -studs.-- This stud stretch represented-the associated flange:
movement- and ‘was converted into the-end displacement-of ring by using a
geometrical relation similar-to that expressed by Equation (4.1).
Finally, -Equation-(3.27) was ‘employed to compute the-theoretical strain

values.

6.2 Comparisons:Between:Experimental-Data- and--Theoretical Values

An-1nspection~ofnthe~eé-readingsﬁtaken-1n»assemb]ing the ring-
models showed that up-to-points-where yielding stressevaere'produced,
they -were -in-fair -agreement-with-the-calculated values, and the differences
-were-too small to be significant.
On- the other-hand, from Figures 25, 26 and 27, it was seen that

the strain values measured in' the pressure-tests -were appreciably
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different from that predicted by=the'theoretica1Aca]cu1ations} Aftempts
were made to explain thé-discrepancies;*and?the following probable reasons
are advanced. | | |

The most significant- fact in. exp1a1n1ng the unsatisfactory
exper1mental results was that at the very beg1nn1ng of every pressure
test, the resu]tant of the sea11ng pressure exerted on a r1ng beve] N,
would act at points-along the center circle of the bevel. As the inten-
sity of-app11ed pressure 1ncreased~dur1ng-the test, the ring wall was
graduately coned-by~£he‘increasing bending'&ue to pressure, -and shifting
of the sea]ihg force from the center ciré]eftoward~the inner edge of the
bevel resulted. This violation of the assumed- end- conditions would have
made the»heasured~strain:va1ue5fsma11er than-that predicted by the
analytical so]utions,_1n-which'thefseaiing“force-was-assumed to act at the
extreme outer edge of-the ring bevel.  Furthermore;, it was certain that
the effect of the vio]ation-ofﬂthe'assumed“end‘conditions was larger for
thé narrow- and-mid-ring‘mdde]s'than“for“modeJSfof-the-wide-ring series.

Another suspicion-was: borne out to éome.extent, by‘noting that
the results of the pressure*tests‘on'anneaTed*moder approximated to the
theoretical va]ues better than that on'the- co]d drawn models. It was-“
possible- that the ax1a1 grain= a11gnment formed in-cold- extrus1on, if not
re]1eved»by»annea11ng;-wou1d«have~had‘certa1n~1nf1uence on-the behav1ours
of the ring models made'of'co1d¥dkaWn tubing.

Finally, it was noted that-in the: assembled-state, all the ring
mode]s.were being subjectedwto*comphessive*stresSes~wel] beyond the
vproportioha1-11m1ts of the-mOdeT-materia¥s;fandeere—in-the strain-
hardening regions [15]. Figure 28 shows- the-typical stress-strain

diagram for mild steel, along with the unloading and reloading lines:
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originated»ipvthe—strain—hardening region.

\

Stress

> Strain

Region of N . )
Pr0p0rtiona]it{f7{ Strain-Hardening Region

FIGURE 28 Typical Stress=Strain-Diagram-for Mild Steel

- Although -these unloading and reloading 1ines- can- be approximated by
straight lines that are parallel to the straight line-in the region of
proportionality, they are-actually slightly curved-lines forming narrow
loops. Hence, it seemed t0‘be*undeﬁstandab%eﬂthatfthewring models would
not have had perfectly elastic distortions during the pressure tests.

In spite of the reasons-mentioned-above; it-was-still difficult
to understand why in testing the cold-drawn models of the narrow-ring
series, when the applied hydrostatic pressures-were greater than 5,000
psi., the tangential strains of the ring models decreased as the
pressure increased.' No explanation:had been:found for the abnormal

behaviour of these two models.

~ 6.3 0bservations Made During Tests

A few observations in connectionwith the performance characteris-
tics of the ring models were-made: during-the-testss - These-observations

are summarized as follows:
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Sealing Capacity

When properly-assembled, every: ring-model used in this investi-
gation could create and maintain- a-perfect:pressure-tight:-seal throughout
the pressure range up-to 10,000+psi. -~ However;the: uniform tightening of
studs: in assemblies- was- found:to: be: of utmost- importance- for the sealing
capacities of the ring»modeis;~fDifficuity*in*ﬁrovidingaefficient initial
sealing was-encountered--in-one of  the~pressure:tests when-the ring model
being- tested-had been-shifted: out-of-place=in assembly.

Effect- of Cycling Pressure Load

A series of pressure tests were conducted on ring models Al, B,
B2, B3 and Cl to cycle the hydrostatic pressures applied on the assembled
ring models from zero to 10,000 psi. This was done for more than twenty
times for.each of the ring models without leakage. Furthermore, the fact
that no re-tightening of studs was ever found necessary- during this series
of tests gave conclusive evidence that-a joint employing the double-cone
ring gasket could be subjected to cycling pressure load without periodical
field maintenance.

Permanent Deformations After Tests

More or less, every tested ring model-was- found permanently
deformed. The amount- of permanent deformation-was-approximately propor-
tional to the a-value of the ring model. For-models: of the wide-ring
series, the permanent deformations after tests; were as-large as could
be detected by the coned ring-walls,-as-illustrated in Figure 29.. On
the other hand, for models of the other two series; the-permanent defor-
mations were quite small-and could not be detected visually.

Re-usability

Three of the ring modeis, Al, Bl and-B2, had been successively



FIGURE 29 A Wide-Ring Model After Tests
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subjected to assembly processes: and pressure~tests-for more than four times,
and no leakage was observed. ‘This effectively demonstrated the outstanding
re-usability of the-double=cone ring-gaskets:i- Additionally, it was noted
that the permanent: deformations in-the ring walls,-which - resulted from
previous- tests, had no practical effect on the sealing capacities of the
ring models when re-used.

-Stud Elongations

The excessive bolt:strains-often associated with the compression
type high-pressure gaskets were-not found in this-investigation. At
10,000 psi., the total-stud elongation averaged-only 0.0015 in. It was
found: that,- the stud-elongations-in pressure tests-were directly pro-

portional to' the applied hydrostatic loads.

6.4--Design:Criteria- on-Double=ConeRing Gaskets

Experience- with- this-investigation:resulted-in-a few criteria on
the design of the double-cone ring- gaskets. - These- criteria are reported
in this section.

The focal point around-which- the problem of designing a double-
cone ring gasket is-to provide: the initial -seal which is-imperative to the
successful application of the gasket. "As the assembly process of the
gasket- is completed, the intensity: of the sealing- pressure exerted on the
contact surfaces of ring bevels-and-flanges-must be-high-enough to obtain
a perfect metal-to-metal contact; for-accomplishing the initial seal
provided~by the plastic- flow of "gasket:material-into the tool marks and
imperfections on the- flange-facing:~ Theoretical calculations using
Equation- (3.21) showed that-in-this-investigation,- the-minimum value of

the-initial- sealing pressures-exerted-on the-assembled-ring models was:
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in the order of-24,000 psi: for-Model B1:~"Hence;~it-is-estimated, on the
conservative side, that 25,000 psi. might be takenas the required
bearing load to ensure-an efficient initial seal-for the double-cone
‘ring gaskets-made- of cold-drawn- SAE-1020 mild- steel. ~As: for the annealed
gaskets, the-required bearing®load-could be considerably reduced.

- The amount-of-unsupported-area of-a double-cone ring gasket, and
hence- the inherent ability of the gasket to be:pressure-energized in
working3visfContro]ied"by=itSTpressure=contactfPatio;*k:'%Theoretica]]y,
assuming no flange-movement:occurs and the ring-net- to yield, a pressure-
contact ratio of one seems tobe sufficient to ensure a good seal.
However, this value is practically too small for two-reasons. The first
one is that the flange:separation cannot-be avoided-in every:-high-pressure
joint, which tends to relieve the bearing - 1oads-on-the ring bevels. The
second reason-is- due to the fact-that-the plastic flow on -the ring bevel,
which‘is'essentia]'for=anﬁefficient“seai;fhas:aftendencyftOvre—distribﬁte
the high-localized-sealing-pressures-tothe-adjacent-parts. Therefore,
higher- pressure-contact ratios are necessary  to:-be selected in designing
the double-cone ring gaskets-to compensate these-effeects: -In-this investi-
gation, two values of pressure-contact ratio, 3-and-6, were-tested, both
were found satisfactory.

Of the design parameters of the-ring; the: ratio-of mean radius
to thickness, p, is the:dominant-factor in-determining the thickness of
ring wa1]’(seeﬂEquation*(4.2));'"éince“the*thickness:is‘affected by two
conflicting requirements; the sufficient strength-and-the-ease with which
the ring gasket  can-be-pressure-energized; the-seleetion:of p-values in
designing the double-cone ring gaskets becomes a-compromise matter. po-

Values in the range from 10 to 15 were used in’ this-investigation, and
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the resultant ring gaskets-were found-adequate: for flanges with 3 in. bore.
It is apparent that the upper limit of p-values can be extended when
flanges with larger bore sizes are to'be joined. As-for the ratio of
half-width to thickness, o, although values ranging from 1 to 3 were
chosen in this investigation and found acceptable; it:seems that there

will be-no reason-to-use-a -a-value higher than 1 as long as good sealing

is the only consideration.

Relatively tolerant in design is the inclination angle of ring
bevelf, A literature research7[6][7]E]6j[18]~showed'that-angles of 12.5°,
23° and 30° from the vertical have been used in-practice- for the double-
cone ring gaskets or the similar ones. "Although smaller inclination
angles would impose closer manufacturing tolerances, 12.5° was adopted in
this investigation for approximating the cross<sections of the longitudinal
slivers of ring models to the rectangular shape assumed in the theoretical
analysis.

The ring models used in this investigation were machined from
cold-drawn and annealed tubing sections of SAE 1020 steel. The results
of the pressure tests-indicated no difference that would warrant any
definite statement regarding the-effect of-annealing-on the pressure-
energizing capacity of the double=cone ring gasket. - However, the effect
of annealing -did appear-in-the degree of-surface finish of ring bevels
that could be produced by the machining tools; and would make the plastic
flow of gasket-material easier to:improve-the sealing.

Although the design considerations for the flanges joined by
the double-cone ring gaskets is beyond the scope of this investigation.

It is recommended that these flanges should be made of metals harder than

the gasket material for avoiding permanent set on the contact surfaces,
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and should butt face-to-face in assembly, as-in this investigation, for
the reason that the bolt load applied in assembly-can be partly carried
by the flange:faces, and hence, the thickness-of-the-gasket can be

considerably reduced from the strength viewpoint.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary of Conclusions

Definite conclusions could not be readily drawn from study of a
limited scope such as reported in this thesis. - The: principal value of
the present study was in providing a basis for further-investigations of
the pressure-energized type of ring gaskets: ‘The results of the study
did, however, point out:some’ important-merits of the double-cone type
ring gaskets, and they suggested certain criteria on design.

The following statements briefly summarize the general results
of this investigation.

1) The acceptability of the principle of unsupported-area in

high-pressure gasket design was confirmed.

2) The advantage -of using the double-cone ring gaskets as

static seals was justified. Although, in this investigation,

hydrostatic pressure up to only 10,000 psi. had been sealed
successfully, there was every indication-that the double-cone
ring gaskets could be employed at still higher pressures.

3) Experiments carried- out-with-various:models-revealed that

the -optimum design :properties-of-the-double-cone ring gasket

were quite tolerant to changes-in proportions.

4) The focal point in designing the double-cone ring gasket

should be to provide-an-adequate-initial: seal; since the sealing

capacity of the-gasket-induced by pressure-energization did

increase with the intensity of the contained pressure at an

efficient rate.
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5) In thevéourseﬁof~exper1menta1=workgiit'was noticed that the
satisfactory application of-a double-cone ring gasket could be
secured only when extreme care was used-in assembling the

gasket -into- proper position in the pressure enclosure.

6) The inherent-sealing- capacity+and-the re-usability of ‘a
doub]e-cone‘ring'gasket“were:not‘affected*by~]im1ted plastic
deformation-in ring walls.

7) A mathematical treatment for the elastic behaviours of the
double-cone ring gaskets was examined, and the distortion of the
ring gasket under applied loads was formulated.

8) Strains on the outer circumferences of the ring gasket models
under-working conditions were measured with variable-resistance
strain gages. -In assembling the ring models, the measured
va]Qes agreed-fairly-well with that predicted by theoretical
calculations. However, great discrepancies were found between
the experimental data taken in pressure-tests and the computed
values due to plastic effect and violation of the assumed

boundary conditions in the tests.

7.2 Recommendations

It might be of value to investigate:the elastic behaviour of the
double-cone ring -gasket by using numerical methods.- Since a ring gasket
is an axisymmetrical solid generated- by the:revolution-of one of its
cross-sections- about the axis, as in Figure- 30 where cylindrical coordi-
nates r, 6-and z are used, and-is‘ subjected to a-given: axisymmetric ;
loading system, the-stress-copponentS'in‘such‘a ring gasket are all

independent of 6, and can be- expressed in’ terms:of two stress functions
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0 -

FIGURE 30 A Cross-section of the Double-cone Ring Gasket
with Cylindrical Coordinates rez -~

2 and ¥y in the forms derived by Southwell [19]
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where, 2 and Y, are functions of r and z only, and must satisfy the

following simultaneous equations
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Then, on a square mesh drawn to cover the gasket- cross-section shown in
the figure, these governing equations can be converted into corresponding
finite-difference equations and solved by relaxation process. By
selecting the mesh size to a smallest possible limit and using the

high-order finite-difference approximations {203, solutions with great
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accuracy could be expected. However;,-in performing this numerical
analysis, some special points-of the relaxation’techniques concerned with
the satisfaction- of the: appropriate boundary: conditions must be noted
[19], and a large amount of labour has to be devoted.

The numerical solutions for three types of thick axisymmetric
plate of varying geometry had been obtained by Kenney and Duncan [21],
and were compared with the parallel experimental stress-analyses using
the frozen-stress technique. It might be similarly desirable to carry
out a three-dimensional photoelastic study of the stress distribution in
the double-cone gasket for comparing with the result obtained by the

numerical method described in last paragraph.
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