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FOREWORD

This document is the final repért for Contract NAS8-28614, '"Design
Criteria for Low Profile Flange Calculations, '' needed for the establishment
of a Low Profile Flange Standard, Low Profile Flanges are characterized
by featuring a smail width but large height, Testing of Low Profile Flanges
showed their superiority in performance, weight, and envelope volume in

‘comparison to commonly used flanges for space application,

The work was initiated by the Layout and Assembly Engineering Branch,
Engineering Division, Astronautics Laboratory of the NASA, Marshall Space
Flight Center, in a joint effort with the Lockheed Missiles and Space Company,

Inc., Huntsville Research and Engineering Center.

The primarf objective of this effort was to evaluate the existing design
procedure shown in the publication ""Application of Low Profile Flange Design
for Space V_ehiclés_', " and other flange design literature to establish a standard

for Low Profile Flange calculations,

The period of performance of this study was from May. 18, 1972, to

March 22, 1973.
B oty

W. Prasthofer

NASA ‘
Marshall Space Flight Center
Huntsville, Alabama
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Section 1
INTRODUCTION

The purpose of this study was to develop an analytical method and a
design procedure to design flanged separable pipe connectors based on the
previously established algorism for calculating low profile flanges. These
flanges demonstrated their superiority with respect to leak-tightness and

weight savings in comparison with other flanges used for space application.

When the low profile flange was first considered for space vehicle and
launch application no design procedure was established and conventional flange
design methods were used for the basic analysis. To remedy the situation
Prasthofer (Ref. 1) devised a simple but effective design procedure considering

the strength of the flange ring cross section as the design criteria.

It has been shown by Schwaigerer (Ref.2) and through experiments by
Biihner et al. (Ref.3) and Haenle (Ref. 4), that there is a major contribution
of the adjacent tube wall to the strength of a flanged connection, ' If one plots
the flange roll angle x versus the applied moment one finds a gradual decline
of the slope of the curve (Fig. 1-1). This points to the existence of a plastic’
hinge at the most highly stressed section of the tube. The location of the
plastic hinge is close to the neck of the ﬂange, depending, in part, on the
variation of the wall thickness of the tube in the area of the neck {Fig. 1-2).
Buhner et al. (Ref. 3) present a large number of data relating to the pexrform-
ance of flanges after the formation of the plastic hinge. The comparison for
flanges with identical cross-section (Fig. 1-3) revea.ls that the next best choice
to a conventional design with conical hub is one with a fillet (¢)., This com-

parison is not realistic, though, since design (b) can be replaced by a much

1-1
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-—-—4 Beginning of Yielding

"X

Fig.1-1 - Applied Moment vs Roll Angle of the Flange

|
! A
Plastic |

Hinge

! : e h
B b] R i_ ;@ b

(a) (b) (c)

Low Profile Flanges Conventional Flange

Fig. 1-2 - Location of the Plastic Hinge
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Configuration
(a) (b) {c) (d)
r'{ T
j— b—n
®
h

* 474 1.0 .587 332
o 387 1.0 635 403

"0.2% permanent set at ®

e o
1 deg permanent roll X

Fig. 1-3 - Comparison of Structural Performance Based

on Identical Flange Cross Section (Ref. 3}
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narrower one of type (¢), thus reducing the applied moment and therefore

not requiring the larger moment capacity available with type (b), This is

one of the advantages of the low profile flange which leads to the attendant
weight saving, weight being proportional to the cross-sectional area and the
centroidal radius. It also should be remembered that the strength of a flange
increases apprecximately linearly with the flange width, b, but quadratically
with the flange height, h, while the stiffness (resistance against roll) increases
even cubically with h, This explains the better performance of the low profile

flange over conventional wide profile flanges,

Thus, the advantage of the low profile flange is seen as being twofold:
first, to reduce the lever arm, e, between the gasket and bolt circle, and
second, to have the material of the flange where it is most effective, i.e.,
have the height, h, larger than the width, b (see Fig. 1-2).

Most of the available data on flange performance in the plastic range
has been devoted to designs in steel at moderate temperatures, Steel has,
however, a distinct yield point in its stress-strain diagram as compared to
aluminum or titanium. The development of a plastic hinge for the latter
materials at different temperatures would be a most interesting subject for
further experimental investigations since the flange design method in this

report is partially based on the assumption of a plastic hinge,

The plastic design method has been made part of the German flange design
code DIN 2505 (Ref, 5), whereas American practice is based on an elasticity
approach (Refs, 6 and 7). The use of the plastic design method is valid when
the material is capable of undergoing large strains without fracture. The
plastic method assumes a ductile failure, If a brittle failure is the predominant
mode such as for certain high strength steels then the elastic method is more

suitable,

1-4
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.1 DESIGN CRITERIA

The condition for sufficient strength of a structural component requires
that

0‘e :(E-S—:) (1.1)
max

where Tq at the maximum equivalent stress, K at the reference strength
max
of the material, and (F.5.) is the factor of safety (with or without subscripts),

In this paragraph these three quantities are briefly reviewed.

(a) Maximum Equivalent Stress: The computation of the maximum equivalent

stress, o, » to be compared with the uniaxial material strength is based
max

on the type of expected failure. For a failure associated with plastic deforma-
tion (yielding) or fatigue, the hypothesis of the limit of the elastic distribution
energy by Huber (Ref, 8) and von Mises (Ref. 9) is used. The equivalent stress

is

1
% vz \/("1 - ap)" # (05 = 03)° 4 (og - o)) ' (1.2)

where o1r Oy O3 are the principal stresses. For components subjected to

high tensile stresses, i.e., if o, >0, the equivalent stress is
o = G'l (1‘3)

This failure mode is fracture.

1-5
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A third equivalent stress occasionally considered is the one defined by

Tresca {Ref. 10) and is used for shear failures,
o =0 -g_ . =2T . (1.4)

In the development of the flange design procedure the Huber and von Mises

hypothesis is used.

(b) Material Strength: The material strength K to be used in Eq. (1.1}

depends on the type of failure envisioned and must correspond to the type of

equivalent stress o, computed. The two most frequently encountered
max
types of uniaxial stress-strain diagrams are shown on Fig. 1-4. Diagram

(2) has a distinct yield point with the tengile yigld strength Fty' The ultimate
tensile strength is Ftu' Diagram (b), on the other hand, has a gradual change
in slope requiring the definition of a yield strength from permanent strain
considerations. Typically, the yield strength is Fty =F,, where F. 2 is the
0.2% stress at permanent set, If F,, is much larger than F, the definition

of the yield strength may be based on Fg g OF Fl.O' This is the case with
highly ductile materials, For the subsequent use in a design formula the
stress-strain diagram is replaced by an idealized diagram as shown on

Fig. 1-5 which could be called elastic —ideally plastic. This diagram must
specify, however, a limit of its validity by giving a maximum allowable strain,
€ ax” A component which has been designed according to a plastic design
method, such as the one proposed in this report for flanges, needs to be
-checked for strains under the design conditions, i.e., the ultimate load. This

load condition will be discussed later in more detail.

When temperature effects are to be considered, the appropriate strength
values at the design temperature must be used. Similarly, fatigue strength

and creep rupture strength can be the dominant strength values to be considered.

1-6
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[ »c %

{b) Aluminum

Fig, 1-4 - Typical Stress-Strain Diagrams
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Fig.1-5 - Idealized Stress-Strain Diagram
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{¢) Safety Factors: The proper use of the safety factors is important in a

complex system such as a bolted connection, but it also leaves room for
different design philosophies. For a pipe system three pressure levels are
considered: operating pressure, proof pressure and burst pressure. Usually
the proof pressure is 13 times the operating pressure, and the burst pressure
two times the operating pressure. These factors are implied safety factors
against uncertainties in the prediction of the operating pressure due to pres-
sure surges at valve closure or vehicle vibrations accompanied by pressure
oscillations. The design pressure is mostly chosen as to be proof pressure,
that is, the structure is to be able to withstand the proof pressure without
damage. That condition occurs at least once in the lifetime of the structure.
If an elastic design method is employed and only stress peaks are checked, a
small safety factor of say 1.2 against yielding at critical points is sufficient.
For the plastic design method, however, instead of a safety factor an ultimate
factor of at least 1.5 is used by which the load is multiplied. This magnified
load is called the ultimate load. For example, the maximum applied moment
“on the flange due to the proof pressure condition is mp and the ultimate

‘moment that is to be carried is

Mg = (F.S.) mp (1.5)

F

A structural capacity has to be provided for M This capacity can be

expressed as

Fu F "ty (1.6)

where Fty is the tensile yield strength of the material and Z, is the combined
section modulus of the flange and the adjacent tube after a plastic hinge has

formed in the neck.

1-8
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The flange is then still in an elastic state of stress with only the extreme
fibers yielded. Schwaigerer suggests in Ref. 2 that the flange cross section,
too, should be considered being in a fully plastic state of stress. This condi-

tion is, however, somewhat exaggerated.

Other safety factors are needed to cover uncertainties such asg in the
computation of the stresses (using average values) and uncertainties in the
material properties, i.e., the values of K chosen for the different materials.
Possibly the material properties of the flange and the bolts are much more
accurately known than those of the gasket, requiring a higher gasket safety

factor.

The total safety factor may be defined as the product of the individual

safety factors

(F.8.) = (F.8.),. (F.8.),. (F.5.); . . . (F.5.) . (1.7)

In this study the values for the safety factors have been chosen more or less arbi-
trarily., Also, some design formulas such as the ones for the tube wall thickness

contain implied safety factors. These are explained where they occur in Section 2.
1.2 PAST EXPERIENCE WITH LOW PROFILE FLANGES

The initial idea for the low profile flange concept came from Boon and
Lok {Ref. 11) which was taken up later by Prasthofer (Ref. 12) for the design
of launch vehicle pipe connections. Qualification testing reported by
(Ref. 13) and experimental stress analysis of one photoelastic model configura-
tion by Kubitza and Hearne (Ref. 14) showed the soundness of this flange
concept. Design procedures for a similar type of flange have been established
by Trainer et al. {Ref. 153), by Aerojet General (Ref. 16} and Pratt and Whitney
(Ref. 17) although not in a usable form. The latter procedures are tailored to

specific seal configurations and are therefore not generally applicable. In

1-9
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addition most of the existing methods require an excessive amount of computa-
tions if carried out manually. An automated design study reported by Rathbun
{Ref, 18) is set up to produce wide profile flanges with conical hubs, being

undesirable in the context of the low profile concept.

Previous design methods were not definite on the minimum spacing re-
quirements for the bolts. Bolt spacing is the driving parameter for the flange
width, Minimum belt spacing assures a low profile flange. The spacing re-
quirements are discussed in more detail in Section 2. It should be noted here
that the bolts should be as small as possible and be located as closely to the
tube wall as can be accomplished within the constraint of wrench clearance
requirements. This can be accomplished by providing countersunk spot faces
for the bolts in Configuration (c) on Fig. 1-3 or by a machined groove as in
Configuration {d). The latter sacrifices some ultimate moment capacity. 7
Configuration (c) has been used exclusively, so far, in all past low profile
flange designs. The introduction of stress peaks around the spot faces has
been impressively demonstrated in Ref. 14. It is therefore suggested to supply
contoured washers that would eliminate countersinking, possibly even with
spherical glide surfaces to accommodate rotations of the bolt head or nut with
respect to the flange. This brief summary may suffice to characterize past

experience,

Seen in the light of the long history of flange design and analysis methods,
beginning with Westphal's classical paper (Ref. 19) of 1897, the methods

presented in this report constitute the logical extension of current ideas.

1-10
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Section 2
DESIGN PROCEDURE

In this section the individual stéps of the design procedure are derived,
Some of the steps have severai alternatives and the most suitable ones are
selected, A summary of the design procedure to serve as a guideline for
manual computations and as an outline for the design section of the computer

program is given in Appendix A,
2.1 TUBE DESIGN

The computation of the required wall thickness for a cylindrical tube
under internal pressure is based on the stresses, For a thick-walled tube

these are

2
_ib/x) 41 p (2.1)

Q
i

r (b/a)® -1
o, = ——-1-2—-—— P, | (2.2)
x (b/a)" - 1 :
2
ccp b/r > + 1 (2.3)
(b/a)” - 1

The coordinate system is defined on Fig, 2-1, The equivalent stress is

1 2
o, = \TE" ‘[(or - Oq))z + (ocp - ox)z + (o, - Gr)z = —MP ) (2.4)

(b/a)2 -1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Fig.2-1 - Coordinate System for a Thick-Walled Tube
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with a maximum at r = a,

2 |
o - NB/a)” (2.5)

®max  (b/a) - 1

If o _is larger than given by Eq. (2.2), say o;{ >0, then

43; (b/r)4 +(1 - a;{/crx)z
(b/a)? - 1

g
e

(2.6)

The average equivalent stress is generally

2
o, = ib2l+lp (2.7)

®av  (b/a)® -1 2

When the equivalent stress o, according to Eq. (2.4) is equal to the yield
strength Fty,which is assumed to be a constant for mathematical simplicity,
then |

T = . 2. b
o, = - = Ftymr (2.8)
R L b
o, = = Fty (2 - Enr) (2.9)
— 2 b
z =— F - —
% e ( Enr) (2.10)
The equivalent stress in this case (Ref.20, p. 106) is
T = 2. (b
% = m(3) (2.11)
2-3
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The fully elastic and fully plastic states of stress are shown on Fig. 2-2, The
reversal of the stresses when going from the elastic to the plastic state of

stress is obvious,

In Ref, 2, p.29, it has been shown that up to a ratio

= 1.2 (2.12)

wio

the average equivalent stress g, can be used for the design of a tube since

it is almost equal to the ma:r.irnu.ta-'rV1r equivalent stress o, and to the equivalent
stress of a fully plastic state, i.e., max
P~ R R 4 beqn (2.13)
g (4] - a—
e o
max av e
where
2
o 3 -
= R (2.14)
O i b)z ‘
max 3 (;
2 - Em(?) (2.15)
o V3
c
and
P _ 2t
O'e T 2a +t (2.16)
av

The latter equation (2.16) was derived from Eq, (2.7) with t = b-a, where t is
the wall thickness. When the strength design criterion Eq, (1,1), is applied

the relation becomes

2t K
P = 221t (F.5) (2.17)
2-4
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[T S
b
a:
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) 'Ge / (03
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o 5 N O i
(a) Elastic (b) Plastic

Fig.2-2 - States of Stress in a Thick-Walled Cylindrical Shell
Under Internal Pressure
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which can be solved for the wall thickness, giving

f = —te (2.18)
_K __p |
(F.5.) 2

This formula is the basis for most pressure vessel design codes, for example,
the American "ASME Pressure Vessel Code' (Ref, 21) or the German

"Dampfkessel-Bestimmungen' (Ref. 22).

In order to accommodate wall thickness tolerances At'and a factor y for

weakening by welds the wall thickness t in Eq. (2.12) is replaced by
t o= (t-AnY (2.19)
which gives the formula for the thickmess as

t = K‘pa ﬁ + At (2.20)
((F_S.) - z) P

This is the formula used in Ref, 22,

In Ref. 21 this equation has been modified by taking

s (2.21)
- 4p
(F.5.) -~
while a formula used by Pratt & Whitney (Ref, 17) is
t = —22— +2 At (2.22)

Ik

2-6
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The simplest formula, based only on circumferential stress, is

f = —Ba (2.23)

The weakening factor ¢ has been used in the order of
0.70 < $ < 1,00 (2.24)

For the weakening by a weld the stress component perpendicular to the weld is
most important, If a weld is at an angle 7 with the cylinder axis then the stress

perpendicular (normal) to the weld is given by

_ . By 2 ‘
o, = o, sin b +0(P cos ¥ (2.25)

Therefore in Eqgs. (2.19) and (2.20) the weakening factor is generally

’

e —L — (2.26)

1+ cosz‘r
r
The factor ¢ has to be determined by test.

Considerations other than internal pressure, such as creep, vibrations,
bending and shear, may influence tube design. These are briefly reviewed in
the following paragraphs,

Creep: To simplify the derivation, only steady state creep is considered,
This problem was studied in depth by several investigators {(Refs, 23 through 27)
Let the material law be given by '

e =B ag (2.27)

where ¢ is the equivalent strain defined by
2-7
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62 = %‘ J(Er - e(p}z + (e - GX)Z + (e, - er)z (2.28)
and the creep constant B is
B = pe*T (2.29)

where ot and § are independent of temperature, T is the absolute temperature
and € is the base of the natural logarithm, The stresses in this case, corre-
sponding to Eqs, {(2.1) through (2;3) are given by

E).?./n . |

(r

T -(2')2 ; 1 ’ | =
5 -

wem (e,

n r

g9, = \2/n P | (2.31)
(&) -
a
2-n (p_)z/n +1
_ . n T : ,
0(,0 = (b)z/n -1 P (2.32)
a

It can be seen that for n = 1 the elastic case of Eqs. (2.1) through (2.3} 1is
obtained, Using the foregoing relations the accumulation of strains can be
computed for the lifetime of the tube, thus serving as a design criterion for

the selection of the tube thickness,

From Eqgs. (2,30) through (2.32) the maximum equivalent stress at the
inside of the tube is, similar to Eq, (2.5),

2-8
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o = 2 p (2.33)

To design a tube for a given lifetime until creep rupture occurs, the ultimate

equivalent strength is computed by

o = (F8.) o, (2.34)
max max

and from a plot of the equivalent stress versus the creep parameter, P, the

value of P for o, of Eq. (2.34) is obtained,
max

The creep parameter, if for example, Larson and Miller's (Ref, 28)

formulation is used, is defined by
P = cT [log (pgpt) * cz] (2.35)

which can be solved for t giving
rupt

- antilop(—RP= - '
trupt = antzlog(cl.r cz) . (2.36)

This excursion into creep analysis methods may suffice,
Vibration: The oscillations involving propellant feedlines, engines and
longitudinal structural modes of a launch vehicle are described in a paper by

Ryan et al. (Ref, 29). To cope with the problem from a design point of view

the following approach may be taken

RS €11 S (2.37)

2-9
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where Kp is the appropriate fatigue strength of the tube material for the stress

ratio R = 0 assuming a maximum internal pressure of

Ap = 2.38)

IJma.x - pmi.n

The maximum pressure would be determined from a vibration analysis
P Pmax

such as the one cited,

Bending and Shear: The presence of a bending moment and a shear force

introduce stresses into the tube wall which may céntrol the design, The ex-

pressions for the stresses in terms of a bending moment M, and a shear force

1
S1 are
Ml

o = 5— COSY (2.39)

x TRt
and

Sl
Tep = FRt 20¢ (2.40)

where ¢ is the circumferential coordinate, From Eq, (2.39) an equivalent

axial force of

n_ = - , _ (2.41)
being the maximum, should be used in addition to the axial stresses resulting
from internal pressure, 3

2.2 BOLT SIZE

The essential idea of the low profile flange concept is to have a large
number of small diameter bolts, Therefore, the design calculation is started
by selecting a bolt diameter and then trying to accommeodate the number of
bolts required to keep a leakproof connection. To find a basis for selecting the

bolt diameter it is assumed that the wall thickness computed previously can

2-10
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support an internal pressure of

K

t T ‘ ‘
P c TS, @42

which is obtained from the simplified formula given by Eq, (2.23), KT being
the tube strength, On the other hand the entire pressure has also to be carried

by the bblts, i.e., the bolt force

2
PB = wa“"p (2.43)
has to be equal to
b - 27rrB de KB (2 44)
B 8 4 (F.S )B . .

where rm is the bolt circle radius, s is the spacing of the bolts, dB is the
nominal bolt diameter and K4 the bolt strength. The bolt strength is usually
chosen to be the ultimate tensile strength, together with the appropriate safety

factor, When the pressure value from Eq,. (2.42) is substituted into Eq, (2.43)},

| . |
P, = ”a2|Z§(F.S,I.‘):] (2.45)

T

and Eqgs. (2.43) and (2.44) set equal, then

2
”az t KT B 2rry .”dB Kp (2.46)
a (F.S)y 8 ¢ (F.5.)g
or, after rearranging,
K
dB 2 s a (F'S:)T
T *Fd_ r, K (2.47)
B B B
5.,
2-11
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An estimate for the ratio dp/t is arrived at by assuming the following ratios

K. /K
B T
i foen x> 15 (2.48)
(F.S.)B/F‘S.)T
r
B x 11, (2.49)
a
S
= x 2.5, ' {2.50)
dp
so that
a
+ 7 @A gpTs ™ 10, (2.51)

This is only an initial estimate to get the design calculations started.
The final bolt diameter will be determined when checked against all the other

requirements to be discussed later.

When the initial selection of the bolt diameter has been made the require-~
ments for wrench clearance and adequate spacing of the bolts from each other
and from the edge of the flange have to be considered, On Figs, 2-3 through 2-5,
and Tables 2-1 through 2-3, which were taken from Ref, 18, non-dimensional

values for

no = S/dB (2.52)
n, = el/dB (2.53)
and '
No = eZ/dB {2.54)
2-12

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



17
» dp(in.)

1.33
1.00

LMSC-HREC TR D306492

I l¢|.1| ||||||||||

llllll A S N ———

3.00

*

2.00

Parameter (Minimum)

Dimensionless

de(mm)

1.5

36.0

30.0

16.0 20.0 25.0
Figure 2-3 - Design Parameters for Open-End Wrenching
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Table 2-1

LMSC-HREC TR D306492

BOLT TABLE FOR OPEN-END WRENCHING (REF. 18)

2-16

-
Size dB(in.) T ub upy Ao (inz)
1 0.2500 | 3.00 2.00 1.50 0.03182
2 0.3125 | 2.60 1.80 1.40 0.05243
3 0.3750 | 2.67 1.67 1.33 0.07749
4 0.4375 | 2.57 | 1.57 | 1.29 | 0.10631
5 0.5000 | 2.50 1.62 1.24 0.14190
6 0.5625 | 2.45 1.56 1.22 | 0.18194
7 0.6250 | 2.40 1.50 1.20 0.22600
8 0.7500 | 2.33 1.49 | 1.08 | 0.33446
9 0.8750 | 2.35 1.43 1.07 0.46173
10 1.0000 2.25 1.37 1.06 0.60574
11 1.1250 | 2.22 1.33 1.00 0.76327
12 1.2500 | 2.25 1.40 1.00 0.92905
13 1.3750 | 2.23 | 1.36 1.00 | 1.15488
14 1.5000 | 2.17 1.33 1.00 1.40525
Legend:
Size = size number of the bolt .
dg = nominal diameter of the bolt
- S
- To dB
!
n = d_B spacing Parameter (dimensionless)
_ 2
2 = dg
AOB = stress area of one bolt
d, 1o = dp *+ 0.005 in.
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Table 2-2

LMSC-HREC TR D306492

BOLT TABLE FOR SOCKET WRENCHING (REF, 18)

1l

Size dB(in.) Mg Ny up
1 0.2500 2.76 1.60 1.40
2 0.3125 2.53 1.50 1.28
3 0.3750 2.37 1.33 1.20
4 0.4375 2.26 1.25 1.14
5 0.5000 2.18 1.20 1.10
6 0.5625 2.20 1.22 .11
7 0.6250 2.22 1.25 1.12
8 0.7500 2.12 1.17 1.07
9 0.8750 2.28 1.31 1.14
10 1.0000 2.19 1.25 1.10
11 1.1250 2.14 1.22 1.07
12 1.2500 2.09 1.18 1.04
13 1.3750 | 2.00 | 1.16 | 1.02
14 1.5000 2,02 1.13 1.00
size number of the bolt
nominal diameter of the bolt
8
dB
1 . . :
_dg spacing parameter {dimensionless)
e
4B

gtress area of one bolt (see Table 2-1)

= dB + 0.005 in.
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BOLT TABLE FOR INTERNAL WRENCHING (REF. 18)

oB

dole

H

Size dB(in.) ul ng up
1 0.2500 1.92 1.16 0.96
2 0.3125 1.86 1.09 0.93
3 0.3750 1.79 1.04 0.91
4 0.4375 1.80 1.03 0.91
5 0.5000 1.78 1.00 0.90
6 0.5625 1.76 0.98 0.89
7 0.6250 1.75 0.96 0.88
8 0.7500 1.68 0.91 0.84
9 0.8750 1.69 0.90 0.85

10 1.0000 1.67 0.89 0.84

11 1.1250 1.86 0.96 0.92

12 1.2500 1.67 0.87 0.83

13 1.3750 1.80 0.93 0.89

14 1.5000 1.65 0.85 0.82

size number of the bolt

nominal diameter of the bolt

Q—a’m

B
c1
d

vs]

€2

B

n

spacing parameter (dimensionless)

stress area of one bolt (see Table 2-1)

dB + 0.005 in.

2-18
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are given. The distances e, and e, refer to a flange with machined spot-
faces and are shown on Fig, 2-6. Also, the tables contain the stress area
AoB of each bolt size. These were taken from Ref, 30 for the ISO-inch coarse
thread series for 1/4 idB < 3/2 inch., The corresponding recommended
metric series is given in Tables 2-4 through 2-6, where 6.3 f_dB < 36.0 mm
{0.2480 _<_dB < 1.4173 inch). Where 14 different sizes were used for the indi-
cated diameter range in the ISO-inch series, only nine different sizes are

given for the metric series, This series, however, is tentative and subject

to further studies by the Industrial Fasteners Institute in Cleveland, Ohio.

The bolt tables given are not to be taken as definite data, They were
merely used for the numerical example problems of this project, The design
procedure and the corresponding program are configured to allow additional

bolt data to be incorporated such as data for 8 or 12 point heads.

The diameter of the bolt hole is taken as dhole = dB + 0.005 inch (+0.1
mm), These clearances have been assumed to be able to compute numerical

examples and are not to be taken as definite design data.

The spot face diameter is assumed as ds = 2e_, where e is given

pot 1’ 1
in the bolt tables, A fillet radius of ry = 0.062 inch (1.5 mm) is provided.

pot

When a machined groove is selected both distances are e, =€, =n,dg

as shown on Fig. 2-7,

The selection of the fillet radius on Fig, 2-6 and the groove radius on
Fig. 2-7 is somewhat arbitrary, While the machined groove is intended to
reduce stress concentrations due to notch effects at the neck, it cannot reduce
the high stresses in the cylinder portion, The fillet on Fig. 2-6 is intended to
do this, A basis for the size of the fillet radius can be found by considering the
wavelength L of the stress pattern along the shell meridian. This stress pat~
tern alternates sinusoidally with exponentially decreasing amplitudes. The

ratio of two successive amplitudes, considering only the edge disturbance
2-19
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Table 2-4
METRIC BOLT TABLE FOR OPEN-END WRENCHING (REF. 18)

LMSC-HREC TR D306492

isiz.e dB dB Mo HE| N2 AoB Ao%
(mm) (in. ) (mmz) (in. *)

1 6.300 0.2480 3.00 2,00 1.50 22.276 0.035
2 8.000 0.3150 2,85 1.90 1.43 36.126 0.055
3 10.000 0.3937 2.70 1.80 1.85 57.261 0.089
4 12.500 0.4921 2,59 1.68 1.28 91.524 0.142
5 16.000 0.6299 2.45 1.57 1.18 155.070 0.240
6 20.000 0.7874 2.35 1.48 1.12 242.297 0.375
7 25.000 0.9843 2.28 1.40 1.07 382.801 0.593
8 30.000 1.1811 2.23 1.35 1.02 555.296 0.861
9 36.000 1.4173 2.19 1.33 1.01 809,423 1.255

Table 2-5

METRIC BOLT TABLE FOR SOCKET WRENCHING (REF. 18)

is:ize dB Mo My n2
(mm)
1 6.300 2.80 1.60 1.40
2z 8.00 2.69 1.53 1.36
3 10.000 2.57 1.48 1.29
4 12.500 2.46 1.41 1.23
5 16.00 2.34 1.33 1.16
) 20.000 2.25 1.27 1.11
7 25.000 2.15 1,22 1.07
8 30.000 Z.08 1.17 1.03
9 36.000 2.02 1.14 1.01

Z-ZQ
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~Table 2-6
METRIGC BOLT TABLE FOR INTERNAL WRENCHING (REF. 18)

ifsize dB Mo M1 12
(mm)
1 6.300 1.92 1.16 0.96
2 8.00 1.88 1.12 0.94
3 10.000 1.85 1.08 0.92
4 12.500 1.81 1.03 0.90
5 16.000 1.77 0.99 0.87
6 20.000 1,73 | 0.94 0.85
7 25.000 1.70 0.91 0.84
8 30.000 1.68 0.88 0.83
9 36.000 1.66 0.86 0.82
2-21
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NN

Fig.2-6 - Low Profile Flange with Machined Spot Faces

™~
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Fig.2-7 - Liow Profile Flange with Machined Groove
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introduced by the flange, is

1 _g? .e (2.55)

where

4
. 2 2,2
p = qw-u )22/t (2.56)

The radius of the cylinder middle surface, ro is

r, = at t/2 . (2.57)
From the logarithmic decrement

pL/x_ = 2nm (2.58)
the wavelength is

L = 27 ro/p (2.59)

The fillet radius should cover approximately one-eighth of this wavelength
in order to reduce the shell stresses at the neck, Equations (2.55) through
(2.58) are illustrated on Fig, 2-8, To simplify the design procedure, approxi-

mate fillet and groove radii are listed in Tables 2-7 and 2-8, respectively,
2.3 BOLT CIRCLE RADIUS AND FLANGE WIDTH

The magnitude of the bolt circle radius and the flange width are deter-
mined by the space required on the upper surface as shown on Figs. 2-6 and
2-7. In the case of machined spot faces a minimum distance ¢y from the tube

wall is maintained to accommodate the tool for making the spot face, The

formulas for the bolt circle radius can be written for the machined spot face,

2-24
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Stress Amplitude

Reduced Stress
Due to Fillet

Fig.2-8 - Relation of Fillet Radius to Shell Stresses
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Table 2-7
FILLET RADIUS FOR FLANGE WITH MACHINED SPOT FACES

t h
- fil
(in.) | {mm) (in.) (mm)
>0.2 , 5 0.3750 10
< 0.2 5 : 0.3125 8
< 0.15 3 0.2500 6
< 0,10 2.5 0.1875 4
< 0.05 1 0.1250 3
Legend:
t = tube thickness
T = 1 1
fil fillet radius
Table 2-8
GRQOOVE RADIUS FOR FLANGE WITH MACHINED GROOVE
¢ Tl
(in.) {mm) {in. ) (mm)
>0.2 5 0.1250 3
< 0,2 - 5 0.1000 2.5
< 0.15 3 0.0750
< 0,10 2.5 0.0500 .
< 0,05 1 0.0250 0.5
Legend:
t = tube thickness
rﬁl = groove radius

2-26
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Fig, 2-6, as

rg = T, +t +o:1 +e1 (2.60})

where ¢, = 0.0625 inch or 1.5 mm was assumed, and for a machined groove,

Fig, 2-7, as

rg = ri+1:+2,rﬁ.1-l-e1 . {2.61)

The flange width is then
b = r,+e,-r,, (2.62)

The inside radius of the tube, a, is denoted by r. in this and the following

sections,
2.4 GASKET

In selecting the gasket and computing the required contact force, two
Phases must be considered, The first phase is the initial precompression

phase for which a total flange force of

P((;) = 21rrG Sé.'l) (2.63)

is required, where S((sl) is the corresponding line load per unit length of the
centerline of the contact surface. The radius of this centerline is ro. The
second phase is the operational phase in which a certain minimum contact
force is to be maintained to have zero leakage. This contact force is written

as

P(GZ) = o rg sg’ (2.64)

2-27
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The total required flange force P is the sum of the force caused by internal

pressure, P_,
p

(2.65)

(2)

and the contact force PG s

P = mrlptamrg st2) (2.66)

It is important to understand what S(” and Sg') are for various gaskets

G
and how they are related to the interface leakage rate. Starting out from a

macroscopic view, i.e., looking at the whole flange as sembly, the relations
between the flange force and the internal pressure at which a given leakage
occurs are shown on Fig. 2-9, In the low pressure range a nonlinear relation
(0) and the corresponding

G

pressure, When the force Pé}l) has been reached, as given by Eq. (2.63), this

relation becomes linear as the pressure increases. As the pressure is reduced

exists between the initial precompression force P

irom above Py the relation remains linear all the way to p = 0. Under renewed

pressurization the relation remains linear. Thus P((]” has been established as

the minimum load for precompression of the material. The initial precompres-

sion force Pg)} in terms of Pg)and Pé_z) is approximately

PO - apll v - ypP g (2.67)

The coefficient ¢ should be selected to match the test data,

To characterize a gasket material two numbers are needed. First, a
(1)

number characterizing PG ,

and second, a number characterizing the slope

of the straight line,
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PF (Force Required for Zero-Leakage)

(1)
P

~ p (Pressure)

Fig.2-9 - Required Gasket Forces
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For [lat gaskets the line lpoads are

1 _ L)
S’ = beg Og (2.68)
and
2) _ .{2)
Sg’ = begr kp P (2.69)
For other than flat gaskets the line load S((:T.l) is given directly while
(2) _
Sg’ = Kp P (2,70)

The quantity O has the units of stress and k_ is dimensionless, The quantity

K1 has the dimensions of a length. The effective widths béflf) and bﬁ;

on the shape of the interface, such as tongue and groove, etc., and the type

depend
of gasket, such as serrated, etc,

Data for conventional applications can be found in Ref, 6. For cryogenic
or storable propellants in liquid or gaseous form these data are not readily
available and will have to be obtained from testing or be established from data

not currently in this format,

One source of information is the comprehensive study by Bauer et al,
(Ref, 31), which contains data on interface leakage as related to material
hardness, contact surface topography (surface finish) and contact stress,

expressed as

hd - (2.71)

-E
™m

Q

where h3 is the "conductance parameter", Ke is a constant and ¢ is the
contact stress, The exponent m depends on both the material hardness and
the surface topography. This relation of Eq. (2.71) is obtained from graphs
of the form shown on Fig, 2-10, There are four regimes identified, The
fourth one indicates the hysteresis effect shown more clearly on Fig, 2-11.

To use the graphs, the anticipated leak rate, either gas (volume)} or liquid

2-30
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Log (h3) (Conductance Farameter)
N _

> Log ¢
(Contact Stress)

Fig.2-10 - Relation Between Conductance Parameter
and Interface Contact Stress (Ref.31)
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{Leak-rate of the
Connection)

Q

A . A W e e min o mmm S — —

> PF (Interface Total
Force of the
Connection)

Fig.2-11 - Hysteresis Effect {(Ref.31)
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(weight) leak rate, is the basis for computing the required conductance
Parameter, For laminar, isothermal, compressible (gas) flow the volume
leak rate is

w (p5 - p2)

= e L L h (2.72)

where w is the width and L is the length of the leak path, U is the viscosity
of the medium and P, the standard atrmospheric pressure. The inlet pressure
is P, and the exit pressure is P- Other effects such as inertia, transition
flow with molecular correction and adiabatic frictionless flow are presented
in Ref. 31, These are, however, less important than the one given by Eq,
(2.72). The volume leak rate Qofa gas can be converted into a mass leak

rate by the relation

w = EZ o (2.73)

where R is the gas constant, T is the absolute temperature, p is the pressure
and m is the molecular weight. For laminar, incompressible (liquid) flow
the mass leak rate is

W 124 T h (2.74)

where p is the mass density of the medium. The width and the length of the

leak path for a gasket are, respectively

w R 21r1‘G .
and . (2.75)

Usually the definition of zero-leak is defined in terms of volume
per unit time of helium at standard temperature and pressure, This leak
rate can be converted into an equivalent liquid leak rate by using coversion

graphs. One such graph is described in a report by Weiner (Ref, 32), which
2-33
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represents the Poiseuille equation for gas and liquid flow, as given by Eqgs,

(2.72) and (2,74)., The procedure is illustrated on Fig. 2-12,

The design procedure for finding the width of a flat gasket is based

on the condition that

(1) _ o(2) _ (2)
PG = PF = PP + PG {2.76)
This leads to
(1) _ 2 (2) '
27 beff e 0g = 7 I'g P+ 27 beff rG kP P (2.77)

which can be solved for bCT after substituting

H(1)

eif = Y1Pg> (2.78)
(2} _ '
bers = ¥ g (2.79)
resulting in
r.. P
G
b = (2-80)
G 2(')/1 U'G - 72 kp P)

The safety factor should be attached to Pg'} , taking it as (F.S.} = 1 for the proof

pressure condition and (F.S.) = 1,5 for the operating pressure condition,

As a numerical example consider ALLPAX flat gaskets of thickness 1/8;

1/16 and 1/32 inch, having a yield strength of K., = 10.0 ksi. The minimum

G
stresses for precompression based on experience in conventional applications

are g
G

2-9 is kp =2.0; 2.75; 3.5, If the gaskets are precompressed to yield stress

= 1,6; 3.7; 6.5 ksi and the slope of the straight line as shown on Fig.

then the following gasket widths are obtained, as given in Table 2-9,

2-34
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Fig.2-12 - Fluid Flow Conversion Graph {Ref.32)
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Table 2-9
COMPARISON OF GASKET WIDTHS

Gasket Thickness, h
Pressure G
p (psi) 1/8 1/16 1/32
100 0.0102 TG 0.0103 T 0.0104 re
1000 0,125 re 0.138 T 0.154 s

Since it is not necessary to precompress to the yield stress an alternate
procedure would be to start with the available gasket width after the design

has progressed to this point. It is

b = r _dhole
Gavail B 2

A tolerance of Ar is provided in this formula. Then from Eq. (2.77) the re-

-1, - 24r (2.81)

quired flange force under operating condition is

p(2)

12 mript2r b

Y, r k_p (F.5)) (2.82)
Gavail 2 G P

where (F.,5.) is the appropriate factor of safety, The condition of Eq, (2,76},
making the initial flange force equal to the one under operating condition,

gives the required initial contact stressg as

pi?)
°c ~ 21 b Vv, T (2.83)
417G
avail _
If o is less than the minimum precompression stress required to seat the

gasket, the initial flange load should be increased to achieve this minimum

precompression stress. For example, if for a 1/10 inch ALLPAX gasket °G

as computed with Eq, (2.83) is less than 3.7 ksi, the initial flange load should

be P(z) =2r b

F Y1 g (3.7 ksi).

Ga.va il

: 2-36 -
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The safety factor in Eq, (2.82) will compensate for reduction of gasket
stress due to the elastic deformation of the connection. The analysis of this

deformation is described in Section 3,
2.5 PRESSURE ENERGIZED SEAL

The application of a pressure energized seal in both a cantilever flange
and a flange with metal-to-metal contact is illustrated on Figs, 2-13 and 2-14,

respectively.

The basic difference of the two flange configurations can be seen in the
accompanying calculations of bolt forces, The bolt force required for the

cantilever flange is simply

Py = (F.8.) P (2.84)

where
P =arlp (2.85)

For the metal-to-metal flange the pivot point @ is oﬁtside the bolt circle,
while previously it was in line with the middle surface of the tube wall, Taking
the bending moment about point @ , i.e., assuming a situation where differ-
ential axial motion exists at the seal-to-flange interface, the required bolt

force is approximately

e |
Pp = (FS) P (1 +'€;) X (2.86)

In any case the required bolt force is by the factor of (1 + e/ez) higher than

the corresponding cantilever flange,

The size of the seal gland depends on the type and size of seal to be
used. These dimensions, hs and bs, are supplied by the seal manufacturers'

catalogs, The height of the recess, hr’ for the cantilever flange is to be

2-37
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AN

Fig.2-13 - Cantilever Flange with Pressure Energized Seal
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Fig.2-14 - Metal-to-Metal Flange with Pressure
Energized Seal
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determined from the roll angle and corresponding differential axial displace~
ment at the outer edge of the flange cross section. If the recess is not high
. enough, this will result in the same situation as for the metal-to-metal flange

and is therefore undesirable.

The width bG’ carrying the same label for convenience of notation as
the width of a flat gasket, is assumed as being equal to the tube wall thickness,
t. The distance of the seal gland from the bolt holes was assumed as being
the same as the width of the seal gland itself, These dimensional relations
cannot be readily defined and will hé.ve to be determined by a developmental

test program,
2.6 BOLT FORCE, NUMBER OF BOLTS AND BOLT SPACING

The required bolt force is determined by the gasket initial stress and
minimum stress during operation, or in the case of a pressure energized
. seal,by the force .required to prevent separation near the seal-flange inter-
face. The maximum force of the ones determined by difierent criteria is
used to compute the number of bolts required, Two design criteria are used.
Under proof pressure the bolts should not yield and under burst pressure they
should not break. These two criteria can be formulated as ‘

PB

= T(B) .
Fty AoB

ng, ) (2.87)

where P_, is the bolt force under proof pressure, including the safety factor,

B
and
P
B‘gburst! 2.88)
"Bz = (B , @.
tu oB
where P is the bolt force at burst pressure, The minimum number

(burst)
of bolts was assumed as six, This will give an even stress distribution for

2-40
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flanges with low internal pressures and small inner diameter, for which
less than six bolts would be computed according to Eqs. (2.87) and (2.88).
The bolt spacing is simply

s = B (2.89)

where ng is the maximum of the numbers of bolts, hp, OF Npg,, computed
previously. The spacing should not increase beyond a certain level, which

has been arbitrarily fixed at s = 8d where dB is the nominal bolt diameter,

This maximum spacing depends on 1:]1313 thickness of the flange, too, since
bending out of the plane of the flange would introduce a reduction in interface
stress in the space between the bolt holes, For the low profile flanges, how-
ever, this situation is not critical since the aspect ratio of h/b for the flange
cross section is usually greater than 3/4, mostly being around 1. Therefore
it acts quite differently from a flat plate assumed in previous flange design
methods. A minimum spacing is provided by the value of s = N, dB' where
N, is tabulated for various types of bolt heads as a function of nominal

diameter.
2.7 FLANGE HEIGHT

The computation of the flange height is based on the capacity to carry

the ultimate applied moment

(F.5.) Py e

i (2.90)

where PB is the maximum bolt force considered for the design and e the

internal lever arm between the bolt circle and the gasket circle,

e = r_ -r (2.91)
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The radius ro is the one of the middle surface of the tube wall,

r, = r, tt/2 (2.92)
The width of the flange cross section has already been determined, either
from considerations to accommodate the boltheads or to accommeodate the
gasket, The effect of the bolt holes, however, has to be teken into account.

A simple rule has been suggested by Schwaigerer (Ref, 2) based on experience,

by computing an effective width, b, from the bolt hole diameter dhole and

’d
— hole
b = b - dhole — (2‘.93)

Previous design methods have suggested to subtract the entire hole diameter.

the bolt spacing, s,

This would be unduly conservative as proven by tests {Ref, 3),

The computation of the flange height assumes a linear stress distribution
in the flange and the development of a plastic hinge in the neck. This procedure
of designing a statically indeterminate structure by introducing plastic hinges
to reduce redundancies was first used for steel frames {Ref, 33) and resulted
in more efficient designs, The state of stress in the neck of the flange is
three-dimensional, however, and the method used in frame design is, there-

fore, not rigorously applicable,

The derivation of the concept of a plastic section modulus, ZT' for the
tube wall is described in detail in Section 3, The result is

where l;l and ;2 are coefficients determined by the state of stress in the
flange neck., Since this state of stress is unknown at this point they are

assumed to be

2-42
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L’,l = .8, LZ = .18 _(2.95)

In Section 3 the computation of 1_1,1 and 2;2 for a given flange under given loading

conditions is shown in detail.

The elastic section modulus of the flange cross section is given by

=. 2
_bh
SF Sl (2.96)

O

The design formula for the flange is now derived by requiring

+(T)
mg = Fg) sF+—t(]{=7 Z. (2.97)
¥
ty

Usually the flange and tube wall are made of the same material so that

Fi;f)/FS‘) = 1. When the expressions for Zp and SF are substituted into
Eq. (2.97) a quadratic equation for h results,

AR? +Bh+C = 0, (2.98)
where
_ w(F)+ :
A =F  blor (2.99)
_ (F),
B = FtY z;z(t-tN)/z, (2.100)
_ (F) 2 2
C = Fty gt -tN)/4—mFu. (2.101)
The solution for h is
- VB? - 4aC - B
h = Y (2.102)

2-43
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Il the contribution of the plastic hinge in the neck is neglected in the

design of the flange, i,e., when ;1 and 1;2 are assumed to be zero, then

= (F)+
h = 46 r, mFu/Fty b . (2.103)

This design formula has been used previously for computational convenience

but may result in overly conservative designs,
Finally, a check is made of the flange height versus the bolt spacing, s,

if s/h >3 —~h=s/3 (2.104)
2,8 FLANGE WEIGHT

The weight added to the tube by the flange is given by computing the

volume of the material having the cross sectional area

Aw = (b-thh (2.108)
and the centroidal radius

r, =% + {t+b)/2 (2.106)
so that

vol = 2y T AW (2.107)
the actual weight is

AW = pF vol (2.108)
2-44
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2.9 MATERIAL DATA

To facilitate the computation of numerical examples the properties for
aluminum and steel commonly used for rocket propulsion systems are given
in Tables 2-10 and 2-12, These data were taken from Ref. 15, Data for
gaskets were compiled for some materials used in some earlier MSFC com-

putations (Ref, 34) and are listed in Tables 2~11 and 2-13,
Both data tables are incorporated in the computer program. They can

be enlarged easily by including a larger variety of data., It was not the purpose

of this study to compile all available data,

2-45
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PROPERTIES OF METALIC MATERIALS FOR TUBES, FLANGES AND BOLTS

Table 2-10

No. Material E v B 4| & Fty Fiu
(psi) (-) | (b/in%)| (n./in/%F) | (psi) (p3i)
1 | AL6061-T6 @ RT [9.9x 10° | .33 | .098 |12.5x10°0 | 35.0x 105 | 42.2x 100
2 | A26061-T6 @ 200°F [9.9x10° | .33 | .098 l12.5x107® | 32.2x10% | 38.1x 103
3 | ar2024-T3@ RT  19.9x10° | .33 | o908 |12.5x107® | s0.0x10° | 62.0x 10
4 | Ar2024-T3@ 200°F [9.9x 10% | .33 | .098 |12.5x107® | 47.0x10% | 59.0x 10
5 | 3478S @ RT 28.0x 10° | .30 | .288 9.5x10°% | 35.0x10° | 90.0x 10
6 | 347 Ss @ 200°F 28.0x 10° | .30 | .288 9.5x 107 | 30.0x10° | 76.0x 10°
7 347 SS @ 600°F 28.0 x 10° | .30 .288 9.5 x 107° 25.0 x 10> | 68.0 x 10°
8 | A286 @ RT 28.0x 10° | .30 | .288 9.5x 10°% |131.0 x 10% | 200.0 x 103
9 | A286 @ 200°F 28.0x 10° | .30 | .288 9.5x 10°% |128.0x 10° | 196.0 x 10°
10 | A286@ 600°F 28.0x 10° | .30 | .288 9.5x 10°% |120.0 x 10 | 180.0 x 103

Legend: E = elastic modulus

Vv = Poisson's ratio

P =weight density

Fty

o

= linear thermal expansion coefficient

tu

= tensile yield strength

= ultimate tensile strength
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Table 2-11
PROPERTIES OF GASKET MATERIALS

o
E KC- G o . i hG kp
No. Material (psi) (psi) (psi) (in/in/°F} | (-} | {in.)
Asbestos 1/32 in. | 44.0x10° [10.0x10% | 6.5x 10 | 1.3x 1073 |.5 |.03125 | 3.50
Asbestos 1/16 in. | 44.0x 10° {10.0x 103 | 3.7x10% | 1.3 x 1073 06250 | 2.75
Asbestos 1/8 in. | 44.0x 10° |10.0x10% | 1.6x10° | 1.3x 1072 {.5 |.12500 | 2.00
4 | KEL-F8I 180.0 x 10° | 8.0x 10° | 4.0x 10° | 3.8 x 1072 | .12 .06250 | 3.00
5 CRES 321-A 28.0 x 106 40.0 x 103 18.9 x 10_3 9.5 x 10-'6 .30].02500 { 5.50
Legend: Assumed:
E = elastic modulus Yy F Yy = 0.5 for No's 1,2 and 3
KG = yield (crushing) strength ¥y = ¥, = 1.0 for No's 4 and 5
o~ = minimum seating stress
o = linear thermal expansion coefficient
i = friction coefficient
hG = thickness of the gasket
kp = ratio of required seating stress to given pressure (see Fig.2-9).
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Table 2-12
METRIC PROPERTIES OF METALLIC MATERIALS FOR TUBES, FLANGES AND BOLTS

E " p a F F
2 3 , o ty w5
No Material (N/mm®) | (-) (g/mm”) mm/mm/°C | (N/mm®) (N/mm”)
Af 6061-T6 RT 68 x 103 .33 | 271 x 1072 22.5 % 10"6 242 290
2 | A26061-T6 93C 68 x 105 | 33 | 271x 1072 | 22.5x% 10°© 222 263
3 | A2 2024-T3 RT 68 x 105 | .33 271 x 1074 22.5x 10'6 345 428
4 | AL2024-T3 93¢ | 68x10° |.33 | 271x107% | 22.5x 1078 324 407
347 S8 RT | 193x10° |.30 | .798x 1072 | 17.1x 107° 242 621
347 SS 93¢ | 193x10° |.30 | .798x 1072 | 17.1x 107® 207 528
347 S8 315¢| 193 x10° .30 | .798x10°% | 17.1x 107° 173 469
3 2 -6
A286 RT | 193 x10° |.30 | .798 x 10 17.1 x 10 904 1380
9 | A286 93¢ | 193x10° |.30 | .798x10°% | 17.1x 1075 883 1352
10 | A286 315¢| 193 x 10° |30 | 798 %1072 | 17.1x 107® 828 1242
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METRIC PROPERTIES OF GASKET MATERIALS

Table 2-13

E kG O o u h
. 2 2 2 o | G

No. Material (N/mm®) | (N/mm®) | (N/mam©) | (mm/mm®C) | (-} | {(mm) kp
1 | Asbestos, 0.8mm | 304.0 69.0 45.0 23x102 | .5 8 | 3.5
2 | Asbestos, 1.6mm | 304.0 69.0 26.0 23x107 |5 | 16 | 2.75
3 | Asbestos, 3.2mm | 304.0 69.0 11.0 23x10° [.5 | 3.2 | 2.00
4 |KEL-F81 1.6mm | 1242.0 55.0 28.0 7.0x10°° |.121 1.6 3.00
5 |CRES 321-A, é6mm 193 x 103 276.0 130.0 17.1x 10°% | .30 .6 5.50
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Section 3

ANALYSIS METHOD

The analysis method described in this section is based on thin shell
theory and simple ring theory. These theories are not too involved algebra-
ically to be used for hand computations. Also the approximate state of stress
in the plastic hinge near the flange used is described. A summary of the

formulas used in the analysis is given in Appendix B.

3.1 SHELL THEORY

The membrane solution for a cylindrical shell under an internal pressure

p and a temperature differential AT is characterized by the stress resultants.

P
n_ = o {3.1)
* 3
and
ncp = pr, (3.2)

where n., ng, are the axial and circumferential stress resultants, respectively
measured as a force per unit length. The radial expansion of the shell under
this loading condition is

2
P

Vv
W = Eto (l1-5)+ r aAT (3.3)

where a is the linear thermal expansion coefficient and E and ¥ are the

elastic modulus and Poisson's ratio, respectively.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

In addition to this solution the edgc disturbance of the cylinder, introduced
by the flange, must be considered. It can be shown (Ref. 35) that the linear dif-

ferential equation

4
d w 4
_T + kw =0 (3°4)
dx
where
‘ 2
k4 - 12 él-v (3.5)

describes this behavior. This differential equation for the range of parameters

considered, assuming the shell to be infinitely long, has the solution

w = e (C, coskx + C, sinks) (3.6)

2
The integration constants are found from the edge conditions. The flange

usually introduces an edge moment m and an edge shear 9, into the shell.

Both are measured per unit length {Fig. 3-1). Knowing that

-m (3.7)

|

= -q (3.8)

where

B_

=T 3.9
12(1v?2) (3-9)

3-2
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Fig.3-1 - Edge-Loaded Cylindrical Shell
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The constants are derived using

dw _ -kx .

rrie -ke [ (C1 -CZ) cos kx + (C1 + Cz] sinkx ], (3.10)
a? 2 -kx
——-‘gi = 2k" e (G, sinkx - G, cos kx), (3.11)
dx

3

i% -2k oKX [(Cl -G,) sinkx - (C, + G,} cos kx] - (3.12)

It follows then that

My 9 - kmo
Cl = 3 ' CZ = -3 (3.13)
2k B 2k"B

qo coskx - km_ (cos kx - sinkx)] (3.14)

and the rotation (rolling) of the shell wall is

w1 ~kx ;
i 5 e [—qo {coslkx + sinkx} + 2 krn0 coskx] {3.15)

2k B

For the edge where x=0 the flexibility matrix is seen to be

3 5 j (3.16)
m
Q
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The meridional bending moment along the shell wall is

-kx . 9% .
m_ =e [rno (coskx + sinkx) - < sinkx (3.17)

and the meridional shear is

Q. = e-kx [ 9, (sinkx - coskx) + 2k m sink.x] {3.18)

]
The circumferential bending moment is

mg =V m_ (3.19)

and the circumferential stress resultant is

ng = Lw (3.20)
Q

This concludes the description of the analysis of the edge disturbance.

It remains to be shown how the stresses are computed in the elastic range
and how the plastic state of stress is described. Three stresses exist in the

shell, the axial stress

n m
¢ = Eq—=z (3.21)
X t 3
t
12
the circumiferential stress
n m
- P4 _@
G(p = 3 + t3 %, ‘ (3.22)
12
3-5
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and the shear stress

q 2
=2 E L 23 | (3.23)

The coordinate z is measured from the shell middle surface outward in the

normal direction.

To arrive at an expression for the development of a plastic hinge in the
shell it is assumed that a core (Fig. 3-2) of thickness,

(3.24)

is required to carry the axial force, where Yo is the uniaxial tensile yield

strength of the material. This leaves for the plasti¢ moment, mi,
p i
n
and the plastic shear force, qf:,
P %
Tgy = (t_tn) (3.26)

In order to relate the three-dimensional state of stress to the uniaxial tensile

yield strength Y the yield-condition of von Mises is used.

1
7 cyz Yo, "’2)2 * (o - "3’2 + log - "1)Z =Y (3.27)

where 01 Oys Oy are the principal stresses.
3-6
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® T
T
-——
-

Fig.3-2 - Assumed Stress Distribution in the Plastic Hinge
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The principal stresses for the problem at hand are

P p 2
o (o}
. _X X TP
o, =5 + =]+ (XZ) (3.28)
2
Gg 05 p 2
0'2 = > - > + (TXZ) (3.29)
I
oy = c(p (3.30)

The expressions for the principal stresses are simplified by introducing
p

o, asa reference stress, where

P _ P
U<P = a; o (3.31)
and
TP - a, ob (3.32)
then
- | 1 2
01,2 = Oy (2 + yy + az ) {3.33)
- P '
Oy =0 O (3.34)
3-8

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

and the equivalent stress g of Eq. (3.27) is

- _ P 2 2
T =0, Vl ooy +oal + 30, (3.35)

the computation of Ay @, and ci for a given loading condition will be shown

later, ‘
3.2 FLANGE THEQORY

Adding the flange to the shell requires finding the interface moment m

and interface shear 9, (Fig. 3-3) in terms of given loading conditions,

In the analysis of the flange deformations it is useful to derive an equiv-
alent rotational spring constant per unit length of the flange (Ref. 36). Starting
with the equation for the radial displacement w and rotation X of the inter-

face point (A} (Fig. 3-3) caused by an applied moment mp. per unit length,

w _ rr c:2 +£ c qo ror. c
- _]*_:_fc_: + %I-—- meg {(3.36)
X c 1 mo 1

where A is the cross sectional area and I is the moment of inertia of the ring
cross section, an equation for m and q, can be constructed by requiring
compatibility of the displacements of point (A) on the ring and on the shell.
Using Eq. (3.16) for the shell displacements it follows that

: I
1 -k P CZ +K ¢l 1%

1 rr

208 |k 213 |m EI m El F

3-9
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Fig.3-3 - Ring-Shell Interface
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which can be combined as

“ - ~ o
1 2 I 1 c
'z—ké*'!'ﬁ(c +A) —Zk"l'CB qo
= PB My (3.38)
1 m
|_-2k+c:[3 1+[3_ i o_ _1-
where
Bk rorc _ _
B = —T - (3.39)
‘The determinant of this equation is
I 1 2
D = (1+B) — + B (c +A) - (_Zk"' <fB) (3.40)
Zk‘ .
To find 9 and m Cramer's rule is used,
1
9, = —% (C+Z_E) me o, (3.41)
and
Bl s+l =
Mo= BTzt PR WM (3.42)

The rotation of the cross section is then

3-11
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1

21%a

2
(2k m_ - kqo)

>
n

"

(3.43)

Z I 1
s e bim

2k"BD F

The rotational spring constant is obtained from Eg. (3.43) by dividing me by
the rotation y,

ep = —L = BED (3.44)

C S

The second loading condition to be considered in this paragraph is a

differential radial displacement Aw between the ring and the shell where

Aw = (3.45)

Wshenl ~ Wring

the corresponding equation for m and q, to be solved is obtained by re-
placing the right hand side of Eq. (3.38) by

1

EI

} %‘ Aw - (3.46)
‘o ¢ o
The solution is given by

-BEI
qo=_f-rf (1+B) Aw , (3.47)
0 C ‘

3-12
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B EI 1 .
m_ = - (E—k - CB) Aw , (3.48)

and the rotation is in accordance with Eq. (3.43).

x = —g (c +21—k) Aw (3.49)

The same rotation can be produced by an applied moment of

1
- B(C'l"'z—E)_
(E I, ) aw - (3.50)

K A

4k

The stresses in the ring at points@ and . are

cg“ = -rE-W (3.51)
0
and
i .
oy = = (w - hx) (3.52)

where w and X are the radial displacement and rotation, respectively, of

peoint @
3.3 EFFECTS OF BOLTS AND GASKET

The bolts and the gasket contribute to the elastic properties of the flanged
conrnection. Both can be thought of as elastic springs (Fig. 3-4) whose spring
constants can be combined with the equivalent spring of the flange. The gasket

spring constant, kG, is

3-13
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Fig.3-4 - Gasket and Bolts Modeled as Springs
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As Bg
kG N (3.53)
oG
where the gasket area, AG' is
= 3.
AG 27 g bG , (3.54)

EG is the elastic modulus and tG is the thickness of the gasket. Similarly,
the bolt spring constant is '

A_E -
kp = ?B—Bf_ ' (3.55)
i rO B
where the total bolt area, AB’ for n]3 bolts is
AB = nB AOB ‘ (3.56)

AoB is the stress area of a single bolt, and EB is the stress portion of the
bolt shaft, With the radial distance

a = rpo-r. (3.57)
between the bolt circle and the gasket the equivalent rotational spring is
k. k
G B 2
€ = a (3.58)
E kG + kB
The centroid of both springs is given by the radius
k k
B G
r, =Y~ + TS5 & = r, - —————wnu 3 {3.59)
a G kB+ kG B kB + kG
3-15
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Finally, the displacements in gasket and bolts are, respectively,

KB 6
b u+X e a (3.60)
G, KG+KG

and

K

G
6 _=u-X —=——= a : (3.61)
B KB+KG

where u is the axial displacement at the centroid of both springs, and the

corresponding changes in gasket and bolt stresses are, respectively,

E .5
bog = __tCLQ_ (3.62)
G
and
E_&
Ao, = 2B (3.63)
B Iy

3.4 SEQUENCE OF LOADING CONDITIONS

In the preceding three paragraphs the mathematical apparatus for the
analysis of the deformations and stresses of a flange have been presented.

It will now be used in the step-by-step analysis of the loading conditions,
The initial loading of the flange occurs when the bolts are torqued to
achieve a tight seat of the gasket. This force was computed in Section 2

based on the gasket design requirements. This initial bolt force may be

related to the bolt torque applied when the connection is assembled, for

3-16
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which torquing charts are available. It would go beyond the scope of this
report to go into these torquing requirements. For the further discussion

a bolt force, f_, per unit length of circle T

B
(o)
f(o) ) npop AR .
B - 2rr ‘ (3.64)
o

O 3 . L]
is considered, where 0'( is the stress in the bolts at initial torquing. For

B
a cantilever flange the corresponding applied flange moment is

£0) (3.65)

m(FO) = a £8

It is evident that from Eq. (3.43) the rotation X of the cross section and from
Egs. (3.41) and (3.42) the interface shear 9, and interface moment m can be
computed and the remainder of the analysis of shell and flange be performed

a3 described in paragraphs 3.1 and 3.2.

When the separation of the fluid system is started the internal fluid

pressure causes an axial force in the tube

(3.66)
and a force

=G- i, (3.67)

on the face of the flange. The latter force acts at a radius

— (3.68)
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The corresponding applied flange moment is

= fo(r, - ro) i (r, -1 (3.69)

¥ F)

Another flange moment mg‘) is caused by the differential radial displacement,
according to Eq. (3.45) and Eq. (3.50). The radial displacement of the shell
for the most general case was given by Eq. (3.3). The term attributed to the
temperature differential AT is probably unrealistic for cryogenic applica-
tions when assumed that the ring could not experience the same differential,
i.e., both ring and shell probably experience simultaneously the same AT and
therefore this term does not produce a Aw. The radial expansion of the flange

ring due to internal pressure is

) rori) (phri\ |
Yring "( EA \ r / (3.70)

It is now possible to compute the rotations of the flange. Initially a

rotation

(o)
x (. —2 (3.71)

C

F

occurs. The corresponding axial displacement is the reference position and

taken as

(o)

u = 0. (3.72)
When m(l) and m(Z) are applied th tati i
T F PP 1el e rotation is
(1) (2)
P TF +MF
X = CE ¥ CF {3.73)
3-18
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and the axjal displacement is

4P 1+ fp (3.74)

KG-!- KB
The gasket and bolt deformations according to Eq. (3.60) and (3.61} are
evaluated with u(P) and x'(P). The final stresses in the flange, however,

are computed with

x (T) ox (@ 4 x (P} (3.75)

for which a corresponding mSFT) can be computed with Eq. (3.49). It is not

necessary to repeat here how the stresses in the shell and the flange are

(T)

computed from the moment mg and the rotation X(T}. In summary, an

(T)

radial displacement at point @ (Fig. 3-3) of w(T) is computed.

interface moment m and an interface shear q( )are arrived at. Also a

The plastic stresses at the flange neck are generated by increasing the
pressure until m( ) and q( ) become mP and qP as in Eqs. (3.25) and (3.26).
oAty

At the same time ¥ increases to xp and w(o)lncreases to wF, The

stresses are then

1
B(————- 1 c)
2> TBE top p

ci = —> > X (3.76)
t -t
4 k A 41{3
1
c + —
B zk)
P p
TS, R N T X (3.77)
o (kA 4k3)
3-19
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- E wPived (3.78)

so that
3
2 .2 (p_ I —-——)
t” -t <+ .3
o, = n E K A" 4k wP 4 (3.79)
! 4T, B(——-——l +B—I-+°—)
2k2 A 2k
and
t+t ¢+
a. = n 2k
2~ 4 1 cpl < (3.80)
2 A 2k

2k
according to Eqs. (3.31) and {3.32),
3.5 ESTIMATE OF THE MOMENT CAPACITY OF THE FLANGE

The capacity of the flange to carry an applied moment of mp is exhausted

when
mo o= Y, [zF+zT] (3.81)

where Yo as the tensile yield strength of the material and ZF and ZT are
the equivalent plastic section moduli of the flange ring and the tube,
respectively. This is the same equation as Eq.(2.97). A more conservative
assumption would be to let the stresses in the ring just reach the yield stress

in the extreme fibers so that the elastic modulus S_ should be used instead

F
of Zp.. For a rectangular ring cross section with the reduced width b the
two section moduli are
= 2
_%h
zp =B (3.82)
o
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and

(3.83)

The equivalent plastic section modulus of the tube wall, ZT, can be expressed

in terms of the expressions derived in Egs. (3.76) through (3.80) and Eqs. (3.31),

{3.32) and {2.35) when

c = Y,
then
2 2
i oo, (-t )2
20 = 4 2 " 'n' 2
o P 2
¢1+ O.'1+0t1+ 30(2
or simply
tz—tn ’
ZT:Z;I p + Ez (t'tn)—z

The two dimensionless parameters are

1

§1=
2 2
«1+al+a1+3a2

and

%2

2:‘[
2 2
1+a1+a1+3a2

g
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Section 4
COMPUTER PROGR AM

This section describes the computer program which was developed to
implement the design standard and verify the stresses and deformations of
the flange. The program is written in FORTRAN IV language for use on the
Univac 1108 Exec 8 system. The algorithms of these computer programs
are based on the design procedure and the analysis method outlined in the
previous two sections. A listing of the code is included. Input instructions
for the computer program are given in Appendix C. Example problems are

presented in Section 5.

® PROGRAM OUTLINE

The program consists of a main program which reads the input data,
and four major subroutines in addition to two output routines. These major
routines are DESIGN and ANALYS, corresponding to the design and analysis
part of the program and PLOTF1 and PLOTF2, which are the two plot routines
for the Stromberg-Carlson 4020 plotter. The organization of the entire pro-
gram is shown on Chart 4-1 and the individual routines are briefly described
in Table 4~1. The two routines DESIGN and ANALYS follow principally the
sequence of formulas given in Appendixes A and B, The individual variables

are easily recognizable and are therefore not explained here in detail.

The program allows the design and analysis of cantilever flanges with
flat gaskets and pressure energized seals. The machining of the upper flange
surface may be with machined spot faces or with a machined grove. These
different options can be turned on by specifying the appropriate values of the

variable KOPT(I), as described in the User's instructions in Appendix C.
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(1)

DMAIN

MAIN PROGM

IDENT

L (2) DO21 (40 yDoo1 | (9) POOI  (18) IvAom (20} lDzoo *
- METAILS DESIGN - PLOTE! M ANALYS QUTAN ENDIOB
(3} D022 (17) D100 (19) FPO10
| GASKET (5) ¥DO10 L[ yurpEs > PLOTF2
BOLT
FRAMEV & FRAMEV &
(6) DOI1 - SC4020 PLOT SC4020 PLOT
ROUTINES ROUTINES
BTABLI1
- ~—
(10) PO002 (11) P0OO3
(7) DOI2 -l PLOTHG | b PLOTLN
BTABL2
(12) 2004 | (13) P00S
(8) DO13 > PLOTLE | b PLOTQC
BTABLS3
(14) POO6 (15) FPOOQ7
| PLOTAR| b|PLOTTX
(16) P008
. DASHLN

Chart 4-1 - Organization of the Flange Design and Analysis Program
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10
11
12
13
14
15
16
17
18
19

20

Symbol

DMAIN

D021

D022
D001
D610
DOo11
Do12
Da13

P00l

Pooz
P0O03
PO04
P0O05
PO06
PGOY
PO08
D100
AQ01
PO10

D200

LMSC-HREC TR D306492

Table 4-1

PROGRAM DESCRIPTICON

Name

METALS

GASKET
DESIGN
BOLT
BTABLI
BTABLZ2
BTABL3

PLOTF1

PLOTHC
PLOTLN
PLOTLB
PLOTQC
PLOTAR
PLOTTX
DASHLN
OUTDES
ANALYS
PLOTFZ2

OUTAN

Description

Desgign program for low profile flanges

Table of metallic materials design properties
for tubes, flanges and bolts

Table of gasket materials design properties
Design routine for low profile flanges

Bolt data handling

Bolt table for open wrenching

Bolt table for socket wrenching

Bolt table for internal wrenching

Plot routine for low profile flanges with flat
gasket and machined spotfaces for the holes

Plot a half circle from IA to IB

Flot a line

Plot label

Plot a quarter circle from IA to IB

Plot an arrow head for different orientations
Plot text

Dashed-dotted line

Output of the design routine

Analysis routine

Plot of the analysis results

Qutput of the analysis results

4-3
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The plot routines PILLOTF1 and PLOTF2 summarize the design and
analysis. The first one plots the geometry of the flange cross section in 1:1
scale. The second one summarizes the stresses and deformations of the tube
wall and the flange, using a 1:2 scale for the flange geometry. The layout of
the graphs is given on Figs. 4-1 and 4-2. The small numbers refer to x and
y coordinate points in the code and are given here to facilitate future modifi-

cations in the program.

A list of the entire code is given in this section. The limited scope of
this contract did not allow inclusion of all possible flange configurations to
be considered in this program with the corresponding plot option. At this
point, however, it would be possible to automate the design process further
by combining the computer code with a different type of plotting equipment,

allowing larger size plots. The SC 4020 plot area is limited to 73 by 7% inch.

‘Sample computer output, printed and plotted, is presented in Section 5.
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Fig. 4-1 - Layout of Design Summary SC 4020 Plot
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22 o
27 %114 5
Lo
2 ljro
o 9 . ee ¥ -
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90 l 424 3 1’2 i3 L3
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|
32

Fig. 4-2 - Layout of Analysis Summary SC 4020 Plot
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PROGRAM LISTING

4-7
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LIST UF ROUTINES N FLANGE UESIGN AND ANALYSIS PRUGRAM

HI46CL*TPFS.LISTI

l WHUG LIST OF ROUTINES IN rLANGE DESIGN ANUD ANALYSIS PrOGRAwn
2 GPRT s LIS} '
3 wHDG DMAIM (1) (MAIN PROGM)
4 WFRT s C OMA LN
5 HLG Cu2dl {2) {(METALS)
& WPRT L Di2i
7 wHDG Lede {3) (GASKET)
é bPRTC Dl22
Y WHOG  D{ul {(4) (DESlaN;
1o WPRTC DBLGl
1 wHGG Lelo {5) (p0LT!}
12 BPRETsC DiLlu
13 WHOG LUILI (6) (BTABLI)
14 BPRTsC DLIL
15 WHLG ULL1z (7 IBTARLZ2)
l& EPRT( OVulzZ
17 eHDG LLE3 (o) (B4TABL2)
18 WPRTyL DLI3
iy BHUG PCul (91 (pPLQOTF1)
20 WPRT»C Pl
2] wHDG POLL (1) (PLOTHC)
22 BPRTL PUo2
23 pHDG PLGS {11) (PLOTLN)
24 BPRT+»L PuUI
25 wnoG  PLUGY (12) (PLOTLE)
26 WPRT L PLGH '
27 BHDG PLCLD 113y (PLOTWC)
28 BPRT +C Puyd
29 bhiUG FUlé {14) {(rFLOUTAR)
kY] BPRT L Piué
31 RHD6 PULLY t1S) (PLOTTX)
iz WPRT»( PLu7
a3 WHDG Puod ilea) (LDASHULN]
34 BPRTW( PULyE
s wHbG Dlwuk {17) (guiDes)
36 wPRT Dilug
37 whLG  ASLI (18) (ANALYS)
38 WERT s Auyl
39 whpe POlu (19} (PLOTF2}
4y WHFRT 3L Fuli
41 aHDG $Z0L (20) (UUTAM)
42 RPHRT»C D2yg
WHDG UMAIN i1) (MAIN PKUGM)
WPRT«C DH&AIN

FURPUR 24HI=~C3/710=149353



OMaln

(1) (MAIN PROGH)

H3965ueTPFS.UMAIN

C

[T el alEal

[PV I

16

*

tal
102

. oa»

103
»
.

14
1G5
106
107
1o8

DESloN PROGRAM FOR LO® PROFILE FLANOGES
KeRoLEIiMBACH, LOCKHEED=HUNTSvILLE, EXT+353
21 NOVEMBER 1972

FORMAT(12A6)
FORMATIEELLeY)
FURMAT (1615

UDIRENSTON HEADI12)0aD122) k0PTHLIG)
DIMENSTON A19,41 4SRESID.4) 4STRIS44)sAP(8)
DATALAUVLT)»i=®12122)/22%6H /
KEAD IS, 1) (ADIL] ), I=1,12)

CALL [DENTI(9,AD)

KLAD(S,3) NCASES

ICASE=|

READ(S,1) (HEAD(])4imtsl12)
READUS542) PyDlaT4DELTWHT

READIS,2) PF  HF ,FS,0F

REAL(S,3) [T,IF.IBslG

LMSC-HREC TR D306492 .

IF(IT«EQel) READIB &) ET ,aANUT RHUT JALFAT FTYT , FIUT
IFUIFebWay) REAUISs€) EF yANUF sRNOF JALFAF oFTYF FTUF
IF(lBatWa) READ(S,2) ER ANURsRAOBALFABFTYB,FTUg
IF{lGabt&ey) READIS,£) EG,AKG,SUALFAG, AMUG  GAMU GAMD (HG, 5P

IFIIGeLTaU) READ(S,2} H5,BSsHR

IF{ITaaTais) CALL METALSUITET o ANUT REOT JALFATWFIYT FTUT)
IFCIFaaT 40) CALL METALS(lF.EFlﬁNUF|HHUF.ALFAF|FTYF|FTUF)
IF{IB.6Tu) CALL METALS(IG.EqsANyb ,RHOB ,ALFABFTYLFTuB)

IF{16,6Ta0) CabL GASKET(LlG,EGsARG 4SO, ALFAG,AMUG,GANV ,GANS ,HG ,0F)

READ(5,3) (KOPT{I)slb=1910)

DINMENSION TUBMTLI2) +FLAMTL{2) B0LMTLL2) GASHTLIZ)
READTIS 1) (TUBMTLEIJ 3 I®1,2) 1 FLaMTLLIIYalz} )
W (BOLMILCT) 4153 ,2Y,1GASHTLLI)Y =1 ,2)

KEAL{E,3) NPHASE

READ(S,2) DELTAY

FORMAT (I HIL)

FORMAT (Y NOMINAL PRESSURE PatjsFle.d,
Y NOMINAL OIAMETER LOIs'aFl6.d,

TUBE TrICKN TOLR DTs?sFibed,
NEIGHT TU 'IIIELD HTI’|F16¢-’|
PRUGF FACTUR PFassFlied/
BURST fFACTuUR BF =Y sF Llued/
SAFETY FACTOR FSz ' 2yFlued/
GASKET FACTOR GFs"sFluadrz/’/t)
PROFERTIES OF TUBg mMATeRIALY/)

FROPERTIES OF FLANGE MATERIALY/)
FROPeRTIES COF wOLT mATERIALY/)

PRUPERT{ES UF OGASKET MuTERIAL"/)
MATERIaL TabiE w0, I[s*15/

FORMAT{

FORMAT §
FORMAT (
FORMAT{
FURMAT (
FORNMNAT (

PO1SSUN=5 KATIO NUS? s Floed/

- ®» @ ® 4 & W & = m w & w = =

4-9

v PSIY/
' INCHY/
TUBE THICKWNESS TetsFieeds? INCHY/
' INCH?/
* INCHY /7))

ELASYIC mOuULUS E=*,El1648,"

DENSITY KAUS* s F1Gads?

Pslvy

LB/CUpnlua]l ity



ODMaln

Seo
57
Hb
59
Y]
61l
&2
63
b4
&5
66
67
b
&9
70
71
72
73
74
75
76
77
78
79
868G
81
62
83
84
8s
s
87
68
ue
U
91
92
93
4
95
96
97
98
99
100
1ol
1462
103
104
105
iceé
1067
108
109
116
11l

(1) (MalN FRUGM)

*

*
»
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* THERM EXP COEFF ALFABY JE16484" INCR/ZINCH/FY Y/
t* TENSILE YIeLD ST FIYat,El1b.8,% PSIY/
* ULTIMATE TeNS STR FiUs,E16.8," PSL'/7/)
109 FOKRMAT(Y mATERIAL TaBLE NO, Ine,15/
* ELASTIC mOuuLUS E®*,E16.8." PS1'/
' YIELD STRENGTH KGe? E1&6,8," PSIY/
* SEATING STRESS SEY,El1 648, PSIVY/
* THERM EXP (OEFF ALFASYsE1648,y" INCH/ZINCH/FY/
* COEFF OF FrRICTION MUB® yF a3/
* wlDThn COEFFICIENT GAMUE Y  Fliyed/
* wloTH COEFFICIENT GAMSS* 3 FtQaed/
" LWASKET THILKNESS N, Flusd,? INCHY/

11U FUKKAT (¢

(N

119 FOURMAT (®

120 FORMAT (?

121
C
20
25
C
C
C

* % % 2 % 2 » 5 »

]
»

[ ]

" & 28 % &

*
»

* SEALING STRESS RATE SPet ,FiGa4/7/7)
QPTLONS?Y/) :

FORMATLILI5)

PRESSURE ACTIVATED SEALY/

* DEPTH OF TrE SEAL GLANY HS= Y yF 10l [NCHY/
* WIuTh OF TrE SEaL GLANU BS3*,F10e3,' INCHY/
* LEPTH OF ThE RECESS MR2*sFiGe3," InCnY///)

NUMBER OF PHASES TO BE CUNSIDERED IN TrnE ANALYS[S =v,ls/

* TEMPERATURE OIFFERENTIAL m' FlGeds® DEW F'/)
FURMAT (v COMPUTED TRICKNESS Tae ,FlOo«.9,* INCHY/)

WRITE(b, 11

)

WRITE(6,102) Pyl THDELT KT

WRITE(S,1uld} PF . HBF ,FS.GF

ARITE (6, 1U4)

WRITE(6,1u8) IT,ET,ANUT ,RHOY JALFAT ,FTYT ,FTUT
“RITE|Q|IUS)

MRITE(O6,108) IF.EF ,ANUF ,RHOF ,ALFAF ,FTIYF FTUF
WRITE(SG ,1u6)

WRITE(SO,1UB) [IB.EB,ANUB RHUB ALFAB,FTYB,FTUDB

IFIlGeLTap1

v T0 2u

WRITL(&,10G7)
MRITE(6,Mu9) IGEGrAKGISG ALFAGAMUG,GANU ,GAMS NG ,4SF

G0 TO 25

WRITE(6,119) HS.B5,HR

HG=HR
CONT I wuE

WRITE(G,110)

WRITE(G6,111

) IKGPTOL) +1=1,10)

WRITE(S ) 2u) NPHASE.DELTAT

CALL DESIOGNIP DI T ,0ELT (PF ,BF 4F5,GF

wRITEl6,12)

CALL PLUTFI

yET v ANUT «RHOT yALF AT SF TYTHFTUT

vEF s ANUF 4 RHOF ALFAF o TYF WFTUF

s EB ANUB sRHO0B JALFABWFTYBWFTUR

tEGHAKG 4201 ALFAGs AMVG g uAMU (GAMS yHG L SP  HS S
WKOPT AL ywE 1 GHT 4PB

s BuBRTI yRGoRB RFIL 4ROPOT+OHOLE JOSPUT yNeBu, KT}
) T

tBsH T ,RIRG,RBRFIL KSPOT ,DHOLE 4DSPUT sNypGosHG B2, 1S 1]

sFTYF 3 FTUF WFTYB FTUB SO AKG Py wELGHT
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DMAIN (1) (MAIN PRUGM}
112 C
113 CALL UUTODESIHEAD AU wEIGHT ,kO0PT,T
Lid . WB H RT GKG,RB RFIL yRSPOT yDHOLE ,DSPOT 4 4bou,HT)
115 C
1lé CALL ANALYS (P DI, T, UELT PF  BF +F5,0F
7 * S ETSANUT JHHOT yALFATFTIYT FTUT
1148 - sEF s ANyUF 4 RHOF  ALF aAF oF § YF o F TUF
1y . vEB  ANUB JRROB ,ALFABFTYBFTUB
124 » wEGIAKG DG e ALFAG s aMUG s AMUG s GAMS yHG RS 4B
121 . +KOPT ,a00 sNPHASE 4DELTAT,PB
122 . vBoH RI oRG,RBRFIL ¢RSFUT ¢DHOLE 4D5P0T 4N 4w, H1
123 . v ASRESy3TReAP HERD)
124 C
125 CALL OUTANIHEAD . A,SRES+OTR}
126 C '
127 ICASEsICASE+1
128 IF(ICASECLESNCASES) GU TO 16
129 C
130 CALL ENDJOB
1314 STOF
132 END
WHDG DOo21 {e) (METALS)

WPRT.C ULD21
FURPUR Z2HHi={3/10=1%153
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oozt (2) (METALS)

H34860U*TPFS.Leu2]
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1 SUBROUTINE METALS(N,EANU,RHOLALFALFTY,FTU)

2 C

3 C TABLE UF METALLIC MATER]IALS pESjoN PROPERTIES
4 C TUBES, FLANGES AND oOLTS

5 C KeRsLEIMBACH, 24 NOVEMBER 1972

& C

7 CUMMUNZPROMTX/FPLIGe)

B C

9 DATA‘(P(IQJ)ldal|b’ll=1llﬁ)/

1¢ v Fa® p+bs 5633 v Gep%8 v 1 ZeS E=6,y 35,
11 - Y9 L+as, ued3 ’ u %8 v 1295 E=bs 322
12 . o9 E+b, Je 33 . uspu?l y 1245 E=by S35y
i3 » Ye? L+4, Ug*33 ' wep%a v 1245 E=b6y 470y
14 * 28Be¢) E+4. e 30 ’ wel2Ba ’ Fe5 E=b&y 35e¢
15 s Z2da; LYbe el v e ZHB ’ Feh E=by 3Cey
ie * Q8o L¥*hy Gedg ' ue288 3 945 E=b64s 250y
17 * 28e¢y E+6.  Gedu b Ue28B ) Fe5 E=beldley
1 8 o 28ey LE¥h. ue3d N e 288 N Y25 E=6a]2Bey
i9 * 288 E*h e s 30 ] weZ2E8 » F45 E=b6sllUsyg
20 C
21 C LEGENDL= AL 60U6leTes (1) AT KT 12} AT 200F
22 C AL 2024=T3 (3 AT RTs t4) AT 200F
23 C 347 55§ {5) AT KTs (&) AT 20uF.
24 C AZBo (B) AT wY¥e (¥) AT 20uuF,
26 C
26 E=PINL 1)
27 ANJUSP (N,2)
268 RHOSFP (iny 3}
29 ALFAR=PIN 4}
au FTYSP (.5
J1 FTUsPiN., &)
32 C
) KEFURKRN
34 LENG

WHDG DD22 {3) (LASKET)

WPRY,C Dp22
FURPUR 24HI1=G3/s10=19153

4-12

Fur

E*3s Y240 E*3
E*3s 3del E£E+3»
E*3y G240 E+3
E*+3: 5940 E+3.
E+3s Yoab E+I
E+3s 7045 £+3,
E+3s oBel £+,
Ev3s2Gyuel E+3,
Ev+3s J90eUE *+3,
E+32)8ue( E+3/

(7) AT sU0CF
(le)AT siGUOF
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Coz2 (3) (GASKET)

43496CU*TPFS.DL22

l SUBROUTINE GASKETIN,E AKG,S6,ALFAIAMU,GAMU 40AMS jHu,5F)
2 C .

3 C TABLE UOF GASKET MATERIALS DEsIGn PRUPERTIES

4 C KeRelLEIMBACH, 28 NOVEMBER 1972

5 C

b COMMUN/PROGSK/PI15,51

7 C

8 QATALIP LI wJ) U 49)yi=1,5)7

¥ * Yoy E+3s tyueip E+3s beg E+3, fe3 E=3s Ge5 '
G . ceb s Ge5 ’ LeD31 LBy 3«50 .

1i * 494 E+3¢ J0el E+3 Je7 E*3 1¢3 E=3, Us5S N
12 » uth N Ueb * Ve b2 ie?75 .

13 * 484 E+3. leo E+3, led E+3 1e3d E=3, Qa0 ’
4 . w5 ' LsS . wel2s » FERYEY) N

15 *18yey E+3s Beyu E£+3 40 E*23 JeBOE«~5s (s)2 '
lo6 » Iy ' leoi * SETY-Y Je ol ' '

17 * 28ey Etbs 4GeD E+3r 1869 E*3r  FeSuE=6s Ge30 o+
18 d ied ’ teC v Ueu2b v HeS& /

19 C

20 C LEGEND= ASBESTOS (b) 1732, (2) 1/716s 13) /8

21 C {4) KEL=FB8l 1/16

V-4 C (5) CRE>» 321=A 1/1i6
23 C

24 ESP{Ny L)

25 AKGSF{N,2)

2é SGEP (N4 3)

27 ALFA=P {in,4)

28 AMUSP IN,5)

29 GAMUBP (N ,&)

3u LBAMS=P (N,7)

32 SP=F{n,9)

33 C

34 : RETURN

35 ENG

FHD0G DOOI (#) LUESIGN)

BPRT,C LQU!
FURPUR 24H1~(3/15=149:53
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H3480UTPFS UL
l SUBROUTINE UESTIoNIP.DIT,DELT 4+PF 40F +FS,GF

< . +ET s ANUT RHOT s ALFATFTYT , FTUT
3 - EF s ANUF RHOF s ALFAF JFTYF FTUF
4 . +Eo ANUB ,RHOBJALFAB,FTYB,FTUB
5 . WEG AKG ,SGealFAG AMUG , GAMU ,GAMD NG 4S5PyHS,BD
& - «KUPT ADB ,WELGHT oPB

7 . eBoHsR1 ,RGyRBIRFIL s RSPOT ,DHOLE sUSPUT NB,bGnT)
H C

¥ C DES1GN RUOUTINE FOR LOw PROFILE FLANGES

U C KehHeolE[MuACH, 28 NOVEMBER 1972

Il C

12 DIMENSION KOPTL5O)

b3 C

14 C TUBE THICKNESS

15 JBOLT=RKOPT (4)

1é& RI=DI/2.

17 FFIROFPT 1) 4ERLU) GO TO 4y

l& IF{KOPTI1)e€EWal) w0 TO 10

19 IFI(ROPT{1)eEW2) GO TO 2¢

24 IFAROPT( 1) eEQ3) GO TO 3g

21 10 T=FSePsRI/FTYT

22 G0 TU 49

23 20 ALAMB=.7S

24 TIFBFeF o1/ (FTUTsaLAMB) +2,oDELT

25 T2=PF4PsRI/(FTYTwALAMB) +2, epEL]

26 TSAMAALIT],.T2)

27 G0 T0 4¢

26 3C TI=leioPFePoRI/IFTY i=aepPFef)

29 T2F 1 o 1*BF*PeR{/(FTUT=o4a3F sP)

30 TEAMAXLITL,.T2)

31 4 CONTINUE

32 C

33 C BOLT S1ZE

34 ob=T

3y To=u

34 45 CALL BULT(DB sbTAUETALIWETAZ4a0BuHOLE +DSPUT 4 RSPUT W IDIZEyublul Iy

37 IFARQOPTI2) 4EWe)) GO TO vy

A _ JFUKOPT (21 4Ewa2) GO TU sp

kY Si El=ETA)LeDs

4 E2zETAZeDB

41 IF(Ts0E e e20) REILZOeS7S

42 IF(TalToese20) RFIL®L3125

43 IF(TalleuealBd) RFIL=L 250

44 IFITalTauelU) RFILBG 1875

4% IF T elTageo5) RFIL=GaLES

48 G0 TO Ju

47 6 Ei=stTAZ2eld

48 E2=E£]

4% IF{TeGeeo20) RFIL=ue125

Sa KF‘TQLTOQCZG) RFIL=U|lUﬂ

51 FFlTaLTeal%) RFIL=Qaw?H

52 TFiTalTaiell) RFILBU.GEG

53 IF (T sl Teseus) RFIL=0s025

54 76 CONTINUE

55 C

4-14
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56 C BOLT ClRCLE RaADJUS

57 ClsLaioib

5d C2=ue S

59 IFIKOPT{2)4EQal) RBSR{+T+C1+E]

by IFIKOPT(2)ebWa2) RBERI*T+2.0RFIL+E]

61 C

&2 C FLANGE wlDTH

&3 H=Ru+E2=~R|

&4 C

&5 C GASKET wloTh

6o IF{KOPTI3)4GTau) GO TO o0

Y RG=eS e {BmobeDBeR]}

4b IFIRKUPT{L) dEWaD) BGEPF#PeRG/ {29 {GANMUSAKG=GAMS*3G6%GF ) )
&9 IFIROPTIS) sEQRae L) BG=PF'P0RG/(2.-tGAHU-AKG-GRMS':POPGPFﬁbFlI
70 IF(RUPT(S)eEWs2) UG=RB=4540HOLE=R]I=2,0(2
71 IF{KOPTLa)EW.3) GO TU 76

72 KGERB=sb@DHULEmaGoBO=C2

73 RlIaKG=s5856=C2

74 RESK]

75 IFiR]+6TaR2) GO TO 75

16 RGanKl+s5e8G+C2

77 74 HBaSKG+5oHG+,59DHOLE+C2

78 75 LSRB+EZ=RI

79 GO. TQ 9%u

du 76 KGSRI+eoepG+C2

a1l RISKG+e5€eBG+(2

Az R2SRB=es5¢DHULE=C2

B84 IFiRlaLTaR2) G0 Ty 75

84 60 TO 74

a5 8¢ vG=T

8o ROz ]l +45#88

87 RISRI+BG+Z o8BS

84 RZaKBbew ,5¢DMHALE

39 IFIR]1eGToaR2) RBERG+5¢Boe2,#uS+.5¢0HOLE
Fu BeHo+b 2=K]

g1 9L CONTINUE

?2 C

93 C s60LT FORCES

4 PI=3+141593

25 95 LF(KQPT(13)4.6T7Taw) GO0 IO lou

96 IFiKOPT(5)eEWe2) GO TO 98

97 Pul=2.#PI#RGepGeiAMUsAKS

98 IFIKOPT IS sEQeu) PBZEZe#P | #RGOBLIOANSeSGeGF+P(ORGeeLePFoP
99 [FIKOPT(5)eEWel) PBLEZewPloRGPBGPGAMSUSPePSPFeGr+P1*no®elePrsyp
180 PB=AMAXL{PBIL,PBZ)

101 @0 TO |
102 98 PB22+.8P | aRGHBGRGAMD#SPePePFeGF +P I #RGes28PF op
103 PB1=PHL
P O% SGQ2=PUP2/12*Pl % GeGAMURKRG)
10% [F{5G2.LT o561 PnlaZeePluRGeBGeGANUSG
106 PBeAMAAL[PBIL,.PBZ)
107 GaQ TO 1l

158 100 PBaPleanGes2ePFep

109 110 CONTENUJUE

11lu C

ill C WUMIER OF BOLTS
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DoGi (4} (Deslan)
112 EnBlsPa/{(FTYBeADB)
113 ENB2={BF/PFIePB/(FTJUB#A3B)
114 ENB=AMAX) (ENBI,ENB2)
115 Nd=EnNg
1le IF{NBsGEs&) GO TO 115
117 NB=b
118 PBab.«FTYB®AQB
119 115 CONTINUE
120 C
121! C BOLT SPACING
122 END=ND
123 S=Z2«wPiskad/ENG
124 D=1
125 SROVD=5/sD8
i2b IF{S0VD.GTeB20) GO TO 120
127 IF(SOVUCLTSETAJ)Y GO TO 123G
128 G0 TO 140
129 128 1S1LE=|SIZE-]
130 IFCISTZESLT«1) 60 Tu 1H§
131 GO TO 45
132 130 ISILESISIZE+]
133 IF{IST2ZE«GTaL49) GO TO0 14¢
[ GO TO 45
135 1490 COWNTINUE
[ Y-) C
137 C
138 C FLANGE REIGHT
139 EsRB=RG
199 RGBR]+s507
§41 TN=T/2.
142 EMFUSFSePBeE/(2.%P1#RO)
143 BHARSB=DHOLESSQART(DROLE/S)
144 ZETA{=( 80
145 ETAZ=0,14
146 CAPA=F [YFeBHAR/ (62" {)
147 CAPH=FIYF#ZETAZw (T=IN)/2,
148 CAPCEF{YFeZETAl®# I Toe2«TiNee2) /4e=EMFU
149 RTSWaCAPEes2=4e0CAPARCAPC '
[ RTI=SERT(RTSG)
151 A (RT=CAPB)/(2eeCAPA)
154 C
153 C CHECK FLANGE HEIGHT
154 SOVHES/H
155 JFISOVHeGTs3) H=5/3.
158 C
157 C WElGHT COMPUTATION
154 RNT=shae (28R +T+th 1}
i59 AwT={B=T)eM
16w VOL=2.¢P]eRuToAuT
161 WEIGHT=RHOFeyOL
162 C '
163 HETUR®N
164 END
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boui (4) (LESIGN)

IHDG  volg {(5) (e0LT)

PRT.C DOIy
URPUR Z8HI~{3710=14253
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Dasae {%) {BuLT)
JY5UUSTPFS.UGLO
1 SUBROUT I NE aOLTtD.ETAG.ETAI.ETAZ-AUB.DHOLE.uSPOT.HSfuT.lSllc
2 * . oJﬁOLTIlUl
3 C
4 COMMON/BOLTOT/DXx114,51
) C
6 IF{JBOLTLEQs1) CALL BTABLI
7 [F{JBOLT.EQe2) CALL BTABLZ
4 IF{JBOULT.EQed) CaALL BTABLI
¥ IF{JBOLT aLEeiJoOReJBULTAGE 4) STOP
10 C
il IF{IDeaT40) 6C TYU 1o
i2 i=1
i3 15 DI=0X{I.1)
R ] 00=D=D1
15 [FIDDsLE.O} GO TO 20
lé : I=1+1
17 G0 TO |5
13 16 1s1512E
19 C
24 20 C=0X1141)
21 ETAG=DAL(] +2)
22 ETAI=DXI]43)
23 ETAZSDA(] +4)
24 AG3SDXI].5)
25 DHOLE=D+4005
26 OSPUT=2,.,#ETAL*D
27 RSPOT=4362
28 IFUIDsEQeul IST1ZE=I
29 C
A4 RETURN
3l ENO
IHDG PO (e) (BTABLL?

IPRT,C DO
TURPUR 29K} =053/716=14:53
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ITR| (6) (BTABLI)

139460usTPFSeDUI1L

1 SUBROUTINE BTABLI

2 C

3 C 80LT TAMLE FOR OPEN WRENCHING

4 C 19 S12ES FROM .25 In TO 1,5 [N wOmiIwalL DIAMETER

5 C :

& COMMON/BOLTDI/0X(1%45)

7 COMMON/BOLTOT/D(1445)

8 C

¥ DkTA{‘DK(].J).J’].S,II"liQ'/

o . s 2500 3.00 200 » 1S 263184,
il . #3125, 280 s ie85 L T 235243,
12 . «375D, 2467 leb7 1933 Ges774%»
13 ” e HATS, 2457 & leg7 1029 e lbd),
K " 5530 2506 » leb2 be2d v 141 %0,
15 ® +56254 2.495 ie56 . 1022 18174,
ié . +H250 2+ 40 ’ 180 . 124 ’ 22260uUs
L7 » ¢ 75350 233 ) 1e4% . oo ’ v3344%0
18 . 8750, 235 le93 1eg? s 246175,
19 *  1e5000 2025 le37 1epe s IR AR
20 »  lej250, 2422 1e33 Legu 276327,
21 b Le2550 2+245 ' bobyg v Lo » 2 92Fud
22 * 13753, 223 1e3& » l*gu s LedB5480,
23 ¢ [ eBGGU 217 led3 legu v Je4y523/
24 C
25 DU 10 i=1,14
26 U0 Juy J=i,.5
27 10 UILaJd1a0X1],.d)
28 RETURN
29 £

JHOG D12 {71 (BTABLZ)

3PRT,C 0g12
FURPUR Z24HI=03/10=141523



LMSC-HREC TR D306492
bo12 (7 (8TAdLZ)

434¢00*TPF3.0uU12

—

SUBROUTINE BTaABL2

2 C

3 ¢ BUOLY TABLE FOR SOCK:ET WRENCHING

4 C 19 STZLS FROM 25 Inm TO pe5% IN NUMINAL DIAMETER

5 C

& COMMON/BOLTD2/0X{1%4+5)

7 COMMON/ZBOLTOT/DI)4,5)

8 C

9 DATACIOXEL o) o d21,5) 4181 ,14)/

[ L4 22560+ 2,74 » 1460 . ledu ] PER LA
11 . «3125 2+53 beSG Je28 vu5243,
12 . ¢3750, 2437 & led3d 1920 b su?74%
13 L 4375, 2426 » i+25 . RN ’ eliidal
14 . «500ud 2418 120 lel T IR
15 . 05625, 220 122 & teld el1B8174)
14 . *625D 2¢22 1+2% Isid «e226000
17 . e 75050 2} 2 * 1el7 . Vep? N 33446
8 «  «8B750. 2428 1¢31 & leld XYY RET)
19 ¢  12300G 2409 s 1e25 1s1G o 63574
20 * 121250 2e19 ie22 Le? s 076327
Z1 . 122550 209 s l1e18 ' oY . e 92%ub
22 . 123750 20 N leld . LeGé ’ el 5408
23 * LeBUG0 2+sG2 [ be} d . Lo gl » 1045525/
24 C
25 DO 1y I=1,14

26 PO 13 J=145

27 10 0¢1adisDXLl )

28 , RETURN

29 END

WHOG6 Dgl3 (s} (BTABLI)

FPRT,C LOII
FURPUR 24H1=03/10=14:53
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bo13 (8) (BTABLI)

4349600*TPFS,.0G13

l SUBROUTINE 8TABLDJ

2 C

3 C BOLT TABLE FOR INTExNAL WRENCHING

4 C 14 S12ES FROM 425 InN TO 145 [N NUMINAL DIAMETER

5 C

6 COMMON/BGLTDI/DX(14,.:5)

7 COMMON/BOLTOT/D(l442)

8 C

5 UArAt(uxtI.Jl.Jal.SJ'lﬂl.l“l/

) . «2500 1.92 l.16 Ge¥0 ERY YA
i1 . #3125, J 86 N 1ep¥ . Le?d ’ w243
1 . 23755, 179 lep4d EAN s 7749
i3 . +4375, 1«89 bed ve?l s1ud3ls
14 . 54030 le78 N ts(D . U Fu ’ el41l¥ys
15 " e5625, Le76 Jev8 |, veB¥ «181Y4
16 b *HZ59. 1e75 N usPd . o*88 . 022600
17 . 27550 1eb8 ge?l . ue B4 ¢334946
14 . «87%95, Leuby ' us?Q . GeB5 » LY RWEE
19 * Le3Uo0 Le67 Se8Y veBY 60574,
2y . 121250, 1sB& ' ye®h . 092 » 276327
21 " Le2558 167 * welB7 . weBd . +92%05)
22 A 103753, ie8p . Ce?93 . uedY ' le1840k
23 g JeSuud le b5 N Us 85 . ue8l * le45525/7
24 C '

25 DO 13 I=tein

2& DO 14 J=},5

27 18 D1l sd)=DK1]sd)

28 RETURN

2% END

IHOG  POJI 19) (PLOTF1)

iIPRT«C POGI
WRPUR 24H}~-03/10-)9:53
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001 (9) (PLQTFI)
}460U* TPFS.POGI

l SUBROUTINE PLOTFI(B.H.T.RI.RG.RB.RFLL.RSPOT.DHULEnﬂhPOT-N-Bh-“G
2 . 2BS HS AT

3 . JFTYFsFTUF oFTYB,FTUB,S6,FYG,P mELGHT
1 . JFLAMTL +BOLMTL 4GASMTL yHEAD,KOP)
s ¢

S Cewswe PLOT ROUTINE FOR LOw PROFILE FLANGE WITH FLAT GASKET aNu
7 Cove® MACHINED SPOTFACES FOR THE BotTS

8 Cewee KsReLEIMBACH, 7 NOVEMBER 1972

9 C

16 GIMENSLON FLAMTL(?L.BOLMTL(Z].GASMTL(ZD.HEAD(IZ!
11 . JOATAL{1) UATAZUL) DATAI(3)DATA4(I},0ATASES)
12 * JOATAG(4) swATAT(11) LDATAB(LL) DATAY (LI +,VATALGLLL)
13 * ZwOATALL1(5),0ATAL2(S)

14 . W X4100 Y luut IR C100) 2BV LEGO)

15 . JKOPTL1O}

16 C

17 CALL FRAMEV(Q)

18 CALL SCRECT(31a314971.971)

19 CALL PRINTV(72,HEAD 4191003}

24 AZ3e75 ,

21 CALL ASCALV(=AsAs0sv)

22 CALL YSCALVI=AsAsUsw!

23 C

24 11683

25 U=OHOLE

26 atl)=B/2,.

27 Y(ll==H/2

28 Xi2)=2x101})

29 Yi2)==Y(})

du [F{KOPT(2)sEQe2) GO TO 214

3} X{3)z=X (1 )+T+RFIL

32 Y(3bsy (2}

33 X(4)=A(3)=RFIL

34 Yyi4ley (3)+RFIL

k1) GO Y0 215

s 210 Ei=R1+B=nrB

37 x{3)=x{2)=2e%E 1

kY’ Y{3)l=Y(2)

a9 Xi41=2X(3)=2.9RFIL

4y Y(4)sY (2}

4] 215 CONTINUE

¥} A(5)=A04)

43 YI5)=Y{2)+HT

44 ' A(B)=X(5)=T

45 yiolsyiy)

44 e EEFENY!

47 Y7 =Y (1)

48 X(8)=2X17)+RB=RI+D/ 2,

49 Yiagisyi(l

50 AL9)EX(8)

5] YIP)=sY{2)

52 K(lG)=A(8)=D

53 YllubaY {1}

64 X(11)=X010)

5% YOr1)1=Y(2)
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PODI

Sé

57
sS4
59
&0
&}
62
63
]
65
b6
&7
ol
69
T
71
72
73
T4
75
76
77
78
79
a8
81
B2
83
a4
ab
Ba&
a7
B8
a9
%0
91
g2
93
94
95
98
97
94
Py
100
1G1
102
102
104
1db
106
107
108
169
1o
111

()

(PLOTF 1}

25

101

102

K{l121=X18)1=D/2,

Y(1d)=2Y(]))=e25

A(13l=4¢12)

Y{L3)=Y[2)ee25

Yi14)=Y(2) .
KE191=X(13)=pSPOT/24+RS5POT
ALLS =X (L4)=RSPOT
Yi{15)=Y(2)+RSPOT
Allé)r=x(15)
IF{X{16)el.ToaXt3)} Gu TO 95
A{l49)=%x(2)

Riis)asx(3)

Ad)IbB)=x(])

x{16)=x1(3)

Y{i4)=zY(3)

YLI5)=Y(3)

Ylisd=ay(3)

l1io=])

G0 TO 102

CONTINVE

DA=A{3)=Xtl6])
IFILXaGEKRFILY 60 Tu 161
OY=25G0RTIRFILes2=Dx®eZ)
OYBARaKF [LepY
Y{146)aY{2)+DYBAR

GO To 102

X{lo)=X(4)

Y(l1b)=Y({4)

CONTINUE

ACI7)3L(7)+RG=R1+8G/2.
YO17)mY¢)
X(iB8)=i(]7)=86G
YilBl=Y (1)

X{19)i=x¢17)
Y(LIF)I=Y{1l}1=HG
XKl20)=sX(18}

Y{2ul=sy (19}

x(21)=x¢18)
Y(21)sY{20)=ul25
X022)=X(18)
Yl22)=Y(211=:375
X(23)=410148)
vl23)=Y(22)+4125
X249 )= xib)=2 i
Y{Z2%)=v(223)

X025 =24117)
Y{258r=v(21)
X{26)=at17)
Yi26)=Y(25)=a750
X{27)=sXx117)
Y(27)aY(26)+4125
X(2B)=x5(24)
Yl28)=Y127)

' 4-23

LMSC-HREC TR D306492



PQal

112

113
P14
115
116
P t7
118
119
12U
121
122
123
124
125
124
127
148
129
13y
131
132
133
134
135
134
137
138
139
140
141
14
143
144
145
146
147
j 46
149
150
151
152
153
154
155
156
157
158
159
16U
16l
162
163
164
165
1é&
167

(9}

{PLOTF 1)

AlL29 ) =K11)1+412%
YL29) =Y{ 1}
Xt3ui=x(29)1+4750
yl3gi=y(1i
Al3i1=X1291+4375
Yiall=y(1)
Atd2)=x131)
Y{32)=Y(1)+H/2~.125
X633 1=x{3))
Y(33)=Y(32)+.25
X(3%)=x131)
y{a4l=yY(2)
XEI59)=X(31)+.125
Y{3s8)=Y(2)
x(36)=xX(21+e]25
Y{3lo)=Y(2)
X(37)=X(30)=e1 25
Y{37)=Y(1)
X138)=sX{37mM
Y{(3B)=Y(1)+{H+HT)/2e=a125
X(39)=x(37)
YilA9)=y(38)+.25
x{du)=x(37}
Y{4901%Y(5)
XK{4l)y=xi3u}
YlHl)I=Y (%)
K(H42)=4(5)1+.125
Y({42)=Y(5)
X(H3)=a(31)+,125
Y{43l=Yy(1M
X(94)1=4¢19)1+4.125
Yi44)=Y4{19}
$(45)=41031)

Y45 )=Y(i9)
X(46)=5(31)

Y{H46 )51 1P)=0u375
A7 )mx{24)

Y47 )=Y(1)+e}25
xi48)=x(1)
Ylab)=Y(47)
Xta49)i=xi24)
y(49)=Y(2)1=e 125
xisili=x(12]
YISG)=Y(49])

(5L =x(24)
Y(51)=Y(5)=e12%
X(52)=sK(8)
y{52)=y151}
X{583)sx(5)
Yi83l=Y(81)
X(GH)1=A(B)+e375
YI54)=Y151)

DRERFIL®{Le=SGRT(2s)/2¢)
X(59)=a(R)+DR

H)= )
Y{55)=Y(2)+DR 4-24
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POG)

|68
169
7w
i71

172
173
174
175
176
177
178
179
180
181}

182
183
184
185
1846
187
188
189
190
il

192
193
194
195
1%96
197
198
199
200
201

202
203
204
205
2Ué
207
2Ub
209
210
211
212
213
214
216
210
217
214
219
220
221
222
223

(91

(PLOTF )

IF{RUPTL2)4EQa2) Y(55)3Y(2)=DR
X(E6)=x(55)+a.25
11561 2Y{65)+425
X887 =X (49¢g)+a)
Y{57)1sY{ae&)
xisba)=x(12)
Yib8)wY(2)
AB9 ) =Xi12V+01U
Y(S?)=Y(2)+e}0
K(bLl=k(4y)+al
YloLl=Y(59)
IFIKOPT(3).EG.0) GO TOQ 310
xXial)=x(17)
Y{bl)=2Y(17)=HS
X(62)sX(17)+BS
Y(62)sY(b1)
Kb I=X(62)
Yi&3d)l=y(37)

310 CONTINVE

NP=6]

DU g l=]) NP

CALL XSCLVICXTIL)IXULI)s1ERR)

CALL YSCLVI(Y LI oIYC(I)slERRI
16 CONTINUE

CALL PLOTLN{l.,2.1Xs1Y)
CALL PLOTLNIZ,3«IX,iY1}

LMSC-HREC TR D306492

IFIKOPT(Z)eEQal) CALL PLOTWC (344l XalY}
IFIRKOPT(2)eEWea2) CALL PLOTHC (I, 4,1XsiY)

CALL PLOTLN{Y,5.1XkyiY)
CALL PLOTLNIS,6,]XK,iY)
CALL PLOTLNES,7.1041Y)
IFIKOPT(3).EQ.1) 60 TO 32y
CALL PLOTLN{Z7 40 41R,41Y)
GO To 325

320 CALL PLOTLN(IBs20.1A41Y)
CALL PLOTLNCZUs1F4IAs1Y)
CALL PLOTLN(I9217.1A:1Y1)
CALL PLOTLN(17401.3A,1Y)
CALL PLOTLNIAL62,1A,1Y)
CALL PLOTLN(62363,1A,1Y}
CALL PLOTLN{(&3sds 1A,1Y)

325 CONTINUE
CALL PLOTLN{HB,?.1X+ilY)
CALL PLOTLN(ID il 1441Y)
IF{ROPT(2),EGe2) GO TO 220
CALL PLOTLN{3I 14,1X.1Y)
IF({llosEwsl) 60O TOU ¥é
CALL PLOTOCILSy185.TA,1Y)

96 CONTIINUE
CALL PLOTLN(IBs 16,1441

220 CONTINUE

CALL UASHLNUIZ4134La 1Y
' 4-25



aol

224
225
226
227
228
229
230
231
232
233
234
23%
236
237
23s
239
24U
241
242
243
294
24%
246
247
248
249
250
251
252
253
254
255
254
257
258
259
26y
261
262
263
264
265
266
267
268
2467
27U
271
272
273
274
275
276
277
278
279

(9]

(PLOTF I

330

IFIKOPT(3)sEQa 1)

CALL
CALL
CALL

PLOTLN(L7,09:1K91Y)
PLOTLNILLIB20,14,1Y)
PLOTLN(19+2061041Y)

CORTINUE

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

PLOTLN{Z214,22,1%,1Y)
PLOTLNI23,4249,]4,1Y)
PLOTLNI(2542641a41Y)
PLOTLN(27.28,14,41Y)
PLOTLN{29 30,145,171}
PLOTLN(3]432,1X,1Y)
PFLOTLNI3A 34, 1X,1Y)
PLOTLNI3S¢36.1A41Y)
PLOTLN(AZ 438, 1K441Y)
PLOTLN(A9?340.1A,1Y)
PLOTLNES) 4424 1K,1Y)
PLOTLN(S3344,1A441Y)
PLOTLNISS 446 ,14,1Y)
PLOTLN(47 4B, TA,IY)
PLOTLNCY? 50, IA,1Y)
PLOTLN(S s52,1A,1Y)
PLOTLN(S3 54,04,1Y)
PLOTLNISS 456,14,1Y)
PLOTLN{SS457.1A,I1Y)
PLOTLN{(SB SS9, 1A,1Y1
PLOTLN{S9,00,14,1Y)

PLOTAR(]142341Xa1Y1}
PLOTAR(L 42741X41Y)
PLOTAR() «4841X 1Y)
PLOTARLL ,50,1X,1Y?
PLOTARILLS52,1X,1Y)
PLOTARTZ53,1Xs1Y)
PLOTAR{S5,58,1X,11Y)
PLOTAR(4,31,1X,1Y)
PLUTAR‘3.34.’X'IYI
PLOTAR(4,37,1X.1Y)
PLOTAR(3 . 40.1X417?
PLOTAR(3 45 ,I1X,1Y]

DAFA(DATALI(I) l=5,0)74H
DATA{UGATAZITIYI=), 1) 76H
DATA{DATAZ(I) 4 1=1,.3}/71BH
DATA(OATA4(E) =2k ,30718d
DATA(DATAS(I'.IalOS.,IBN
CATA{UATAS(L)sl=],4)/72%n PRESSURE

UATAIDATAZ(1 ) 1=m1,10) /7660 FLANGE MATERIAL

» KSl, FTuU= KS I /
DATA(DATABLI)Wl=t 11} /66H BOLT MATERIAL

. KSIs FTus= Kol /
DATALDATARE]} )13l 11)/66H GASKET MATERIAL
sING STRESSS Ksl /
DATA(DATAIGU])sI=14)1)/0bH

#LD STRENGTH= AS] /

G0 TO 33¢

0
R

LMSC-HREC TR D306492

Ta/
/
DA, HOLES/
D]A SPOTFACE /
R FILLET /
P5laG

DATA{LDATALI I sl 2} /730H WEIGHT OF FLANGE
4-26
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LB/

FTY=z

FTr=

Sca’

Yl



Foul

280

281
2824
281
284
285
286
287
288
289
294¢
271
292
273
294
295
298
297
278
299
360
41
d02
303
o4
s
306
o7z
3gs
g9
3w
311
Al
33
A4
3ls
3le
3t?
Als
319
32y
32|
322
az2a
a2y
az2s
326
az7
azs
aze
330
331
332
333
334
335

LMSC-HREC TR D306492

{91 (PLOTF1)

C
C
340
59
51
&0
C

DATAIDATALZ2{I) 1®1,5)/3UH PRESSURKE ENERGILZED SEAL

DGO=2,.,»RG+BG
DGI[aDGEU=2.9BG6
Dl=z2s.»R1]
Dd22,.#HB
DFO=D[+2.%B
HWELDaH+HT

CALL PLOTLB(28,24,51X91Y,DGD)

CALL PLOTTX(28,:56,5,]IX2iY+DATAL 6}

CALL PLOTLB(Z24+y24,5401X:1Y4DG1)

CALL PLOTTX(2445&,5.1X0iYs0ATALs0)

CALL PLOTLB(474+29,541X31Y40FD)

CALL PLOTTX(47:56,5,1X21Y,DATAL &)

CALL PLOTLB(49,24,5.,1X21Y,08)

CALL PLOTTXL49+56.51Xs Y DATAL )

CALL PLOTLB(51+424.5:1X21Y401)

CALL PLOTTX{5]1,548,58,1K,1Y,DATAL,S]

CALL PLOTLBIS3+249.5+1KlY,T)

CALL PLOTLBILE7 320,54 KslYsRFL)

CALL PLOTTXI57:452,5:1X31Y«DATAZ,8)

CALL PLOTLBIAD 24,541 XKs1YDHDLE)

CALL PLOTTX(A60s56,5.IX21Y,0ATAI1E)
IPL=lX1&0)+120

JPLELYL&G)*5

PDN=N

IFIROPTI2)4EQa2) GO TO 340

CALL PLOTLB(&U124,=15,[X,1Y»DSPOT)

CALL PLOTTX(60+56,=15:1X,1YDATAYs1Y)
CALL PLOTLBIAD (24¢=35, 1K, 1Y nSPUT)

CALL PLOTTEIAU5H,=35,1K,]YsDATAB18)
CONTINUE :

CALL PLOTLRBI32:1224,10s1X41Yen?

CALL PLOTLB{38s=24 1 CslA, 1Y enWELD)

CALL PLOTLBI43,24,=2Gs A1 Ynb

CALL PLOTTX(264=300+=504 X iYsOATAT 486461}
CALL PLOTTXL26¢e=300a*7Gs X 1Y DATAB OS]
IF(RQPT (3),GT.J) GO TO byg

Calb PLOTTAL{261=300+s=70+iXeslYsDATAT 44
CALEL PLOTTX(269=30Gr=10821Xs Y sLATALG 001
60 TQg 5i

CALL PLOTIX{26+s=30Gs=10801X01Y0aTALZ430)
CONTINUVE

CALL PLOTTX(28s=158s=5GslXalYsFLAMTL,12)
CALL PLOTTX(264=156s=70usl1X%elY BULMTLL2)
IF(KOPT{3)aTel) GO TO &9

CALL PLOTTX(26,=154,=F0,1X,1Y,6ASHTL,12)
CONTINUE

FTYF=FTYF/100U
FTUF=FTUF /35009
FTYESFTYB/ZIG00
FTUBSFTUB/ 1600
SGsSG/LI00G0»
FYG=FYG/fuloa
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POOI 19) (PLOTF1)

338 CALL PLOTLBU264=124=5031X 1Y FTYFI
337 CALL PLOTLB(2841lby*50sIX,1Y FTUF)
338 CALL PLOTLB(26s=12s=7Gs1X+1Y.FTYB!}
339 CALL PLOTLB(2&641164=700IXs1Y.FTu)
IHY IFLKOPT{3)aG6T40) GO TQ 70 ..
341 CALL PLOTLBI(Z6,b16y=F0,1X,IY, 5G)
342 CALL PLOTLB(2641164s~108,1Xa1YsFYQ)
343 70 CONTINUE
L L] C
345 CAkL PLorTxts.-zuu.hu.Ix.lv.nurnauzﬂb
I4s 1APS [ X161 =120, e
347 IYP=1Y(&)+50
348 CALL LABLVIP,IXPsl1YPa4sl, 4}
349 CALL LABLV(DN,IPL,JPL+3:1,31}
350 c .
351 CALL PLOTTX(6+=200430s1X,1YeDATALL 30}
ase : IXW=IX(6)=56
153 IYw=lYla)+30
354 CALL LABLVIWEIGHT IAWsIYWabsla2)
355 C
56 RETURN
a7 END

WHDG POO2 (1¢) (PLOTHC)

BPRT.C PODO2
FURPUR 24HI1=03/1C=14:53
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POL2 f1G) (PLQTHO)

H3H6LUSTPFS W PLE2

l SUBROUTINE PLOTHCC(IAWIB.IX 1Y)
2 C
3 Cesse PLOT A& WALF CLRCLE FROM 1A To ib
Y Cewne KoRaLEIMBACH, 8 NOVEMBER 1972
g5 C
& DIMENSION 1X(1)a41Y¢01)
7 N=2U
8 AN=N
9 AF=341915926/AN
| IR UIXCIA)=IX(IB)) /2
il ‘ Ii=Ex(ia)
12 JislY(iiad
la NPLlaN+1]
14 DU L Jsl NP
15 N
ib AFJUS [AJ=]4)®AP
17 CPJUBCOS(APY)
18 SPJUSSIN(APY)
19 Rs1R
24 Uk=Re{].=(PJ;
21 DY=skespPd
22 [ox=DX
23 IDY=0Y
24 125 IX(1A)=]DX
25 J2=IY{lA)=IDY
26 CALL LINEVIIl.Ji, 12+42)
27 11=12
24 Ji=d2
29 JU CONTINUE
T O C
| RETURN
3¢ | END
BHpe POC3 (11) (PLOTLN}

BPRT,.C POO3 .
FURPUR Z29HI=03/16=19153
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POD3 {11) (PLOTLN)
H34000L*TPFS.FPGLI
l SUBROUTINE PLOTLNITA,IB.IX,TY)
2 C
3 Cesews PLOT A LINE
4 Cewes KoReLEIMBACH, B8 NOVEMBER 19732
5 C
& DIMENSION IX¢1).1Y(1)
7 CALL LIWNEVIIX{IA) JIYCIAY, IXUIB),IYLIB))
8 C
9 RETURN
| V] END -
BHDG  POGH {12) (PLOTLB)

APRT L POD4
FURPUR 24HI=03/10=34152
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POO4 {127 (PLOTLL)

Y346 0UeTPFS.POCH |
! SUBROUTINE PLOTLBIT NXsNY 1K, 1Y,2)
3 C
3 Cease PLOT LABEL
4 Ceewe KeReLEIMBACH, 8 NOVEMBER 1972
5 C
& DIMENSION TXU1}.1YCL)
7 IXP=1X(01)+NX
8 IYP=IY(1)+NY
9 CALL LABLVIZW1XP31YPa701,43)
ld C
il RETURN
12 END

WHDG PGS {13) (PLOTGCH

BPRT,C PQOOS
FURPUR 24H}=C3/10=-14:53
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POGS (13} {(PLOTGC)

4346CuUsTPFS.PUpRb

l SUBROUTINE PLOTWC{IAIB,IX,1Y)
¥) C
3 Ceess PLOT A QUARTER CIRCLE FRoM 1a TO 1B
4 Cewess KoReLEIMBACH, 8 NOVEMBER [972
1Y C
& DIMENSION IX¢1).1Y(LD
7 NS LD
8 I E]L]
9 APS341415926/124%AN)
b IRSIX(lA)=1X(IB)
11 11=1X{ia)
12 JIzly(1a)
13 NP LI=N+1
14 UU 1@ JalaNPI
15 Adad
Ie APJB (AJw]l, ) ®AP
17 CPJSCOSLARY)
18 SPJ3SIN(APY)
19 KsiR
2u DXsHKeSPJ
21 DYBR®{ ja=CPJ}
22 IOXRDX
23 [Dr=DY
24 12=1X(iA)=]DX
25 J2=lY(lay+loyY
26 CALL LINEVIILaW1si2ed2)
27 [t=]2
28 Ji=J2
29 10 CONTINVE
du C
3l RETURN
az END
®HDe POCe {l4) (PLUTAR)

WPRTC PUUs
FURPUR 240i=G3/10-14153



POQ&

(14}

{PLOTAR)

4346 0U*TPFS. PO

l

E ~NOU £ =N

-0

il
12
i3
4
15
14
17
18
i 9
20
21
22
23
249
25
26
27
28
29
3
3]
3z
32
34
a5
kY
a7
38
39
40
41
42
41
44
45
46
47
48
49
50
51
52

C
Conae
Corene
C
C
C
C
C
C
C
C
i@
22U
1Y)
40
50
100
C

LMSC-HREC TR D306492

SUBROQUTINE PLOTAR(IURNT ,1,1X,1Y)

PLOT AN ARROW HEAD FOR DIFFERENT URIENTATIONS

KeReLEIMBACH,

1ORNT PUOINTING

LEFT
urP
DOWN

U M-

DIMENSION IX¢1}.IY{1)

ii=slX(])

Ji=lY (1}
IF{IORNT o NEw L)
I2=11=i0
J23J]1+5

13=12

JdzJi=4

60 TQ 100
IFUIORKT e NEs2)
12=211+4¢
J23Jd]+5

i3=12

JAzJ ] =y

60 TO 1gs
IFITORNT «NE«3)
[2=al1e+5
J2=d1=1|
1dal)=h

J3dadg

GU TO 1gG
IFUIORNTaNE«Y)
[2al)+4
JZadl+lg
[3al)1=5

J3dmJd 2

60 TO 1p0
IFCIORNTeNE«S)
12211+
Je2sd|+3
[3=1]1+3
J3sdiegg

GO0 T0 10y
RETURN

RIGHT

60 Tu

60 Tu

0 Tu

60 To

a0 TO

e

20

Al

Yu

CALL LINEVIIIadlyl2su21
CALL LINEVII)ed1s13sd3)
CALL LINEVIIZ24d24134+43)

RETURN
END

7 NOVeMBER 3972

DOWN=LEFT 45 LEGREES
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POuS (14) (PLOTAR)

BHDG POO7Y (lo) (PLOTYTX)

BPRTC POG7
FURPUR 24H1=uU3/10=14:53
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Pay7 (151 (PLOTTX)

434600TPFSPUD7Y

1 SUBROUTINE PLOTTXLTJNXWNY  IX, 1Y AR NTEXT)
2 ¢
3 Ceons PLUT TEXT
4 Covee KeRoLEIMBACH, 8 NOVEMBER 1972
) C
& DIMENSION IXL1)JIYLE)ARCD)
7 C
b IPLTRIA(l)+NX
9 JPLTEIY (1) #iY
lu CALL PRINTVINTEXT AN, IPLT , JPLT}
il C
12 RETURN
13 END
PHDG PQUS {(lo} LUASHLN)

BpRT.C PQOUA
FURPUR 24H1I=0G3/10=14:53
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POUG (16) {DASHLN)

13%600%TPFS.PUGB

I SUBROUTINE DASHLNITALWIBIX,.1Y)
P C

3 C KeKebLe = 18/30/72

4 C .

5 OIMENSION [XAIL)LIY(H)

& C '

7 1i=1X11A)

8 JI=IY(IA)

) J2wJ]l+2§

10 10 CALL LINEV(IlediyIlaev2).
il JIEJZ+25

12 JZ2BJ]+25

i3 IF{J24LToIY(IB)) GO TO 1y
14 [JF¢JleLYe1Y¢IB)) 60 Ta 1S
i% 60 TG 20

1é& 15 v2=sIY(Lls)

17 a0 TO 1@

i8 20 CONTINUE

19 C

22U JIsIY{1A}+35
21 J2RJ]le+h
22 30 CALL LINEVII)sJiglEed2}
23 Jiasd2+4s
24 J2BJ ] +5
25 IFtJ2.LT,iY(I8)) GO TO 30
24 JIF{JlebTalY{IB}) GO TO 35
27 GO TO 4o

28 s Jy2=iyilg)
29 G0 TO 30
agn 4G COWTINVE
31l C

32 RETUKRN

33 EwD

WHDG Dl 117) (OUTODES)

BPRTC Pluuy

FURPUR 24H1=53/710=14353

LMSC-HREC TR D306492
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DIUL (17) (OUTLES)

I4600*TPFS.DIQO

] SUBROUTINE OUTDES(HEADsAOBWEIGHT sKOPT,T
2 » .BoH.RI.RG.RB.ﬂFIL.RSPOT.DHOLE.DSPUT.NB.BG|HT3
3 ¢
§ Cenns OUTPUT OF DESIGW PARAMETERS
5 Ceess® K R L 1/78/73
6 C
7 ODIMENS[ON HEAD(12),K0PT(]10])
8 tul FORMAT(12A8)
9 102 FORMAT(® AUB®Y JFluads? SQA=IN*/s
fu . ' O WEIGHTSY 4FlGe%s? LY/
11 . ' Be¢ ,FiGe4s"* INY/
i2 . ’ et yFlueds® INY/
13 » ' RI=Y ,Flieds® IN',? Di=*Floe4,* IN'/
14 . ' RGN gF Juate? IN',! DGI=* yFluel4e® iINY/
15 - v DGUD Y yF1ued,"* IN'Y/
16 s J RE®® sFluekde? INT,* DBBY JFlued,® N/
17 . ’ RFIL®Y yFluedr? INnN"/
18 . ! RSPOT®P.Floeds? INTY/
19 . ' DHOLE=Y yFlueda® INT/
26 . ¢t OSPUT®YFlueds® INY/
21 . ' NE=Y  f10/ '
22 . ' BG=t4Flusldr? INY/
23 . ’ HTa? gFloe4s® INT'ZY
24 1D3 FORMAT(BF1Oe4)
25 C
26 D1=2.0ik]
27 DGEl=2.¢RG=BG
28 PGOS2.%RG+BG
29 Dos2.enB
g C
3\ WRITE(G,101) (HEAD(I 12141 2)
3z IF{KOPT(3),GT01 GO TO 54
33 WRITE(6,1u2) ACBWEIGHT J8 H,RI Ui sRG,D6[,060,RB.DD
a4 . .RF;L,R:POT.uHoLE.DSPUT,NB.aG,HT
as C
3é : RETURN :
az SO wRITE{a,103) AGb.WE‘GHT.T’B’HIRIUDIIRBIDBIRFILINSPUT.DH0L£|USP0-
Y] L s +HT
39 RETURN
4 END
WHDG ADGI {la) (ANALYS)

BPRT,C ATOI
FURPUR 24H1=03/71G=14353
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AQOI 118) (ANALYS)

434600%TPFS,AUp!

l SUBROUTINE ANALYS(P,D1 4T ,DELT PF ,BF 4FS,GF

< » VEToANUT JRHOT 1 ALFAT JFTYTLFTUT
3 . VEF ANUF (RHOF s ALFAF ,FTYF FTUF
4 » WEB  ANUB yRHOB JALFAB,FTYB,FTuB
5 . +EQZKG ,SG4ALFAG(AMUG ,GAMU ,GANS ,HGyHS &S
6 * «KUPT sA)B ,NPHASE DELTAT P8

7 * +BsHsRI,RG,RByRFILsRSPOT ,DHOLE ,O5PUT ,NB ,BG 41T
8 . +AsSRES,STR AP HEAD)

9 C

10 Cesee S5TRESS AND DEFORMATION ANALYSIS

il < KeReLEIMBACH, & JANUARY 31973

12 C

13 DIMENSTUN AC(9,4) ¢SRESIS,4) ,STRIS 4 2AP(8)HEADLL2) s KUPT (U]
14 Pl = 3414159

15 RO = RI + T/2.

1é FX2PeK3/2

17 FRaPeHeR]| /Ry

16 RSsRG=BG/ 24 .

19 FPePs{RSes2=RIBa2)/(2.%R()

2u RPS(RS*#2+RI*RS+RI®%2}1/(]1 5% (R3+R1))

21 AGS2.*PJeRGEG

22 IF{KOPT(3),GT«0) GO TO 5¢

23 EXGEAGREG/{2e%P |eRJ*HG])

24 GO TU b1 .

25 S0 EKG=ZAGeREF /(2P eRJ*{HG+HS))

2& 51 COWTINUE

27 ELB=H

28 ENB=NB

29 AdstLNaeaAJBR

g ERBRABSEB/{2.0oPleRGeELB)

3 ESRB=RG

a2 RAaRG+EKBeE/(EXKB+EKG)

a3 (EsbKBeEKGoEe42/{EKQD+EKG)

34 AF=sdeH

a5 AIF=AFerHas2/)12,

3é C=H/2.

37 RCaRI+8/2.

3g BENUSEfeTes3/{ 2.8 iamANUTE¥2))

g AK4= 1 2em( JemaNUTwe2 )/ (Rpee2eTen?)

4y AKRZ2=S5GRT{AKY)

41 AK=SQRI(AK2)

42 BETASBEND«AK#RO«RC/(EF®ALF)

43 DX3 () a+BETAIS (2O /AKZ+BETASICae2+AIF/AF ) }Ja{CoBETA=sB/aK) ®s2

44 (FsBENDDX/(BETA®(BLETASAIF/{AK®AF ) ¢4 25/ (AK®AK2)))

45 CHF=eb/(AK2RAKOBEND)

44 BETADXsBETA/DX

y7 CHF= BETAUK o{e5/AK2+BETARAIF/AF+e5®C/AK)

48 CaF= BETADX #{C+,a5/4K)

49 C

S5y 101 J=1

5j BFC=pd

52 EAM=E®BFC/(2.0P[oR])

53 ADF L=y

Sy CHIUsEAM/CF

55 FRUT=CRHIp



LMSC-HREC TR D306492

Ado ) {18) (ANALYS)
564 BSTRU=B¥FC/sAH
%7 GSTRyU=BFC/AG
58 BSTRS=8STRQ
Sy GSTRS=2GSTRO
&0 ENKBG,
61 wP‘GI
&2 EMX=CHMFeEAM
&3 EQXR=CuF eEAM
a4 RUOFL=+CWFe (EQX=aKeEMX)
45 ENY= ET+TeROFL/ROD
66 EMY=E ANUTSEMX
&7 G0 TQ 201
68 C
&9 102 Ju=2
4G EAMISFPw(RA=RP)I+FX®{RA~Ky)
71 DW=FPoR »u2e( ) amANUT/2¢) /7 (ET#T)I+RKUSALFATODELTAT=RO®PRCOoFR/(LFwAF)
T2 EAMZ2CF oBET AW (Ce+B/70K)I*DIN/DX
73 ADFL=(FP+FX)/LEKG+EKB)
74 CHIPa{EAM)I+EAM2) /(CE+CF)
75 FROT®mCHIQ+CHIP
76 VDG=ADFL+CHIP+EKGBeE/ (EKB+EKG)
77 i ODBaADFL-CHIPSEKGOE/ (EKB+EKG)
78 BSTRSaBSTRO+EBSDB/ELB
79 GSTRS=2GS5TRO~EG*DG/HG
au BFC=BSTRSeAB
81 ENX=FX
82 WEBPeREOw20 (1 o=ANUT/241/(ET®T J+RUSALFATODELTAT
83 112 EAM=CF*FROT
g4 ‘ EMXaCHMFeEAM
85 EQX=CUFeEAM
Bs ROFLE+CHFe (EuX=aK®EMK) +up
87 ENY= ET«Te«RUFL/RO
B8 EMYZ ANUT®EMX
89 60 TO 201
4y C
91 103 u=3
92 DWaDW=RO®ALFATSOELTAT
93 EAM2=CFwBETA®(C+,.5/7aKI®0W/DX
94 CHIP=(EaAMI*EAM2) s{Ca+CF)
94 FROTSCHEQ+CHIP
26 113 0G=ADFL4CHIPSEKBOE/(EKB+EKG)
97 DESADFL-CH]IP#EKGWRE/ (EKB+EKG)
8 B5TRS=8STRO+ES*DB/ELB
99 GSTRS=2GS5TRO=EGODG/HGE
10U BFC=BS5TRSeAB
1601 IF{Jebwsd) WPRWP=-ROALFATeDELTAT
102 IFUJeEGad) 4P=PFOPORS*Ze( 1 omANUT/2e)/(ET/T)
103 GO TO 112
1u4 C
105 109 J=4
1Gé CHIP=2PFeCHIP
167 FROT=CHIG+CHIP
108 ADFL=PF ¢ ADFL
109 ENXEPFaFX
116G 60 TO 113
1l C
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AGUI (18} (ANALYS)
1t2 201 wWTOP=ROFL
143 WBOTeRUFL=H®FROT
BEN SFTOP=EF#«wTOP/ROG
115 SFEOT=EFawBOT/RD
Lié IFIKOPT(2)4EQal) 60 TO 202
117 SAI=absvEMX/To®2+ENK/T
118 SKOZv& e wEMX/THO24ENA/T
119 SY[BwhowEMY/ToR24ENY/T
12¢ SYOS+b oo MY/ To#2+ENT/T
121 TXZ=1458EuwX/T
122 G0 TO 203 .
123 202 [X=T+saeRFIL
124 SAIZ=b oo P MX/TX®92+EnX/TA
125 SAUR QesEMX/TA®#2+ENK/TX
i2é SYlSwbaoEMY/TX®e2+ENY /TR
127 SYO= GawEMY/TX®e2+4ENY/TA
146 [TREZ) o S»EQX/TX
129 263 CUNTINUE
130 <
131 AtlsJi=BFC
132 A(2yJIsEAM
133 AL3sJI=ADFL
134 Aldyd)sRpFL
135S AlSyJdi=FROT
136 AlE&yJ)I=BSTRS
137 AlL72d}aGSTRS
138 AlBsJ)=SFTOP
139 A{Ty»JIESFBOQT
140 C
141 SRES{1 sy JI=ENX
142 SRES(2,J)=ENY
153 SRES(3,.u)mEmMX
144 SRES(4,4)=EMY
J45 SKES(5,J)=3EQX
146 C
147 STR{L,J)a5X]
148 STRiZ2,J)aSY]
149 STRUIA,J)=SX0
15u STl(H,J)=5Y0
151 STh{S,JIaTX2
152 C
153 APL{L)I=0FC
154 AP{Z)sELAM
155 APLI)=ADFL
156 AFP{4)=upP
157 AP(D)sFROT
158 AP(&6)3LNA
15% AP({7)=EMx
164G AP(B)=Ega
ial IPHASE=J
162 CALL PLOTF2UDTI 6 yH "B RFIL,T HT ALFAT ,0ELTAT
163 L4 olPHASE.“P.ET.“NUT.“KgEF
164 . sHEAD KOPT Py PF)
165 Jdadr]
166 IFIJeGT NPHASE} GO TC 3L0
167 [FiJeEWwe2) GO TU 1Gx
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ADG I

[K-X-}
169
170
171
172
173
174
175
176
177
178
179
180
1681
182
183
j8%
185
186
187

{18

[a N alEalal

188

189

190

iHGG

WPRT, C

Polg

POI1G

) (AnALYS

LMSC-HREC TR D306492

IFIJsEWL3) GO To 103
IF(JeEGe4) GO TU 104

END OF STRESS AND DLFORMAT{ON ANALYSIS

ULTIMATE MOMENTY CaAPacClTY
390 TH = ebeT

ALFA]
ALF A}
ALFA]
ALFA]
ALFAZ

ALBAR
IETA)
ZETAZ
SXX =

10500 FORMAT(*

1

Hn 88

iTee2 =TNee#2)/4,

ALFAL & (BETA®AIF/(AK®AF) + (e25/(AK28AK) )*EFeROFL/ Ry

ALFAL/{BENDw(5e25/7aK2 + BETASAIF/AF «0eS5eC/AK))

ALFAL + ANUT .

{PpeZBe{T+TNI#(C+.5/aK))/1lge5/7AK2 * BETA ¢ ALIF/AF +ued
«C/7AK)

Leg + ALFAL + ALFAL®e2 ¢ 3. UsALFAZ®e)

140 / SGRTLALBAR)

ALFA2«ZETAIL

EsHes2/46+0
EMFU = FTYT#ISAK/RD + 0.,25¢«2FTAl®(Tee? « THNee2Z) + ZLTAZa(T~In)*C

MFUS ", EléeB,y? IN=LB/IN ¥ / ¥ LETALlS *4c)b6086/
' ZETAZs ",Eléep’/)

wRITELSO,1000) EMFULLETAL WZETAZ

RETURN

END

(ly} (PLOTF2)

'WRPUR 24KHi=G3/10=14:53

4-41
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FO10 (19) (PLOTF Z}
H349600*TPF3«PQID ,
1 SUBROUTINE PLOTF2(DisBah RByRFIL,T HT JALFAT,DELTAT
2 . JIPHASE JAPJET s ANUT 9 AKHEF
3 » JHEAD ,KQPT,P, PF)
4 C :
g Cewes PLOT RUOUTINE FOR SUmMARY OF STRESS AND CEFORMATION ANALYS]S
6 Csesv FOR LOW FPROFILE FLAWGES
7 Cees® KeRaLEIMBACH, 19 DECEMBER 1972
8 C
9 DIMENSJON XC1GG)+Y(1G0)s1x{1oD) Yt 1GO)
10 . +HEAD(121,,K0PT114)
1l DIMENSION AP(8)
12 C
3K} CalLL FRAMEVIO)
14 CALL SCRECTI31431.971.991)
15 CALL PHINTY(T2.HEAD 41003}
le Al = 3.5
17 A2 % 4.0
18 A3=3e7YH ,
19 CALL XSCTALVI=A3,A3.u.0!
24 CALL YSCALVI=AL AZsi40)
21 C
22 SCALE=2,.4Q
23 B85=8/5CALE
24 HS=H/SCALE
25 RFILSaRFIL/SCALE
26 T$=T/5CALE
27 HTS & 240
24 Risuls2z.
29 C
30 Al118B5/2,
31 Ylid==ns/2,
32 AL21=X01)
33 Yi2)==Y(1])
34 JFIKOPT(2)4EQ¢2) 6O TO 210
3% Ai3izak (1) +TS+RFILS
36 yi3l=¥{2)
a7 X{d)lsX(3)=RFILS
38 Y(4) =Y (2)+RFILS
a9 G0 To 215
49 210 CONTINUE
41 E1aR]1+8=RE
42 E1S=EL/SCALE
43 T A(3)FX12)=24E]LS
44 y(3)=y(2)
45 s{Ylel{3)=2eoRFILS
4o Yi4)i=Y(2})
47 215 CONTINUE
43 x(5)=X(4)
49 Y{(5)=Y(2)+HTS
54 XL6)®Xin)=T5
51 Y(HISY(5)
52 X(721=sx(6}
53 Y{7l=Y¢))
G4 X(8)=x17)

55 Y(BIZY(7)mal 4-42



FO10

56
&7
5y
99
60
&1
&2
63
&4
-3
Y-
&7
&8
69
7u
71
72
73
74
75
76
17
78
79
8u
81
82
83
84
a5
8é
a7
a8
89
U
91
%2
93
74
95
76
97
94
T3
100
101
102
103
104
105
106
107
108

109

1190
111

L19) {PLOTFZ)

Al?I=X(7)
YiF)IsY (7 )wets
X(turi=x(1)

Yligl=Y (g} '
Xlil)=x¢1l)
Yilld=Yy{9}
At12)1=4(7)
YEi2)=Y{7)=0us
x{13i=x(1)
YiLl3i=Y(12})
XEid4)=x(1)eal
Yli4h=Y(1}1)

RIS )I=4(1)+eb
Y{is)=Y (1)
X{18)=x(14)
Yy{lai=y(2)
X017)=x115)
Y()71=Y(2}
X{1Bl=X(1)+.5
Yii8)=Y(])
X{19)1=x(318)
Y{19)=Y1(2)
X{25)l=X1(5)
YE20)13Y (B )+
X(2i)1=g18)
YI21)3Y{5)+.4
X{22)=4i8)
Y(221=aY(20)
Xt231=4ia)
Yy(23)=vt2t)
X(24)=x(5)

Y24} = Y(8) + 0eb
X(25)=x(5]1+e2
Y{25)=v(2y)}
Kl(26)=X(4)
Y(286)=Y(24)
X(27)=X(6)ma2
Y(27)=Y{24)
Xi28)=Xi7)1=1.5
Y(28)=y(12})
X(29)=4{28) =45
Yi29)=Y(12)
X{30)=4(29)=,5
Yy(3al=yv{]2}
X(31)=x(29)=,25
YI3E) = Y()2) + 1,0
X(32)2x(31})

Y{32) = Y(12) = (345
X033)=4(2)+e1
YI33)2Y(5)+41]
A139)=5(33)+2.,
Y{34)3Y(23) :
X(35} = X{33) +1,0
Y{(35)=Y(33)
X(36)8x(35)
Y(36)sY (2]
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PR10D

112

113
i1y
115
114
il7
118
119
1240
121
122
123
124
125
126
127
128
129
134
131
132
133
i34
13%
ide
137
138
139
199
141
142
P43
144
145
146
147
148
149
15y
151
152
153

154

165
156
157
154
159
1 6y
161
i62
163
164
165
166
167

1)

(PLOTF2)

tG

A(37)

y(azi
K{3g)
y(3a}
X(391}
¥y{3a9)
X(44y)
Y{44u)
Al41)
Y (41}
x(482)
Yyi42)

Xt43)

Yi4d)
XKi44)
Yi44)

NPaYY

DO iy

CALL XSCLVYLUXtD) 41 XiIVelERRD
CALL YSCLVILY(TI) IYUL)sIERR)

CONT

CALL
CALL
IF{KO
[F{KQ
CALL
CALL
CALL
CALL
CALL
cAlL
CALL
CALL
CALL
CALL
CALkL.
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
catl
CALL

=2 A{b) =Y.}
= Y{S) *O-l
IX(37)=2,

= Y1371
ZALAT =1,

s Y(37})
=A{39)

sY(2)

=X (36)
ZY(1)1=al .
2 X{41) *2.0
=Y (41}

= A(41) + a0
=¥Y(1)

=SA{43)
2Y(2)

I=1 NP

NUE

PLOTLNG) 22,1401 Y)
PLOTLN(Z2,.3,IX,1Y]

LMSC-HREC TR D306492

PT(2),EQel) CALL PLOTEC (I sd421X0]Y)
PT(2)+EWe2) CALL PLOTHC{I s IXeIY)

PLUTLN‘“iSnI‘iIY}
PLOTLNLIS 6, IX21Y )
PLOTLN(S .7 1Ke1Y)
PLOTLNETZ 11X 4iY}
PLOTLNIB,F4lXy0 Y}
PLOTLNCLIG11,0X,1Y)
PLOTLN(12s13,0K,1Y
PLOTAR(Z2,1241X01Y)
PLOTARG L 443 41Xs1Y)
PLOTLN(E#,15,14,1Y)
PLOTLNELG601 7 LAY
PLOTLN(18s19.0A,1Y)
PLOTAR(4,1841Xe1Y)

PLOTAR(3,19,1X.,1Y)

PLOTLN(204s21,1A,17}
PLOTLN{22323,14A,1Y)
PLOTLN(24425,1441Y)
PLOTLNI26s27 ,1441Y)
FLOTAR(2:24,1X41Y)
PLOTAR(1,2641X,1Y)
PLOTLNI12328,1X,1Y)
PLOTARCL,12,1X41Y)

DSHLNYUTX(28) s IY(28,IX(29),31Y(29),8,8)

FLOTLN(Z29e30.,1X,1Y
DASHLNIIL s3aeinslY)
PLOTLNI33,:34,0x,1Y)
PLOTLN{35 436,104,171
PLOTLNE37438,14,1Y)
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POIO (19} (PLOTF2)
68 CALL PLOTLN(39,40,IX.1Y}
169 CALL PLOTLNI41s92,T441Y)
i79 CALL PLOTLN(43 ¢44,14,1Y)
175 C
172 1SCALEs]
173 X1=sXx{34)
V74 TLIaY (34)
175 Y2aYley(5
176 IDY=5
177 20C CALL YSCLVI(YL+IYi,1ERR)
178 CALL YSCLVLIIY24IY24iERR)
179 STRESS=40.
18U IYsslvl+IDy
18] DO 21 I=1,9
182 x2=K}
183 CALL XSCLVI(X141X1,lERR)
184 CALL ASCLV1I(X241X244ERR)
185 CALL LINEV(IX1sEY1edX201Y2)
186 1XS=[Xx1=8
187 CALL LABLVI(STRESSs1AS,1YS,33s142)
188 x1=K]1=s25
1B% STRESS3STRESS=10.
190 21 CONTINUE
191 ISCALESISCALE+L
192 IFIISCALE+E@.+2) GO To 22
193 IF(ISCALE«EQ@.3} GO 10O 23
194 IF{ISCALE.EGa4)? GO TO 24
199 22 X1=X(37)
196 YLaY(37)
197 Y22Y =y 05
198 IDY=5
199 60 TO 20
200 23 x1sXx(42)
201 YI13Y(42)
202 Y2=Yl+,.55
203 IDY==2i}
204 60 Tu 20
205 2% COWTINUE
206 ¢ |
207 DIMENSION D113).02(31,D3(31,04(3)4D05(3),p6(3)
208 . 2D703)4DEBLS)y0F(3)epll3),LE1(3)
209 * D120 4) D130 D404 0DLE(H)
FAYY DIMENSION Di10#(3) s DI1w2(3) . DIYI(I) , DIOHLI)
211 C
212 DATA( v1(1)41=2],31/18H PHASE /
213 OATAL D2(1).0m1,3)/188 BOLT FORCE /
214 DATAL U3t[)el=l,3)/18H (LB) /
215 VDATAL O049(),I=1,31/18H APPLIED MOMENT /
216 DATAC OS5(¢L)s1%1,3}/18H {IN=LB} /
217 DATA( 06(1)s131,31718BH AXI1AL DISPLACEMT /
218 DATAL O7il)sIs1,3)/718H tIN) /
219 ODATAL DBilYel=l 3)/718n ROTATION /
22y DATAL D9{i)sl=1.3)718H (RAD) /
221 DATACDIQ(IdsIm1l . 3) /180 /
222 DATAL(DIILI)s1=1,3)718H /
223 DATAIDI2(])s1=].4)/744H STRESSES ON INSIDE /
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POI10

224
225
226
227
228
229
23u
231
232
233
234
235
236
237
238
239
2550
241
242
243
244
245
244
247
244
249
254
251
252

253

254
255
256
257
258
259
264U
261
242
26l
264
265
260
2617
2648
2469
274
271
272
273
274
275
274
277
2709
279

CALL PRINTV(IBsD1.170s191)
CALL PRINTV{1Bsu24350,1511
CALL PRINTV{18:03,350+131)
CALL PRINTV(IB.0D49,518.,151)
CALL PRINTVI(18:D5,51340431)
CALL PRINTVILIB,.06.,8754151)
CALL PRINTVIIBWD7.670,4,131)
CALL PRINTVIIByLBWBIZa1LL)
CALL PRINTVI18,09.8304131)
CALL LINEVIIFO»1 11 e9910111)
CALL LINEVI350es10113450G031)
CALL LINEVISIU»161+510931)
CALL LINEVI&670U916)s07(0331)
CALL LINEVIB30s161+835031)

1AP=1X(38)+20

[YP=1Y(3B)+30

CALL PRINTVI249.D1241XP2iYP)
IAPSX(33)1+20

[YP=]Y{33)+30 .
CALL PRINTVI29,0134iXPsiYP)
I1XPEjX(41)+20

[YPZIY(Q1)e4D

CALL PRINTVI24+D1441XPs1YP)
CALL PRINTVI(244015:40012961)
CALL LINEV(Y400+s95)+568,951}
CALL LINEV(400s9472568:9471

DIMENSION DATAL ()]}

DATALDATAL(I}sIm} 1) /76H Dla/

CALL PLOTLBL28:0,8ixslY,DI)

LMSC-HREC TR D306492

tPLOTF2)
DATAIDLI3(I)s1ml,4)/24H STRESSES ON VUTSIDE /
ODATALDIN(I) I=m) .41 /724H BENDING STRESSES IN FLG/
DATA{DIS(I)slel  4)/24H SUMMARY OQOF ANALYSIES /

CALL PLOTTX(28,432,5,1XslY OATAL ;8]

CALL
CALL
CALL

PLOTLBli84s104254IX4]1Y,H)
PLOTLBU9,109=20,1X,41Y4B)
PLOTLBL 21416 1uaIXa YT

BFC=2AP ()
EAMaAPL2)
ADFL=AP(3)
wPU=AP (4)
CHIU=AP(5)
ENG2APIG)
EMO=AP(7)
EQO=AP(8)
SSCALE=.000025
WSCALE= .
RO’NI*I-IZQ i

AL =

HTS 2240

DLeuedb
NL=AL /DL
1aIPHASE
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POLC {191 (PLOTF2) o
28y AK2TAK ®AK
28] BENDREToTaw3d/ {1248 ({)a=ANUTe®2))
282 CHF 345/ (AK20AK®HEND) '
283 C
284 DO 100 KaiahL
285 EK =K
284 AKSlEK=]4+)epL
287 SK=SIN(AK®XK}
288 CX3COS(AKeXK)
289 EX2EXP{=AK®XK) ‘
274 WASCHF*EXS (EQD*CXmAKSENOS (CXaSX) ) +WPO
291 EMAE EXC({EMUS(CA+SX)I=EQRUeSX/AK)
292 EWdX= EX®(EQUe{Sa~CX)+2¢8AK9EMG®SK)
293 IFIKeEWal) WTOP=WX
294 ENX=END
295 ENYZET®TewX/RU
296 IFUIPHASEWEWS2) ENYSENY~EToToALFATSUELTAT+PoRU*ANVT /2,
297 IFUIPHASE«EWe3) ENYSENY+PORGGANUI/ 2
2948 IF(IPHASE.EQa4) ENYSENY+PFePoRUSANUT /2,
299 EMY=2 ANUT®EMX
igo C
kY| IF(KOPT(2)aEWel) GO TO 282
3oz SXIFwboSEMX/TR®Z+ENA/T
aga SKOB+bavEMX/TOR2+ENAZT
304 SYISobesEMY/TRe2+ENY/T
a0y SYOUR+ A4 wEMY/Tou2+4ENY/T
306 TMAA®R | s SeEQX/T
307 60 TG 2os
304 202 I[F{AKSLECRFIL) 60 Tu 2063
309 TK=T ‘
3lg 6O TO 204
3l 203 APaRFL=XK
J1e YP2SQRTIRFIL#®2mXpee?}
313 TX=T+RF [L=YP
314 204 CONTINUE
b SAICmhasoEMX/TX®2+ENX/TX
dla S5X0% bosEMX/TX®e2+ENR/TX
317 SYlS=bswEMY/TXOR24+ENY /TR
318 SYOUZ Oae¢EMY/TAve2+EnY/TA
319 TMAK® |l s SOEQX/TX
3246 205 CONTINUE
32} B
322 ¥YS=Y{2)+XK/SCALE
323 XKaXi=X139})+SSCALE#SAL
324 ASY =L (39 )+SSCALE#SY]
325 XSXO0=A(35)+SSCALE«SX0
A2é ASYUx A {351 +SSCALE®SYD
327 ATMAX=ZXK (6 ) =SSCALE#TMAX
328 ARKFEX 16} +WSCALE oW X
329 C
330 CALL YSCLVIIYS,1YS,.IERR)
a3} CALL XSCLVIIXSAI JIXSATIGIERR)
332 CALL XSCLVEUXSYI,IXS5Y1s1ERR)
333 CALL XSCLVI(XSXO0.IXS5X041ERR)
334 CALL ASCLYILXSYOU,IXSYOsIERRY}
135 : CALL XSCLVIIXTMaAX,IATMAX,]lERR)
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PO1G (19) (PLOTF2)
336 CALL KSCLVIUKWA,IXWX,TIERR)
3317 C
33y IF(KeEWsl}t GO TO 98
339 IF{KsEWab}. G0 TO 98
34y IFIKsEWull} GO TO 98
341 G0 TO 99
a42 $8 CALL PLOTVLIXSX{+]1Y5+29+0)
343 CALL PLOTVIIXSYI +1Y5,30.40)
344 CALL PLOTVIIXSXO0,431Y5:29»0)
345 CALL PLOTVIIXSYU,1YS3,330401)
346 CALL PLOTVIIXTMAX 1YS5.25,0}
kL CALL PLOTVIIXWX.1YS4+28,0)
348 99 CALL PLOTVIIXSK]I1Y5,35.40)
349 CALL PLOTV(1XSY1,1Y5,35,6)
asg : CALL PLOTVIIXSXD,1YS,35,0)
351 CALL PLOTVLIXSYD,.1YS:35.01)
352 CALL PLOTV(IXTMAX,IYS,35,0)
3583 CALL PLOTVI(IXWX,1YS,35,0)
as4 100 CONTINVE
3585 C
356 WBOT=wTOoP=HeCHIU
357 XWBOT=X¢{7)+uBOT
359 AWTUPSA(Z)+nTOP
359 S1GTOP=zEFaWwTOP /R
by SIGBOTSEFeWROT/RG
36 YSTOPaY (2}
362 YSBUT=Y(]) s
363 ‘ XSTOP=X(43)+SSCALE*SIGTOP
364 XSBOT=X{43)+SSCALE*S1GBUT
369 C
366 CALL XSCLVI(XSTQP,l1ASTOP,lERR)}
347 CALL YSCLVI(YSTOP,1YSTOP,IERK)
368 CALL KSCLVI(XSBOT,IAS80T,1ERR)
369 CALL YSCLVI(YSBOT,]YSBOT,IERR)
370 CALL XSCLVI(XWROT . 1XWBOT,{ERR)
a7zl CALL XSCLVYI(XWTOP,JAWTOP,1ERR)
372 ¢
373 CALL PLOTY{IXSTOP,IYSTOPR,3040)
374 CALL PLOTVIIXSBUT, [YSROT 30,0}
375 CALL LINEVIIX{94),1Y(44),I1XST0P,1YSTOP)
37é CALL LINEVIIX(43),1Y(1),IXSBOT,1YSB0T)
377 CALL LINEV({LXSTOP,1YSTOP ,IXSROT,1YSBOT}
37e CALL PLOTVI(IXWBOT,IY(1),28,0) ,
379 CALL DSHLNVIIXWBOTIY (1) JIXRTOPIYI7),5,15)
380U DATALDIDItId )21 ,43)/718H BOLT=UP /
381 DATA(DIO2(1) 4151 ,3)/18H START=UP /
382 DATA(OIO3(I)4I8i,3)/7184 OQPERATION /
363 DATALDIOY(] 4 I1=143)/18H SHUT=DOunN /
384 IFI{IPHASEZEWa1) CALL PRINTV(}BDIULs1F0,476)
385 IFCIPHASEZEW.2) CALL PRINTVIIBsDIU2219G+76)
386 IF(IPHASE+EQe3) CALL PRINTV(1B401031193.76)
387 IFLIPHASE«Ewa4} CaLL PRINTV(18.010G411%0.761)
388 ¢ .
a8e9 CALL LABLVIBFC1380+s76sb411)
390 CALL LABLVIEAM 540076 0=601401)
3914 CALL LAadLYIADFLW7004700=031011}
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POIG t19) (PLOTF2}
3%z CALL LABLVICHIUWBo0 07692541191 )
a93 C
194 RETURN
395 END
_BHOG  D2go C (201 (UUTAN)

BPRT ¢ W205
FURPUR 24H1~03/10=14:53
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200 (2G) (OUTAN]}

43460u*TFFS,D200

l SUBROUTINE OUTANIHEAD ,A4SR,5)

P C

3 Cewsss PRINT=QUT ANALYSIS RESULTS

9 ¢ KeReLEIMBACH, 4 JANUARY 1973

5 C

6 UDIHMENSION Al9P,4),SRIB,495,5(9,4),HEAD(LI2)

7 C

g 101 FORMAT(IHL)

¥ 152 FORMATI12A6)

10 103 FORMAY (s* QUTPUT OF THE STRESS AND DEFORMATJON ANALYSIS RESULTSe/:
11 104 FORMATI/? VARIABLE '"+30K,' BoLi=uP ’

12 . o' START=UYP '

13 » o' OUPERATION '

14 . ‘ o' SHUT=DO®N ‘1)

15 201 FORMAT(léan BOLT FORCE (LB) 24X 4EL&,8/

lo . 294 EQUIV APPL MOMENTY (IN=LB/IN},l1Xs4Elo.H/

17 * 22K AXIAL DEFLECTION (IN),1BX,4Elb6.8/

18 . 2304 RADIAL DEFLECTION (IN) 317X, 4EL&eb/

19 » 254 FLANGE RUTATION (RADIAN) 4IBX,4Elb.8/
20 . 184 BOLT STRESS (PS]).22X,4EL6.8/
21 . 20H GASKET STRESS (PS51)e2UM4Elb6eB/
22 » 27H STRESS Iw FLANGE TOP (PSL) 13X 4E16e0/
23 ] 300 STRESS I FLANGE mOVTUM (PSI),10X,4E16.8/)
24 202 FORMATI{40K STRESS ReSULTANTS (LB/IN) NASyHE ] 6.8/
25 . oM {LB/INI NYS 4 ) baB/
26 . 4OH (IN=LB/IN) MXSs4ElbeB/
27 . 40H (IN=LB/IN) MNYE e 1b6e8/
28 _ . 40H (LB/IN) WAS14E[6eB/)
29 203 FORMAT(40H STRESSES AT NECK (PSI) INNEKR SluX®s,4glbeB/
3y . 4o H (PS1) INNER Sluy=,49¢)6&e8/
31 » 4QH (PSI) QUTER Sluxs,4cjbeb/
32 . 4GH (PSI) OUTER SluY=s1cl6e8/
33 . 4oH (PSI) MAX TAUS, 4E16e8/)
34 C

s WRITELa, LU}
kY WRITE(S6,1u2) (HEAD(L) ,I=1,12)
37 WRITE(O6,103)
38 WRITE(S,104)

39 WRITE(S, 2011 1(A LT d) ad3 1 ,4)415],9)
40 WRITE(O,202) LISRIT sl 4 JSE %) 151 ,5)
41 WRITE(S 42031115 4d) s d™1,4)91%145)

42 C

43 RETURN

4y END

LB
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Section 5
NUMERICAL EXAMPLES

In this section one example is presented that has been computed by
hand. Corresponding computer results of this and of additional examples

are also given.

5.1] EXAMPLE: STEEL FLANGE WITH STEEL GASKET

Given: Nominal pressure p = 1500 psi
Nominal diameter 7 cli = 8,00 inch
Tube thickness t = 438 inch
Safety Factors: Proof 1.5
Burst 2.0
General 1.5
Gasket 2.0

Tube and Flange
Material: 347 S5 steel

Bolt Material:  AZ286 Steel
Gasket Material: CRES 321-A

The material data are given in Tables 2-10 and 2-11, Following the outline

in Appendix A, the following results are obtained:

(a) Tube thickness given as t = 0.4375 inch
The thickness based on Eq, (2.23) would be

1.5 % 1.5% 10> x 4,000 _ 9,0 x 10°

t = 3 -
35 x 10 35 x 10

= 0,257 inch

For a more accurate thickness computation Eq, (2.18)
should be used, giving

5-1
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1.5% 10° x 4.000 6.0 x 10°
t = 3 3 = 3 3
35x 10°/1.5 - 1,5x 10°/2.0 23.3x 107 - 0.75 x 10
3
_ 6.0x 107 _ .
5385 * 0.266 inch

For higher internal pressures this difference is more
distinct.

(b) Initial guess of bolt size

d, =0.4375 inch, size number 4 (Table 2-3)

B

Machined spot faces
e, = 1.03x 0,4375 = 0.4506 inch
e, = 0.91 x 0.4375 = 0.,3981 inch

Hole diameter

dhole = 0,437 +0.005 = 0.442 inch
Spot face diameter
d = 2x 04506 = 0.,9012 inch
spot

Fillet radius for spot face
r = 0.062 inch
spot
(c) Bolt circle radius

ry = 4.00 + 0.4375 + 0.062 + 0,4506 = 4.9501

On the plot appear‘s the diameter of the bolt circle

(diarn)B = 2 x 4.9501 = 9,900 inch

(d) Flange width
b = 4,950 + 0.,3981 - 4,000 = 1,348 inch

On the plot appears the outer diameter of the flange as

(diam)F¢ = 8,000 + 2.696 = 10.696 inch

5-2
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(e) Gasket width and gasket radius
Estimate for gasket radiuns
Ty 1/2 (4.950 - 0.221 + 4.,000)
1.2 (8.729) = 4.3645 inch

1

1}

Gasket width, calculated on the assumption that the gasket
is initially stressed to the yield strength KG’ but under proof

pressure it is allowed to the pressure dependent seating stress
,UG = kp P (see A.S(b))

bo- | 1.5 x 1500 x 4.3645
2[1.0x 40.0x 10° - 1.0x 1.5% 5.50 x 1.5 x 10° x 2.6_1

3 3
- 282 x 10 ;= 282210 = 0,322 inch
80.0x 10° - 49.5x 10°  30.5x 10

The gasket will be located close to the bolts, allowing a

tolerance of c2 = 0,05 inch

rG = 4,950 - 0,221 - 0.161 - 0,050 = 4.518 inch

The inner radius of the gasket is

re = 4,518 - 0.161 = 4,357 inch

1

and the corresponding diameter appearing on the plot

(diam)G = 2x 4,357 = 8,714 inch
i

The outer radius of the gasket is
TG = 4,518 + 0,161 = 4.679 inch

and the corresponding diameter

(dlam)Gqs = 2x 4,679 = 9,358 inch

5-3
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(f) Reguired bholt force

Pg) = 27 x4.518% 0,322 x 1.0 x 40.0 x 10°
= 6.28x 1.455x 40.0 x 10°
= 9.1374 x 40.0 x 10° = 365.5% 10° 1b
P - 7 x (45187 x 1.5x 10> x 1.5

3

+27 x4.518x0.322x 1.0x 1.5x 1.5 x 10° x 5.50 x 2.0

314 x 2041 x 2.25 % 10° +6.28 x 1.455 x 4.5 x 10> x 5.50

= 63.24% 2.25x 10> +9.075 x 24.75 x 10°
= (142.3 +224.6) x 10° = 366.9x 10° 1b.
(g) Number of bolts
_ 366.9 x 10°
gy < 3
131 x 10° x 0.10631
366.9 x 10°
= 2009 X 20 = 26.3% 26 bolts
13.93 x 10
L. (2.0/1.5)366.9x 10>  488x 10
B2 200.0 x 0.10631 13 103
= 22.9 = 23 bolts
n, = 26 bolts are required,
(h} Bolt spacing
_ 27 4,518  6.28x 4,518 _ 28.37 _ X
= A = o = 26 = 1,09 inch
5-4
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Minimum allowable spacing is

s . = 1.81x0.4375 = 0.792 inch < 1.09 inch
min

Maximum allowable bolt spacing

s = 8x 0.4375 = 3,500 inch >1.09 inch
max

(i) Flange height
Internal lever arm
e = 4,950 - 4,518 = 0.432 inch
Radius of the shell middle surface

r, = 4.000 + 0,219 = 4,219 inch
Thickness required to carry axial force

ty = 0.438/2 = 0,219 inch

Untimate moment to be carried

1.5 x 366.9 x 10> x 0,432
Fu 271 4,219

H

m

550.4 x 10° x 0.432
628 x 4.219

237.7 % 10°

o = 8.97 x 10° in-1b/in,

Effective flange width

1,348 - 0,442 \’0.442; 1.09

b

= 1,348 - 0.442 -"0.406
= 1,348 - 0.442 x 0,637
= 1,348 - 0.282 = 1.066 inch

5-5
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Asgsume

5}

(9 0.8

L, 0.18

H

The coefficients of the quadratic equation for h are

~ 3 1,066 37.31 3 3
A = 35x10° 280 = 2L3L «10° = 1474 x 10
B = 35x 10> x 0.18 x 2:438 > 0219 _ 35x 0.0197 x 10°
3
= 0.6895 x 10
3 (0.438)% - (0.219)° 3
C = 35% 10° x 0.8 x & T - 8.97 x 10
= 35x 10° x 0.2 x (0.192 - 0.048) - 8.97 x 10°
3 , 3
= (1.008 - 8.97)x 10° = -7.962 x 10
2 7 2 6
R = [(0.6895)“ + 4 x 1.474 x 7_962]x 10
= [0.4754 + 5.896 x 7.962]:: 108
= o.a754 + 46.9440]:: 10° = 47.42 x 10°
3
R = 6.886 x 10
h - 6.886 - 0690 _ 6196 _ , oo o

2x 1474 T 2,948

If the contribution of the plastic hinge is neglected, i.e
if §1 = §'2 = 0 is assumed, then

A = 1.474x 10°
B =0
C = -8.97x 10°

5-6
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R2 = 4x1474 x B,97Tx 103
3
= 5.896 x 8.97x 10
= 52.89 x 10°
R = 7.273
_ 7.273 _ .
h = > 048 - 2.467 inch

LMSC-HREC TR D306492

This is 0.3 inch more than the previous result.

The same result would have been obtained by taking the

cold formula from Ref, 1,

3

h =J6x 4.219x 8,97 x 10
35.0 x 10° x 1.066

25.30 x 8.97 _ [227.0
37.31 “4/37.31

_\f6.084 = 2.467 inch.

H]

The weight savings accomplished by considering the plastic

hinge is therefore approximately 10%.

() Flange weight

Weight area

1.913 in”

Aw = (1,348 - 0.438)x 2,102
= 0.910 x 2.102 =
Centroidal radius
r - 4.000 + 0,438 + 1.348
w 2
= 4,000 + 0.893 =

5.7

4 .893 inch
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Volume

3

Vol =27 x 4.893 x 1.913 = 58.78 in.

Weight
Aw

0.288 x 58.78 = 16.9 1lb
‘

On Fig. 5-1 the design geometry is summarized. Figures 5-2 and 5-3
show the stresses and radial displacement at initial torqueing and at proof
pressure, respectively. The axial stresses o are indicated by the curve
labeled "X, " the circumferential stresses o by "Y" and the transverse shear
stresses, sz’ by "T." The radial displacement is shown as "W, At the
bottom of the plot the total bolt-force and the applied moment in (in-1b/in), as
well as the axial displacement and the rotation of the flange are given. A sample

printout is given for verification.
5.2 EXAMPLES FOR WEIGHT COMPARISON WITH CONVENTIONAL FLANGES

Before some weight comparisons with conventional flanges are made it is
instructive to discuss a series of designs computed by the program. This series
points out the need for judgement in the selection of the design parameters and

materials.

Figures 5-4 through 5-6 show a flange which was designed to meet the
algorithms for minimum tube wall thickness and minimum gasket width. Pos-
gibly the tube wall thickness is less than the minimum gage requirements for
handling and accidental impact loads. The gasket width should be selected to
fill out the available space between the inside of the tube and the inside of the.
bolts, including some dimensional tolerance. Possibly a thinner gasket should
be designed. An algorithm is available in the program to automatically compute
the gasket width to make use of the available space. Figure 5-4 shows a design
with 6 bolts, which is the minimum. Figures 5-7 through 5-9 show a design
similar to the previous one with double the pressure. In both this and the
previous designs the stresses are well below the allowable ones. This is due
to increased flange height based on bolt spacing allowing h not to be less than
s/3. This requirement is based on experience since it is difficult to assess

it analytically. The intent is to avoid waviness of the flange between the bolts.

5-8
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TEST FLANGE 1500 P51, 8 TN OIA

PAESSURE 1500 PSIG !
RETGHT OF FLANGE 14.979 Le

- 8,000014 o q__n_qu r 3
0.375R
:/ 0.442018,. 26 WLES
£.901D14 SPATFACE
9.901014 ol -3
. F
i 25y O0-062 FILLET
[}
» L]
| 2.104
[}
[
10. 687014 |
1 h''4 ¥
: | 0.025
8. 714014 BI
9. 358014

FLANGE MATERIAL 34755 AT AT FTY= 3%.000KS1, FTu= 90.000XSI
BOLT MATERIAL AZ86 AT RT  FTY=131,000KS1., FTU=200.000KS!
GASKET MATERTAL  CRES3Z21-A SEATING STRESS= 18.900KSI

YIELD STRENGTH= 40.000KST

Fig. 5-1 - Design Example
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VESY FLANGE 1500 PSI, § IN DIA

SUMMARY OF ANALYSTS
—— e —e————
0.437
~—P g 3 . .
STRESSES ON TNSTDE STRESSES ON OUTSTOE
40, =30 _~20 ~ ' ~49 10 -20 - .10, 20, 30, D
a
i A
,‘ i ;
ix] f i
b ! !
1% i i
i} ! 1 b
1 ] L
Ed ] i Y Y
T E %
NS 1
Y S I r.,E vY..
x . Y ¥
X ﬂ Y p vy - 7
2.104
- 'y L 'l Lk i L L A ']
-40, =30, -20. -10. ©. 10. 20. 30. 40
g .opona . BENDING STRESSES IN FLG
1.348
PHASE BOLT FOACE APPLIED MOMENT AXIAL DISPLACEMT  |ROTATION
(LB) CIN-LB) {1N) (RAD)
BOLT-UP 3.70613x10°0% 6.04409x10%0? 0.00000x10™%! 133011010793
Fig. 5-2 - Stresses at Initial Torquing
Legend: X = Oy axial stress (ksi) T = Tyy transverse shear stress (ksi)
Y = S circumferential stress (ksi) W = radial displacement (10-fold

magnified)
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VEST FLANGE 1500 PSI, 8 IN DIA
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SUMMARY OF ANALYSIS

0.437
—B ﬂ—
STRESSES ON INSIOE | STRESSES G4 (MrSH:
40, =30, =20, - 1. 0. 20, 39, up. R . o
] ' . Te g
] i i i
1] 1 [ +
P b
H 1 1] 1]
FR | i ]
1 1 1 []
i 1 i 1
i Pod
[ 4 J L]
LY 1 'l ;
‘l ‘a i ¥
11 i
i i
[ 3 - [
R i %
[ H 3
£ ; SN
g 1 ] kS .
' ¥ H . LS
| S
A ¥ 1., “"y- '
X B - A
X v ) ) — ¥oa T
[ ]
L 2.100 f
1 A A i i i i [ W |
40.-30.-20.-10. 0. 0. 20 30. 40
AFADING STAESSES TN FLE
e e - 8000018 s o
1.348
\
PHASE BOLT FORCE APPLIED MMENY AXTAL RISPLACERY  |WOTATION
(s> {IN-LB) () (RAD)
OPERATION 3.40117010*0% 9.15526x10*%3 9.52940%10™0% 2.0t410x10~ %3

Fig. 5-3 - Stresses at 1500 psi (proof pressure)
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FLANGE PARAMETRIC CASE 1
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DlA= 4IN  PRESS = 100 PSi

PRESSURE 100  PSIG
MEIGHT OF FLANGE 0.69% LB
&, D00DIA slg—0.010 4
0.125R
lfl/ 0.25501A, & HOLES
- 0.580D1A SPOTFACE
A.I2501A. I T- L5744 oe2n FILLET
i 0.824
——szoams )
L & w
1)
| | 0.062
4,.301018 51
4370018

" FLANGE MATERIAL

BOLT MATEREAL

GASKET MATERIAL

ALBD6ITS RT  FTY= 35.000K51, FTU= 42.000KSI
AL20?24T3 AT  FTY= 50.00OKSL. FTu= 62.000K51
ASBESTO1/16 SEATING STRESS= 3. TOOKSI

YIFL.D STRENGTH= 10.000KSI.

Fig. 5-4 - Flange 1, Design
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FLANGE PARAMETRIC CASE 1

DIA= 4IN PRESS = 100 PSI

LMSC-HREC TR D306492

SUMMARY OF ANALYSIS

STRESSES ON INSIDE

-5} -

PHASE

BOLT FORCE
(LB)

0.010

STRESSES ON QUTSICE

10 20, 30
1 1 1

-4, =30, =20 -10
i ! 1 ¥

o

0.4602

APPLIED FOMENT
(IN-LE)

| 0. 824

(] i 1 J

-40. -30. 20, -10.

10. 20. 30. HO.

BENDING STRESSES IN FLG

A%1AL DISPLACEM
(IN)

ROTATION
(RADY

BOLY-UP

9.54600%10%°

3

1. 47608%10*02

0.00000x10™°"

2.31347010”03

Fig. 5-5- Flange 1, Stresses at Initial Torquing

5-13




LMSC-HREC TR D306492

FLANGE PARAMETRIC CASE | DIA= 4IN PRESS = 100 PSY

SUMMARY OF ANALYSIS
e

0.010

STRESSES ON INSIDE STRESSES ON OUTS10E

-40.-30.-20.-10. 010 20 30 4. 30, =20, = 20,30, 40.
i
i
H
H
t
' i :
I | ¥ ¥
%, ¥ AN
v -
~ | 0.82%
; L s L [ L 1 4 i 1
46, -20.-20. <10, 0. 10. 20. 30. 40.
BENDING STRESSES IN FLG
e e 00ODIA Bla—p
0.602
PHASE BOLT FORCE APPLIED MWENT AXIAL DBISPLACLEE  [ROTATION
(L8) (IN-LB) T (RAD)
OPERATION 1.o1769x10%% 1.9615710%%7 4, 56a43%10™0" 3. 1541010~%3

Fig.5-6 - Flange 1, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 2 DIAz 4IN PRESS = 200 PSI

PRESSURE 200 PS1G
BEIGHT OF FLANGE 0.700 LB

r. 3
4. 000D01A il g.021
0.125R
/lr 0.265DLA, & HOLES
0.580DLA SPOTFACE
4141014 i T 1578 5 ge2R FILLET
' 0.828
5.221018 i N L
i ¥
| -}
| I 0.067
4.239D18 J '
"
4.192014

FLANGE MATERIAL  ALAOGITS RT FTY= 35.000K51, Flith: %2.D00KSI
BOLY MATERTAL aL2024T3 AT FTY= 50.000K51, FIux 62.000KS5L
GASKET MATERTAL  ASBEST1/16 SEATING STRESS= 1. TOOKSI

YIELD STRENGTH= 10.000Ks!

Fig. 5-7 - Flange 2, Design
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FLANGE PARDMETRIC CASE 2 OIA= 4IN PRESS = 200 PSI
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SUMMARY OF ANALYS1S

STRESSES. ON [NSIOE

PHASE

P

BOLT FORCE
(LB}

192929 4p.

0.021
STRESSES ON
40, =30, =20, -
0.82¢
0.613

APPLIED MOMENT
{IN-LB)

QUTSTDE
L_lg.._zg.,_lgb_‘lP-
_ﬁi
i:
[ T P S S TR SR |

~40, ~30, -20. -14. 0.

10. 20. 30. 40.

BENDING STRESSES IN FLG

AXTAL DISPLACEMY
(IND

ROTATINN
{RAD}

BOLT-UP

9. 54600x10*92

1. 62969%10*02

0.00000%16~"!

2,42379%10”93
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Fig. 5-8 - Flange 2, Stresses at Initial Torquing
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FLANGE PARAMETRIC CASE 2 DIA= 4IN PRESS = 200 PSI

SUMMARY OF ANALYSIS

0.021
STRESSES ON INSIDE STRESSES ON OUTSIDE
—40. =30 =20, - o1 20 30 so | -ap-ap.c0.-to o 10, 20 3p. 4.
H i
§
H
1
i
E
E
' i i : ]
X o i
LRy 1 o
ey W
0.628
[ T—
L 1 i ] [l 1 1 i J
-40. -30.-20. -10. 0. 10. 20. 30. 40.
BENDING STRESSES 1N FLG
-——-- & 000014 Ble—p!
0.613
PHASE BOLT FORCE APPIIED MOMENT AXTAL DISPLACEMF  |ROTATION
(Le) (IN-LB) CIN) {RAD)
OPERATION £.1530110%%4 2. 62247%10°%7 9.48790x107%" 3.490032x10™%>

Fig. 5-9 - Flange 2, Stresses at Proof Pressure
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Figures 5-10 through 5-12 show a design in which the required gasket
width is controlling the width of the flange, A decrease in the minimum
seating stress at proof pressure would reduce the required gasket width.

A different gasket should be used in this case. Since the flange height was
selected based on the strength requirements the peak stresses as shown on

Figs. 5-11 and 5-12 are close to the allowable ones,

Figures 5-13 through 5-15 again show a flange design controlled by the
bolt-spacing-to-height ratio of 1/3, Consequently the stresses are low, Figures
5-16 through 5-18 show a flange with more balanced proportions. It has the same
inner diameter as the previous one but the pressure is doubled. The third flange
with this diameter is again controlled by the gasket width requirements (see Figs.

5-19 through 5-21). For this flange a different gasket should be selected.

The flange shown on Figs. 5-22 through 5-24 is well proportioned and
the stregses are well under the allowable stresses, although here as before
bolt spacing is the controlling factor. Figs. 5-25 through 5-26 show a flange
designed for the same inner diameter but twice the pressure., This isa

strength-controlled design.

Finally, Figs. 5~28 through 5-30 show three typical low profile designs,

The last two are again partially controlled by the width of the gasket although
only slightly,

Table 5-1 presents a comparison of flanges designed with conventional
and low profile contours, The weight savings are impressive even using the
unfavorable configuration with the gasket located toward the inside of the tube,
Figures 5-31 through 5-45 present plots of the low profile flanges with the
conventional contour indicated by a dashed line and shading, The saving in

space requirements is obvious when the outer diameters of these flanges are

compared,

5-18
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FLANGE PARAMETREC CASE 3 DIA= 4IN PRESS = 500 PSI

PRESSURE 500 PSIG
WEIGHT OF FLANGE 0.603 LB

4. 000018 & 1.052 ?
- 0.187R
:/ 0.255D1R, 12 HOLES
1.3%% 4 5p0DIA SPOTFACE
5.00101A o) 0.062R FILLEY
5 48101A I o5
17 v ¢
L J
| T— 0.062
4,100D1A E,l
—_— AENA

FLANGE MATERIAL  AL&0S1ITS RT FI¥= 35 060KSI. FTU= 42, 000KS1
BOLT MATERIAL AL2024T3 RT F1¥= 50.000K51, FTu= &2.000XSi
GASKET MATERIAL  ASBESTO1/14 SEATING STRESS= 3. 700XST

YIELD STRENGTH= 10.000K5T

Fig.5-10 - Flange 3, Design
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FLANGE PARAMETRIC CASE 3 DIA= 4IN PRESS = 500 PSI

SUMMARY OF ANALYS1S
—_———————r

6.052

STRESSES ON INSIDE STRESSES OM AUTSIDE

-4, -39, =20, - 0. 10, 20 30, 4p. ~4Q.c30.-20.-10. 0. 19 20, 30, .

L A ] 1 L ] 1 1 (]

~40. ~30, -20.-10. 0. 10. 20. 30. 40.

BN . T

L ooomma BENDING STRESSES IN FLG
0. 740
PHASE BOLT FORCE APPLIED MOMENT AYIAL DISPLACENT  |ROYATION
(e (1N-LB) CIN (RAD)
BOLT-UP 1.90075x20*%" 4.68911 %1002 0.00000x10™>’ 1. 16959510702

Fig. 5-11 - Flange 3, Stresses at Initial Torquing
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FLANGE PARAMETRIC CASE 3 DIA= 41N PRESS = 500 P51

SUMARY OF ANALYS1S

0.052
STRESSES ON INSIDE STRESSES DN QUTSIDE
i i
1
! i i
l . o7 L
"h- .t "‘
) . . 'y 'W 'y . Y L
- x by - w - ‘ ¥
) . L 'R ST b 1 1
-40. -30. -20. -10. 0. 10. 20. 30. 40.
4 oo BENDING STRESSES IN FLG
‘ 0.740
PHASE 8OLY FORCE APPLIED MOMENT AXIAL DISPLACEMI  [ROTATION
(LB) CIN-LB) ) (RAD)
OPERATION 2.0574sx10*04 6.68662x10%%2 2.51977x1070" 1. 11770010792

Fig. 5-12 - Flange 3, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 7 DiA= BIN PRESS = 100 PSI

PRESSURE 100 PSIG
WETGHY OF FLANGE 2.404 LB

—£8.000018 b 020 x
0.125R
@/l 0.255DIA, 6 MOLES
0 T - 0.58001A SPOTFACE
8736014 ﬂ 0.062% FILLET
i 2.276
i 1.526
[}
9, 226014 ]
> v ¥
J
| 0.067
_B.251DIA BI
] 191!]Ta

FLANGE MATERIAL  AL&O6ITE RT FTY= 35.000KS1, FTU= 42.G0O0KST
BOLT MATERIAL ALZ024TI RT FTY=z 50.000KS1, FlU= 62.000KS1

GASKET MATERTAL  ASBEST1/16 SEATING STRESS= 3. 700KS}
YIELD STRENGTH= 10.0800KST

Fig.5-13 - Flange 7, Design
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FLANGE PARAMETRIC CASE 7 DIA= BIN PRESS = 100 PSI

SUMMARY OF ANALYSLS
e,

0.020

STRESSES ON INSIDE

~40, -39 20 - 0, 1020 30 4p.

STRESSES ON DUTSIDE

40 ~30, =20 = 0. 10, PO, 30, ub.

1.526
1 L i TS T T | 1 .
=40, -30. -20. -10. 0. 10. 20. 10, «4G.
BENOING STRESSES IN FLG

- o & 0noRlIA -
0.613
PHASE BOLT FORCE MOPLIED FIMENT AXIAL DISPLACEMT  |ROTATION
(L8) CIN-LE) (am (RAD)
BOLT-UP 8.89140¥10*%3 7. 45269x10*0! o.00000x16~0 5. 76743x10~0"

Fig. 5-14 - Flange 7, Stresses at Initial Torquing
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FLANGE PARAMETRIC CASE 7 DIA= BIN PRESS = 100 PSI

SUNMARY OF RNﬁL_!SlS

g 0020
STRESSES ON INSIDE STRESSES ON OUVSEDE
-4 =30, =20 - -4g,-30 =20 -tg © 10, 20 30. 0.
i
i
1
i
i
H
& 11 13 il )
. 1 ]
' L - ) 1“——- W % *
1.526
| TR
L 1 i ] L 1 i bl ]
-40.-30,-20. -10. ©. 10. 20. 30. 40,
: ' BENGING STRESSES IN FLG
cme——pononta  Slg o
0.613
PHASE BOLT FORCE APPLIED IDMEN AXIAL DISPLACEMT  |ROTAYION
(L8) (IN-LB) CIN) : (RAD)
- OPERATION 1. 1esusx10°*0? 1. 10368%10%02 211031010703 1.su703m10707

Fig.5-15 - Flange 7, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 8 DIA= 81N PRESS = 200 PSI

PRESSURE 200 PSIG :
WEIGHT OF FLANGE 1.120 5.

_.000D1A o%s =

i

v

1. 458
—s.zea o] i

. 0.707
9.26901A

. v

J

0.125R

0.25501A, 13 HOLES
0.58001A SPOTFACE
0.062R FILLET

: l : | 0.062
B l3?BIQ Bl

B H3LOIA

FLANGE MATERIAL  AL60&1TS RT FTY= 35.000KSI, FYU= &42.000KSI
BOLY MATCRIAL AL2024T3 RT FTY= 50.000KSI. FTU= &62.000KST
GASKETY MATERIAL  ASBESTO1/14 SEATING STRESS= 3. 700KSI

: YIELD STRENGTH= 10.000KSY

Fig. 5-16 - Flange 8, Design
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FLANGE PARAMETRIL CASE 8 ODI[Ax 8IN PRESS = 200 PSI
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SUFMARY OF ANALYSIS
m——————

STRESSES ON INSIOE

- -

0.042

STRESSES ON QUYSIDE

.19, 20, 30 sl -wp 30 -20 -

e

-40. -30. -20. -10. 0. 10. 20. 30. 40,
BENDENG STRESSES IN FLG

- - - —E.0000IA
0.63%
A\
PHASE BOLY FORCF APPLIED FONFN] AXTAL ISP ACERT ROTATION
Y CIN-LB) (TN {NAO)
fOLT-1P 1,93656210*%" 1.92988%10*%? 6.00000110 0! 1.22911010702

Fig. 5-17 - Flange 8, Stresses at Initial Torquing
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FLANGE PARAMETRIC CASE & DIA= 8IN PRESS = 200 PSI

SUMMARY OF ANALYSLS
T

STRESSES ON GUTSTDE

STRESSES ON JNSTDE ' _
49 -30 -2 - 0. 10, 20. 30 4. 30 =20, - .10, 20, 30, 4p. -
s T
i 1
% I3 F
' AR o H
| R x &
x X TR SV
. xl v W .
I 0. 107
[ 4 b 1 i [ 1 L - |
_ -40.-30. =20, ~10. 0. 10. 20. 30. 40.
o aonoms BEMDING STRESSES IN FLG
0.639
PHASE BOLT FORCE MPPLTED FIWTEAN AXIAL NISPLACEMT  |RovaTion
(e N Y (N CRAD}
OPERATION 2.23584x10%" | 2.32845%10%92 1.23510x107%3 2.11983x10792

Fig.5-18 - Flange 8, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 9 DIA= BIN PRESS = 500 PSI

PRESSURE 500 PSIG
BEIGHT DF FLANGE 2.952 LB

X -
——B.000DIA _ o 105
0.2508
| 0.25501A, 49 WOLES
o 515 - % 0.58001A SPOTFACE
418018 0.062R FILLET
1.928
1
| 1.178
[ ]
___9.9980MA |
i i ¥ A
L I
"
1 . 0.062
8. 100D1A I,l
5.163014

FLANGE MATERTIAL  AL&OSITS RT FTY= 35.000KS1, FTU= 42, 000KSI
B0LT MATERTAL AL2024T3 RT FTY= 50.000KS1. FTus 62.000KSI
GASKET MATERTAL  ASBESTL/1é SEATING STRESS= 3. 700KSL

YEELD SYRENGTH= 10.000X5T

Fig. 5-19 - Flange 9, Design
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FLANGE PARAMETRIC CASE 9 OIA= BIN FPRESS = 500 PSI R

SUMMARY OF ANALYSIS
prs——

0,105
—n —
STRESSES ON INSIOE STRESSES ON QUTSIDE
40, =30, =20. = 0. 10, 20, 30, 40. -4 =30, =20, - 0. 10, 20.. 30, 0.

M -
", s
s * E o
- i A

. ..'.‘-‘l- .J‘ .’- \.‘

e W e

[| 1 - | 1 1 1 i 3 1 ]

=40 -30. =20. 10, 0. 10. 20. 30. 40C.
BENDING STRESSES IN FLG

— - e - —B.000D1A plg +
0.999
PHASE ' BOLT FORCF APPLIED MOMENT AXTAL DISPLACEM?  |ROTATION
(e CIN-LB) LN (RAD)
BOLT-UP 7.38%01x10*0" 1. 2623001003 0.00000x10™0"! 1. 0266ux10"22

Fig. 5-20 - Flange 9, Stresses at Initial Torquing
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FLANGE PARAMETAIC CASE 9 DIA= 8IN PRESS = 500 PS1
SUMMARY OF ANALYSIS
e
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0.105
— :
STRESSES ON INSIOE STRESSES ON OUTSIDE
-0 - _ 40 - - - 0 ]9 29 39 34)
' 13
v i
'-. b .1' Id
.4 ; | R
Teah '3 . i
Y I d 3 - [}
. R Py
. al Ll "4 ) V., .
: P | : _.VSTT. ¥ 1 R S
| L B L,‘ v -
1.178
' Wt
L ') L 1 L L ] A
-40.-30. -20.-10. O. 10. 20, 0. 40
BEND £S N FL
oo RN ING STRESSES G
0.999
PHASE BOLY FORCE MPPLIED MOMENT  |AXIAL OISPLACEMY  |ROTATION
(L8) (IN-LB) (IN) (RAD)
OPERATION r.52752110*% 1.93511010*%? 1.13685%10~03 1549191070

Fig.5-21 - Flange 9, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 13 DIA=12iIN PRESS = 100 PSI

PRESSURE 100  PSIG
WEIGHT OF FLANGE 2.374 LB

12.000D1A 031 L
: 0.125R
v, 0.2550IA, 13 HOLES
0.58001A SPOTFACE
1? 148014, -d. * 1.778 0.082R FILLEY
I 1.028
' .
e d 224801 I
1 Y v
e
I 0.062
12.212014 4
12 413014

FLANGE MATERTAL  ALA0&ITE RT  FI¥=z 35.000KS1, FiUz 42.000KSI
BOLT MATERIAL AL2024T3 AT FT¥= 50.000KST, FTU= &2.000KS1
GASKET' MATERIAL  ASBESTI/16 SEAYING STRESS= 3. 700KST

YIELD STRENGTH= 10.0060KST

Fig. 5-22 - Flange 13, Design
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FLANGE PARAMETRIC CASE 13 ODIA=12IN PRESS = 100 PS1

LMSC-HREC TR D306492

SUMMARY OF ANALYSIS
e i

—b
STRESSES ON INSIDE
-40, =30, =20 - 0. 10, 20 3 up.
' \x

- - - - —12.00001A N

0,031

STRESSES ON QUYSIDE

12030 p-

40 <30 20, —

1.028
L \ 1 A 1 1 1 5
-40. =30.-20.-10. 0. 10. 20. 30. wO.
BENDING STRESSES IN FLG
0.623

PHASE BOLT FORCE APPLIED MOMENT AXIAL DISPLACEMT  |ROTATION
(L) (IN-LB) LNy (RAD)
BOLT=UP" 1.94594x10*0" anie*® 0.00000x10™%! 6. 49100x10~02

Fig. 5-23 - Flange 13, Stresses at Initial Torgquing
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FLANGE PARAMETRIC CASE 13 DiA=12IN PRESS = 100 PSI

LMSC-HREC TR D306492

SUMMARY OF ANALYSIS
e

0.031
b
STRESSES ON INSIDE STRESSES ON OUTSIDF
-4, =30 =20, - . 10, 20 30 sl -up.-ap. - - . 19, 20 3 40,
i
t
1
1 4
H
H
t
H
1
HE
I
I i
o A .
. X Y. b x 5
l ot i L] XL Y.
ey 7 o xv :
1.028
[] e L 1 1 1 L 1 ]
-40. =30, -20.~10. 0. 10. 20. 0. %0.
BEMDING STRESSES IN FLG
L _12.000D1A RN
0.623
PHASE BOLT FORCE APPLIED MOMENT AXIAL DISPIACEMT  |ROTATION
(LB) {IN-LB) CIND (RAD)
OPERATION 2.40635x10*0" 2.33837010%%2 L. 7suanuxgp ™ 1,29593x10°92

Fig. 5-24 - Flange 13, Stresses at Proof Pressure
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FLANGE PARAMETRIC CASE 14 DIA=1Z2IN PRESS = 200 PSE

PRESSURE 200 PSIG
WEIGHT OF FLANGE 2.030 L8

12.000DIA 063 +
0.187R
|4 , 0.25501A, 28 MOLES
0.580D14 SPOTFACE
12 R9ADIA b f_ 1577 4 062R FILLEY
i 0.827
13.176014 ‘L $

e | | 0.06?
12.100D1A 4

12 541014

FLANGE MATERIAL  AL&D6ITS RT FTY= 35.000KSY, #TU=z 42.000K5!
80LT MATERIAL AL2024T3 RT FTY= 50.000K51, FYU= 62.000KSY
GASKET MATERIAL  ASBESTOL/16 SEAYING STRESS= 3.700KS1

YIELD STREMGTH= 10.000KS{

Fig. 5-25 - Flange 14, Design
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FLANGE PARAMETRIC CASE )4 DIA=12IN PRESS = 200 PSI

SUMMARY OF ANALYSIS

0.061

STRESSES ON INSIDE . STRESSES OM DUTSIDE
g, =30, -20 - . 10, 20, 30, up W), -30. 20 — 0. 10, 20, 30, 0.

&
A
* 'v_' i .'-'=
] '\X':. [ .f-! Hy
I (. L
. ’ & W
' : | 0.9827

...
| I i -l 4 L L L L ]
-40. -30.-20. -10. 0. 10. 20. 30. %0
BENDING STRESSES IN FLG
0.688
PHASE BOLT FORCE APPLIED MOREND AXIAL DISPLACEMY  |ROTATION
(L8) (1N-LB) T (RAD)
BOLT-UP «,28180x10*%" 3.25275%10%92 0.00000x10~%} 2.034s0%10"02

Fig. 5-26 - Flange 14, Stresses at Initial Torquing
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FLANGE PARARETRIC CASE 14 OIA=IZIN PRESS = 200 PSI

LMSC-HREC TR D306492

SUMMARY OF ANALYSIS
0.063
STRESSES OM INSIDE STRESSES ON OUTS10E
49, =30, =20, = . 39 20, 30 40, -40. =30 =20, -10 10,20, 30, 40.
I ] L L L 1 L] 1
i i
] ]
i
H
]
]
i
i
' :
1 i
i
1
!
i
LY N e
'-.' ..o' ‘f'
. ;
- . 1
[ -~ L,
| | i I
. X ) R S AT
x |y ¥ "
0.827
[ L L [l 1 [ L Lod
-40. -30.-20. =10, 0. 10. 20. 0. 0.
: BENDING STRESSES TN FLG
e —_ _32.00008 lg—pl
0.688
PHASE BOLY FORCE APPLIED MOMENT AXTAL OISPLACEMT  |ROTATION
(LB) CIN-LB) (1IN} {RAD)
OPERATION W, 43483 10*0" 5.17644x10%02 1.39328%10~%3 3.23800x10" %7

Fig. 5-27 - Flange 14, Stresses at Proof Pressure
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FLANGE PARAMETATC CASE 19 OlA=22IN PRESS = 100 PSI

PRESSURE 100  PSIG
WEIGHT OF FLANGE 3.961 LB

—-22.,000D14 b 057 L
0.187R
¢ : 0.25501A, 43 HOLES
— 0.58001A SPOTFALE

22. 820018 - 1.706  0.0628 FILLEY

. 0.956
23.300D1A l

3 ¥ L

f — )

E 0.062
22 101014 bl
22 45501A

FLANGE MATERIAL  ALGOAITA RT FYv= 35.Q0045i. Fill= 42, 000KS!
BOLY MATERIAL AL2024T3 RT FTY= 56.000i51, ¥TU= 62.000KST
GASKEY MATERIAL  ASBESTY/16 SEATING STRESS=  3.T00KST

YIELD STRENGYH~ 10.000K51

Fig. 5-28 - Flange 19, Design
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FLANGE PARAMETRIC CASE 20 DIA=22IN PRESS = 200 PSI

PRESSURE 200

PSIG

LETGHT OF FLANGE 7.85%4 LB

~—22.000018 o 15 ?
0.250R
|/ 0.25501A, 96 HOLES
0.580D1A SPOTFACE
23.257N014 F:)
2 fl 0.062R FILLET
: i 2.223
i 1.473
1]
23. 737018 | B
1 4
n 7.3
J | 0.062
22 100014
b"l
—_22.902D18 d

FLANGE MATERIAL
BOLY MATERIAL
GASKET MATERIAL

ALGD6ITE AT FTY= 36.000KSI. FTU= 42.000KS0
AL2024T3 AT FTY= 50.000KS1, FTU= &2.000KSI
ASBESTO1/16 SEATING STRESS= 3. T00KS!

YIELD STRENGTH= 10.000KS]

Fig.5-29 - Flange 20, Design
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FLANGE PARAMETRIC CASE 25 DIA=45IN FPRESS = 100 PSI

PRESSURE 100 PSIG
WEIGHT OF FLANGE 18,686 Le

45 _600DTA 0.118 L g
0.250R
| 0.25501A, 179 HOLES
L - 0.58001A SPOTFALE
—~——46.196018 51 0.062R FILLET
L]
| 2.584
. [ 3
| 1.834
1{
) +
46, 476018 !
X T e
| t ;
0.062
4
49 R41018

FLANGE PATERIAE  ALLOGLTA AT  FTV: 35,000KSL, FTUs 42.000KSI
BOLT MATERIA{ AL2024T3 RT  FTY: S0.0NOKAT, FTU=s 62, 000KSI
GASKET MATERIAL  ASDERTIZ16 SEATING STRESS= 3. TOOKSI

YTELA STRENGYH= 10.000KSI

Fig.5-30 - Flange 25, Design
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Table 5-1 - Comparison of Flanges

Saturt 1Y Fl't"']” T Low beefile Fl'mJ's

B mnee aall suler hf'?lrl" ‘:1‘{;?“” 3f:f”f ful’?f* :\F:.':jlj:“ ) ';f":f‘:‘ aJlJfJ Vc.fvmr ""!':'I‘L‘*t

Vo [Flawge S frmoe Jdworie ipdeneer | e of g | BT e A e T Y “fﬁ'ﬁ}" It
v | oLex LY 21,000 | C.1%0 26.25¢ { 1,000 | 5, {25 | 23.5¢ [ a3.5e¢| [y | 0785 | 9.4 is 51 | bt 2
2] vy (4¢ 1t ece | 6. 1ac 15, e c.Ibe V., 5o 6.1 t3. 429 AR T 6. T 0.4 &)
1] Lox I4e £ ceo & 10 te. 150 b.g1e 1.37F y 9 .58 0.1t% 5, TR2S 1.0 2 ¢ ¢ 3
4| Lo} 1o 7.180 RLET (R X t.120 1.3 0c 7 1. 34¢ 2.710 6. 7L 1.99 1. 24 “q.&
v | Lot (4o T g ¢, 19c te, Goo D ete 1. 3%0 7.4 4,188 & 15 6.1828 .62 1,52 42,8
L oLey 20 E oo g.ler f.250 | 0.630 tores 2.t T <es p.u%e [ s.1528 oot N T4 3
2 Got nge £, Goo LR q.%co 0.6 [ usoe 194 L.e2% hWiod . sé2F 1.4 b.te 1.6
Ty 6% Joo Y.eoc &1 b zeoe b, oo }.150 2.5 Cocpy 0.6732 b eLe L 1,63 3.7
L] b loe 11.e00 8.1k 78,250 I eco 2. It 21.1° 1.0 t, 821 0.7%52% 5. 14 1491 1.0
wl  Gey 160 %.op0 o lee b. 250 0. %0 t.iz% z_?(. . T Lo 8.1%1 .16 & R t a9 T )
wl 6oy <o M, o 0. 140 %,Cec o, 15¢ l.2¢0 3 49 .45 b.SUE 01328 t2o 2.1 b3 %
n| Gox fo .00 bike %.15¢ 0. &0 P M2¢ 3,!,.3. $.7345 », S0 CRE+Y 4 1. 24 2.1 L2 l'l
3¢ Gox X 5. oc0 o.lut 7188 £ tn 1, 11g 3w e S 0,69¢ 6,722¢ 122 1. 8¢ 1.9
1 £ 0¢ e Yy, e d.turp 1.800 .7 LI W) 2.8 b2 T ¢, 150 g5 (PR Vbe 9.1
1€} oY £e woece | % | ¢o210 | oo, Ske | 11§ 1,87 | S.4eC | pg1c | 098 e e 7 1¢
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26%90ed JL DFYH-DSW'I



LIQUID DXYGEN 140 PS], 22 IN DIA

LMSC-HREC TR D306492

PRESSURE 140 P56

190

22 _O0A0LA
,
23.08501A ﬁ
L)
1
23,.5A501A I
i
1
’l
22 _K9201A

FLANGE MATERIAL AL
BOLT MATERIAL AL
GASKET MATERIAL  ALLPAX

0.3128
0.2T5D1A, 114 MWOLES
r. 0.58001A SPOTFACE
77 rol7 s 777 0.062R FILLEY
1913 A
g
d )
A
1.163 4
A
7
77 2R WPy,
r.
0.125

FTY= 3.000kSI, FTu= 42,000KS!
FTv= 50,000K51, FRu= 62.000KS]

SEATING STRESS=
YIELD STRENGTH=

1.800K51
10.000KSE

Fig. 5-31 - Flange Comparison 1™

*This number refers to the list on Table 5-1,

Legend: The contour of the conventional flange is
indicated by dashed lines and shading.
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LIQUID OXYGEN 190 PSI, 12 IN DIA

LMSGC-HREC TR D306492

PRESSURE 140  PSIG
12000018 N 190 ¥
0.312R
0.90IA, % HOLES
| 0.68101A SPOTFACE
AL ENA b 0.062R FILLEY
| 1.989
o rt ¥ 77257
A
| 17239
, |
| i
15, 929014 o
L P77 L
| T— 0.062
12.000018 N
13, 004014 o
FLANGE MATERIAL AL FTY= %.000Ks1, FTu= 42.000Ks]
BOLY MATERIAL AL FTY= 50.000KS1, FYU= 62.000KSI
GASKET MATERIAL  ALLPAK SEATING STAESS=  9.700KSI

YIELD STRENGYHz 16.000KS]

Fig. 5-32 - Flange Comparison 2
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LIoyID OXYGEM 140 PSI, & IN DIA
PRESSURE 140  PSIG
£.000014 N 190 5
0.3127
”J, | 0.27501A, %1 HOLES
Ty
P 1 Lgse 0-580DIA SPOTFACE
— E : 0.062R FILLET
: o?ru
LT 90T) I
L 7
F |
| T_ 0.062
8000070 N
R.67901A
FLANGE MATERIAL AL FIY= 3.000K5[, FTUz 42.000KS]
BOLY MATERIAL AL FI¥= 50.000KSI, FTu= 62.000KSE
ALLPAX SEATING STRESS= 3. TOOKSI

GASKET MATERIAL

YIELD STRENGTH= 10.000KSI

Fig. 5-33 - Flange Comparison 3
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LIGUID DXYGEN 140 PSI, 7.70 IN DIA

PRESSURE 140 PSIG

1.230D18 196 L 3
0.312R
l 0.275D1A, 39 HOLES
1520 O0-580DIA SPOTFACE
B| 0.062R FILLEY
4

! é.110
9. WSDIA I

L /7, -

A
' { ‘ T_ 0.062

L. IRONIA . BI .

FLANGE MATERIAL AL
Bl Y MATERIAL AL
GASKET MATERIAL- ALLPAX

FTYz % .000KSI, FTU= 42.000KS1
FT¥= 50.0004S1, FTus 62.000KS!
SEATING STRESSz  3.TOOKSI
YIELD STRENGTH= 10.,000KSI

Fig.5-34 - Flange Comparison 4
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LIGUID OXYSEN 140 PSI, T.82 IN DIA

LMSC-HREC TR D306492

PRESSURE 140

ZA2DIA

Psla

190

0.312R

3.3A%0I1A

0.2TSDIA, N0 HOLES

1820014

0.580C14 SPOTFACE

id 0.0620 FILLET

YLl

4

A.485014

FLANGE MATERIAL AL
BOLT PATERIAL AL

GBASKET MATERIAL  ALLPAX

|

— b f— -

T

FTV¥= 35 .000K5I, FTur 42.000KSI
FYY= 50.000KSI, FIU= 62.000K51

SEATING STRESS= 3. TOOKS!

YIELD SYRENGTH= 10.000KS1

Fig.5-35 - Flange Comparison 5
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LIGUID CXYSEN 90 PSI, & IN DIA
PRESSURE %0
——A.000014 160 L3
0.0128
eepyg 0275018, 15 HOLES
7.025014 -5 T 058001 SPOTFACE
> Z 0.0620 FILLET

7508014 l gﬂ 490

S 000014, $| |

A A31DIA

FLANGE MATERIAL AL
BOLT MATERIAL AL
GASKET MATERIAL  ALLPAX

FI¥a 35,000K51, FTus %2.000K51
FT¥= 50.000K5]1, FTur &2.000KS!
SEATING STRESS=  3.700xSl
- YIELD SYRENGTH= 10.000x5I

Fig. 5-36 - Flange Comparison 6
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SASEOUS DXYBEN 300 PSI, 4.5 IN DIA

FRESSURE 300 P5I6

£.500014 190 L
0.312R
| 0.M1A, 3 MWOLES
— = 0.681D18 SPOTFACE
—B.02a0u4 | Lasg O-062R FILLET
TJ#rzi/ & CLl/
1.108
' %
. 8.52501a | 2
" A X 2
_ I x
- . 0.062
A.500017
Z.200R1A o
FLANGE RATERIAL AL FI¥z 3%.000KkSI, FTU= &2.000KSI
BOLT MATERIAL AL FT¥= 50.000KS1, FTU= 62.000KSI
BASKET MATERIAL  ALLPAX SEATING STRESS=  3.TOOKSI

YIELO STRENGTH= 10.000KSI

Fig. 5-37 - Flange Comparison 7

5-47




GASEQUS OXYSEN 300 P51, & IN DIA

LMSC-HREC TR D306492

PRESSURE 300 PSIG
a.000018 3

L 0.312A

f'; 0.27501A, 24 MWOLES

1.382 0.58001A SPOVFAGE
A-08E0A. . g ' 0.0628 FILLEY
. l ;oAu

w L) iz ¥ .
- | ' e.062

a_7&401A

FLANGE MATERIAL AL
BOLT MATERIAL AL
ALLPAX

SASKET MATERIAL

FT¥z 35.000K51, FTuc 42.000KS1
FTY= 50.000KSI, FTu= 42.000KS1
SEATING STRESS:= 3.TOOKS!
YIELD STRENGTH= 10.000KS51

Fig. 5-38 - Flange Comparison 8
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GASEDS OXYGEM 100 PSI, 22 IN DIA

LMSC-HREC TR D306492

100 PSI6

PRE SSURE
22.000D1A 160 [ 3
0.312R
]
. 0.275DIA, Bl HOLES
- 57587 .,,,,.,o.;mu SPOTFACE
~0Z1A 173 o.oéza FILLET
]
: 1.023 ;
21 505014 I g
L P2274 Y15 NPT
[]
| L 3
0.125
22 0000iA >
—22. 5018
FLANGE MATERIAL AL FiVz 35.000kS1, FTu= %2.000KS!
BOLT MATERIAL AL FT¥z 50.000KS1, FTu= 62.000KST
GASKET MATERIAL  ALLPAX SEATING STRESSz  1.600KSI

YIELD STRENGTHx 10.000K5E

Fig.5-39 - Flange Comparison 9
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BASEQUS OXYGEN 100 PSI, & IN DA

PRESSURE 100 PSIG

——%.000D10 60 L
0.3128
0.275D1A, 7 WCLES
0.580DIA SPOTFACE
.1
023014 0.062R FILLET
+_€.5pspIa
. ) e
‘ [ l 0.062
4 253018
FLANGE MATERIAL AL FTv= 35.000KS!, FTu= 42.000KS]
BOLT MATERIAL AL FT¥= 50.000KSl, FTU= 62.000KS
GASKET MATERIAL  ALLPAX SEATING STRESS=  3.700KSI

YIELD STRENGTH= 10.000K51

Fig. 5-40 - Flange Comparison 10
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SASEQUS OXVGEN

80 PSE, 7 IN DIA

LMSC-HREC TR D306492

PRESSURE 80  PSl6
z.000014 > o 3
0.312R
77772 e O:2T0IA, 18 HOES
—5T : 0.58001A SPOTFACE
I285DIA By / 0.042R FILLEY
8.A45D1A } Io.m»
I | 0.062
r 4
I :001A |
FLANGE MATERTAL AL FTY= 3.000KSI, Fiu= 42,000KS!
BOLT RATERIAL AL FTYz 50.000KS1, FTU=z $2.000KSI
GASKET MATERIAL  ALLPAX SEATING STRESS= 3.700KSI

YIELD STRENGW= 10.000KS!

Fig. 5-41 - Flange Comparison 11
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GASEQUS OIYGEN 80 PSI, 6.9 IN DIA

PRESSURE 80 P56

£.200018 140 &
| e.vzm
0.27501A, 17 WOLES
8501A 0.5800IA SPOTFALE
I B
0.062R FILLEY
— 365018
— .
. | T 0.062
4900018 >
123014
FLANGE MAYERIAL AL FTY= %.000KS1, FTU= 42.000KSI
BOLT MATERIAL AL FTY= 50.000KSI, FYu= §2.000KS1
GASKET MATERIAL  ALLPAY SATING SYRESS=  3.700KSI

YIELD STRENGTH= 10.000KSI

Fig.5-42 - Flange Comparison 12
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SASEIYS OXYOEN 60 PSE, 5 IN DIA

PRESSURE 80 PslG

5000014 ) 10 r -y
0.3128

!}"”””7”," 0.27501, 9 HOLES
PRI , - 1,46 0.580DIA SPOTYFACE

o fé 00628 FILLEY

’ 2

1 0.6%

ABLSDIA . Ig

7._"l
' ' .I l I T 0062
£_000D18 .

S22 018
FLANGE MATERIAL AL FT¥= % .000kSl, FTu=z %2.000KS]
BOLT MATERIAL AL FTvY= 50.000KSI, Frus= &2.000KS]
BASKET MATERIAL  ALLPAX SEATING SYRESS= 3. TOOKS!

YIELD SYRENGTH= 10.000KSI

Fig. 5-43 - Flange Comparison 13
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SASEQUS OXYGEN 80 PSE, 4.75 IN DIA

PRESSURE 80 PSIG

o a.750018 Y} L
0.3128
| 0.27SDIA, @ WOLES
‘ 0.58001A SPOVFACE
A.1¥01A ' ’| 0.062R FILLEY
[ ]
A ZISPIA I
' 4 I | 0.062
—a. 750014
s 08410
FLANGE FATERIAL AL , FTV= %.000KS1, FTU= 42.000K5!
BOLY MATERIAL AL ' FTV= 50.000KS1, FTU= 62.000KS

GASKET MATERIAL  ALLPAX SEATING STRESS= 3.TO0KSI
: YIELD STREWGTH= 10.000KSI

Fig. 5-44 - Flange Comparison 14
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GASEQUS OXYGEN 60 PST, & IN DIA

PRESSURE 80 PSIG
—2.000014 1%0 .
0.3120
0.215DIA, & MOLES
0.58001A SPOTFACE
—t SR
420 9. 062m FULET
EAASMIA ﬁ! I :
L X
.I i I I 0.062
—t.000014 )
4.20101A
FLANGE MATERIAL AL Fi¥= 3.000KSI, Fru= 42,.000KS]
BOLT MATERIAL A FIV= $0.000KSI, FTuz 62,000KS!
GASKET MATERIAL  ALLPAX SEATING STRESSz  3.700KS!

YIELD STRENG TH= 10.000KS1

Fig. 5-45 - Flange Comparison 15
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LMSC-HREC TR D306492

5-56

BELT »RIL DATA3, . 0ATAD - v
ELTDO6-RLIBE7=10 03/1u=14:1562:61

CYCLE (00}

Sooool Guo  GXAT baBS THESE DATA WERE uSED
000002 Goo HARDCOPY : Fox EYAMPLE 1 iN SECT. 5.0
ooasd - Gl 2

0po0gHN 0G0 TEST FLANGE 1500 P31+ 8 IN plIaA

GoQo0d (¥I77y] 15 +3 Bsg « 4375 1.75

Q000006 000 145 23 1e5 F g’

0goo07 aug 5 ) 8 5

Goaoos ouy g i V) 3 1

000GOY Gao 34758 AT RT 34755 AT RT A284 AT HT CRES3I2i=A

Ggoola Gud 4

0aoull gouy «S0dy

00a014 Guu SPACE SHUTTLE MWAIN ENGINE FLANWGE 8000 P51 16 In via
gpooid Udu 8, *3  lé.y le 2o

QOOOJ"‘ FEVIY) Ja5 2¢0 15 2l

0poois Luud 4 & 8 -}

GQgicol s Ldi 3 s b P LY

Qoaol?7 duw J i 1 3

Gooni8 Q00 A286 AT RT a286 AT RT a2B8s AT WT K=SEAL

00019 auy 4

Goon 20 IV thul -



NOMIwAL PRESSURE P=
NOMINAL DIAMETER DI=
TUBE THICKNESS T=
TURE THICKN TOLR oT=
HETGHT TO wELD HT=
PROOF FACTOR PF=
BUrRST FACTQR BF=
SAFETY FACTOR FS=
GASKET FACTOR GF =

PROPEKTIES OF TUnwE MATER]
MATERIAL TABLE NO, i=
ELASTIC MOpDULUS £
POJSSON-S RATIO NU=
DENSITY RrO=
THERM EXP COEFF ALFA=
TENSILE YIELY STH FTY=
ULTIMATE TENS STk FTu=
PROPERTIES OF FLANGE MATE
MATERIAL TABLE Nu, I=
ELASTIC MODULUS E=
POISSON-S RATI]O nNU=
DENSITY RnO=
THERM EXP COCFF ALFA=
TENSILE YIELU STk FTY=
ULTIMATE TENS STw FTu=
PROPERTIES OF gOLT MATER]
MATERIAL TABLE NU, la
ELASTIC MODULUS ts
POISSON=S RATI1O NU=
DENSITY RHU=
THERM EXAP COELFF ALF A=
TENSILE YIELG STR FTY=
ULTIMATE TENS STx FTus
PROPERTIES OF GASKET MATE
"MATERLIAL TABLE NO. i=
ELASTIC MODULUS L=

LMSC-HREC TR D306492
PSSl
INCH
INCH
INCH
INCH

1500.0060
8.000
<438
Y
1.750

1500
2.000
Lea 200
2000

Al

-]
+2B0C00UG+08 PSI
2 300 .

«2880 LB/CUBIC=INCH
.95009000-05 INCH/LINCH/F
» 350600u0+05 PSI
¢ 90006U0uG+05 PSI

KI1AL

5
+28000000+u8 PSI

« 300

.2880 LB/CUBIC=INCH
¢ 95000000=v5 INCH/INCH/F
«35000000+05 Ps!
+P00000LL*CS PSI

AL

8
« 208000000 +08 PSI
« 300
«28B0 LB/CUBIC=INCH
W FS50GU0UO=US INCH/ZINCH/F
«1315060u+06 PSI
+ 2000000 u+ué PSI

RIAL

5
.2800000y+08 PSI
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YIELD STRENGTH Kaw ,40000000+05 PS1
SEATING STRESS Sa» «1890¢0ou0+05 PSI
THERM EXP COEFF ALFAm «950000us=05. INCH/INCH/F
COEFF OF FRICTION MU= « 300 :
H1pTH COEFFICLENTY GAMU= 1+000
#10Tn COEFFICIENT GAMSa 1 200D
GASKET THICKNESS HOo® 2J250 . INCH
SEALING STRESS RATE 5Ps 55000
OPTIONS T

0 1 g 3 Y 0 9 0 0 6

NUMBER OF PHASES TO BE CONSIDERED IN THE ANALYSIS = 4
TEMPERATURE DIFFERENTIAL = ~500400 DEG F

COMPUTED THICKNESS T= 4375 INCH

TEST FLANGE 1500 PSIs 8 IN DIA

AQB= 1063 SQ=IN
wElGHT= 1&+¢59797 LB
ga 1«3487 IN
H= 2« 1044 IN .
RI= 4euG0OU IN Ol= gs0000 IN
RG= 45183 1IN pGIm= Be7144 IN
DGOs= 93587 IN
Ro= 4e7506 IN OBs= . 909012 IN
RFILS «3750 IN
RSPOT= «J620 IN
DHoLES 24425 IN
pDSPOT= 9012 IN
NB= 26
BG= $3221 IN
Hi= 1+7%00 1IN
MFU= e11170485+45 IN=LB/IN
ZETALS 76976176450
lETAZ= 024211833+ 50
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TEST FLANGE 1500 PS1,

8 IN DIA

QUTPUT UF Tret STRESS AND DEFORMATION ANALYSIS RESULTS

VARIABLE

6OLT FORCE

(L)
EQUIV APPL MUMENT

AX1AL DEFLECTION
RADIAL DEFLECTION
FLANGE ROTATION

BOLT STRESS (PSI)

GASKET STRESS

STRESS IN FLANGE TOP

(Fs1)

(IN=LB/IN)

tIN]
LIN)D

(RADIAN]

(PSS

STRESS IN FLANGE BOTTOM (PSQ)

STRESS RESULTANTS

STRESSES AT WECK

(LB/IN)
LB/ IN)
(IN=LB/IN)
(IN=LB/IN)
(LBZIN)

(PS511 ENKER
tPS1) INNER

{(PSI) QUTER
{PS1) QUTER

NX=
NY®
mxs
Y=
wxs
Slak=
Sloys

SloX=
sloY=

(PsI) Max Tau=

BOLF=UP

237061 256%*;b
sbndHL856* 04
«»0p00GUUG

-75853278'03
«13301i15"G2
13908267 %06
«4g532359+55
+S50344101%04
«13543458+35

«0p0LUOGG

022025544+ 34
¢ 1347505244
«MHpH253195+453
225824048+ 34

20697679455

268526744
s 20697679+35
¢ 7733394704
+62001715%04

START=UP

+4885,146%+4
“e2767795%35
¢95295984=35
= 216574449 *51]
csbB8F6B4mg2
0 17673339+(4
e42713927+355
=s 4375453 %0é
=-e58676987+G5

e31640625+54
~ab28% 2600+
=eb)6P318)% 4
=y §B5077549+34
=e 18278673+ GS

2 79823225+y5
-~ 72199953*356
- 89690225+ 55
el 290G5637¢56
-228386436*35

DARTE © 3107

CPERATIOWN

sdbulla?E+Qs
271552638+ ]4
09529596405
v 30ulH149°02
e2pli7832~02
«J3pLBa52+06
0£86T3yz3+05
¢ 7920502+(Q5
CB2204786+04

«3164G025+0Y
e8715£195+04

CeZ204113ul*04

eB1233%u4+03
+39132u6i+04

v 246289259+05
+453868235+04

eJb4 1420805
¢ 23349677 +05

s 7371694504

SHUT=DOWN

+36486920+%06
elpg?1gEba+gs
21 4294398=04
1876561902
223571 }90~02
«1283856%4+006
02274335445
e 12451492+Q5
2048707 44+g5

sH7HOEGTIB*OY
D447 279+0Y
023879426+04
o 71638279+03
«e457810067+04

*+290u85048%g5
e22875950+04%
44272548+ 05
e 19719684+05
10987 456*05
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Section 6
CONCLUSION

The foundations have been laid for a simple but comprehensive design
procedure for low profile flanges with a subsequent stress and deformation
analysis. The algorithms have been programmed and the format for the
basic output, i.e., a summary of the flange geometry and a summary of the

analysis results have been established.

The computer program is set up for relatively few options of flange con-
figurations within the class of low profile flanges. The amount of programming

was limited by the number of man hours available for this contract.

From the accompanying stress analysis it becomes quite obvious
whether a design is sound or whether some basic design parameters need to
be changes, such as the type of the gasket. The program is not automatic in
the sense that it makes selective design decisions, which normally originate
in the designer's mind based on his experience. Such a design procedure falls
under the category of design optimization from the operations research stand-
point (Ref.37). The method described in Ref. 37, however, could be
automated and combined with the current design/analysis program. The few
material data and bolt geometry data currently incorporated in the design/
analysis program would then have to be expanded to large varieties, This can
be done with the current program without any modifications to the existing

logic. The current lists would just be longer having more entries,

Further work is needed in verification testing, A test procedure to
verify the moment carrying capacity of the flange, covering the entire range

from elastic stresses to the formation of the plastic hinge in the flange neck,

6-1
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is needed. These tests should be carried far beyond the initial yielding.
Permanent strains in the highly stressed regions as well as permanent
rotations should be measured versus applied moment. These tests can be
carried out with an unpressurized test fixture since the entire loading can

be expressed as an equivalent externally applied moment on the flange.

The test should be carried with highiy instrumented specimens of the
following diameter sequence: 4, 8, 12, 22 and 45 inches, as shown on some
of the examples in Section 5. Three pressure levels should be considered
which have yet to be defined. High pressure levels for the small diameters

and lower pressure levels for the large diameters are recommended.

The specimens should first be tested without bolt holes, then wl'ith bolt
holes, but without spotfaces, finally with spotfaces. Thus the weakemng
effects and the stress-raising effects of both the bolt holes and the spotfaces
could be measured. Finally the fillet should be machined off and a groove

as described in Section 2 be established.

The instrumentation should include strain gages on the inside and the
outside of the shell wall and the flange to verify essentially the stress dis-
tributions shown on the plots labeled "Summary of Analysis." The strain
gages should be mounted between bolts and in line with the bolts. Further
mstrumentatmn is needed to measure bolt force and gasket contact stress.
Finally the deformation measurements, rotation and axial displacement,

require some optical devices, possibly mirror systems.

Further analytical work should proceed along the lines of a three-
dimensioned elasticity solutions for a typical slice of the flange (see Fig.6-1),
requiring a three-dimensional {inite element network. Lockheed-Huntsville's
structural network analysis programs have not been made operational to
include this type of analysis, although it would take only moderate further

development effort to make the appropriate program modifications.

6-2
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Hopefully the computer program delivered under this contract will
be useful to the designers who are meant to use it. As more user's experience
is accumulated it will definitely be necessary to make changes and improve-
ments. The accompanying documentation in this report is provided for this

purpose,

6-3
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Fig.6-1 - Slice A8 for Finite Element Modeling
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Section 8
NOTATION

coefficients for quadratic equation for h
cross-sectional area of the flange

amplitudes of the stresses

stress area of the bolt

total bolt area

total gasket area

flange cross-sectional area used for weight computation

inner and outer tube radius, respectively
radial lever arm between gasket and bolts
bending rigidity of the shell wall

creep constant

width of the flange

effective width of the flange

gasket width

effective gasket width
width of the seal gland
integration constants of the shell equation

axial lever arms between centroid of flange and flange
neck

distance of spotface from shell outer surface
constants in creep law

equivalent rotational spring constant of the gasket and
the bolts

equivalent rotational spring constant of shell and flange
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determinant of the coefficient matrix of the shell-flange
flexibility equation

nominal diameter of the bolt
diameter of the bolt hole

elastic modulus

elastic modulus of the bolts and of the gasket, respectively

base of the natural logarithm
radial lever arm

radial spacing

ultimate tensile strength and tensile yield strength,
respectively

bolt force, tube force, and force on flange face, respectively
per unit length of radius r

height of the flange

conductance parameter

gasket thickness
depth of the recess
depth of the seal gland

moment of inertia of the flange cross section
strength

equivalent constant in law governing interface leakage
slope of sealing-force-vs-pressure curve

shell parameter

equivalent spring constant of the bolts
equivalent spring constant of the gasket

wave length of axial variation of stresses
length of the leak channel
strained length of the bolt
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pipe bending moment

exponent in interface leakage law

applied flange moment

edge moment

meridional bending moment
circumierential bending moment

creep exponent

number of bolts
axial stress resultant
circumferential stress resultant

creep parameter in Lawson-Miller creep law

bolt force

total force on flange required
gasket force

force caused by internal pressure

pressure
volume leak rate

edge shear
meridional shear stress resultant

stress ratio for fatigue design
radius of a point in the shell wall

radius of the shell wall middle surface

equivalent radius of gasket and bolts spring constant
bolt circle radius

radius of the flange centroid

fillet radius on the upper surface of the flange
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r radius of the application point of the force acting on the
flange face

re gasket radius

T, inner radius of the tube

ro radius of the seal contact surface

r fillet radius for the spotface

spot

r radius used for weight computation

Sl pipe shear force

SF elastic section modulus of the flange

S line load on the gasket

8 circumferential spacing

T temperature

t wall thickness

tG thickness of the gasket

t part of tube wall thickness required to carry axial force
due to pressure

rupt time to rupture

u axial displacement of the flange

vol volume added to the tube by the flange

w weight leak rate

w width of the leak channel

w radial displacement

x axial coordinate

Y, tensile yield strength

F Z'I‘ plastic section modulus of the tube and the flange,

respectively

a linear thermal expansion coefficient

a, B creep constants

cxl,az stresses relating U(p and sz to crx when yielding occurs

B-4
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B dimensionless parameters containing shell and flange
stiffnesses

Y angle between cylinder axis and weld

VRN 4 coefficients relating the physical gasket width to the effecti\‘re. gas-
1rre ket width at yielding and under operating conditions, respectively

Ap internal pressure difference

AT temperature difference between flange and tube

At tube wall thickness tolerance

AW weight added to the tube by the flange

Aw difference in radial displacement between flange and shell

AUB,AUG change in stress of bolts and gasket, respectively

GB deflection of the bolts

'SC- deflection of the gasket

3 strain

!;,1, ¢ 2 coefficients related to the state of stress in the flange neck

gDy, design parameters for bolt spacing

1 coefficient of friction

4 Poisson's ratio

p density of the material

P shell parameter

g stress, contact stress

o stress in the bolts

o contact stress of the gasket

Ot T Ty axial circumferential and radial shear stress, respectively

7, o, equivalent stress

@ circumferential angle

X roll angle

Yy weld weakening factor

(F.S8.) factor of safety
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Appendix A
SUMMARY OF THE DESIGN PROCEDURE

A
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A,1 TUBE THICKNESS t (in.)

{a) Given

AEBendix A

OR {mm)

LMSC-HREC TR D306492

(F.5.) p r.
(b) t = ———
F
ty
where
(F.5.) = a factor of safety
p = the design pressure (usually proof pressure)
r, = radius of the inside of the tube, egual one-half
of the inner diameter, di’ of the tube
FL - tensile yield strength of the tube
ty .
(B.F¥.) Py ¥y
(c) t, = ———— * 2 At
Fl oy
tu
(P.F.)p, T,
t, = ——2-t12at
2 FT "
ty
where
(B.F.) = safety factor for burst condition
(P.F.) = safety factor for proof condition
y = 0,70 ,.. 1,00 (weld reduction)
At = manufacturing tolerance for the tube wall
{approximately 0.01 in)
P, = burst pressure
P, = proof pressure
FE1 = ultimate tensile strength of the tube
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Ft'I;r = tensile yield strength of the tube
t = maximum of t and tz

1.1 {(B.F.) Plri

1 T
Fty - 0.4 (B.F-) pl

1.1 (P,F.) P, T;

2 T
Fiy -~ 0.4 (P.F.)p,

where the symbols have the same meaning as in (c)
A,2 BOLT SIZE dB {in) OR (mm)

Initial estimate dB = ¢

from bolt table for the proper wrench clearance and the given
dg find from Tables 2-1 through 2-3 or Tables 2-4 through 2-6

the following quantities

N M2 Ma» AoB’ dhole’ 1-spt:ml:" lsize
(a) Machined Spot Faces

e, = mdy
e =

2 12 98
rel (fillet radius) according to Table 2-7,

(b) Machined Groove

€1 T n2%B

€2 = ¢

Ty (groove radius) according to Table 2-8,

A-2
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(a)

(b}

(a)

(b)

LMSC-HREC TR D306492

BOLT CIRCLE RADIUS rp (in}) OR {mm)}

Machined Spot Faces

+e

rB = ri +t+ CI 1
where

¢ = 0.0625 in or 1.5 mm
Machined Groove

rB=z'i-l-l:-l-Zrﬁ.l-f-Ee1

FLANGE WIDTH b (in) OR (mm)

GASKET WIDTH b, AND GASKET RADIUS TS {in) OR (mm)

G

Estimate for gasket radius, Tt

d
_ hole
re = 1/2 (rg - —>5— +71;)
Gasket Width, bG:
_ (PF)prg
G Z[yl KG -7 OG (FG)J

or

(PF) p 7y
b, = e
G 2 ['yl KG -7 KP(PF) P (GF)]
where
Y, = 2 width factor for the gasket under initial deformation
K_. = the yield (crushing) strength of the gasket
G , g g B
Y, = 2 width factor for the gasket under operating condition

A-3

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

O = seating stress of the gasket
(G.F.) = gasket factor
kp = ratio of seating stress over pressure
dhole
{c) bG = rg-—s5 —-r;,-2¢, (the available space is used)
where ¢, is a tolerance. ¢, = 0.05in or 1.0 mm,

2 2

The force required to pre-form the gasket is

p)

G = 2T r

G Pg "1 Kg

and the force required to keep a zero-leak connection is

(2) _
PG = Pp + 2x * bG Y, Og {G.F.) or
(2) _
Py’ = PP t 2w Ty bg Y, kp (P.F.)p (G.F.)
where
_ 2
PP - 11' rG p (P.F-) -
With the width bG computed above the condition
(1) (2)
PG = PG

should be met.

Gasket Radius, re!

(1) Gasket Close to Inside of Tube

r =ri+bG/2+c

G 2

A-4
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(2)

Check for space:

1 T TG 2
r, = T -dpge/2 - ¢
if r1 > r2 set
ro = 1‘]._-!-bG/.'3.'.+c2

G
Gasket Close to the Bolts

Check for space as under (a),

PRESSURE ENERGIZED SEAL, EQUIVALENT b

Estimate bG =t

find

r

G T, +bG/2

check if space for seal gland is sufficient:

+bG/2+c

G

LMSC-HREC TR D306492

+ bG/Z + dhole/z +c,

AND r, (in) OR (mm)

r1=ri+bG+2bs

r; = T - dpg1ef2

if r, > r, set

T - ro t bG/z t2b_+ dhole/z

where bs is the width of the seal gland,

In both cases (A,5 and A,6) the width of the flange has to be

recalculated using the new bolt circle radius,

as under A.4,

LOCKHEED - HUNTSYILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

A7 REQUIRED BOLT FORCE Py (1b) OR (N)

(a) Flat Gasket (see A.5)

(1) _
Pp' = 21 15 by N Kg
p2) = prZ p(P.F) 42T~ b7, 0. (G.F.)
B G F. G PG Y2 % ©-*-
or
pl2) - 2 pPF)+2rr.b. v, (P.F)k p(G.F.)
B G et g G G 2 L L PP - -
PB = maximum of Pg) and Pg)

{b) Pressure Energized Seal

2
PB - ﬁ‘rG p(P-F-)

A8 NUMBER OF BOLTS, ng

W . __B
BL - _B
Fty AoB

(B.F./P.,F.) PB

n =
B2 B
Ftu AOB
np = maximum of gy and np,
where
FET - tensile yield strength of the bolt
Fﬁl = ultimate tensile strength of the bolt

A.9 BOLT SPACING s (in) OR (mm)

8 = 27 rB/nB

A-6
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if s/dB > 8 decrease bolt size (if possible) and go back to A.2,

if s/dy < n_  increase bolt size (if possible) and go back to A.2,

FLANGE HEIGHT h (in) OR (mm)

e = rB - rG
ro= r t/2
ty = t/2

Ultimate moment to be carried

(F.S5.) PB e
m = ——

Fu 2T r

Subtract effect of bolt holes from the flange width

b =b- dhole{dhae;s

Assume
gl = 0.8
§.2 = 0.18
and compute
¥F —
A = Fl:y b/6 r

F ,
B = F L, (t- tN)/Z
F

t

RZ = B2-44Ac, R = VRZ

h = (R - B)/2A

2 2
C = Fygl{t -tN}/4—mFu

A-7
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where ny' = tensile yield strength of the flange,

A,11 CHECK FLANGE HEIGHT
if s/h > 3 h = 8/3
to prevent waviness of the flange when too thin,

A,l12 WEIGHT AW (1b) OR (kg)

Zri-!-t-l-b
rw= 2
Aw = (b-t)h

Vol = 27r r_ A
ww

AW

Pr * Vol
where Pg = weight density of the flange,

NOTE: Materialdata for some flange, bolt and gasket materials are
given in Tables 2-10 through 2-13.

A-8
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Appendix B
SUMMARY OF THE ANALYSIS METHOD

Lot
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Appendix B
B.1 APPLIED FORCES
f_ = p ro/Z (axial force in the tube wall)
f, = phri/ro (radial force on the flange)
f = p(r2 -r?')/Zr (pressure force on the flange face)
P G i 's]
where

p = applied pressure
r = radius of the tube wall middle surface

r. = inner radius of the tube

h = flange height

r. = gasket radius

B.2 SPRING CONSTANTS

(a) Gasket
A = 2gx r. b
G G -G (Linear spring constant for
Ky = Ag EG/Zn- r_ b flat gasket)

K A E_/2r r (h_+h_) (Linear spring constant
G GoF ° R % for cantilever flange with
pressure energized seal)

where

2
1]

gasket area

=
]

gasket thickness

B-1
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depth of the recess

oy =2
]

= depth of the seal gl'and

EG = elastic modulus of the gasket
EF = elastic modulus of the flange
(b) Bolts
= fg AOB
Kg = Ag EB/Zgr T, 45 (Linear spring constant for
the bolts)
where
AB = total bolt stress area
A = stress area of one bolt
oB
np = number of bolts
| IB = stressed length of the bolt.

(¢) Equivalent Rotational Spring of Bolis and Gasket

e = r., -T

B G

a r.. +Kg e/(KB + K)

cp = Kp K e?/(Ky + Ks) (Rotational spring constant
‘for bolts and gasket)

where
e = lever arm between bolt circle and gasket circle
roo= radius of centroid of combined springs
B-2

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

(d) Equivalent Rotational Spring of the Flange
AF = bh
2
I, = Ap h%/12
c = h/2
r, =T, + b/2
B = Et>/12(1 -¥°)
ko= 12(1-v8y/r ¢
B = Bkr_r /E.lg
I 2
2 :
D = (1p[Ly +6 % +55)] - (B - 5p)
2k F
BD s o
Cp = BT (Rotational spring constant for
[3( F +1_) bolts and gasket)
kAp 4
where
AF = cross-sectional area of the flange
b = flange width
IF = moment of inertia of the flange cross section
ro = radius of the centroid of the flange
B = bending rigidity of the tube wall
k = shell parameter
p = flange parameter
D = determinant of coefficient matrix of equation

for interface bending moment and interface shear
force at the flange neck

(e) Constants for the Determining W, m and a, at the Flange Neck

C =
w

1/2k3B

B-3
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e = °
1 F C
oy ep o)
AR W

e B

1
1 D(c+3)

B.3 INITIAL TORQUING (o)

, ml® = &P /2z r (Applied flange moment})
F B o
x(o) = m;?)/cF (Flange rotation)

0](;) PB/AB (Bolt stresa)

(0) _
Oy’ = PB/AG (Gasket stress)

Variables at the flange neck:

n}(co) 0 (Axial force)

m(o) = C m(o) (Meridional bending moment)
x m F
(o) {0)
Q. = Cq my {Shear force)
(o) _ {0) (o) . .
W = C, (qx -k m_ ) (Radial deflection)
n(o) = E_t w(o)/r (Circumferential force)
y T o
miro) =V m}(:)) {Circumferential bending moment)

B-4
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B.4 PRESSURIZATION (p)

(1 _ ) i :
me’ = f (ra rp)+fx (ra ro) (Applied flange moment

P from pressure)
prz(l-V/Z) r rcfr
Aw = ° [ +r oy AT - -E-—A-— {(Difference in
T o FF radial deflection

between tube and
flange)

mtd) - Bl +1_1)12k) Aw (Equivalent applied

flange moment due
to Aw)

F

u(P) = (fp + fx)/(KG + KB) (Axial displacement)

ll) &

(p) = ——?——T—;:—'E"" (Additional flange rotation due
E F to pressurization)
X(T) = X(o) +)_((P) (Total flange rotation)
§-, = u(p) + (P} K, e¢/(K~ + K ) (Deformation of the gasket)
G X" By G ' "B g
§o = u(P) - X(p) K. e/(K, + K ) (Deformation of the bolts)
B G B B

(T) _ (0) :
o, | = oG t EG c’iG/hG (Total stress in the gasket)

g(T) = g(°)+ EB 6B/£B (Total sitress in the bolts)

B B
Variables at the flange neck:

n(P) = f (Axial force)

x x
(T) _ (T) : :

mp = Cp X (Total equivalent applied flange moment})

m!T) = ¢ m) (Meriodional bending moment)
X m F .
(T) Cq mg:.[‘) (Shear force)

B-5
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(T) (o) (o) : i
w = c_ (g -km' ')+ +r o, AT (Radial
W x 0 BEpt o T deflection)
@ _ Iz i AT +pr_% (Circumferential force)
nY = T -r O pPr. 3 (Circumferenti orc
m:rT) = v m:iT) (Circumferential bending :homent)

B.5 STRESSES IN THE FLANGE

Wtop =W
Yhottom . VT h X
otop = EF Wtc:>p/ro:v

obottom EF Wb\t:oi:tcom/rc

B.6 STRESSES IN THE FLANGE NECK

6 m_  n
o0 =3 T
t
6 m n
6 = +-—J 4L
Uy - 2 £
t
Tey = 1.5 qx/t (max)
where
m_ = meridional bending moment
my = circumferential bending moment
n, = axial force
ny = circumferential force
q, = shear force,

B-6
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B.7 VARIATION OF THE SHELL VARIABLES ALONG THE TUBE

n_(x) = n_(o)
-k '
w (x) = c_e x Ex(o) coskx - k m_(o) (coskx - sinkxi]
L2
+ "o (! -_2— +r a. AT
ET o T
mx(x) = En (o)} {coskx + sinkx) - smkx]
-k
g x) = e % Ex(o) (sinkx - coskx) + 2 k m_(o) sinkx:l
n (x) = Et w (x)/r - op AT +pr v/2
my(x) = ¥ mx(x)

The stresses at a point x are then computed according to
paragraph B.6.

B.8 PLASTIC HINGE

2 gl 1
t™- t k A 3
n E F 4k
x, = — w +V
1 4 L 1 IF
Bl—5 + B+ +57
(Zkz AF 2k
t+t ¢ toe
o 2k
2 * _.L_.|.‘31_F+i
2k2 AF 2k

2 2
Jl+a1+a +30.2
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1/a

az/a

b h/2
x t"1 2 2 h

Yo pa +—4-~ (t™ - tn) + CZ {t -t )-2- , {(Ultimate applied
o n flange moment)

B-8
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Appendix C
INPUT INSTRUCTIONS FOR DESIGN AND ANALYSIS PROGRAM
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Card

Format Column

0 12A6 1-72

1 15 1-5
2 12A6 1-.72
3 E10.,4 1-10
‘ 11-20
21=30
31-40
41-50
4 E10.4 1-1¢
El10.4 11-20
Ei10.4 21-30
31-40

5 I5 1-5
6-10
11-15

6

E10.4 1-10
11-20
21-30

LMSC-HREC TR D306492

Appendix C

Description

Instruction to plotter operator
Number of cases

Title of the plots

P = pressure

di = inner diameter of the tube
t = thickness of the tube

At = thickness tolerance

hT = height of tube frustum
being part of the flange

P.F, = p'roof factor

B.F. = burst factor

F .8, = factor of safety

G.F. = gasket factor

iT = tube material number
(see Table 2-6)

i, = flange material number

F
(see Table 2-6}
i.B = bolt material number

{(see Table 2-6)

i. = gasket material number

G
(see Table 2-7)
Only ifi,, =0

T
Material properties of tube

ET = elastic modulus

VT = Poisson's ratio
pr = density
C-1
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Units

psi (N/mm?)
in, (mm)
in, (mm)

in, {mm)

in, (mm)}

psi (N/mmz)

1b/in3 (kg/rnm3 )



Card Format Column

6 E10.4 31-40

41-50

51-60
7
8
9

E10.4 1-10

E10.4 11-20

E10.4 21-30

31-490

41-50

E10 .4 1-10

E10.4 11-20

21-30

10 1015

1-50

LMSC-HREC TR D306492

Description

o = thermal expansion

coefficient

F;I;r = tensile yield strength
FEI = ultimate tensile strength
Only if i =0

Material properties of flange
(same format and description
as card 6)

Only ifip = 0

Material properties of bolt
(same format and description
ag card 6)

Only 1f1ci =0

Material properties of gasket

EG = elastic modulus

Kg = compressive strength

O seating stress

il

%q = thermal expansion
coefficient
p.G = friction coefficient

Only if i, < 0

Pressure energized seal
h_ = depth of the seal gland '
b, = width of the seal gland

hR = depth of the recess

Options:

Option 1 = 0:
Read tube thickness from
card 3:

Option 1 = 1:
Tube thickness computed

according to Appendix A,
paragraph A l1(b):

C-2
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Units

in/in/°F o
(mm/mm/ C)

psi (N/mmz)

psi (N/mm®)

psi (N/mmz)
psi (N/mm?)

psi (N/mm?)

in/in/°F
(mm/mm/°C)
in,(mm)

in, (mm)

in. (mm)
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Card Format Column Description Units
10 1015 1-50 Option 1 = 2:

Same, but paragraph A.(l{(c) -
Option 1 = 3:

Same, but paragraph A.l1{d) -
Option 2 = 1:

Machined spot faces -
Option 3 < 0:

Flat gasket =
Option 3 > 1:

Pressure activated seal -
Option 4 = }:

Open wrenching (see Table 2-1

or 2-4) -
Option 4 = 2:

Socket wrenching (see Table 2-2

or 2-5) -

Option 4 = 3:

Internal wrenching (see Table 2-3
or 2-6) , -
Option 5 = 0:

Gasket width according to
paragraph A.5(a)

Option 5 = 1:

Gasket width according to
paragraph A,5(b)

Option 5 = 2;

Gasket width according to
paragraph A, 5(c)

Option 6 # 3:

Gasket close to bolt circle

Option 6 = 3:

Gasket close to inside of tube

11 2A6 1-12 Name of tube material -
2A6 13-24 Name of flange material -
2A6 25-36 Name of bolt material -
2A6 37-48 Name of gasket material (or

seal, as applicable) —
12 I5 1-5 Number of loading phases -
13 El10.4 1-10 Temperature differential between
tube and flange °r (°c)
C-3
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