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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

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

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
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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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LMSC-HREC TR D306492

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



LMSC-HREC TR D306492

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

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D306492

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.
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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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Fig.3-2 - Assumed Stress Distribution in the Plastic Hinge

3-7



