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ABSTRACT

A 3-year program was conducted to develop a farnily of flight-weight flanged tube
connectors which utilize the '"Bobbin'' seal concept for both 6061-T6é6 aluminum and
Type 347 stainless steel tubing systems. In addition, engineering support was furnished
during the evaluation of AFRPL stainlees steel threaded connectors by selected organi-
zations. The activities in relation to the first objective consisted of: (1) the selection
of bolted, flanged connectors as the best means of joining tubing from 1 to 16 inches in
diameter, (2) the development of stainless steel and aluminum Bobbin seals for typical
flanged connector sizes, (3) the preparation of a detailed computer program for the
optimum design of flanged connectors incorporating Bobbin seals, (4) the design,
fabrication, and qualification testing of representative flanged connectors, and (5) the
preparation of designs for a family of stainless steel and aluminum flanged connectors,
The activities directed toward the second objective consisted of: (1) the investigation
of seal-removal tools, (2) the design and evaluation of connector modifications to
achieve seal retention and misalignment limitation, (3) the investigation of increased
radial seal loading techniques, and (4) the investigation of stress relaxation in threaded
connectors, In addition to a summary of the technical activities, the report contains
the computer deeign program for flanged connectors, and designs for aluminum and
stainless steel flanged connectors for pressures up to 1500 psi and for tube sizes
through 16 inches. It is recommended that MS standards and specifications be pre-
pared for cryogenic stainless steel and aluminum flanged connectors for tubing through
3 inches in diameter, Additional developmental work is recommended in regard to
larger flanged connectors, and in regard to certain aspects of the stainless steel
threaded connectors.
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ABBREVIATIONS AND SYMBOLS APPEARING IN REPORT BODY *

FS Radial sealing force per inch of seal disk circumference, lb/in.

Fo Radial force per inch of seal tang outside circumference at the root of each
seal disk, 1b/in.

Sy Material yield stress, psi

D, Seal disk outside diameter, in,

De Seal tang outside diameter, in,

Dj Seal tang inside diameter, in.

L Seal tang length, in,

t Seal tang thickness, in.

Py Pressure on outside seal tang circumference, psi

K Dimensionless factor for relating seal tang length to seal tang inside
diameter and seal tang thickness

Sa Allowable stress at most severe operating condition, psi

P Operating pressure, proof pressure, or burst pressure, psi

D Tube outside diameter, in,

TAL Connector design axial load, 1b

PL Pressure end ioad, 1b

TBM ' Tube bending moment, lb-in,

zZ Tube section modulus, in. 3

Sa Minimum stress for calculating tube bending moment, psi

ALp Equivalent axial load, 1b

Sp Bending stress, psi

T Tube-wall thickness, in.

MSL Minimum residual seal load, 1lb

BL Maximum allowable bolt load, 1b

*Individual listings of abbreviations and symbols have been prepared for each Appendix, where applicable.
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LT
DSA

SEE

s

Factor of safety

Bolt tensile stress areca, in. 2

Basic bolt diameter, in,

Axial stress in bolt, in.

Number of threads per inch

Torque, lb-in,

Factor relating bolt torque, stress, and diameter
Seal disk thickness, in.

Axial deflection rate of seal tang, in./lb
Modulus of elasticity of seal material, psi
Circumferential stress, psi

Inner seal tang radius, in,

QOuter seal tang radius, in.

Internal pressure, psi

Externa! pressure, psi

Location of stress, in,

Radial seal load increment contributed by seal disk,

1b/in.




DEVELOPMENT OF AFRPL FLANGED CONNECTORS
FOR ROCKET FLUID SYSTEMS

by

T. M, Trainer, J, V., Baum, J, R, Thompson,
and N, D, Ghadiali

I

INTRODUCTION

In April, 1962, the Air Force Rocket Propulsion Laboratory initiated a program
at Battelle's Columbus Laboratories to develop a family of separable fluid connectors
capable of meeting the stringent requirements of present and future rocket propulsion
systems. The primary objective of this program, Contract AF 04(611)-8176, was to
deeign and evaluate lightweight mechanical connectors that could successfully seal
helium to 2 x 10-7 atm cc/sec in missile-system environments. As a result of this
program, connector design criteria were established, a unique Bobbin seal was con-
ceived, and a threaded connector incorporating the Bobbin seal, for tubing sizes up to
l inch, was designed and its feasibility demonstrated, This work is described in
Technical Documentary Report No, RTD-TDR-63-1115 dated December 1963
(AD 426290).

A subsequent program, Contract AF 04{611)-9578, was initiated in December
1963, to design families of threaded-type tube connectors and to demonstrate their
ability to meet the extreme requirements of missile fluid systerne, Elbows, tees,
crosses, and unions made from Type 347 stainless steel, René 41, and 6061-T6 alu-
minum were designed for standard tubing sizes ranging from 1/8 to 1 inch, and limited
qualification tests were performed with selected connector configurations for 3/8- and
3/4-inch tubing systems, Preliminary MS standards and specifications were prepared
for selected sizes of 4000-psi stainless steel connectors and 1000- and 750-psi alumi-
num connectors, This effort is described in Technical Documentary Report No,
AFRPL-TR-65-162, dated November 1965 (AD 474789),

Two concurrent efforts were then initiated, In one effort, the Air Force Rocket
Propulsion Laboratory reviewed the preliminary standards and specifications, pur-
chased a number of 4000-psi stainless steel connectors, conducted qualification tests
with many of the connectors, provided connectors to various facilities for evaluation,
puablished MS standards and specifications, {1)* and conducted tests directed toward
improving the sea.iing reliability of 3/4- and l-inch stainless steel connectors,
Concurrently, a three-phase program was conducted by Battelle~-Columbus under
Contract AF 04(611)-11204, Under Phase I, a number of procedures were investigated
for achieving a softer sealing surface on 6061-T6é aluminum seals, and an overaging
process was selected as being ideal for aluminum seals of all sizes, The Battelle
work is described in Technical Documentary Report No, AFRPL-TR-67-191, dated
July 1967 (AD B17843),

*MS Standards and Specifications and references are given on page 194.
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Phase 1I, the major effort of Contract AF 04(611)-11204, wae directed toward
the ‘‘evelopment of flight- weight stainless steel and aluminum flanged-type separable
connectors utilizing the Bobbir seal for tubing diameters from 1 through 16 inches,
The activities included the investigation of proinising types of flanged connectors; the
design, fabrication, and qualification testing of seiected connectors; and the preparation
of specifications for families of stainless steel and aluminrum connectors, Phase IlI
included support for the work at the Rocket Propulsion Laboratory on threaded con-
nectors, and the development of a modified threaded-connector configuration to pro-
vide seal retention and a limitation to the degree of misalignment that can he imparted
to the connector during assembly, Thias report describes the work on Phases 1l and LI

under the following major headings:

FLANGED-CONNECTOR DESIGN
FLANGED-CONNECTOR EVALUATION
FLANGED-CONNECTOR SPECIFICATIONS
THREADED-CONNECTOR SUPPORT
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FLANGED-CONNECTOR DESIGN

The flanged-connector~design work consisted of four major efforts: (1) the devel-
opment of Bobbin seals for tubing sizes from 1 through 16 inches, (2) the investigation of
flanged-connector-design criteria, (3) the development of a flanged-connector~design
procedure, and (4) the design of representative connectors.

Design Requirements

As defined by the work statement, flanged connectors were te be designed for the
following service ranges:

Size, inches Pressure, psi Temperature, F
lto3 0 to 6000 =423 to 200
1to3 C to 4000 =423 to 600
1 to 16 0 to 1500 «423 to 200
} to 16 0 to 1500 0 to 1200

The flanged connectors were to be designed for a 5-year storage requirement and
for service with the following fluids:

Oxidizers Fuels Gases

N2O4 Nz2Hg Helium

H0, UDMH Nitrogen

CiF, UDMH/NH (50/50) Hot gas from bi=-

Fp MAF propellant-, mono-

RFNA MHF propellant-, and

Coempound "A" MMH solidepropelli.nt
H, gas generator

On the basis of the work with threaded connectors and the consideration of the
tubing systeme gensrally used in rocket propulsion systems, it was mutualily agreed
and specified in the contract work statement that the tubing materials of primary interest
to the program were 6061«T6 aluminum and Type 347 stainless steel,




Development of Bobbin Seals for
Large«Diameter Tubing

At the beginning of the program, a study was made to determine the best plating
for stainless steel seals, Tentative dimensions for stainless steel and aluminum Babbin
scals were then established for typical large tubing sizes, on the basis of the design
criteria developed previously for threaded connector seals, Seals of these dimensicns
were fabricated and tested, and seal-design formulas were developed for inclusion in
the flange-connector-design computer program, The formulas were subseguently modi-
fied as a conseguence of the qualification testing.

Sealing Principies of the Bubbin Seal

Figure I shows the configuration of a typical Bobbin seal and the four major stages
of seal installation. First, the seal is positioned in the flange seal cavity. As the flange
members are moved closer together, contact between the seal and the fianges is estab-
liched at the edges of the geal disks. An increase in thz axial force on the flanges causes
the Belleville-type disks to rntate at the digk root radii and to take up the diametral
clearance., Further deflection of the disks causes an interference {it at the scaling sur-
faces on the circumference of the seal disks, and as the deflection increases, the contact
force on the sealing surfaces exceeds the compressive yield strength of the seal mate~
rial and the ID of the seal becomes smaller, When the scal is fully assembled, the
flanges ear against rthe seal tang, and cosntinued application of the axial force needed for
preloasding is transmitted through the short cylindrical tang.

Fiange

Sealing surface . .
\, 9 Disk root radii Sealing interface

FIGURE 1!, FOUR STAGES OF BOBBIN SEAL ASSEMBLY
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Low helium leakage can be achieved reliably in a metal-to-metal seal only if plas-
tic deformation is ztiained at the sealing interface, The disks of the Bobbin seal provide
mechanical-force magnification to create a sufficient sealing stress to achieve plastic
deformation at the interface while keeping the axial seal seating force to a minimum,
Consequenily a minimum-weight connector or housing can be obtained. The seal tang
serves four important functions: (1) it resists the radial sealing force until the proper
contact stress is established at the radial sealing interface; (2) it yields owing to the
radia) zealing force after the proper contact siress is reached, and, by yielding, main-
tains a relatively constant sealing contact stress as the flanges are brought into contact
with the taag; (3) it facilitates the independent deflection and yielding of each seal disk,
which may not occur simultaneously owing to variitions in diametral clearance; and
(4) it provides a loading path so that the connector is preloaded independently of the radial
sealing force, and the force on the sealing surfaces is unaffected by changes in the ex-
ternal loads on the connector,

Corrosion Compatibility of Seal
Plating Materials

The yield strength of the surface of the circumference of the seal disks determines
the radial sealing force that must be developed, If possible, the basic seal material
should be softer than the flange material, thus circumventing the cost and quality control
problems associated with plating. This was accomplished for 6061-T6é aluminum con-
nectors by the use of overaged 6061-Té aluminum for the Bobbin seals. However, when
both the seal and the flange materials are soft, as is the case with Type 347 stainless
steel, or when a high-strength seal material is required, plating should be used on the
seal.

Although soft nickel has been used almost exclusively as the plating material for
stainless steel during the development of the AFRPL threaded and flanged connectors,
nickel is not compatible with all missile fluids. Therefore, as a part of this program,

a study was made to determine the optimum plating materials for stainless steel Bobbin
seals for all typical missile fluid systems, and to consider the corrosion problems of the
two structural materials of interest ~ 6061=T6 aluminum, and Type 347 stainless steel,

Table 1 is a list of candidate plating materials, In the first group are common
materials for which considerable propellant-compatibility data exist., The seccnd group
comprises the precious metals for which some compatibility data exist, The third group
consists of exotic metals for which little or no compatibility data exist,




TABLE 1, CANDIDATE METALS FOR PLATING STAINLESS
STEEL BOBBIN SEALS

b Metal Hardness Melting Point, F

Group 1 .

Nickel, ann, 64(a) 2635

Copper, ann, 40(a) 1980

Lead 4(a) 620

Tin, ann, 7(a) 450 i
Groue 2

Gold, ann, 25(a) 1945

Silver, ann, 25-35(a) 1760

Platinum, ann, 38-52(a) 3225

Tantalum, ann, 150(b) 5425
Group 3

Palladium, ann, 40(b) 2825

Rhodium, ann. 122(b) 3560

Cerium 31(b) 1480

Lanthanum 51(b) 1690

Praseodymium 45(b) 1685 .

(a) Brinell Hardness Number.
(b) Vickers Hardness Number,

Preliminary Plating Selection, The following conclusions were reached during
the initial stages of plating evaluation and selection:

{1) Tin appeared to be the only metal that might exhibit reasonable compatibility
with all candidate propellants, However, its resistance to N;O4, H;0,, and
F, is questionable, and it has a low melting point,

(2) Tantalum appeared to have excellent compatibility with all fuels and oxidizers
except fluorine-containing oxidizers, but plating experience with tantalum is
very limited,

(3) Copper, nickel, lead, and silver show poor compatibility with some of the
candidate propellants., Only copper and nickel have outstanding compatibility
in some propellants, and nickel is preferred over copper,

{4) Gold and platinum have goocd resistance to several fluids, .

{(5) The plating materials selected on the basis of the preliminary studies were:
gold, platinum, and nickel.




Corrogion Resistance [ Candidate Materials to Fluids. The corrosion ratings for
the tentatively selected plati materials and for the materials of construction are given
in Table 2, The fluids are separated in groups: oxidizers, propellants, and products of
combustion, Specific compatibility data were not available for all metals exposed to all
of the media in each temperature range, In some instances, the ratings in Table 2 are
based on the performance of similar alloys, or the performance of the alloy in similar
media, A combination of metal and environment is listed as questionable when insuffi-
cient data are available from which to make a good estimate or when there are discrep~
ancies in the available data,

Nickel is suitable for chlorine and fluorine-contairing media in the medium and
upper temperature ranges, and for two of the hydrazine propellants, Nickel is not com=~
patible with HpOp or RFNA, and it is not compatible with the nitric acid formed in water=-
contaminated N2O4. Gold is compatible with RFNA and N,O4. However, no candidate
plating material is compatible with H O, and all plating materials are questionable for
N,H, , MMH, MAF, and MHF.

Aluminum (6061-T6) is compatible with all the fluids except HC] and possibly HF
which are products of combustion. Use of aluminum is limited to 200 F systems, The
compatibility of Type 347 stainless steel with most of the environments being considered
is excellent, In the temperature range up to 200 F there exists a susceptibility to stress-
corrosion cracking in environments containing chlorides, In the temperatore range up
to 60C F, stainless steel can handle the fluorine-containing fuels, but at higher tempera-
tures these fluids are expected to cause rapid attack. However, since the connectors
will be subjected to the medium and higher temperatures for only limited periods, the
use of stainless steel should be satisfactory even at 1200 F,

Galvanic Attack, The problem of galvanic attack is particularly important because
of the 5-year storage requirement, Various combinations of coatings and materials of
construction were considered. In general, the use of aluminum seals in a stainless steel
connector or of nonaluminum seals in an aluminum connector should be avoided because
the galvanic couple will accelerate the corrosion of the aluminum, Of course, this is
true only with those fluids that will serve as an electrolyte,

The galvanic couple created by Type 347 stainless steel in contact with nickel is
not considered to be a significant factor affecting the 5-year=~storage reguirement, There
is some doubt about the gold-atainless steel combination, although this combination should
also be acceptable with fluids that do not act as electrolytes,

Conclusions, On the basis of the work conducted, it was concluded that nickel
should be used if possible, Gold should be used when nickel is questionable and gold is
acceptable, For those applications where neither plating is satisfactory, it will be ne-
cessary to use unplated stainless steel seals; this will result in some reduction in sealing
reliability,

Preliminary Design of Large-Diameter 5eals

The design of large~diameter Bobbin seals began with the consideration of Bobbin
seal parameters based on worl. with threaded~connector seals, These parameters
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included (see Figure 1) the disk root radii, the sealing interface, the disk proportions,
the initial and final angles of the seal disks, and the seal tang dimensions,

Disk Root Radii, During the previous two contracts, two types of problems were
encountered at the roots of the seal disks., For certain combinations of disk thickness
and tang strength, the compressive load on the seal disks was sufficient to cause a slight
bulging of material at the root of the seal disks as the disks were rotated during seal
assembly, This bulging, which was noticed primarily with aluminum seals, prevented
proper mating of the flanges with the seal tang for prelocading, As summarized in Tech-
nical Documentary Report No. AFRPL-TR-67-191, this problem was sclved for amall-~
diameter aluminum seals by offsetting the seal disks slightly inward from the edges of
the tang. This is illustrated in Figure 2, It was decided that this feature would be used
in large aluminum and stainless steel seals, As shown in Figure 2, this offset required
a s2cond radius at the root of each seal disk,

Seal disk offset

FIGURE 2. SELECTED MODIFICATIONS FOR SEAL DISK ROOTS

Another problem noted in the earlier work was the cracking of material at the in-
side corners of the seal disk roots. This seemed to be associated with the sharpness of
the inside root radii, and the problem was overcome in small-diameter seals by making
these radii larger, as shown in Figure 2, This approach was also selected for inclusion
in the large-diameter seals.

Seuling Interface, As indicated in Figure 3, the initial contact at the seal inter-
face occurs at the edge of the seal disk along a relatively narrow surface. Moreover,
because of the rotation of the sealing disk, Angle B diverges, thus tending to reduce the
contact surface even .urther, In the small~diameter seals, the potential problem of a
narrow sealing surface is overcome because the interacting stresses and plastic~
deformation mechanism in these seal sizes causes the edge of the seal disk to deform in
such a way that the seal surface width is increased. Figure 4 shows a typical seal inter=~
face for small-diameter seals, The deformation mechanism is the same for plated and

unplated seals,




1

FIGURE 3, SEAL INTERFACE AT MOMENT OF CONTACT

FIGURE 4. TYPICAL SEAL INTERFACE FOR
SMALL-DIAMETER SEALS
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Because it was expected that the disks of large~diameter seals would be designed
to provide the came radial force per inch of seal circumference as the small seals, the
cross sections of the disks were expectid to be similar, and it was believed that the
large seal disks would deform in a manner similar to that of the disks of the small-
diameter seals, However, during the preparation of the proposal for this contract, it
wae found that the disks of tentative 6-inch seals did not deform at the edges, and a very
narrow sealing surface resulted. This action wae confirmed during Phase 1I of this pro-
gram by the fabrication and assembly of tentative 3-inch stainless steel seals, Although
the reason for this change in seal disk deformation was not known, it was assumed to be
characteristic of large-diameter seals and was believed to be associated with the radius
of curvature of the seal disks,

Two means were considered for achieving an increase in seal width for large-
diameter seals, The first, an increase in radial force per inch of seal circumference,
produced no significant change in seal disk deformation, The second is illustrated in
Figure 5. Geometric analysis showed that the seal disk rotated approximately 6 degrees
while the diametral clearance was being overcome, It was hypothesized that if the even-
tual sealing surface on each seal disk were machined with a reverse angle of 8 to 10 de-
grees as shown in Figure 5a, the flange and seal disk sealing surfaces a2t the moment of
initial contact would be similar to that shown in Figure 5b, As assembly of the seal was
continued, it was believed that the angle between the sealing surfaces would decrease to
approximately 0 degrees, and that the high radial sealing force during the final stages of
assembly would be sufficient to maintain seal contact across the entire disk sealing
surface,

Disk sealing surface

a. Disk Sealing Surface as Mochined b. Seaoling Surfaces at Initial Contact
2859

FIGURE 5. MODIFICATION OF DISK SEALING SURFACE
(See Figure 3 for initial configuration,)
Stainless ateel seals were fabricated according to the preliminary 3-inch design

shown in Figure 6, Examinations of cross sections of assembled seals (Figure 7)
showed that the seal interface was approximately 0.017 inch and that no crackirg
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100X 2A887 100X 2A866 .
8, Scaling Surfsce 1 b. Sealing Surface 2

FIGURE 7. PHOTOMICROGRAPHS OF SEALING INTERFACE OF PLELIMINARY 3-INCH SEAL
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occurred at the inner disk root radii. The results were sufficiently conclusive to war-
rant incorporation of the reverse-angle feature for large-diameter seals,

As described in Technical Documentary Report No. AFRPL-TR-67-191, the
reverse-angle feature was investigated as a means of possible improvement of the seal-
ing action of small-diameter aluminum seals, Since no change in seal interface or seal-
ing action could be chserved, it was decided to omit this extra machining operation for
seals for threaded connectors. However, the reverse-angle feature proved to be effec-
tive in helping to achieve satisfactory assembiy of misaligned flanged connectors, Thus,
if the misalignment-limitation feature developed during Phase III of this program and
described in this report is not sufficient to prevent misalignment problems, the reverse-
angle feature might still be desirable for seals for threaded connectors,

Disk Proportions and Initial and Final Disk Angles. The selection of the propor-
tions and of the initial and final angles for the seal disks is determined by a number of
factors; the most important are the available axial force, the manufacturing tolerances
to be accommodated, and the deformation characteristics of the metal, For the larger
threaded connector seals, it was found that desirable values for the disk dimensions
were: (1) initial disk angle, 30 degrees, (2) final disk angle, 10 degrees, (3) seal disk
thickness, 0.027 inch, and (4) seal disk length, 0,090 inch, Although no change in radial
force per inch of seal circumference was anticipated for the large-diameter seals, it
was realized that the larger machining tolerances associated with the la~ger diameters
required additional consideration of the disk proportions ~ad angles.

Consideration of the initial disk angle led to the conclusion that an increase from
30 to 35 degrees would be desirable for the large-diameter seals, The 35 degrees was
not believed to be too steep to prevent proper toggling action of the seal disks during
assembly, and a 20-degree rotation from 35 degrees would provide a 33 percent greater
diametral change than would a 20-degree rotation from 30 degrees. While this change
in initial seal disk angle would increase the axial force required to seat the seal, the
seal seating force needed in large -diameter connectors was estimated to be much less
than the preload force needed to resist pressure and structural loading. (In contrast,
for the smaller threaded connectors, the seal seating force was a significant percent
of the required preload,) Satisfactory assembly was achieved with the 35-degree initial
angle on the 3-inch seal design shown in Figure 6,

Although the best length of seal disk was difficult to estimate, it was apparent
that the 0.027-inch thickness used on the small-diameter seals would be difficult to
machine in large diameters. Consequently, the disk thickness was increased to 0, 040
inch, On the basis of general disk proportions and machining tolerances, the following
approximate disk lengths were selected: (1) 0,165 inch for tubing through 9 inches in
diameter, (2) 0.230 inch for tubing through 12 inches in diameter, and (3) 0, 305 inch
for tubing through 16 inches in diameter. As described later, these dimensions were
subsequently revised as a result of the qualification tests,

Seal Tang Dimensions. As described in Technical Documentary Repert No.
AFRPL-TR-65-162, the deformation mechanism of the Bobbin seal is a complex com-
bination of elastic and plastic strains in the axial as well as the radial direction. Be-
cause the development of an accurate theoretical strain analysis would have been very
costly, the design of threaded connector seals was based on a combination of theoretical
and experiment.' information, It was decided that the same method would be used to
establish tang dimensions for the large-diameter seals,
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The design approach used for the threaded~ and flanged-connector seal tangs be-
gan with the following steps:

(1) The radial sealing for.e per inch of seal disk circumference, Fg,
was selected as 600 1b/in, (a discussion of this value is given on
page 165).

{2) The radiz] force per inch of outside seal tang circumference, Fr,
at the root of each seal disk due to Fg varies as a ratio of seal disk
outside diameter, D, to seal tang outside diameter, De, viz,,

FT = FS Do/'De . (1)

(3) The radial force per inch of seal tang outside circumierence from
the two seal disks, 2FT, can bz equated to a pressure, P, on the
outside circurnference of the seal tang (this assumes that the effect
of the two disk forces is distributed evenly across the short seal
tang length)

P =2F_/L, (2)

where L. = seal tang length.

(4) The &reAasure needed to produce a totally plaetic state in the seal .
tang 18
2
PT = 7?5)' Cln (De/Di) = ZFT/L s (3) .
where
Sy = seal material vield stress, psi
C = 0. 72 {from calculations by Beliaev and Sinitskii{3)]
D; = scal tang inside diameter, in.
D, = seal tang outside diameter, in,

Thus, for a given inside or outside tang diameter and a given seal material yield
strength, Equation (3) can be used to establish a number of seal tang dimensions that
will produce the desired radial force per inch on the outside circumfsrence of the seal
tang.

The tang of the 3-inch seal shown in Figure 6 was established by using Eguation (3) -
and by selecting the tang inside diameter to be approximately the same as the inside
diameter for heavy wall tubing., Examination of the microsections, shown in Figure 7,
showed that the nickel plating was less deformed t":an expected. However, it was
decided that thie basis of calculation should be used until more experimental data could

be obtained.

Because it was 70t clear whether the optimurn seat width of 0. 020 inch (see
page 165) could be achieved in the large-diameter seals, tentative tang dirmensions were
calculated for two widths of sealing surfaces, 0.015 and ¢, 020 inch. Also, in
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anticipation that a higher strength inaterial mighi be required to keep the large-dismerer
seals sufliciently small in crosn section, tang dimensions were calculatad for threc
typical yield-stress levels of candidate seal materials. The results of thase cilculations
for three typical seal sizes are shown in Table 3,

TABLX 3, TENTATIVE TANG DIMENSIONS FOR THREE TYPICAL SEAL SIZES

Ly

Yield Strength Seal Disk
of Seal Width of Tang Inside  Taag Outside Outside ~ Tang
Material, Sealing Sur- Diameter, Diameter, Diameter, Length,
Sy‘, Pl tace, in, D;, in, Dg, in, Dy, in. L, in,
30,000 G, 020 1. 800 2,230 2,500 0.120
3.585 4,430 4,700 0.410
7.450 8.730 9,000 0.690
0.015 1.900 2,230 2,500 0.165
3,800 4,430 4,700 0,305
7.745 8.730 9.000 0.525
60,000 0.020 2,000 2.230 2.500 0.110 3
4,000 4,430 4,700 0.215 i
8.0790 8.730 9.000 0,330 :
0.015 2,060 2.230 2,500 0. 085 ;
4.100 4,430 4,700 0.165 ‘
8.230 8.730 9.000 0.255
90, 000 0, 020 2.065 2,230 2,500 0,083
4,140 4,430 4,700 0. 145
8.275 8.730 9. 000 0.228
0.015 2,115 2.239 2,500 0.058
4.200 4,430 4,700 0,115
8.395 8.730 9. 000 0.168
In addition, the graphs shown in Figures 8 and 9 were prepared using the above
mathematical analysis. From Figure 8 it can be seen that for a smali tang length, the
uvse of & material with a yield strength of 60, 000 to 90, 000 psi will greatly reduce the

size and weight of the larger seals and the size and weight of the larger connectors, It
can be seen from Figure 9 that an increase in seal tang length results in a reduction in
the outside Adiameter of the seal, thus reducing the diameter and weight of the connector,
However, the weight of the seal remains high if a material yield strength of 30,000 psi
is used. Further, if the L/t ratio for the tang is too great, the assumption that the
radial disk forces can be equated to a uniform external pressure on the tang is no longer
valid. A judgmental compromise between a reduction in tang thickness and a limitation
on tang length was approximated by the expression:

L=k upy'’?, (4)
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whe re

L = tang length, in,

K = 0.250
t = tang thickness, in,
D; = inside tang diameter, in,

Equations (3) and {4) form a set of simultaneous equations which can be solved
through iteration on a digital computer., The tang calculations for typical yield-strength
values are shown in Table %.

As the program developed, it became increasingly obvious that the seal tang wouid
often have to be as long as possible to achieve the lightest connector. Thec reduction in
vang thickness as a function of an increase in tang length was computed by ircreasing K
in Equation 4, These data are shown in Table 5. To investigate the practical limits of
seal tang iength, seals were fabricated from overaged aluminum and from Type 304
stainless steel for the 2~ and 4~inch sizes with various L/t ratios. Assembly data for
these seals are given in Table 6.

Examination of the microsections of the stainless steel sealos showed that bowing
of the tang was negligible at an L/t ratio of less than 2,5 for Z-iach seals and 3.5 for
4-inch seals, Typical cross sections are showu in Yigures 10, 11, and 12, The bowing
in the 2~inch seal even at an L/t ratio of 3,80 was not too great, Although the aluminum
geals did not deform uniformly because «f faulty material, it was apparent that an L/t
ratio of 3,50 would be satisfactory.

On the basis of the L./t tests, it was concluded that the tang could be designed with
a maximum L/t ratio of 3,50 for seal sizes at least as large as 4 inches, and probably
larger. However, it was decided that a tang thickness equal to the tube wall thickness
would be specified, except for thin-wall tubing ‘low pressure systems) and for L/t ratios
greater than 3, 50,

Evaluation of Preliminary
Large-Diameter Seals

Preliminary, representative large-diameter seals were evaluated by deformation
and leakage tests using techniques formulated during the development of threaded-
connector seals,

Deformatiorn Evaluation of 2- and 4-Inch-Diameter Seals, During work with seals
for threaded connectors, it wae found that the sealing capabilities of the seals could be
reasonably estimated by means of the maximum axial loads needed to assemble the
seals, and by examinations of cross sections of the seal interface (for example, see
Figure 7). Similar studies were made with 2- and 4-inch nickel-plated austenitic stain-
less steel seals with dimensicns approximately those shown for a material yield stress
of 30,000 psi in Table 3, The actual tang dimensions, the peak axial loads required to
assemble each seal, and the calculated minirmum force per inch of seal circumference
are shown in Table 7,
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TABLg 5, COMPUTED DIMENSIONS OF SEAL YANGS FOR B, - 1 THROUGH
HANCHES USING DIFFERENT VALUES OF K (S, - 30,000 PSI)

B —cemTTT

—— ——
[N

o‘, in. Dy, in. L, in. K L FEERTN NS in, L, in.
) 1.6460 0.1368  6.2%00
2 2.9509 0,1979 ____0,2%00_ 1 547 2
I TIA251  0.2564  0.2800 1 en 8 a7 aedens
& 6 6848 0, 3068 __ 0,250n 3 3,307 0,426} 0,5600
R —n S
791 0,294 0 5,429 K- E
7.8106 0.4354 0.2500 6 9;3532 0.6638 8;3238
8 A B544 0.4744 042500 7 T.aTeh 0.7339  0.S600
i 1,38377 70,1482 "0, 3100 s gy : .
2 __2.4050____0.2260___ 0,3100_ 1 1.2876  0,2260  0.6200 :
3 3,539% 0,2911 00,3100 2 9 Q v
. 4.5912 03393 03100 3 "53532:'"”Ag:2§zg "3:2588"
55,6369 0,6020  0.3100 & _4.389% __ 0.5e51 0.6200
66,6732 (,4528 __ 0,3(00 _ S 85,3972 0,6299  0.6200
T 1,707 0.5000  0.3100 ; :
L} 8,738A8 0.5451 __ 0,3in0._. T T.463 784
1 1,330 0.1675 " 0. 3unn " w4032 6.7843  0.6200
. o o e . .a030 _ 0.8558  0.6209
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N T At S i W TF 1) 0.4850 "9 6900
b 6.5Bes 015162 0.3M0g_ el dn_ 0.5842 _ J.eu0n
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. . 0 3mg 6,392] 0,7605  0.6900
1 1.3009  0.1830  0.4400 o artlaeo.sell o 0.6300
—& 203135 0.2812 __ 0.e400 e T e T o e
33,6209 0,3635  0,4e00 3 12008 0204 D.7%00
& 4,4660__ 0,4370__ 9,4600_ —&2.2597___0.29%4 . D.T800
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Y 5.5312 2.567¢ 0.8400 Y 3 ] ¥ ¥s
7 7.5584 0,06273 0, 8800 by .3; 3 O.Glao 0,7500
W al8833 0 enes __ ol esva - 6.303; 0,803 0,7500_ _
11,2756 0,1879  0,5000 o o2 0.9803  0.7500
. 8,407¢  0.9698  0,7%00

—R . 2,3%23___ _0.3046___ 0,5000_
3,3495 0,3944 0,5000
4

S.4593 0,579 0,5000
b b.aHT2 08167 0.50u0_
T 7.8123  0.6A1T  0.5000

=8 8,85351 _ 0o, Te36 __ 0,9000,

TABLE 6. ASSEMBLY DATA FOR STAINLESS STEEL AND ALUMINUM
SEALS WITH DIFFERENT L/t RATIOS

Axial Seating

Seal Size Tang Tang Force (Peak 1)
and Thickness, Length, L/t Axial Force, 1b per Inch of Seal
Material Specimen t, in, L, in, Ratio Peak 1 Peak 2 Circumierence, lb/in,

2-in, 1 0,229 0.215 0.939 5,676 6,000 708
aluminum 2 0,199 0.239 1.201 5,496 5,880 688

3 0.179 0,270 1. 508 5,760 5,784 720
4 0.154 0,296 1,922 5,460 5,520 682
S 0,130 0, 322 2. 477 5,124 5,488 642
] 0.102 c, 352 3.451 4, 584 4,872 572
4-in, 7 0.306 0,332 1.084 9,90 10,200 702
aluminum 12 0,123 0,538 4.37% 7,50 8,400 532
2-in, 13 0,235 0,213 0.906 7,560 - 932
stainless id C.200 0,246 1,230 7,120 7.200 880
i5 0.180 0,269 1.494 7,475 7,800 922 '
16 0,153 0.2% 1,922 7,080 7,200 872
1Y 0,128 0,318 2. 484 6,730 6,820 830
8 0,098 0.378 3, 857 6, 240 6,480 170
4-in, 19 0,268 0.330 1.231 11, 000 11,500 775
stainleas 20 0.230 0,180 1.652 11, 400 11,750 803
2} 0.205 0.414 2,020 10, 750 10,650 758
22 0.173 0.454 ¢, 624 10,250 11,600 723
23 0.138 0,494 3, 580 10, 000 10,450 704 i
24 0.101 0. 541 5. 350 9,000 9,200 633
19
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FIGURE 10,

FIGURE 11,

FIGURE 12.

2-INCH STAINLESS STEEL SEAL
L/t= 3,857

4-INCH STAINLESS STEEL SEAL
L/t = 3, 580

4-INCH STAINLESS STEEL SEAL

L/t=5, 145

20

A 684




TABLE 7, DIMENSIONS AND MAXIMUM AXIAL ASSEMBLY FORCES
FOR NICKEL~-PLATED STAINLESS STEEL SEALS

Axial Seating

Seal Out- Tang In- Force (Peak 1) per
side, Diam., side Diam,, Tang Thick- Axiil Force, 1b Inch of Seal Cir-
Specimen Dy, in, D;, in, ness, t, in. Peak 1 Peak 2 cumference, 1b/in,
1 2,505 1.920 0.155 5,225 5,775 734
2 2,508 1. 820 0.205 6,975 7,725 980
3 4,709 4,020 0.205 8,250 190,350 700
4 4,709 3.820 0.305 7,950 10,000 676
5 4,700 3.622 0.405 10,800 13,250 897

The maximum axial forces per inch of seal circumference correspoended well with
the forces required on threaded-connector seals to seal helium to 10~7 atm cc/sec.
Examination of the seal interfaces for the different specimens led to the following
conclusions:

(1) Except for Specimen 1, all seals had a seal interface width close
te 0,020 inch (all specimens had a sealing surface machined on a
10-degree reverse angle on each seal disk),

(2) A higher force per inch of seal circumifer: nce resulted in
Specimen 2 having a better seal interface than Specimen 1,

(3) A higher force per inch of seal circumference resulted in
Specimen 5 having a better seal interface than Specimens 3 and 4,

Leakage Evaluation of 2-, 4-, 8-, 12-, and 16-Inch-Diameter Seals, Because of
the promiesing results of the deformation tests with the 2- and 4~inch~diameter seals, the
decision was made to conduct leakage tests with representative seals, Overaged
aluminum was selected as the seal material for major use because it is exsily machined,
it requires no plating, and its sealing action is believed to be similar to that of nickel-
plated stainless steel. The dimensions for 4-, 8-, 12-, and l6-inch-diameter seals and
the seal seating forces are given in Table 8,

The peak seal seating forces ver inch of seal circumierence were almost 50 percent
greater than the average 450 1b/in. of seal circumference achieved for aluminum seals
for threaded connectors, Unfortunately, the construction of the leakage test fixture did
not provide for adequatie restraint of the deflection of the fixture because of pressure end
loads. However, on the basis of the adequate sealing of the seals up to the different
pressures (2000 psi maximum) at which deflection caused leakage, it was concluded that
the seals were satisfactory, It was also decided that the higher axial! force per inch of
seal circumference (750 ib/in. ) would be retained for the aluminum seals for flanged
connectors.
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TABLE 8. DIMENSIONS OF ALUMINUM SEALS FOR LEAKAGE TESTS

U—

008
o
/o.oao\\ ‘
| 080
9
‘ !
A-SI000
Axial Force per
Inch of Seal
Tube +.000 +,000 c +.002 Peak Axial Circumference,
Diameter =~ - ,002 - .002 - .000 D £.002 E F & ,002 Force, 1b Ib/in,
4 4.708 4, 4490 3,180 0,940 0. 480 0.290 9,060 612
8 9.008 3,740 7. 900 0,040 0.660 0,470 14,7560 522
12 11,998 11,626 10,685 0.060 0.830 0,570 298, 300 78
16 15,998 15,500 14, 326 0,060 0.958 0.608 35,600 108

f _——————
Note: All dimensions in inches,

Because soft nickel plating has approximately one-third the yield strength of
aluminum, and because nickel-plated stainless steel seals were apparently performing
satiafactorily in threaded connectors with a design axial seal seating force of 6LV 1b/in,
of seal circumference, a design value of 750 1b/in, of seal circumference was also
sclected for stainless steel seals for flanged connectors, A 2-inch nickel-plated stain-
less steel seal with a measured peak axial seal seating force of 768 Ib/in. of seal cir-
cumference gave a leak rate of 6.6 x 10-9 atm cc/sec witk a helium pressure of

2000 psi.

Determination of Minimum Seal Load. The design of the Bobbin seal substantially
separates the axial preload from the radial sealing load, However, some residual axial
load is required and test: were conducted with aluminum seals to determine the reduction
in axial seal load that could be tolerated without excessive seal leakage, Representative
overagad 6061 aluminum seals were assembled and pressurized with helium at 2000 psi.
~n initial preload equal to the pressure end load plues one-half the seal seating load was
applied, Once a leakage rate (Column 4 in Table 9) was established, the applied external
load was decreased in increments until the leakage rate exceeded *he allowable limit,

The difference between the threshold load (Column 5) and the pressure end load was the
minimum axial seal load.

¥For the 2-inch seal, the minimum axial seal load was 31 percent of the seal seating
load, whereas for the 6- and 8-inch seals, ithe minimum loads were 45 and 41 percent,
respectively, In the case of the 4-inch seal, the external load was actually less than the
pressure end load before an increase in leakage rate could be detected. As a general
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rule {~r designing the connector, it was decided that the residual axial load should not
be less thai 50 percent of the axial seal seating lnad,

TABLE 9. MINIMUM AXIAL SEAL SEATING LLOADS FOR ALUMINUM SEALS

e —

Nomina! Axial Seal Total Initial L.eakage Load at Pressure Minimum
Seal Seaiing Initial Rate at 2000 Psi, Alicwable End Axial
Size, Load, Axial atm cc/sec/in. of Leakage Load, Seal

in, 1b, Load, b seal circumference Rate, lb 1b. Load, lb
4 5,500 11,650 9.3 x 10-10 10,600 8,900 1700
4 9, 500 36,250 4.6 x 10-10 28, 500 31, 200 -2700(a)
6 13,500 73,000 5.2 x 10-8 70, 000 64,000 6000
8 16, 00¢C 134,000 2,2 x10-10 119,000 112, 400 6600

(a) This value indicates that the final external force was less than the pressure end force,

Development of Computerized
Seal-Design Procedure

Seal-Design Procedure for Qualification Tests. On the basis of the results from
the seal-development work, the following step-by-step procedure was derived to design
the seals for the connectors used in the qualification tests, The tube inside diameter
was calculated in the tube-design section of the computerized connector-design program,
In the seal -design section of the program, the seal inside diameter was made equal to
the tube iriside diameter plus 0. 04 inch {to allow for seal contraction) for tube sizes
through 8 inches in diameter, or to the tube inside diameter plus 0, 06 inch for tube
sizes greater than 8 inches. As shown by Curve 1 of Figure 13, the seal disk height
was calculated as a step function of tube size. The seal disk thickness was made
0.04 inch for all tube sizes,

The seal tang thickness was first made equal to the tube wall thickness, and
Equation (3) was used with the appropriaie material yield stress and the required
radial force to calculate a tang length, The ratio of seal tang length to seal tang
height was checked to determine that it was not greater than: (1) 3.5 for tube sizer
up to and including 3 inches, (2) 2,5 for tube sizes up to and including 8 inches, and
(3) 2,0 for tube sizes greater than 8 inches, If the calculated ratio was greater than
allowable, the tang thickness was increased by steps of 0, 005 inch and the calculation
of seal tang length was repeated until a satisfactory ratio was obtained. The previously
established seal disk dimensions were then used with the aelected tang to determine the

final scal design.

Revised Seal-Design Procedure. As discussed on pages 144 through 146, the
qualification testa showed that the seal design procedure had to be revised for three
reasons, First, the selected disk thickness of 0, 040 inch had to be increased because
of the pressure-impulse requirementa of the high-pressure aluminum connectors,
Second, the disk height of the larger, high-pressure stainlesas steel seals had to be
increased to provide more elastic recovery for thermal-gradient requiremenrnts, Third,
the radial force per inch of seal circumference for all stainless steel seals, and in
particular for the high-pressure seals, had to be increased to provide batter s=21ling
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contact to overcome imperfections and manufacturing variations in the nickel surface of
the seals, During consideration of these requireinents, it alsc became apparent that
shorter disk heights were needed for the seals for tubing less than 3 inches in diameter.

The design procedure was revised to begin with the calculation of seal disk height
as a linear function of tube size. As shown by Curve 2 in Figure 13, the linear varia-
tion was made to approximate the disk height of the 3-inch qualification-test seals be-
cause of the satisfactory thermal-gradient performuance of the 3-inch stainless steel
connectors. The seal disk height for the l-inch size was based on engineering judg-
ment and on seals used under Contract AF 04{(611)-8176 for threaded connectors, For
the larger scals, the seal disk height was made as great as possible without increasing
the basic connector structure as determined by the operating conditions and the ma-
terial properties, Following the seal-disk-height calculation, the inside diameter of
the seal was made equal to the tube inside diameter plus an allowance for seal con-
traction proportional to the seal disk height,

The seal tang thickness was initially made equal to 0.9 times the tube wall thick-
ness, and a tang length was calculated using Equation (5a):

L = ZFT/[SY In (D_/D,)], (5a)
where

L = tang length, in,.

Fr = radial force per inch of outside seal tang circumference at root
of each seal disk, lb/in., [ FT was made equal to 750 1b/in. for
all aluminum seals, 1200 lb/in, for low-pressure stainless steel
seals, and 2500 1b/in. for high-pressure stainless steel seals, |

SV = seal material compressive yield stress, psai

De = tang outside diameter, in,
D;j = tang inside diameter, in,

On the basis of additional consideration of allowable bowing in the seal tang, the
maximum allowable ratio of seal tang length to seal tang thickness was set at 4 for all
tube sizes, and an iterative check (see page 23 ) was performed on the calculated ratio
until a satisfactory ratio was obtained. Equations (5b) and (5c) below show the calcula-
tions derived for seal disk thickness, The maximum of the two values obtained was the
designed disk thickness. T'ese equations were based on the successful performance
of a seal disk thickness of 0. 060 inch in the pressure-impulse test of the 8-inch alumi-
num connector, and on the judgmental applicaticn of beam-strength considerations to

other disk sizes.
LT =F_D /DS , {5b)
T o ey

and
LT =0,04 +0.001 D~ P/12, (5¢)
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where

LT = seal disk thickness, in,

D, = seal disk outside diameter, in,

D = tube outside diamswer in,
P -~ operating pressure, usi,

Investis_ation of Connecter-Design Oriteria

- —

Several criteria raust be considered in the design of separable connectove for iavge
tubing systems. An investigation was made of these criteria prior to the dev:lopment of
a compnterized, connector-design prograr:, In addition to the seal development work
described previously, this wark included: (1} dewign approximations for conventional
flanged connectore; (2) investigation of nonconventional connector tcenfigurations;

(3) compr.rison of coavencional and nonconventional connectors; (%) investigation of con-
nector thermal gradients; (5) investigation of bolt parameters: and (6) investigatior of
stress relaxation considerations,

Design Approximations for Conven-
tional Flanged Connectors

Conventional connectors include either integral or loose-riag flanges fastened
together by bolts, These configurations are illustrated in Figure 14. The important
factors that determine the physical dimensions and weight of conventional connectors
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FIGURE i4, CONVENTIONAL FLANGE CONNECTORS
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include the {1) design conditions, (2) seal dimensions, (3) materia. properties, (4) tube-
wall thickness, (5) connector loads, {6} bolt strength, and (7) wrench clearance. Each
of these factors is discussed briefly, and approxirnate comparative weights are given
for conventional integral and loose-ring connectors,

Design Conditions, Ou the basis of the requirements of misaile systems as defined
by the work statement, five combinations ¢f temperature, pressure, material, and tube
size were selucted for deosign approximations, These are listed in Table 10, Some de-
sign penalties were imposed for the low-pressure system because the cornputea tube-wall
thickness for pressure retention (for smaller tube sizes especially) was not great enough
for normal handling c¢vr fabrication of the tubing system, and heavier tube-wall thicknesses
required a heavier connector to withstand the higher bending moment loads,

TABLE 10, CONDITIONS FOR DESIGN APPROXIMATIONS

Tube System Maximum
Diamaeater, Pressure, Temp,
in, psi ¥ Material

1 to 16 100 200 Type 347 S5
1 to 16 1500 200 Type 347 SS
1 to 16 1500 200 6061-Té6 Al
{ to 3 4000 600 Type 347 SS
ito3 6000 200 Type 347 SS

For the design approximations, no consideration of thermal gradients was included
in the ioad and/or stress analyses, However. on the basis of concurrent laboratory
measurements of thermal gradients (see page 56), it was decided not to use steel bolts
with aluminum flanges,

Seal Dimensions. As shown in Figure 15a, if the seal OD is relatively large, the
bolt-circle diameter will be larger than that required to accommodate wrench clearance
at the boit head. If the seal OD is small and the seal length is excessive (Figure 15b),
then the length of the bolt may be longer than neceassary, It is desirable, therefore, to
select an "optimum' seal configuration (Figure 15c) which will not penalize the flange
design. For comparison purposes, the seal dimensions selected were based on a seal
tang thickness equal to the tube-wall thickness. The other dimensions of the seal were
then selected to satisfy seal-performance parameters as discussed previously.

Material Properties. To provide a common basis for stress and weight calcula-
tions, values were selected for the minimum strength properties of the connector ma-
terials, Some of these values are listed in Table 11. For 6061-Té6 aluminum connectors,
the bolt material selected was 2024-T3 aluminum, while for stainless steel connectors,
the bolt material selected was heat-treated, high-strength A286. Also, for analysis

s urposes, factors of safety of 1,5 for aluminum materials and 1,25 for steel materials

were selected,
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TABLE 11, MATERIAL MINIMUM-STRENGTH PROPERTIES SELECTED
FOR CONNECTOR COMPARISONS(a)

6061-Té6 2024-T3 Type High-Strength
Aluminum Aluminum 347 SS A286
Modulus of Elasticity, 10° psi 9.9 9.9 28.0 29.0
Density, 1b/in, 3 0.098 0. 098 0.288 0.286
Room Temperature (70 F)
Tensile Yield Strength, psi 35,000 50, 000 35,000 131, 000
Ultimate Tensile Strength, psi 42,000 62,000 90, 000 200, 000
200 F
Tensile Yield Strength, psi 32,200 47,000 30, 000 128, 000
Ultimate Tensile Strength, psi 38,100 59,000 76, 500 196, 000
600 F
Tensile Yield Strength, psi - - 25,000 120, 000
Ultimate Tensile Strength, psi - - 68,000 180, 000

(a) Some of these properties were revised in later designs.

Tube-Wall Thickness. The tube-wall thicknesses selected for this study were
calculated by the following formula from Section I of the ASA Code for Pressure Piping:

1.1 PD

- TS, (6)
25, + 0. 8P

Tube-Wall Thickness

where

allowable stress of tube material at most severe operation
condition, psi

m
o
u

P = operating pressure, proof pressure, and/or burst pressure, psi
D
1.1

tube outside diameter, in,

factor applied for fabrication tolerance.

The most severe operating conditions that determined minimum tube-wall thick-
ness were (1) proof pressure (one-and-one-half times maximum working pressure) for
Type 347 stainless steel, and (2) burst pressure (two times maximum working pressure)
for 6061-T6 aluminum, For the 100~psi conditions; a minimum wall thickness was
selezted on the basis of weldability and ease of handling, Table 12 shows the calculated
tube-wall thicknesses.
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TABLE 12, TUBE~-WALL THICKNESS CALCULATED FOR
CONNECTOR COMPARISONS

Tube-Wall Thickness, inches

Tube 5061-T6 Aluminum, Type 347 Stainless Steel
Diameter, 1500 Psi, 100 Psi, 1500 Psi, 4000 Psi, 6000 Psi,
D, in, 200 F 200 F 200 F 600 F 200 F

)| 0. 042 0.022 0. 040 0.120 0.147
2 0.084 0.028 0. 080 0. 240 0.294
3 0.126 0.035 0,120 0. 360 0.44!1

4 0.168 0.035 0.160
5 0.210 0. 050 0.200
6 0,252 0.050 G. 240
7 0.294 0. 050 0.289
8 0,336 0.050 0,320
9 0.378 0. 050 0. 360
10 0.420 0.050 0.400
11 0,460 0. 050 0. 440
12 0.504 0.063 0.480
13 0. 546 0.063 0,520
14 0, 588 0.063 0.560
15 0.630 0.063 0.600
16 0.672 0,063 0, 640

Connector Loads, Three types of loads (pressure end load, tube bending load, and
minimum residual seal load) combine in different ways to determine the operating con-
ditions, The connector design axial load (TAL) was determined on the worst-case basis
of:

(1) Axial load due to proof pressure plus minimum seal load

(2) Axial load due to operating pressure plus equivalent bending
load plus minimum seal load,

The design axial loads (TAL) for each tube OD and combination of temperature,
pressure, aad material are shown in Table 13.

30




TABLE 13, DESIGN AXIAL LOADS CALCULATED FOR
CONNECTOR COMPARISONS

Design Axial Load (TAL), 1b

Tube 6061-T6 Aluminum, Type 347 Stainless Steel
Diameter, D, 1500 Psi, 1500 Psi, 4000 Psi, 6000 Pesi,

in, 200 F 200 F 600 F 200 F
1 3,951 3,472 8, 296 12, 082
2 13,414 12, 754 32,942 45,083
3 30,592 30,958 59, 502 83, 480
4 47,868 46,367
5 64, 348 62,525
6 84,770 81,686
7 107, 356 103, 814
8 135,187 128,758
9 165,122 159,032

10 204,083 194, 326

11 248,840 241, 760

12 292,546 284,865

13 334, 785 331,507

14 397,426 381, 681

15 452,201 434,853

16 510, 487 492,636

The prer=s 'v= end loads at operating and proof pressure conditions were calculated:
™ P(D ) 2

(o]
PL = ——p— (7)

where

PL = pressure end load, 1b
P = operating pressure or proof pressure, psi
D, = seal outside diameter, in,
The tube bending moment was calculated on the basis of Equations (8) ard (9) and

the lower value was selected, The static bending moment due to misalignment at as-
sembly was defined as half of the tube bending moment,

TBMI

ZSa , (8)

TBM2 = 60 (D + 3)3 (9)
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where

TBMI1 and TMB2
Z

il

tube bending moment, lb-in,
3

tube section modulus, in,

minimum of 2/3 yield strength, 0.8 stress to
rupture in 2 years, or 0,5 fatigue strength, psi

Sa
D = tube outside diameter, in,

The equivalent axial load due to tube bending was calculated:

. ALg = Sg nT (D-T) , (10)
where
ALp = equivalent axial load, 1b
Sp = bending stress, psi
T = tube -wall thickness, in.
D = tube outside diameter, in,

The minimum residual seal load, MSL, was calculated to be 10 percent of the
assembly-seal sealing load, i.e., about 75 1b/in, of seal circumference:

MSL = 75 7 (Dg) , (11)
where

MSL = minimum seal load, 1b

se2l outside diameter, in,

if

Do

Bolt Strength. For design approximation, high-strength A286 bolts and 2024-T3
aluminum bolts were selected for the stainless steel and aluminum connectors, respec-
tively. The room-temperature strength properties of these bolt materials are shown in
Figures 16 and 17. The maximum allowable bolt loads at maximum operating temper-
ature for various bolt sizes are shown in Table 14. The allowable bolt loads were com-

puted as follows:

s
BL =LA, (12)

where

BL = maximum allowable bolt load, lb

tensile yield strength of bolt material at maximum operating
temperature, psi
FS - factor of safety; for 2024-T3, FS = 1.5, for AZB6, FE =1, 25
2
n . 97437
z tensile stress area = -—(D _0.9743%
4\ n /
and D = basic major bolt diameterx, in.,
n = number of threads per inch,
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TABLE 14, MAXIMUM ALLOWABLE BOLT LCADS, POUNDS

Bolt Size, 2024-T3 Aluminum, A286
in, = TPI 200 F 200 F 600 F
10-32 - 2, 050 1,925
1/4-28 1,139 3,734 3,505
5/16-24 i, 818 5,960 5,595
3/6-4 2,751 9,015 8,463
7/16-20 3,719 12,186 11, 440
1/2-20 5,011 16,418 15,413
9/1¢t. 18 6,360 20, 835 19,560
3/8-18 8,010 26,273 24,665
3/4-16 11,686 38, 284 35,940
7/8-14 15,963 52,297 49,095
1-12 20,774 48, 061 63,894

v« rench Clearance,

men?t,

side diameter plus the wrench-clearance diameter,
bolts that can be used in a flange is the space between the bolts required for wrench
Table 15 lists the across-flats dimensions and the wrench-clearance diame-

clearance,

ters that were used in this comparison study,

Intelral -F! ange Connector,

TABLE 15, BOLT-WRENCH CLEARANCE
Hexagon Head Wrench-
Bolt Size Across Clearance
Size. in, Flats, in, Diameter, in,
1/4 7/16 0.88
5/16 1/2 0.94
3/8 9/16 1.00
7/16 11/16 1,08
1/2 3/4 1,34
9/16 7/8 1,51
5/8 15/16 1.59
3/4 1-1/16 1,73
7/8 i-1/4 1.94
1 1-7/16 2,16

The total-axial-lcad data in Table 13 were used to
dete rmine the nuniber and size of bolts required for integral flange connectors for each

representative tube size and pressure condition,
for designing integral flanges in accordance with the formulas and methods set forth in

A computer program was established

COne of the bolt characteristics that influences the dimensions

of the connector is the bolt-head size and its corresponding wrench-clearance require-
One minimum limit on the bolt-circle diameter is established by the tube out-
A limit on the maximum number of




the ASME Code for Unfirad Pressure Vessels - Section Vili. Bolt-circle inputs were
determined from the minimum of two conditions: (i) connector hub OD + 2 x (rut radius +
wrench clearance between nut and hub} or 2} seal-cavity-clearance diameter + 2 x bolt
radius, Flange OD inputs were found by adding two times the belt diameter to the calcu-
lated bolt circle.

. Loose-Ring Flange Connector, The number and gizxe¢ of bolts required for the locvee-
ring configuration were identical to those required for the integral-flange connectors,
Loose-ring-thickness calculations were made using the bolt-circle and ring OD dimensions
established for the integral-type flanges. The stub flanges were designed by a computer

- program get up for the loose~ring design, The OD of the stub flanges was the minimum
that would contain the seal cavity while providing adequate bearing area between the flango
face and the loose ring.

Weight Comparison. Comparative weights for the integral and the loose-ring con-
nectors were computed and are shown in graphical form in Figures 18 through 21,

Investigation of Nonconventicnal
Connector Conﬁgurations

The investigaticn of nonconventional connectors was iniliated by a search for basic
configurations, Three major sources were searched: (1) patents, (2) commercially
available connectors, and (3) connector concepts available from the literature and from
past Battelle projects, Approximately 60 patents were obtained, studied, and classifie
according to the basic design approaches. Letters were sent to approxirnately 316 com-
panies requesting design information on available or promising connector configurationas,
A search was made of the extensive literature on connectors cnllected under Contract
AF 04(611)-8176, and of the connector concepts conceived during that project and during
other Battelle projects on connectors, Frorn this work, five connector configurations
were selected as containing design features worthy of detailed atudy.

To permit a comparison of nonconventioral and conventional configurations, a
preliminary design of each nonconventicnal connector wae developed for the design con-
ditions given in Table 10, Type 347 stainless steel was chosen as the material for all
nonconventional connector designs, This selection permitted a more general comparison
of the different configurations and simplified the comparison procedure, The tube-wall
thickness and the total axial load were common to all conventional and nonconventional
connector configuratione, The residual seal-seating-load requirement was also common
to all connactora,

X -Connector, The X-connector designed by the Parker Aircraft Cornpany is shown
in Figure 22, The cuter portion or fastener of this connector serves the same function
as the bolts in a conventional connector, The fastener is fabricated with end diameters '
large enough to pass over the stub flanges during assembly. A special tool is used to
swage or deform the end portions of the fastener inwardly and arcund the stub flanges,
The fastener is contained and deformed in such a way that it seats the seal and provides
joint preload,

A 1/2-inch X-connector and a 3/4-inch X-connector have been developed through
funding from General Electric and NASA, and tests have been conducted satisfactorily
with helium at 4000 psi. Development of the X-connector with the Bobbin seal in the
larger tube sizes would be somewhat questionable because of the large axial seal-seating
motion and high joint preloads which are required. Furthermore, the connector is a
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semipermanent rather than a separable connector, However, not only does the connector
have unique features, but it appears to have been investigated more thoroughly than any
other nonconventional connector in the past few years,

A design similar to the X-connector, shown in Figure 23, was established for the
estimate of connector weight., The weight of the connector fastener was calculated using
the computer program established for the nut of the threaded-flange connector. The
weights of the stub flanges were made identical to those of the stub flanges of the con-
ventional loose-ring connector,

V-Band Connector., The V-band connector is an acceptable tube fastener tor many
industrial and aerospace applications., Several design variations are possible in th«
V-band structure, but limitations must be imposed owing to tube size, system pressure,
and permissible leakage, A three-segment band interconnected by the stud and nut
arrangement shown in Figure 24 was chosen as the best configuration for liquid rocket
propulsion systems. This design is more suitable for large tube diameters and for the
high axial seal-seating motion required by the Bobbin seal, Also, a more accurate pre-
load can be realized with this configuration than with a single-fastener, single-strap con-
figuration, since less relative motion exists between the band and flange pressure faces
during assembly,

The flange-face pressure angle and the thickness of the flange beyond the tube OD
were chogen to provide the axial motion required for seal-seating and joint preload., The
included angle on the V-band was not allowed to exceed 35 degrees, The distance be-
tween the pressure faces of the V-band was determined from the summation of dimensions
of the contained flanges and seal, These parameters, together with the total-axial-load
data and an assumed friction angle, provided the inputs to a computer program estab-
lished to calculate the weight of the V-band. The flange weights were calculated by the
stub-flange computer program,

Compression-Collar Connector, The load-carrying membear of this connector is a
two-segment collar similar to a two-segment V-band with parallel faces on the inwardly
projecting flanges. The design as presented by Allied Research Associated is shown in
Figure 25, One of the inwardly prujecting flanges of this connector is tapped for socket-
head screws which bear against a hardened steel ring on one of the flange faces. These
screws, when tightened against the hardened steel ring, produce axial motion which
forces the flanges against the seal to provide joint preload.

The fastener for the redesigned compression collar is in the form of a continuous
thin-walled nut as shown in Figure 26, The two end rings of the nut member are de-
signed to contain the bending loads, and this permits the thin-wall construction of the
interconnecting cylinder, This design was chosen because it represents a lighter
weight than can be realized with the thick-walled two-segment design, where bending
loads must be carried through the entire length of the connector., Computations of the
weight for the rut, the nut ring, and the flanges were accomplished by computer pro-
grams. The weights of these elements plus the socket-head screws and hardened steel
ring make up the total connector weight,

Breech-Type Connector, The breech-type connecto1 uses a nut member to carry
the total axial load over and around the seal area. The design as it is manufactured by
Thorrhill-Craver Company, Inc,, is shown in Figure 27, One of the flanges, called the
lug hub member, contains outwardly projecting tapered shelves., The nut member con-
tains inwardly projecting tapered shelves which contact the tapered surfaces of the
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hub-member shelves. Relative totating motion between the lug hub and nut member pro-
duces an axial motion and compressive force on the flanges and seal. Only a few degrees
of nut member rotation are required foxr connector preload. The torque is applied by the
arm and bolt device shown in Figure 27,

The redesigned breech-type connector is shown in Figure 28, To save weight, the
arm and bolt arrangement for applying axial preload was removed. Splines were de-
signed on the nut and hub to providu the contact surfaces through which a special tool can
transmit joint assembly torques, Cammed surfaces on the joint loading tabs were de-
signed with a 9-degree lead angle, and tab-face areas were sized to provide a bearing
stress less than the allowable for Type 347 stainleas steel. The nut-wall thickness was
calculated to withstand the total axial load in tension, together with the bending loads
imposed by the tabs, These data were used in the nut and flange computer programas to
complete the required calculations, The total connector weight consists of the stub- and
tab-flange weights and the tab, spline, and nut weights,

Threaded-Flange Connector. A gear-powered union designed by Resistoflex
Corporation contains a worm and worm-gear arrangement to reduce the wrench torque
required to assemble the connector (see Figure 29), This type of torquing device in-
creases connector weight for two reasons: (1) the gear reduction assembly is an integral
part of the connector and (2) the diameter of the load path is considerably greater than
the flange OD and this produces increased bending momente, requiring thicker nut-wall
construction. A redesign of this connector produced the more familiar threaded-flanged
connector, shown in Figure 30, Weight data for the threaded flange and nut were pro-
vided by separate computer programs set up for the threaded-flange connecter, while
the plain-hub data came from the stub-flange computer program, The Ligh nut torques
required for preloading this design must be provided by a special tool attached to the
connector through the hub and nut splines,

One design of a special tool which could be used with this connector is shown in
Figure 31, A chain similar to a timing chain would be wrapped around the hub spline
of the connector and tightened to anchor the tool and to sustain the countertorque im-
posed by the tool. A second chain would be wrapped around the tool drive gear and nut-
spline area of the connector, and the ends would be connected to form an endless chain
drive, This drive chain would be tightened by an idler wheel to complete the attachment
of the special tool. Torque could be applied to the connector nut through either of two
wrench positions on the special tool, The low-torque position would be used to attain
greater speed in seating the seal, and the high-torque position would be used to apply
the preload.

Comparison of Conventional and
Nonconventional Connectors

Weight is believed to be the most important parameter in the comparison of con-
ventional and nonconventional connectors., The information pertaining to weight, and to
comparisons of a more general nature are discussed in the following sections,

Weight Comparison, The connector weights for the representative systems are
summarized in parametric-curve form in Figures 32 through 35, The weights shown
represent the flange and fastener portion of the connector external to the tube cutside
diameters, The weicht of the seal is not included. The V-band connector is the heav-
iest for the four conditions investigated. The high weight exhibited by this configuration
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FIGURE 32, CONNECTOR WEIGHTS FOR A 100-PSI, 200 F SYSTEM
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is due primarily to the noncontinuous fastener element. The fastener does not have the
structural -strength advantage that can be realized with a composite ring-and-cylindrical -
fastener arrangement, and the imposed bending moments must be suatained in a structure
similar to a simple beam. The fastener must also carry the tensile load due to total
axial load. The fastener thickness required to carry the combined tensile and connector-
imposed bending loads is in excess of four times the thickness required for the pure ten-

sile load.

According to the curves represcenting the compression-collar and breech-type con-
nectors for each of the four conditions. there is no weight advantage of these connectors
as compared with the conventional integral-flange connector, The curves dencting the
loose-ring flange, the threaded flange, and the X-connector show that these connectors
are the lightest in weight of those investigated during the analysie. However, the feas-
ibility of the X-connector ie low when examined in relation to the program requirements
for zero leakage, reassembly, and use with the Bobbin seal.

The threaded-flange connector represents the lowest weight design of all the con-
nectors investigated. A more detailed weight comparison for the loose-ring and
threaded-flange connectors is shown in Table 16, Weight savings in excess of 25 per-
cent are possible in several instances, as shown by this comparison, The low weight
of the threaded-flange connector is due to the fact that the axial load path is contained
within a minimum envelope around the seal cavity,

TABLE 16, WEIGHT COMPARISON FOR LOOSE-RING
AND THREADED-FLANGE CONNECTORS

System Tube Stainless Steel Connector Weights, b
Pressure Diameter, Loose-Ring Threaded Percent
and Temperature in. Flange Flange Lighter
1 0, 4u u. 26 35.0
3 2.00 1. 66 17.0
100 psi 5 5.13 4. 20 i8.1
200 F 8 10. 76 9. 8¢ 8.4
12 24.77 24. 15 --
16 45, 06 45, 26 .-
i 0. 56 0.49 12.5
3 3.82 3.21 i6.0
1500 psi 5 9.68 7. 31 24.5
200 F 8 20. 51 16, 37 20. 2
12 60. 87 43. 60 28.4
16 105.73 89. 54 15.3
4000 ps. 1 0.95 0.71 25,2
600 F 2 3.1 2. 71 28.1
3 7.26 5. 44 25.1
6000 psi 1 1. 06 0.82 22.6
200 F 2 4,09 3,09 24.4
3 7.95 6. 47 18.6
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Miscellaneous Comparisons, A second area of connector comparison was con-
cerned with some general features of each design. The features evaluated are shown
in Table 17, The conventional integral-flange and loose-ring-flange connectors are
combined under the single heading '"Bolted Flange' in Table 17 since the designs are
identical for the features being considered, The best overall rating for these general
design features was shown by the bolted-flange and compression-collar connectors,

TABLE !'~, COMPARISON OF GENERAL DESIGN FEATURES
Bolted Compressicn Threaded Breech Segmented X-
Condition Flange Collar Flange Type V-Band Connector
Special tools Good Good Undesirable Undes.rable Good Undesirable
Required clearance ~ bevond  Acceprabdle Acceptable Good Good Acceptable Kndesiradle
connector snvelope
Preload accuracy Good Good Acceptable Acceptable Acceptable Acceptable
Required machining tolerarce Good Good Acceptable Undesirable Acceptable Acceptable
Flange load distribution Good Good Undesirable Undesirable Acceptable  Acceptable

with axial misalignment

e et A e S —T e
e e

A third area of comparison was the estimated assembly time required for each
connector type, The calculations were based on "Assembly Time Units''. One (1)
Assembly Time Unit (ATU) was defined as the time required to insert one bolt (for the
smaller connectors) through the holes of a conventional connector, to start the nut, and
to run the nut to a hand-tight condition (1ATU =15 to 30 seconds), The ATU values for
basic assembly functions are shown in Table 18,

TABLE 18, SINGLE-BOLT ASSEMBLY-TIME-UNIT REQUIREMENTS
P — —————

Connector Assembly Tube Diameter
Function I Through 4 In. 5 Through 16 In.
Hand Assembly 1 203
Seal neating 1/2 per nut turn 3/4 per nut turn
Preload torque i lto2
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Table 19 gives the breakdown and summarization of ATU's for the individual
assembly functions cf bolted-flange connectors, Table 18 was prepared for conventional
connectors in particular, but slight alterations made the data applicable to compression-~
collar and V-band connectors, Tables 20 and 21 present the eatimates for these two
configurations, Although time estimates for breech-type and threaded-flange connectors
were less accurate, since their assembly functions could not be directly associated with
the assembly functions of a simple boit, Tables 22 and 23 present the estimated assem-
bly times for these two connectors, The final column in each of the five assembly-time
tables represents the range of estimated real time. The summary of agssembly-time
eastimates, as listed in Table 24, represents the average of this real-time range.

TARLE 19, BOLTED-FLANGE-CONNECTOR ASSEMBIL.Y-TIME ESTIMATES
Turns
Tub. 1oy Single~Bolt ATU Tiune
Pressure., Diameter, . Boltag Seat Hand Scal Pretoad Taotal Range,
psi in, No, Size Seal Asscimbly  Seating Torque Total ATU min
! 6 ¥ 10 3-3/4 i 2 ] 4 24 6tn 12
100 [ 20 1/4 3-1/2 2 3 ] © 120 30 to 60
16 46 t/4 6 3 4 1 ] 288 7210 144
1 b # 10 i~3/4 1 2 1 4 24 61la 12
1500 H 16 3/8 2-3/4 2 3 P2 7 112 28 1o 56
16 40 1/ 4-1/4 b 4=-1/2 2 9-1/2 285 71 to 148
6000 | 6 # 10 3-3/4 1 A i 4 24 610 I
3 10 3/ 2=3/4 i I-1/2 P4 4-1/2 45 Ilte 22
TABRLE 20, COMPRESSION-COLLAR-CONNECTOR ASSEMBLY -TIME ESTIMATES
Turns
Tuhe to Joant Single=-Bolt ATU Time
Prewaure, Diamcter DBolts Seat Haad Inscrt Seal Prcload Total Range,
P in. Nor, Siwze Scal Asscembly Bolt Scating Torque Toral ATU min
! L ¥ 10 $-4/4 ) t 2 1 4 27 Tto 14
100 L &0 1/4 i-1/¢ & 1 3 i 5 105 26 10 52
16 44 \ /4 b .} 1 4 1 6 ele 53 10 100
1 6 410 3-3/4 3 H I'4 1 4 27 7Tto 14
1500 [-) 20 5/1¢ 3 5 i -1/ 1-1/2 S 105 26 to 52
16 34 7/16  4-1/4 8 1 3-1/2 2 6-1/2 229 57 to 114
6000 i 6 ¥ 10 3-3/4 3 1 2 3 4 27 7t l4
3 12 5/16 3 4 ) 1-1/2 1-1/2 4 52 13 to 26

it
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TABLE 2). V~-BAND-CONNECTOR ASSEMBLY-TIME ESTIMATES
Nut Turns
.Tube to Single Nut ATU Time
Preu\‘.xre, Dxa@eter, Nuu. Seat Hand Seal Preload Total Range,
psi in. No. Size Seal Assembly Seating Torque Total ATU min
1 b ¥ 10 7 1/2 5 1/2 6 36 9to 18
100 8 [ 5/16 5 1 4 1 6 3é 9to 18
16 . 6 7/16 8 1-1/2 6 1-1/2 9 54 14 10 28
i 6 # 10 7 1/2 5 1/2 6 36 9tol8
1500 8 6 3/4 3-1/2 1 6 1 8 48 12 to 24
16 6 1-1/4 5 1-1/2 9 1-1/2 12 72 18 to 36
6000 1 6 1/4 6-1/2 1/2 5 1/2 6 36 9to 18
3 6 5/8 4 1 5 I-1/2 7-1/2 45 12 to 24
TABLE 22, BREECH-TYPE-CONNECTOR ASSEMBLY-TIME ESTIMATES
Tube Joint Attach lirne
Pressure, Diameter, Hand Special Seat Preload Lock Remove Total Range,
psi in. Assembly Tool Seal Joint Joint Tool ATU min
1 2 Not reqd. 2 2 2 .- 8 2to 4
100 8 2 16 14 2 [ [ 46 12 to 24
16 4 24 40 4 10 10 92 23 o0 46
1 2 Not reqd. 2 2 2 -- 8 2to4
1500 8 2 16 14 8 [ 6 52 13 10 26
16 4 24 40 16 10 10 104 26 1o 52
6000 1 2 8 2 2 2 4 20 510 10
3 3 8 4 2 3 4 24 6 to L2
— e — =
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TABLE 23, THREADED~-FLANGE~-CONNECTOR ASSEMBLY-TIME ESTIMATLS

Tube Joint Attach Time
Presaure, Diameter, Hand Specia) Seat Preload Remove Range,
psi in, Assemnbly Tool Seal Joint Tool min
100 1 2 No. reqd, 2 2 ~~ 6 1-1/2ta 3
. 8 4 ¢ 14 2 6 42 11 to 22
16 8 [2 ) 40 4 10 86 21 to 42
1500 1 2 Not reqd. 2 2 - 6 1-1/2 to 3
8 4 16 14 8 6 48 12 to 24
- 16 8 24 40 16 10 98 25 to 50
6000 i 2 8 2 2 4 18 4-1/2t0 9
3 3 8 4 2 4 21 Sto 10

TABLE 24. SUMMARY OF ASSEMBLY-TIME ESTIMATES

Tube
Pressure, Diameter, Bolted Compression Threaded Breect Segmented

psi in, Flange Collar Flange Type V-Band
100 1 9 min 10 min 2 min 3 min 14 min
8 45 min 39 min 16 min 18 min 14 min
16 1 hr 45 min 1 hr 20 min 31 min 35 min 21 min
1500 1 9 min 10 min 2 min 3 min 14 min
8 42 min 39 min 18 min 19 min 18 min
s 16 1 hr 45 min 1 hr 25 min 38 min 39 mun 27 min
6000 1 9 min 10 min 7 min 8 min 14 min

18 min 19 min 8 min 9 min 18 min

The threaded-flange connector shows the lowest time requirement for the largest
range of systern parameters, The V-band connector requires slightly lower assembly
times in tube diameters from 8 to 16 inches at syatem pressures of 1500 psi and below,.

Conclusions and Recommendations, On the basis of the investigations described
above, the following conclusions were reached:

(1) Optimized conventional integral- and loose-ring~flange con-
nectors will be lighter in weight than most flanged connectors
that might be developed from nonconventional configurations,

(2) Nonconventional threaded-flange connectors offer the promise
of a weight savings of up to 25 percent as compared with con-

ventional flanged connectors,

(3) The successful development of large, threaded-flange connectors
depends on the development of easily used assembly tools,

The following recommendations were made concerning the development of flanged
connectors during the remainder of the program:

(1) Conventional integral- and loose-ring-flange connectors should
be developed for all sizes and service conditions,
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(2) With funds in addition to those allocated, a parallel program
should be undertaken to develop large threaded-flange con-
nectors and appropriate assembly tooling, This development
could be undertaken in the following major steps: (a) the de-
sign of representative connectors and associated assembly
tools and (b) the fabrication and field evaluation of selected
connectors and assembly tools.

Investigation of Connector
Thermal Gradients

As described in Technical Documentary Report No. AFRPL-TR-65-162, a separ-
able connector can achieve very low helium leakage rates over a wide temperature range
only if the connector design can accommodate the effects of thermal gradients, This
degree of design sophistication is not usually required for connectors containing liquids,
and as a resuit, most separable~connector designs do not include a detailed thermal-
gradient analysis, The development of such an analysis technique for the AFRPL
threaded connectors is believed to be a major reason for the success of the connector in
maintaining low gas leakage over large temperature ranges. Consequently, the de-
cision was made to incorporate a thermal-gradient analysis in the design procedure for
flanged connectors,

The effects of thermal gradients on a connector are strongly dependent on the con-
figuration and operating principles of the connector, As discussed previously, the
Bobbin seal specifically incorporates a feature to minimize the effect of changes in axial
load on the effectiveness of the seal. Because of the complex configuration of flanged
connectors, a theoretical analysis of heat transfer in a connector is not only very costly,
but is also subject to significant inaccuracies, Thus, the decision was made to estimate
the connector thermal gradients by making temperature measurements on connector
parts similar to those expected for the final connectors,

Experiments With Flange Segments. The initial thermal-gradient tests were con-
ducted with bolted flange segments, The use of segments that were sized to simulate a
typical portion of a connector flange greatly reduced not only the cost of the parts but
ali o the cost of the tests, It was believed that the results of these tests would facilitate
the selection of optimum connector proportions, The details of the segments are shown
in Figures 36 and 37, Two segments of each size were bolted together, and thermo-
couples were attached to the bolt and to the segment as shown in Figure 38, The sides
of the segments were insulated, and the surface simulating the inside surface of the con-
nector and the tube wall was subjected to hot and cold fluid temperatures according to
the required connector temperature limits,

Figure 39 shows the thermocouple readings when the inner surface of a simulated
high-pressure, stainless steel connector was placed in contact with liquid nitrogen. The
sudden drop in temperature near TC~6 after 11 minutes was attributed to increased heat
transfer between the nitrogen and the connector as local boiling of the nitrogen subsided,.
The decision was made to mount the simulated connector in a vertical position to permit
the bubbles to escape more readily and more closely simulate a flowing liquid,

Figures 40, 41, and 42 show typical results for vertically mounted specimens, The
average flange temperatures were obtained from the arithmetic average of four thermo-
couples in the flange segments, One thermocouple located in the center of the bolt was
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A . F G
80 Sl
! A-53384
g‘“.‘: Pressure. No of Deg. of
in p A 8 C D F G H J K Sim Bolts|Sim. Flange
1 8000 0,38 27-1/2 0.68 0.49 0.149 3.8 0.83 0.12 0.201 0.19 6 60
3 6000 v. 87 17-1/2 1.32 0. 94 0 44 2.9% 1,88 018 0.397 0.3¢ 10 36
4
1 4000 0.40 27-1/2 0.65 0. 46 0.1196 | 4.00 0. 50 0.12 v 201 020 (] L]
K] 4000 012 17-172 1.15 0.83 0.375 .22 1.28 015 0 332 0.36 10 38
1 1500 0.48 27-1/2 -1 0.38 0.0418 | 4.17 0.33 0.12 0 201 0 24 L] L1d
3 1500 1.08 21-1/2 0,81 0.56 0.1196 | 3. 34 0.96 0.18 0.286 0 54 8 45
5 1500 1.45 19-172 0.88 0.67 0.20 3.11 1.3y 0.1% 0.332 013 10 36
8 1300 1.45 11 1.20 0. 82 0.32¢ 2.61 1.89 0.18 0.397 0.73 18 22.5
12 1500 1.45 8 1.85 1.18 0.48 1.18 2.12 c.19 0.531 0.73 24 15
16 1500 1.45 5-1/2 1.81 1.31 0.64 1.00 Q.50 0.19 0. 531 0.73 k3 11.28

Note - All dimensions in inches unless otherwise noted.

FIGURE 36, DETAILS OF SEGMENTS FOR THERMAL-GRADIENT TESTS FOR
SIMULATED TYPE 347 STAINLESS STEEL BOLTED FLANGES

R
L1y

J(hole size)

Himox fillet wald)

e e v ——-———

E Wela
—_—A F t G
8
A-83384
Tubhe
L 7 No of Deg. of
in, A B « n E F [ H ! K Sim. Bolts | Sim. Flange
1 0.48 27-1/2 ¢.13 U 48 0. a2 42 w2 [ 1.1 0. 2A6 0.24 [ 80
a 1.08 21-1:2 1.06 0. 69 0. 126 3.7% 078 013 ©.397 ] 8 45
3 1.20 14-1/2 | v. B4 ¢ 210 3. 1.23 0.15 0,531 0.60 12 30
[] 128 10 1.71 108} ¢.336 282 1.68 015 | v 6ss 0 64 18 20
12 1 44 1-1/2 2.38 138 0. 504 2. 08 2. 41 0 18 0 813 012 24 18
16 1.83 6 285 1 67 0 672 1.8 3 0o 1] 0 938 076 n 11.28
Note  All dimensions in inches unless otherwise noted

FIGURE 37,

DETAILS OF SEGMENTS FOR THERMAL-GRADIENT TESTS FOR
SIMULATED 1500-PSI 6061 ALUMINUM BOLTED FLANGES
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o

used to measure the bolt temperature, The reaults showed that a significantly greater
thsrmal-gradient problem exists with stainless steel connectors than with aluminum con-
nectors, The tests also showed that it would be undesirable to use steel bolts with alumi-
num connectors despite their higher strength and greater resistance to damage due to
handling, Figure 43 shows the maximum temperature difference measured for different
sizes of aluminum and stainless steel connector flange segments when in contact with
liquid nitrogen and boiling water,

Experiments With Connectors. Thermal-gradient measurements were made with
2- and 3-inch connector assemblies made of Type 347 stainless steel and 6061-T6
aluminum in both integral and loose-ring configurations. For the integral-flange as-
sembly, measurements were made of the temperatures at the Bobbin seal tang, the
integral flange at the bolt circle, and the bolt shank between the flanges. For the loose-
ring assembly, temperaturas were measured at the Bobbin seal tang, the outside diam-
eter of the stub flange, the loose ring at the bolt circle, and the bolt shank midway
between the flanges, Table 25 shows the results of the tests, A compariscia of the
integral-flange-to-bolt temperature differences for the 3-inch aluminum and stainless
steel connectors in Table 25 (35 F and 55 F, respectively) shows good correlation with
the values measured for the 3-inch-connector flange segments shown in Figure 43b and
d (25 F and 62 F, respectively),

TABLE 25, RESULTS OF THERMAL-GRADIENT MEASUREMENTS
FOR CONNECTOR ASSEMBLIES AT ROOM TEMPER -
ATURE EXPOSED TO LIQUID NITROGEN

Temperature Difference, F

Seal Integral Seal Stub Loose
Tube to Flange to Flange Ring
Diameter, Flange Integral to Stub to Loose to
in, Type Material Flange Bolt Flange Ring Bolt
3 Integral Type 347 SS 70 55
2 Integral Type 347 SS 30 49
3 Integral 6061-T6 Al 60 35
2 Integral 6061-T6 Al 30 50
3 Loose Ring Type 347 SS 65 65 75
2 Loose Ring Type 347 SS 35 60 60
3 Loose Ring 6061-Té6 Al 30 30 48
2 Loose Ring 6061-T6 Al 40 32 34

Deflection Measurements, Measurements were made of the deflections in the
flanges of the 2- and 3-inch aluminum and stainless steel connectors subjected to liquid
nitrogen temperatures. The connectors were assembled and the bolts were stressed to
selected preload levels, When the connectors were filled with liquid nitrogen, the de-
flections of the flange elements were measured to determine the effects of the thermal
gradients. The results of these measurements are shown in Figures 44 through 47,

As shown in Figure 44. when the 3-inch, Type 347 stainless steel, integral flanged
connector was cooled, the thermal gradients caused the flange elements to rotate
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of the seal and the flange plus radial shrinkage of the tube adjacent to the flange. Thus,
in the flange-design program, it appeared necessary to account for the effects of thermal
gradients in the 1adial direction as well as in the axial direction,

Investigation of Bolt Parameters

A survey was made of the technical literature available at Battelle-Columbus on
bolted fasteners. Approximately 120 references were selected and cataloged. Also,
about 23 reports on material properties were surveyed and cataloged. Catalogs and
technical literature on other types of fasteners were included in the information survey.
Although several interesting types of fasteners were identified, it was decided that no
fastener configuration geriously challenged nut and bolt fasteners for the conventional
integral~ and loose-ring-flange connectors that were selected for development.

Preliminary Investigation of Fasteners for Stainless Steel Connectors, Preliminary
calculations for estimating fastener loads per inch of connector circumference were made

on the basis of the system requirements given in Table 10, Tentative values of the axial
loads due to pressure and bending that must be sustained by the fasteners for Type 347
stainless steel tubing systems are given in Figure 48.

The strengths of bolt-nut fasteners were obtained from catalog data for commer-
ially available socket~head-type bolts with an ultimate tensile strength of the order of
190,000 pei. Figure 49 shows the strength/weight ratios for these fasteners using three
different bolt spane or grips, It can be seen that the smaller bolt sizes give a somewhat
better strength/weight ratio. Figure 50 shows the tensile load that can be sustained by
bolt-nut fasteners made froni A286, on the basis of data published in NASA CR-357(4),
Preliminary selections of A286 bolt sizes for the three high-pressure service ranges are
listed in Table 26,

Preliminary Investigation of Fasteners tor Aluminum Connectors, A search was
mace {or suppliers of high~strength aircratt-quality aluminum bolts, and for information
on Yolt yield strength at 200 F and -400 ', Fastener supply companies and fastener
manufacturers werc contacted, Several companies could supply 6061-T6 aluminum bolts,
and a few could supply 2024-T4 aluminum bolts from stock, but none could supply higher
strength alum.num bolts from stock. None of the companies contacted could supply in-
formation on bolt yield strength for any of the alloys at the desired temperatures or at
room temperature,

A preliminary estimate was made of the axial loads that must be sustained by the
fasteners for the 5061-T6 aluminum connectors. An estimate was made of the tensile-
load capability of 2024-T4 aluminum bolts in sizes from 1/4 to 7/8 inch, as illustrated
in Figure 51. Table 27 shows the preliminary sele¢ .n made of the bolt size and num-
ber required for bolled flanged connectors for 1500-1 i aluminumn connectors,

Two guotations were obtained for 7075 alurminum bolts, as shown in Table 28, It
appezared possible to ol-znin bolts of the diameter and length required for the connectors
in AN 300 series 7075-T1T73 aluminum with a NAS /24-type 12-point head, Commercial-
gquality-aluminum bolts in alloy 7075-T6¢ manufactured in compliance with American
Standard B18,2-1955 ailsc appeared to be available as required, However, it was con-
cluded that the use of 7075 aluminum bolts for the connectors would impose a substantial

cost lisadvantage,
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conversely to the direction of rotation during bolt-up. This resulieu irom axial shrinkage
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TABLE 26. PRELIMINARY SELECTION OF A286 BOLT SIZES

FOR STAINLESS STEEL CONNECTORS

6000-Psi, 4000-Psi, 1500-Psi,
Tube 200 F System 600 F System 200 F Syetem
Diameter, Bolt No, of Bolt No. of Belt No. of
in, Size Bolts Size Bolts Size Bolts
1 No, 10 6 No. 10 6 No. 10 6
Z 5/16" 8 1/4" 8 No. 10 6
3 3/8" 10 5/16" 10 1/4" 8
4 5/16" 8
5 5/16" 10
6 3/8" 12
7 3/8" 14
8 3/8" 16
9 3/8" 20
10 3/8" 24
| B 1/2" 20
12 1/2" 22
13 1/2" 24
14 1/2" 26
15 1/2" 30
16 1/2" 32
TABLE 27, PRELIMINARY SELECTION OF 2024-T4 ALUMINUM
BOLT SIZES FOR 1500-PSI, 200 F, 6061-Té6
ALUMINUM CONNECTORS
Tube Diameter, in, No. of Bolts Size of Bolts
1 ) 1/4-28
2 6 5/16-24
3 8 3/8-24
4 10 1/2-20
5 12 1/2-20
6 14 9/16-18
7 16 9/16-18
8 18 5/8-18
9 20 5/8-18
10 22 5/8-18
H 20 3/4-16
12 24 3/4-16
13 26 3/4-16
14 24 7/8-14
15 26 7/8-14
ib 30 7/8-14
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TABLE 28, QUOTED COST OF 7075 ALUMINUM BOL TS

7075-T6 American

7075-T73 AN3IDD Series Standard B18,2-1955
Cost per Cost per
Size 100 Lb, $ Size 100 Lb, $
BM9138-4-7 439,00 1/4-28 x 3/4 49,70
BM9138-6-20 524,40 3/8-24 x 2 46, 00
BM9138-8-30 593.00 1/2-20 x 3 53,35
BM9138-10-40 844,20 5/8-18 x 4 83,50
BM9138-12-54 1067.10 3/4-16 x 6 140, 00
BM9138-14-67 1863, 00 7/8-14 x 7 168, 00

Preliminary Consideration of Threaded-Fastener Parameters. A study was made
of published information on such factors as preload, fatigue failure, vibration resistance,
corrosion resistance, surface {inish, hardness, lubrication, fastener stiffness, and the
effect of successaive tightenings,

Three methods of predicting bolt preload or tension are commonly used: (1) mea-
suring the applied torque, (2) measuring the fastener's extension, and (3) estimating the
amount of nut rotation, Patented configurations have begun to appear recently, which are
based on the yielding of a part of the bolt-nut assembly, Measurement of the applied
torque is the method most often used, although some of the new designs show considerable
promise. Price and Trask(5) investigated the following factors and their effect on bolt
tension:

(1) Structure material

(2) Bolt grip length

(3) Lubricant

(4) End of fastener turned

{5) Number of successive tightenings.

Variations in the structural materials showed little difference in the bolt torque for
lubricated parts, Howevei, steel bolts mated with a titanium structure showed higher
torques than steel bolts mated with an aluminum or steel structure for nonlubricated, as-
received parts, The maximum bolt load on aluminum structures and other low compres-
sive yield materials is limited by local deformations of the structure at the area of con-
tact with the bolt head and nut, The grip length and the end of the fastener to which
tightening torque is applied had little effect on the torque-preload relationship,

Lubrication of the mating parts, however, had a significant effect on the torque
required to produce a specified bolt load., The torque required to stress a nonlubricated
(specimens as-received) 3/4-inch bolt to 100,000 psi was 5140 lb-in. This torque was
2590 lb-in, when the specimen was lubricated. Price and Trask noted similar results
at other stress levels for 3/4-inch and 1/4-inch fasteners,

A computational method for relating bolt torque, stress, and diameter was sug-
gested by these investigations, The ratio R as determined by Equation (13) was used:
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T, = torque, lb-in,
Dy = bolt diameter, in,

S axial stress in bolt, psi,

A factor of 1000 was used for convenience in locating the decimal point, Values of R
were calculated by Price and Trask for 1/4-inch and 3/4-inch steel bolts for lubricated
and as-received conditions for three stress levels, These values are shown in Table 29,

TABLE 29, RATIO R FOR 1/4-INCH AND 3/4-INCH STEEL BOLTS

——p
—

Bolt Stress, R (Lubricated) R (As Received)
psi 1/4 In, 3/4 In, 1/4 In. 3/4 In.
100, 000 3,52 3,48 8.24 6.00
120, 000 3,57 3.59 8,29 5.98
140, 000 3,60 3,66 8,51 5.92

For lubricated fasteners the value of R was nearly the same for 1/4-inch bolts as
it was for 3/4-inch boits when the bolts were stressed to the same axial stress level,
The change in R with changes in stress level was alzo small, When the formula was
applied to bolts in the ncnlubricated or as-received condition, however, the ratio was not
constant for different bolt sizes.

Repeated installation of threaded fasteners was found to have a significant effect on
the torque-tension ratio, Repeated installation for as-received fasteners, in general,

required higher torque for a given tension than was required on the first installation, The

installation torque for lubricated fasteners was reported to be essentially constant after
the second assembly, This effect is8 shown in Table 30, All torques are for an axial
stress of 100, 000 psi in the bolt., The lock-nut torque shown is the torque required to
turn the lock nut with no axial load on the bolt,

From the report by Price and Trask, it can be concluded that the use of lubricated
fasteners permits relatively accurate prediction of bolt tension and reliable reuse of boit
and nut,

Other investigations, however, have shown that lubrication tends to reduce the
vibration resistance of threaded fasteners to a marked degree. One comparison(é of
the effect of vibration for lubricated versus nonlubricated fasteners shows that lubricated
fasteners lost all preload after 1000 to 2000 cycles, while nonlubricated fasteners held
for the duration of the test extending to 125,000 cycles, The nuts used were plain nuts,
In other tests, various lock nuts were evaluated for vibration resistance. These included
nonmetallic insert, beam type, distorted thread, castellated, and plain, Of these, the

nonmetallic-insert type performed best, with the beam type performing next best. Castel-

lated types and those with a distorted thread were less effective in resisting the effects of
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TABLE 30, EFFECT OF REPEATED ASSEMBLY ON TIGHTENING
TORQULE FOR STEEL BOLTs(a)

Total Tightening Torque and Torque to Turn Lock Nut Alone, lb-in,

First Installation Second Installation Third Installation Fourth Instailation
Total Lock-Nut Total Lock-Nut Total Lock-Nut Total Lock-Nut
Torque Torque Torque Torque  Torque Torque Torque Torque

1/4-Inch Fastener Lubricated

88 24 68 6 71 6 63 6
95 12 65 5 62 4 65 3
88 8 60 3 54 - 57 -
82 19 68 5 64 5 66 3
89 i1 62 4 68 4 60 4
183 18 286 24 357 24 - -
244 28 360 27 - - - -
253 35 378 35 - - - -
237 27 350 24 - - - -
179 6 295 - 377 - 4u8 -
3/4-Inch Fastener Lubricated
2590 - 2550 - 2450 - 2400 -
2530 - 2220 - 2030 - 2040 -
2590 - 2320 - 2370 - 2240 -
2800 - 2350 - 2240 - 2180 -
2550 - 2240 - 2140 - 1990 -
3/4-Inch Fastener As Received

5140 180 5780 130 6090 100 6250 80
4960 180 6450 100 6720 80 6940 50
4500 230 5960 130 7020 100 6610 80
3700 180 3830 100 4220 100 4500 80
4290 180 4010 80 4370 - 4550 -

e ——————————— ——

(a) From National Bureau of Standards Report 7308, "The Relation Between Torque and Tension for High Strength
Threaded Fastenens”, J. 1. Price and D, K. Trask,

vibration, In general, high installation torque for a given bolt astress level will give the
highest resistance to vibration, The results of another investigation ") indicated that if
a fastener system meets room-temperature vibration requirements, it should present no
problems at cryogenic temperatures.

The fatigue of bolted fasteners has received much attention(8-12) in recent years,
The most important factor is the preload of the bolt, Increasing the bolt preload has the
effect of reducing the minimum-to-maximum stress ratio, Although increasing the bolt
preload increases the mean stress, the fatigue atrangth of the bolt is improved.

One study of the fatigue life of threaded fasteners as affected by the ratic of mini-
mum to maximum working load showed that the fatigue life exceeded 2 million cycles for
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a ratio of 0,5, dropped to 200, 000 cycles at a ratio of 0.4, and dropped further to

100, 000 cycles for ratios below 0,3, The angularity of the bearing surface also had a
marked effect on fatigue life, An angular deviation of | degree reduced the fatigue life
by 38 percent and an angular deviation of 2 degrees caused a 91 percent reduction in

fatigue life,

Unengaged threads on the bolt and reuse of the nut each have been shown to cause
a marked effect on the fastener fatigue life, If two or more threads are unengaged on the
bolt, the fastener fatigue life is about three times as great as that in an installation where
the nut is close to thread run-out, Reuse of stressed nuts has been shown to decrease
the fastener fatigue life about 32 percent on the first reuse, The life then decreases to
about 50 percent on the second reuse and remains at this level for repeated reuse.

The relative stiffness of the bolt and bolted assembly were major factors affecting
the fatigue life of bolted assemblies, Fatigue life was improved for bolts with relatively
low stiffness by designing the surrounding structure assembly, including the washer,
with a relative high stiffness. Increasing the thread root radius generally improved the
fatigue life, Special nuts, designed to distribute the preload along the nut, are apparently
of questionable value from the standpoint of fatigue life, Data on fatigue life for these
nuts show much scatter, but generally the fatigue life is somewhat improved by the use of
special nuts,

Nuts having a nonmetallic collar insert for vibration resistance show reduced fa-
tigue life, This is probably due to a reduced number of threads to accommodate the col-
lar insert, Higher nut height generally improves fatigue life., The use of a lubricant
also improves fatigue life but reduces vibration resistance,

The effect of higher temperatures on fastener fatigue life is both good and bad.
One effect of higher temperature is to increase creep rate; thus the higher stressed
portions of the nut relax, giving a more even distribution of stress along the nut ang,
thereby, increased fatigue life, The increased creep rate at higher temperatures, how-
ever, has the effect of reducing bolt preload, decreasing the minimum-to-maximum-
stress cycle ratio, and reducing the fatigue life. Additional information on the fatigue
life of bolts at higher temperatures is needed. There is no dependable way to evaluate
the fatigue properties at higher temperatures from room-temperature data,

Chemical methods of locking thrcaded fasteners appear to be of questionable value,
Properly applied chemical locking aiethods may outperform prevailing torque lock nuts,
However, for chemical locking compounds to perform reliably, the compound must be
applied to a grease and oil-free surface. Since manufacturing, eshipping, and assembly
techniques usually require the use of oils, it becomes necessary to clean the bolts and
nuts before using chemical locking compounds,

The following design guidelines are suggested for reliable bolted joints;

(1) Use bolts and nuts of as high a strength as practical
(2) Beam-type prevailing-torque lock nuts are preferred

(3) Use a predetermined lubricant and lubricating procedure
when installing the fastener

(4) Install the fastener according to predetermined torque-preload
data
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(5) Install the fastener with the highest preload consistent with the
material's strength and application

(6) Use Class 3 threads
(7) Use bolts and nuts with generous thread-root radius

(8) Use hardened washers or hardened faces on the structure to
eliminate the use of a washer

(9) Bolts may be reused but do not reuse a nut
(10) Maintain at least two full threads on the bolt under the nut
(11) Periodically retighten all fasteners in a joint

(12) Use a bolt with a coefficient of expansion similar to the joint
in which the bolt is used,

Investigation of Stress-Relaxation
Considerations

Two major types of system conditions appeared likely to bring about the leakage of
a connector because of stress relaxation, One was the system with a maximum operating
temperature of 1200 F, Austenitic stainless steel exhibits a noticeable creep rate at
this temperature and it was obvious that connectors designed to operate at this temper-
ature would have to sustain considerable creep without failure. Furthermore, the oper-
ating time of each connector at temperature would have to be carefully recorded. A
method for predicting the operational life of such connectors was developed by E. C.
Rodabaugh and M, Cassidy (see Appendix A) on a NASA program,

Another system requirement that could cause stress-relaxation problems was a
storage life of 5 years without a significant increase in leakage. This condition antici-
pates the standby requirement of missiles with occasicnal evaluation of the various
missile syatems. Although the normal maximum temperature conditions of this require-
ment are only 200 F (with occasional excursions to 600 F for the periodical evaluation of
stainless steel systems), the compact nature of flanged connectors does not provide for
large amounts of preload energy storage., Thus, & small amount of creep or stress
relaxation in the connector can cause large changes in the preload conditions. Ir essence,
the decision was made to design the conneciors with sufficiently low stresses that creep
and relaxation would be negligible,

Only a small amount of long-term creep and stress-relaxation data were available
for the materiales and temperatures of interest, Therefore, an experimental program
was established to determine allowable design atress levels. In the following paragraphs
the nature of creep and relaxation is reviewed briefly, the experimental program and its
results are described, and the resulting design guidelines are defined for a 5-year-life
requirement,

Cresp and Relaxation, Although closely related, creep and relaxation are dis-
tinctly different effects, Creep is the tendency for material to exhibit time-dependent
strains at a constant stress level; i, e.,, with a constant force on a bolt, creep will be
evidenced by a gradual increase in bolt length, Relaxation is the reduction of stress in
time under a constant strain; i,e., for a bolt tightened between two rigid flanges, stress
relaxation will result in a gradual reduction in bolt load without a change in the assembled
bolt length. Both of these characteristics are typical of metals at elevated temperatures,
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The four primary parameters in each phenomenon are time, temperature, stress, and
rate of creep or relaxation,

Current creep and relaxation theories are of little use in design problems except
as they may be used to guide the organization and use of test data, With current theories,
data can be interpolated with a fair degree of confidence., Some data can be extrapolated
to longer time periods with confidence. However, the extrapolation of data must usualiy
be done with caution, and tests simulating the actual operating conditions should be con-
ducted if possible,

Most creep and relaxation tests have been conducted at elevated temperatures,
The materials and temperatures of interest for the connectors are not usually thought
of as conditions in which creep is a problem, Recently, for some requirements, such
as the long flying time of supersonic transports {36,000 hours), the need for long-term,
low-level creep data has been identified, and special machines are being designed and
fabricated to obtain such data, However, the measurement of small amounts of creep
and relaxation with most present equipment is difficult and the results are subject to a
degree of inaccuracy. A significant assist in this problem is that most materials are
relatively stable at low temperatures and low stress levels, and a straight-line relation-
ship can be extrapolated with considerable confidence. At elevated temperatures, in the
range of stresses customarily used in design, it has been found that plotting the stress
versus the second-stage or minimum creep rate produced gives an approximate straight
line on a log-log plot,

The physical mechanisms causing relaxation in a material are believed to be very
nearly the same as, if not identical to, those causing creep. For this reason it might
seem that creep data could be used to predict relaxation data accurately, Unfortunately,
stress level and creep rate are significant factors affecting creep behavior, and since
stress and relaxation rate are constantly changing in a component experiencing relaxa-
tion, a large amount of creep data ¢re needed to make accurate relaxation estimates,

On the other hand, it is much more Jdifficult to conduct a relaxation test than a creep test
because of the relaxation loading and measuring requirements, For this reason methods
have been developed for estimating relaxation from creep data,

Summary of Available Creep and Relaxation Data, Searches were made for creep
and relaxation data: (1) on 6061-Té aluminum at room temperature and at 200 F, (2) on
Type 347 stainless steel at 200 F and 600 F, and (3) on A286 at 200 F and 600 F,

Table 31 lists data supplied by one manufacturer for 6061-T6 at 75 F and 212 F, These
data are compatible with data from two other sources, No information was obtained on
the relaxation of 6061-T6 aluminum, Although considerable creep data are available
for Type 347 stainless steel and A286 at temperatures between 1000 F and 1400 F, no
creep data were obtained at room temperature and 600 F, Likewise, no relaxation data
were obtained for these materials at those temperatures,

On the basis of the available theories and the nature of Type 347 stainleas steel, the
higher temperature creep information cannot be used to predict the creep behavior at
room temperature and 600 F, The creep data on 6061-T6 can be used to extrapolate the
effects at the given stress levels for the required design life of 40,000 hours, However,
the extrapolation of this information to lower stress levels was not believed to be possible,
Since the maximum design stress level in the connector was expected to be below the yield
strength, it was not possible to predict the creep behavior of the aluminum at moat of the
anticipated design-stress levels,
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TABLE 31. STRESS RUPTURE AND CREEP PROPERTIES
FOR 6061-T6 ALUMINUM

Temperature, Time Under Stress, ksi, for Rupture and Creep in Time Indicated

F Stress, hr Rupture 1,0% Creep 0.5% Creep 0.2% Creep 0,1% Creep

75 0.1 45 45 44 43 42

1 45 45 43 42 42

10 45 44 43 42 42

100 45 44 42 42 41

1000 45 43 42 41 41

212 0.1 41 41 40 40 40

1 40 40 40 39 38

10 39 39 39 37 36

100 38 37 37 35 34

1000 7 36 35 33 32

Experimental Determination of Creep Data, From a consideration of the probable
modes of missile operation, it was decided that the connectors would remain at room
temperature except for those brief periods when the missile was statically operated. On
this basis, 10 hours was selected as the longest time that a connector would experience
a maximum temperature. Because it was difficult to determine when, during the 5-year
storage period, a connector would experience the maximum temperature, the most
stringent operational requirement was selected as consisting of a period of 10 hours at
maximum temperature, followed by a room-temperature environment for 5 years,

Since the expected period of high-temperature operation was well within normal
creep-testing periods, it was decided that specimen tests should be conducted for 160
hours. The additional test time would make the estimate of behavior during the first
10 hours more reliable, For the aluminum, six stress levels were selected: 35, 33,
30, 25, 20, and 15 ksi. These stress levels not only bracketed the expected design
stress levels, but also correlated with some of the stress levels of the available data.
For the stainless steel, eight stress levels were selected: 50, 45, 40, 35, 30, 25, 20,
and 15 ksi, These were chosen to bracket the expected design levels and to insure
measurable creep at the higher values, To provide some indication of material stability,
three heats were tested, Although the maximum test time possible was 10,000 hours, it
was believed that data cbtained uver this period could be used to extrapolate behavior to
40, 000 hours,

Tables 32 and 33 show the data for the specimens prepared for the room-
temperature tests, Foil strain gages were attached to the room-temperature specimens,
reference gage-length measurements were made for each specimen, and the specimens
were stressed in a multiple-lever-arm system, The desired stress on each specimen
was obtained by varying the cross sectional area of the specimens, Thus, different
stresses could be obta.ned, although one lever arm was used to load several specimens
in series. The elevated-temperature tests were conducted in standard creep-test
machines,
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TABLE 32, 10,000-HOUR CREEP TESTS, THREE HEATS FOR EACH
MATERIAL, TWO SPECIMENS FOR EACH HEAT

Stress, Specimen Number of
Material ksi Diameter, in, String Specimens
347 SS 50 0.2500 1 6
347 SS 45 0.2635 1 6
347 SS 40 0.2798 1 6
347 SS 35 0.2500 2 6
6061-T6 Al 35 0.2500 2 6
6061-T6 Al 33 0.2580 2 6
347 sS 30 0.2500 3 6
347 SS 25 6.2740 3 6
6061-T6 Al 30 0.2500 3 6
347 ss 20 0.2500 4 6
347 SS 15 0.2890 4 6
6061-T6 Al 15 0.2890 4 6
6061-T6 Al 25 0.2500 5 6
6061-T6 Al 20 0.2798 5 6

P —— e ]

TABLE 33, 100-HOUR CREEP TESTS, THREE HEATS FOR EACH
MATERIAL, ONE SPECIMEN FOR EACH HEAT,
0.2500-DIAMETER GAGE SECTION

Test

Temperature, Stress, Number of
Material F ksi Specimens
6061-T6 200 15 3
6061-T6 200 20 3
6061-T6 200 25 3
6061-T6 200 30 3
6061-T6 200 33 3
6061-Tb6 200 35 3
347 SS 600 15 3
347 SS 600 20 3
347 SS 600 25 3
347 SS 600 30 3
347 SS 600 i5 3
347 S8 600 40 3
347 SS 600 45 3
347 SS 600 5¢ 3
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100-Hour Creep Data for 6061-T6 Aluminum at 200 F, Figures 52 through 58 show
the resuits of the 100-hour creep teats for 606 1-T6 aluminum at 200 F, Total strain in-
cludes the elastic strain, the initial plastic strain, and tie creep strain, The initial
point on each curve is the first strain reading taken after application of the load, and
represents the total clastic and initial plastic strain, Continued increase in strain with
increasing time represents creep strain,

It was concluded from these data that operational stress levels should be kept below
30 ksi, The variation between the three materials was not unusual, and the data were
averaged to obtain a design basis,

100-Hour Creep Data for Type 347 Stainless Steel at 600 F. Figures 59 through 65
show the results of the 100-hour creep tests for Type 347 stainless steel at 600 F'. The
data are reported in thc same manner as for 6061-T6 aluminum, Ae indicated, no creep
strain occurred at a stress level of 35 ksi for any of the specimens, Since the design
stress levels for the connector were not expected to exceed 35 ksi, it was concludad
that creep and relaxation would not be a problem for the expected 10-hour elevated-
temperature conditions for Type 347 stainless steel connectors,

10, 000-Hour Creep Data for 6061-T6 Aluminum at 70 F, Table 34 shows the creep
strain estimated for the 6061-T6 aluminum specimens. Although every attempt was made
to set up and conduct the tests carefully, the long duration of the tests and the small
amounts of creep involved prevented accurate measurements with the available equip-
ment. However, by making the assumption that no creep occurred at the lowest strees
level, it was possible to develop the approximations shown in Table 34, The usefulness
of these data is substantiated in part by another Battelle program that showed a creep
strain of 10 rnicroinches in 1400 hours for 6061-T6 at a stress of 24,600 psi, These
data extrapolated to 10,000 hours would indicate a strain of 35 microinches. These tests
showed that 2 maximum design stress for aluminum of 30 ksi would be satisfactory.

TABLE 34, 10,000-HOUR CREEP STRAIN FOR 6061-7T6
ALUMINUM AT 70 F

Tensile Stress, Creep Strain, pin, /in,

ksi A K R Average
35 -5 240 210 148
33 -35 55 180 67
30 0 75 110 62
25 -10 110 100 67
20 +5 35 35 27
15 Assumed to be zero

Note: The negative strain values were believed to be caused by temperature effects on the
equipment used to measure the strain.

10,000-Hour Creep Data for Type 347 Stainless Steel at 70 F, The same problems
encountered with the alurninum specimens were alsc encountered with the stainless steel
creep specimens, By making the same assumption (zero creep at 15 ksi stress) the
values shown in Table 3¢ were developed. As with the aluminum values, it is assumed
that these strairs are useiul approximations for the stress levels of interest to the pro-
gram, It was apparent from the tests that a maximum deeign stress of 35 ksi would be
satisfactory for Type 347 stainless steel,
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FIGURE 87. CREEP CURVES FOR 6061-T8 ALUMINUM FIGURE 88, CRKEP CURVES FOR 6061-T6 ALUMINUM
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FIGURE 59, CREEP CURVES FOR TYPE 347 STAINLESS STEEL
BAR (C-MATERIAL) AT 60C F
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FIGURE 61, CREEP CURVES FOR TYPE 347 STAIMLESS STEE!L,

BAR (W-MATERIAL) AT 600 F
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FIGURE 62. CREEP CURVES FOR TYPE 347 STAINLESS
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FIGURE 64. CREEP CURVES FOR TYPE M7 STAINLESS
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STEEL BAR AT 600 F AND 46, 000 PSI
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FIGURE 63. CREEP CURVES FOR TYPE 347 STAINLESS
STEEL BAR AT 600 F AND 40, 000 PSI
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TABLE 35, 10,000-HOUR CREEP STRAIN FOR TYPE 347
STAINLESS STEEL AT 70 F

Tensile Stress, _ Creep Strain, uin, /in,
kei C I 9) Average
50 103 204 102 136
45 64 91 73 76
40 37 25 34 32
35 38 54 23 38
30 25 46 44 38
25 1 17 18 12
20 19 12 0 10
15 Assumed to be zero

10, 000-Hour Creep Data for 2024-T35]1 and A286 Bolts, Long-term, room-
temperature creep tests were conducted wiu. 2024-T35]1 aluminum and A286 steel bolts.
The program involved conducting duplicate tests on two bolt sizes at two stress levels
for each alloy. The aluminum bolts were 1/4 and 1/2 inch in diameter and 3 inches
long. Each bolt size was atressed at 33,000 and 42, 000 psi, The steel bolts were 1/4
and 3/8 inch in diameter and were also 3 inches long. The steel bolts were stressed at
80,000 and 100, 000 psi, The 3/8-inch rather than 1/2-inch steel bolts were used be-
cause of the load limitations of Battelle's creep machines,

Two foil strain gages were attached near the center and on opposite sides of each
bolt, These two strain gages, along with two dumumy gages, formed a 4-arm bridge,
The output of each set of two gages was read on a Baldwin SR-4 strain indicator, This
output was averaged and the deformation in microinches calculated for each specimen,
The grips holding the specimens were designed so that a change in the length of the bolts
could be measured with micrometers.

The test results summarized in Tables 36 and 37 include size, atress, total strain
achieved in each bolt after 10, 000 hours, creep strain, and total residual strain after
removal of stress,

It is evident from Table 36 that very little creep occurred in the 2024-T351 alloy
in 10, 000 hours of exposure. The creep strain recorded at the stress of 33, 000 psi was
6.4 pin, /in, and at 42, 000 psi it was 15,5 pin, /in, In the case of the A286 steel, a
relatively large amount of deformation occurred in 10, 000 hours in the specimens
stressed at 100, 000 psi. The average residual strain was about 1518 uin, /in, or about
0.15 percent, Only 474 (average) microinches or about 30 percent of this total was
actual creep strain. The balance was initial plastic strain obtained on loading because
the stress exceeded the proportional limit of the material, The lower stress of 80, 000
psi produced an average total strain of 141 uin,/in. Of this total, 24 microinches
represented creep strain, and the balance represented the instantaneous plastic strain
obtained on loading.
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TABLE 36. SUMMARY OF CREEP DATA FOR 2024-T351 ALUMINUM
BOLTS AT ROOM TEMPERATURE (80 F)

Bolt Total Strain Creep
Diamaeter, Stress, at 10,000 Hours, Strain, Total Residual
Specimen inch kei uin, /in, uin, /in, Strain, uin, /in.

Strain-Gage Measurement

3 1/4 33 3.07 x 103 20.5 20.5
s 1/4 33 3,08 x 103 5.5 2.5
7 1/2 33 3.14 x 103 -3 5
8 1/2 33 3.14 x 103 2.5 1
6.4 avg 7.2 avg
2 1/4 42 3,91 x 103 13.5 11
4 1/4 42 3.96 x 103 24.5 14.5
9 1/2 42 4.01 x 103 4.5 -6
10 1/2 42 4.03 x 103 19.5 +3.5
15.5 avg 5.8 avg
TABLE 37. SUMMARY OF CREEP DATA FOR A286 STEEL BOLTS
AT ROOM TEMPERATURE (80 F)
Bolt Total Strain Creep
Diameter, Stress, at 10,000 Hourse, Strain, Total Residual
Specimen inch ksi din, /in, uin, /in, Strain, upin, /in,
Strain-Gﬂe Measurernent
2 1/4 80 3,05 x 103 e 172
5 1/4 80 3.04 x 103 19 177
8 3/8 80 2.89 x 103 47 125
10 3/8 80 2.85 x 103 20 91
24 avg 141 avg
4 1/4 100 5.16 x 103 480 1491
6 1/4 100 5.12 x 103 422 1497
7 3/8 100 5.09 x 103 465 1409
11 3/8 100 5.35 x 103 530 1675
474 avg 1518 avg
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Development of a Computerized
Flan&e-Connector Design Procedure

This effort was started with an extensive survey of the literature, Of approx-
imately 1000 references that were identified, over 250 were obtained and studied,
including several different flange design procedures. The following general steps were
common to these design procedures:

(1) Assembly of information on design parameters such as pressure,
temperature, impoeed loads, material properties, and material
compatibility

[P

{(2) Generation of a preliminary design

(3) Analysis of the preliminary design on the basis of stress, deflec-
tion, etc,

(4) Adjustment and reanalysie of the preliminary design

(5) Selection and definition of a final design,

The flange design procedure that was developed for the reguirements of this pro-
gram was incorporated into two digital computer programsa entitled IRFDP (Integral
Flange Design Procedure) and LRFDP (i.cose-Ring Flange Design Procedure), A list-
ing of both programs, together with a brief discussion cf the us« of the programs, is
presented in Appendix B. The major features of the design procedure are discussed
below. In evaluatiag the eperation and output of the procedure, it should be remembered
that flange connectors incorporating the Bobbin seal nave been developed specifically to
achieve very low gas leakage for a wide range of operating teniperatures and pressures,
In other flange design procedures, the capability of designing for specific thermal-~
gradient temperatures and weight optimization is not usually included.

Procedure for Designing Flanged Connectors

The procedure starts with a trial design and, by stepwise modification, ends with
a design that satisfies selected performance requirements and predetermined connector
parameters. Then, by selected rmodification of eome connector dimensions, alternative
designs are obtained which satisfy the performance requirements. From these alter-
native designs, the minimum-weight connector design is selected. A schematic diagram
of the overall approach is shown in Figure 66,

Predetermined Parameters. The predetermined parameters are derived from

the operational and functional objectives for the connectors. For example, the general
design configurations (see Figure 67) are significant predetermined parameters, The
materials of construction and their properties are other predetermined parameters,
Others more directly relatable to the application are the minimum radial and axial seal
loads per nch of seai circumference, the length-to-thicknese ratio for the seal tang, the
dimensions of the seal disks, the bolt-wrench clearance dimensions, the minimum and
maximum bolt spzcing, the minimum dimensions for the distance from the bolt circle to
the flange outside diameter, and the bolt-hole clearance,.
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FIGURE 67, CONNECTOR CONFIGURATIONS
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Type 347 stainless si:el (annealed condition) and 606 1-T6 aluminum are the two
basic connector materials, For stainless steel connectors, the bolt material selected
is AZ86, and the seal material is an austenitic stainless steel with soft nickel plating,
For the aluminum connectors, the bolt material is 2024-T356, and the seal material is
overaged 6061 aluminum alloy,

The predetermined seal loads and dimensional parameters were the rasult of the
seal-design studies and of the qualification tests, The bolt-wrench clearances were
established from the dimensions of commercially available wrenches, Bolt-hole spac-
ing requirements were established on the basis of design experience and the ASME
Unfired Pressure Vessel Code, (13)

Performance Requirements, An important part in the development of a design
procedure is the establishment of performance requirements in sufficient detail that
the requirements become integrated into the procedure, Seven computer sections were
used to define the design performance requirements:

(1) Bolt-up

(2) Operating

(3) Proof pressure
{4) Burst pressure
(5) Pressure impulse
(6) Thermal shock
(7) Misalignment,

The design procedure section for bolt-up imposes the conditions of initial assembly
of the connector with no operating loads applied, This section is used as a base-line
condition in the computer program. One of the conditions of initial assembly is that the
axial bolt loading during bolt-up must be sufficient to seat the seal,

The section for operating conditions includes the requirements that the connector
sustain operating pressure at maximum temperature, a specified value of stress-
reversal-bending load, and a minimum axial seal load which will assure that the leakage
rate of the connector does not exceed the specified minimum,

The proof-pressure section requires satisfactory connector operation with an
applied pressure of 1.5 times the maximum operating pressure at maximum tempera-
ture, while the burst-pressure section specifies an applied pressure of 2,0 times the
maximum operating pressure at ambient temperature, The pressure-impulse section
includes a fatigue stress selected to permit 200, 000 pressure cycles from 0 psi to
approximately 1,5 times the maximum operating pressure at ambient temperature,

The thermal-shock section includes the requirement that the connector perform
satisfactorily when temperature differentials exist between the connector components,
Numerical values for the temperature differentials are supplied as inputs to the design
program, The design program for this condition includes load calculations relating
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the flexibility of the connector components to dimensional changes due to temperature
differentials under normal connector cperating-load cunditions,

The misalignment section specifies a maximum bending load as a function of tub~
ing size and tubing-material yield strength,

Trial Design, The selection of a trial design is an important part of an iterative-
type design program, Trial dimensions are selected which describe, in full, the con-
nector to be designed, Also, if the trial dimensions are close to the dimensions of a
satisfactory design, the number of iterations is reduced, In the connector design pro-
cedure, minimum dimensions are selected for the trial design, For example, the trial
bolt size is the minimum size, No, 10(0, 190-in, diameter®, p.ovided in the bolt~size
input data, The trial flange thickness is three times the tube wall thickness, This is
& minimum value chosen arbitrarily on the basis of experience, The trial bolt-circle
diameter is calculated on the basis of the wrench clearance needed for the trial bolt
size, This provides a minimum bolt-circle diameter for the trial design., Other
dimensions include the reinforcement at the flange and tube junction,

Design Analysis, For most mechanical parts, there are at least two analyses that
should be carried out: (1) load analysis and {2) stress analysis. Many other analyses
may also be required, such as thermal analysis, fluid-flow analysis, and vibration
analysis. For the tube connectors, only load and stress analyses are conducted, Con-
sideration of thermal characteristics and vibration characteristics is included as part
of the lcad analyais. The consideration of fluid leakage past the seals is explicitly in-
cluded in the limits established for the minimum seal loads,

As shown in Figure 66, the design analysis provides feedback to the trial design,
Changes are made in the trial design to compensate for any unsatisfactory load or stress
conditions diccovered in the analysis, For example, if the axial seal load is too low,
the trial-design bolt load is increased and the analysis is repeated, Also, if the calcu-
lated bolt stress is too high with the maximum possible number of bolts, the trial design
is changed to include the next larger size bolt, Similarly, if one of the flange stresses
is too high, the trial flange thickness is increased and the analysis is repeated,

Design Dimensions, After changes are made in the trial design and the analysis
results satisfy all the load and stress requirements, the trial design becomee a satis-

factory design,

Parameter Modifications and Optimum Design. Selected parameters can then be
systematically varied and the results examined to determine an optimum design, The
parameter variations must not obviate the design obtjectives, however.

For the intcgral connector, the parameters which are varied are the maximum
height of the reinforcing hub at the juncture of the flange and tube, the bolt-circle
diameter, and the flange outside diameter., For the loose-ring configuration, these
parameters are varied, as is the amount of contact area between the loose ring and the
flange. The optimum design is szlected on the basis of (1) minimum weight, (2) dimen-
sional compatibility of integral and loose-ring-flange designs, and (3) manufacturability,
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Computer Program for Designing Flanged Connectors

The carnputer program ia the mechaniam for accomplishing desigr synthesis and
optimization. The form of the computer program is important only because the designer
uees the computer prograra as a tool in the design procedure, Secondary attention must
be given to modifying the computer program for efficiency in computer utilization,

In the flange design program, a ''building block" or sectional approach is taken to
provide flexibility during preparation of the program. This approach also allows rela-
tively easy program modifications to adapt to any future changee in program objectives.
Some aspects of the computer program for tube connectors are discussed to further
illustrate the design synthesis and optimization procedure, A simplified schematic of
the tube connector program is shown in Figure 68, Inputs not only include such things
ae material properties and system requirements, but provision is also made for the
variation of dirmensional parameters that influence design optimization,

[ inputs H Tube Design

Trial Bolt Load,
Flange Thickness,
and Kub Height

!

Seal Design

I

Trial Bolt Size,
Bolt Circle Diameter,
and No. of Belts

2
1

T el U i U L

These operations
carvied out, in turn,
for each of the seven
desigr sectiona prior
to the development of
Design Dimensions.
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FIGURE 68 SCHEMATIC OF FLANGED-CONNECTOR
COMPUTER PROGRAM




Critical Design Parameters. Critical design parameters are selected on the
basis of their importance to connector performance, Some of these critical parameters
are briefly discussed.

1, Seal Lnads

The maintenance of intimate physical contact between the seal and
the mating flanges under ali required loading conditions is one of the
primary design aspects of the tube-connector program, Parameters
which describe this aspect are the seal loads in the radial and axial
directions, Seal loads, in turn, are dependent on the pressure and
structural loads applied to the connector, the dimensional stability
of the seal and flanges, and the relative flexure of the seal and
flanges under loads,

2. Bolt Load

During bolt-up, the bolt load is applied directly to the seal through
the flanges, Then, as other loads are applied, the bolt load must
be adequate to provide a margin for maintaining minimum loads on
the seal. A somewhat less evident function cf the bolt load is to
minimize the effects of cyclic loading on the connector, The poa-
sibility of fatigue failure is reduced in some cases by the mainten-~
nance of unidirectional loads, Also, the chance of loosening of
threaded joints is reduced by the maintenance of steady-state loads,

3, Tube Bendiﬁ Moment

The tube bending moment is considered as an external load applied to
the connector; however, the magnitude of the tube bending moment is
dependent on tl.e tube properties and on deflections in the tube sys-
tem, In the cornector design program, tube bending moments are
calculated on the basis of tube material properties and cyclic loading
of the tube., The influence of the tube bending moment applied to the
connector design is usually substantial,

4, Internal Pressure

For most pressure vessels, the hoop stress resulting from internal
pressure is the most important design parameter, However, for
bolted flanged connectors, the structure for transferring axial loads
provides increased wall thickness and therefore the hoop stress is
not a critical parameter. However, the internal pressure is an im-
portant design parameter, particularly because the pressure loading
in the axial direction tends to reduce the seal loads. The proof
pressure i8 1.5 times the maximum operating pressure, while the
burst pressure is 2.0 times the maximum operating pressure,

5. Thermal Gradients

Calculations are made for the effects of therrnal gradients on con-
nector flange and seal loads, The program does not include an
analysis procedure to determine values for thermal gradients,
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However, it does include calculations (o determine the relative
changes in loads and deflections of connector elements in responase
to thermal gradients, Worst-case emperature differences be-
tween bolts, flanges, and seals are provided as inputs to the pro-
gram, Thz thermal mndel used in the program is iliustrated in
Figure 69, Average worst-cage temperature differences are

taken to exist between the bolt and the flange and between the flange
and the tube, The seal-element temperature is the sarne as the
tube termperature, Relative changes in physical dimensions occur
from the tempecrature differences, For example, when a connector
is suddenly exposed to the flow of cryocgenic fluid, the tabe shrinka
radially, the seal shrinks axially and radially, and the bolt shrinks
axially, The relative significance of these dimensional changens
depends on the flexibility of the connector elements and the load
changes that follow,

Average
= Bolt Tewp

/] “Nennwisn fwn

TR
e .

Average Flange

Average Teap

Tube Temp

FIGURE 69, FLANGE-CONNECTOR THERMAL MODEL

6. Impulse Pressure

The peak value of the pressure cycle is specified as 1.57 times
the operating pressure and the minimum value is atmospheric
pressure. For this type of pressure cvcling, fluctuating stress
levels are experienced at the flange-to-tube joint. The reeis-
tance of the flange-to-tube joint to fatigue loads is improved by
a reinforcing hub,

An investigation was made of the first design approach used in determination of
kub dimensions as a result of the failure of the 3-inch, 1500-psi aluminum connector
during the vibration test (see page 111), A stress-concentration factor of 2,0 had been
selected to account for stress amplification at the juncture of the hub and the flange,
Also, the calculations of maximum and minimum stress levels at the critical regions
for assessment of fatigue resistance were based on combined stress levels, On review
of this approach, it was found that the stress-concentration factor could, in some cases
be greater than 2,0, depending on the size of fillet radius selected and the relative
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dimensions of the hub, flange, and tube. Also, the combined stress-level formulation
did not adequately account for changes in direction of the maximum and minimum values
of the calculated combined stress,

The computer program was extended to select stress -concentration factors based
on connector dimensions (flange OD, hub OD, and fillet radius} and published values of
calculated stress-concentration factors, (14) Also, initial choices for the fillet radii
were made a part of the design procedure according to the tube size. The initial radii
are 1/8, 3/16, 1/4, and 5/16 for tube sizes through 4, 8, 12, and 16 inches, respec-
tively. The program includes the option of fixing the fillet radius according to a
specified input value,

Fatigue-stress calculations were modified to consider the maximum and minimum
stresses at critical sections in the axial direction, Then the assessment of resistance
to fatigue failure is made according to the idealized stress-versus-strain-history pro-
cedure as outlined in Section III of the ASME Boiler and Pressurz Vessel Code for
Nuclear Vessels, (15) The computer program includes a fatigue safety factor of 2,0
which is consistent with the method of establishing thie value of the applied bending
moment based on 0,5 times the fatigue strength of the tube material, and with the
appropriate stress-concentration factor applied to the maximum and minimum calcu-
lated axial stress values, Calculations for maximum and minimum values of the com-
bined stresaes, based on the octahedral shear stress theory, are also made and com-
pared with the allowable yield strength of the connector material,

In addition to the above described improvements in tne method of calculation of
fatigue stress resistance, an arbitrary minimum value of hub-reinforcement thickness
at the hub-flange juncture was established at 1,5 times tube-wall thickness for aluminum
connectors and 1, 25 times tube-wall thickness for stainless steel connectors, These
minimum values are intended tn compensate for observed relative sensitivities of the
materials to fatigue damage and for possible iraccuracies in machining.

Load Calculations, After a trial connector design is generated, the design-
analysis procedure starts with the determination of loads on the connector components,
For convenience, preliminary calculations are made to establish the deflection rates of
the connector components, For example, the axial deflection rate of the seal is given

by:

L
"Zx SEEx3,14xDgx t

DSA

= Axial deflection rate of seal tang, in, /lb
Seal tang length, in,
Modulus of elasticity of seal material, psi
D, = Seal tang outside diameter, in,

t = Seal tang thickness, in,

Figure 70 illustrates in somewhat more detail the computer-program section used
in the design analysis which includes load and stress calculations. These calculations
are made in sequence for each of seven design conditions., The component loads for each
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condition are dependent upon initial bolt-up loads, pressure-bending moments, and
thermal gradients, Some sample calculations are presented for bolt-up loads and
Dimensional notations are shown in Figures 71 and 72,

cperating-preosure loads,

Calculate Loads

| NI

Compare
1. Bolt-up calculated
2. Operating Pressure loads with
3. Proof Pressur~ allovable
4. Burst Pressure loads
5. Impulse Pressure
6. Thermal Grsdients
nt.
-
Calculste Stresses .
Compare
1. Bolt-up calculated
2. Operating Pressure stresses
3. Proof Pressure with allow-
L. Burst Pressurs able stress
5. Impulse Pressure es
. Thermal Gradient
T. Misalignment

- = ——

FIGURE 70,

Sample Calculationst
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FIGURE 72,

DIMENSIONAL NOTATIONS FOR
OPERATING-PRESSURE LOADS

For bolt-up loads the horizontal forces are related by:

SL1 = BL1,

(15)

+In the calculations the asterisk symbol indicates multiplication. See Appendix B for further discusion of computer computation.
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The flange moment is represented by:
Mgl = RSL1 * XT/2 + BL1 * H2 + SL1 * H3, {16)
Similar equations are prepared for the operating-pressure loads:
BL2 = FPL2 +SL2 + TL2 , (17)

Mp2 = - RSL2 * XT/2 + BL2 * H2 +SL2 * H3 + FPL2 * H4 + TL2
* H5 + MP2 £ MC2 - (P2 * 1 * B *SX) * XT/2. (18)

Then the changes from the bolt-up condition to the operating-pressure condition
are obtained:

(BL1 - BL2) + ABL = ASL - TL2 - FPL2 ; (19)

AMy = -ARSL * XT/2 + ABL * H2 + ASL * H3 - FPL2 * H4 - TL2
* H5 + (P2 * % B ®*S8SX) *XT/2 - MP2 - MC2 . (20)

Two more equations are then obtained from consideration of the relative changes
in axial and radial dimensions:

AM
ABL * DBA = ASL * DSA +{—=—2— }« DFA + BCR * (XT + SX) 21)
02 1 03
+ FCR * XT ;
ARSL * DSR - (P2 * B * SMD)/ (4 * TA * SE) = - AMo + DFR * XT/2 (22)
(P2 % B *(A ; B)/(4 *(A;_ B)* FE) .

Equations (19) through (22) can now be solved simultaneously to obtain values for
ABL, ASL, ARSI, and AMgy. Then, starting with known bolt-up loads, the connector
loads can be calculated for the operating pressure,

A similar method is used for calculating the connector loads for each design con-
dition, For thermal gradients, for example, when the effects of relative thermal expan-
sion are included in the a2nalysis, the calculatione include the simultaneous solution of

six equations,

Load Checks, After the loads are calculated for each design condition, a check is
made to determine whether the loads are satisfactory, If the axial seal load for the
operating pressure, say, is calculated to be less than the required minimum, the bolt-up
lcad is increased and the analysis is repeated. This iteration loop is illustrated in the
partial computer-logic diagram shown in Figure 73,
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Load and Stress Cal-
culation, Condition 1
[
Change in Loads and
Moments
AHL = BL1 - BL2 Go back to
ASL = SL1 - SLo Condition (1)
ARSL = R&L1 - RSL2 ‘
My = Mgl - Mqe i
-—L--“ I3
F[ncrease -i {
l j Bolt Load
=m.1 = 1.01 BL1
Loads and moments for L—-—‘-—__J.
Condition (2) "
Mye, SL2, RSL2, BL2 |
|
I
|
!
|

Is
New Seal L.oad
Less Than Min.
w, Seal Load

Yes

No

Proceed to Stress
Calculations for
Condition 2

FIGURE 73, PARTIAL LOGIC DIAGRAM
SHOWING LOAD CHECKS

Stress Calculations, With emphasis on minimum weight and strength-to-weight
ratios in aerospace applications, it becomes necessary that stress calculations be per-
formed for all suspected possible failure modes. For flanged connectors, the criterion
of failure generally involves deformation rather than rupture; thus, the material yield
strength is an important stress limit, The modulus of elasticity and the coefficient of
thermal expansion are important material parameters in connector designs where ther-

mal gradients are significant,

To determine the dimensions of connector designs which are judged to be satis-
factory, it is necessary to establish allowable stresses for the materials of construction,
Allowable stresses, in relationship to material properties, involve a complex interaction
between the accuracy of the stress calculation methods, the accuracy with which loads
are known, and the objective functions of the components, For example, the allowable
stress for bolts is set relatively lower than the allowable stress for the flanges for
several reasons: (1) bolts are loaded in tension, and in case of cverload, there is no
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ability to transfer loads to any other part of the structure; (2) the only bolt stress calcu-
lated is due to axial loading, while in reality the bolts have bending stresses due to flange
rotation; (3) the tightening of bolts with a wrench introduces shear stresses and a reduc-
tion in axial yield strength; and (4) the threads on the bolts form notches with accompany-
ing stress concentrations,

When a bending-moment load is imposed on the connector through the tubing, a
maximum tensile stregs will exist at one point on the circumference of the tube section,
A diametrically opposed maximum compressive stress will arise simultaneously. How-
ever, compressive failure is not likely since the pressure end load reduces the compres-
sive stress. While the maximum tensile stress exists at only one point on the circum-
ference, it can be conservatively assumed that the connector may be designed as if the
maximum bending stress existed all around the tube circumference,

Consideration should also be given to fatigue damage due to cyclic bending of the
tube -connector assembly, In addition to bending stresses, the connector internal pres-
sure creates axial, radial, and circumferential stresses, A simplified stress-time
relationship of the combined stresses in the axial direction is represented graphically
in Figure 74,

Average Stress = Constant
Axial Stress due to
Pressure

Max Stress = Av Stress +
Stress due to Bending

Min Stress = Av Stress -
Stress due to Bending

NEN [

#\u. Stres\ z . S /
1 Min. Stress
L

——e Time

—e Stress

FIGURE 74, STRESS-TIME REPRESENTATION

The allowable fatigue stress when variable and steady stresses are present can be
determined with the aid of a modified Goodman diagram, A more complex fatigue prob-
lem is created by impulse-pressure variation from 0 to 1, 57 times operating pressure,
This results in fluctuating stresses in the axial, radial, and circumferential directions,
The problem of impulse-pressure fatigue is simplified if fluctuating stresses in the axial
direction only are considered, This is the approach taken in the computer piogram,

The general methods used for stress analysis in the connector design program are
based on the same stress theories used in the formulation of the ASME Unfired Pressure
Vessel Code, (13) The computer-program logic diagrams applying to parts of the stress
calculations for operating pressure are shown in Figures 75 and 76, Alsc shown on
these diagrams are some of the iteration loops corresponding to stress checks, For
example, whan the calculated bolt stress exceeds the design allowable stress for the
bolts, the trial decign is changed by increasing the bolt size, Then the design analysis
is repeated (load and siress analysis) for the "new'' dimensions of the trial design with
the "'new' bolt size,
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FIGURE 75.

Design Optimization

An optimum design is one selected from among alternative designs which exhibits
maximum (or minimum) values for selected characteristics, For tube connectors for
aerospace applications, the optimum design is selected to minimize weight., In the
connector-design program, some other characteristics are also considered in the selec-
tion of optimum designs., These include matching the bolt-circle diameters for integral-
flanged and loose-ring connectors. Also, for ease of manufacturing, the bolt-circle
diameters are selected in increments of 1/16 inch,

Parameter Modifications, Alternative designs from which the least-weight designs
were selected for the designe given in Appendix C were obtained by systematic variations
of input parameters of the computer design program, The input parameters that were
(1) the relative height of the hub reinforcement, (2) the belt-circie diameter,

varied were:
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(3) the bolt size, (4) the flange outside diameter, and (5) the relative amount of overlap of
the loose ring and its corresponding integral flange,

Design Selection. If only one design characteristic is selected to be minimized or
maximized, the selection of the optimum design is simplified. When two or more char-
acteristics are used, they must be ordered and weighted with respect to importance. In
the selection of optimum connector designs, the criteria used were: (1) minimum weight,
(2) dimensional compatibility of integral- and loose-ring-flange designs, and (3) selected
dimensional limits for some items to imprcve manufacturability and handling of the

conne<tors,

Design of High-Tempe rature Flange Connectors

In 1964, under Contract NAS-8-11523, Battelle developed an analysis procedure
for estimating the relaxation time to leakage for separable tube connectors. The proce-
dure was based upon the steady-state creep law, revised to account for the effects of

pPrimary creep.

At the beginning of the program described by this report, the possibility of includ-
ing this procedure in the flange-design computer program was considered. However,
as the work developed, it was mutually agreed that the needs of the Air Force were not
sufficient to warrant the expense of this effort., For those instances where a high-
temperature flange design is required, it is believed that the optimum design for a
flange with a Bobbin seal can be most easily determined by use of the computer design
program in conjunction with the '""hand' calculation defined by the relaxation procedure,.
Accordingly, the entire final report on Contract NAS-8-11523, Subcontract No, 63-~30,
has been included in this report as Appendix A, The information contains not only infor-
mation on the relaxation analysis procedure and its use, but also summary information
on high-temperature materials,

Design of Representative Connectors

It was originally intended that, prior to the experimental program, the computer-
ized flange-design procedure would be used to design a number of representative con-
nectors for different tube diameters and system requirements, However, several
factors resulted in a modification of this objective., First, because of the existence of
three basic connector configurations (integral/integral, loose-ring/loose-ring, and
integral/loose-ring), a large number of designs would be required, Second, results
from the experimental program might necessitate significant dimensional changes in
the designs. Third, very few state-of-the-art large connector configurations were
available for comparison with the representative Bobbin seal connectors, Fourth, if a
specific flange design were needed at any time in the program, it could be obtained
quickly, Finally, since considerable effort was expended in developing an experimental
program that would determine the capability of the design procedure to produce a satis-
factory flange-connector design for the specified system requirements, the decision was
made to consider the test connectors as representative of the requirements, Illustrative
aspects of these designs are discussed, and dimensions are given for all of the connec-
tors considered for the experimental program. Subsequently, some of these connectors
vere eliminated from the test program,
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Connectors for Type 6061-Té6
Aluminum Systems

Tables 38 through 4! summarize the major system input conditions and present the
dimensions developed for integral/integral and loose-ring/loose-ring flange connectors
. for 3-, 8-, and 16-inch tubing for 100 and 1500-psi aluminum systems. The tables also
give the dimensgions for compatible integral and loose-ring flanges which are needed to
form an integral/loose-ring assembly. A comparison of the connector part weights gives
an indication of the weight penalty that is required for this dimensional compatibility.
For these designs, the seals are overaged 6061 aluminum, the flanges are 6061-T6
aluminum, and the bolts and loose rings are 2024-T351 aluminum.

Connectors for Type 347
Stainless Steel Systems

Tables 42 through 45 summarize the major system input conditions and present the
dimensions developed for integral/integral and loose-ring/loose-ring flange connectors
for 3-, 8-, and l6-inch tubing for 100 and 1500-psi stainless steel systems. The tables
also give the dimensions for compatible integral and loose-ring flanges which are needed
to form an integral/loose-ring assembly. The weight penalty for using compatible
flanges can be seen in the tables,

Tables 46 and 47 give three system input conditions and the associated flange
dimensions for 4000-psi connectors for astainless steel systems. The original intention
was to fabricate and test a connector for the full temperature range from -423 to 600 F,
However, the weight penalty caused by the thermal gradients was very high, Whena
reexamination of the possible future conditions showed that a system would be either
for hot gas or cryogenic fluid, the decision was made to test two connectors, Further
design analysis showed that connector fabrication costs could be saved if the hot-gas
connector was fabricated and tested first, and the cryogenic connector was fabricated
by remachining the hot-gas connector, This approach necessitated a small weight
sacrifice between the optimum cryogenic connector and the reduced hot-gas connector
because the bolt circle and size could not be changed, but the resulting connector was
believed to be an acceptable test of the design procedure,

Conclusions From Design Optimization

As a result of the design optimization of the experimental connector configurations,
it was concluded that the bolt-circle diameter is the most important variable in achieving
a lightweight connector, Every effort should be made to keep this to a practical minimum,
Ag illustrated by the 4000-psi connector, it is also important to select an accurate ther-
mal gradient because of the small amount of deflection in the smallest connector parts,

It was also concluded that little weight penalty is paid for making the integral and loose-
ring flanges compatible,
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et TABLE 33. INPUT DATA, DIMENSIONS, AND FSTIMATED WEIGHTS FOR EXPERIMENTAL, ALUMINUM 100-PS1 INTEGRAL-FLANGE CONNEC TORS

k- FT *{ Bolt Size
= J ya
| - - - e -
| o
H
pr 4 — 1
¢ J i
8L
H S FID A
FOD TOD 81D
- Operating pressure, pai 100
P Operating tempetature zange, § ~423/200
B Bolt-to -flange cold thermal gradient, F 10
Boit-to -flange hot thermal gradient, F 4
Flange -t -seal cold thermal gradiem, F 20
Flange »to -sea) hot thermal gradient, F 8
Flange ultimate strength, pei 42,000
.- Flange yield swength, pai 32, 200
e Bolt ultimate mrength, Mt 62, 000
N Bolt yicld strength, pat 41,000
| Dimemions, in.
! sae, n.  _TOD ™ FOD FiD £T BC H HL S0D S0 SL_ BoliSize Mo, of Boln  Weight, Ib
)7 . Not Compatible With Loose -Ring Flanges
. 3 3.000 0. 028 4. 300 2,944 0. 399 3.893 0.098 0. 431 3,54 2.984 0.49 3/16 12 0.7
' S ] $.000 0.035 9.805 1.930 0. 645 9.275 0.161 0.79¢ 8.9 7.970 0,672 1/4 2¢ 3.84
16 16. 000 0. 068 18.420 15.87¢ 1,140 17,592 0.299 1. 524 17.29 15.910 0. 858 1/¢ 8 18.04
Coinpatible With Louse Ring Flanges
3 3. 000 0.028 4.300 2 M4 0,399 3.898 0.089¢ 0. 431 3.54 2.984 0. 40 /16 14 0.1
. B » 8. 000 0. 038 9.40% T 0N 0,045 9.27% 0. 161 0,190 8.19 1.4970 0.612 1/4 24 3.84
e 13 lu. WU 0,085 18.420 8 870 1VED 17. 802 0.299 1. 52¢ 11,2 15,930 0.855 1/4 18 18.04

TAWE ©1 INPUT DATA, DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERIMENTAL,
ALUMINUM 100181 A SE-RING CONNECTORS

Hm .‘i T -" — Boil Sien

p—

L
1’OD i RID L'}L‘I [ 1
TOp 0D 30D ¥ID # 31D
opat Data
ORTANIN (WUl (1Y) Flange-to-wal bot theensd geadient, F 4
R S LY WP ITTL P T | U700 Hlaige ultimate streigtth. pey 4%, i
' Kot =po-rai codd L final crabiew 1 18 Flamie ywcld strengily, pn 12,0
N Hastr st iong ot b rinial crad e t Rumy uitimate sircogth, e 62, e
’ R -to-1hagge cobd thomnst crade ot b o Ritg ywid streigth  peu 47,000
f Hem - to=flange ot thao ol wrmdscar F 4 Bl uitimate strcogth e 63,000
Flomee et sl cuid thonual gradwot ¢ 0] Bt yickd stecigth, pea 47, 000
Dunersom o,
vaowo T T TWmECT MR R Re P FT T R S0b MD B mitSue Mo of s Weght b
Nest Compatible with Integial Tlanges

+ [UTE boors 1w [R1%.Y a g (B 2 ed 0n2M 1. 898 1. 54 2.084 U 4w (TALY 4 0,745

" LUt (BN ) RIR R 87 o 5U8 N 47 1 910 0 450 g 212 879 7 970 4 12 i/e " 3.4

18 [T [DRTEY i T4 v %80 0 80 17 444 13.879 0 840 17,708 17.29 15 930 U RAS 174 ki ] 1819

Caounpatible with btegral Flanges
i {ALLY 4. 00 [T ¢ 2ue [R5 2 Y44 o279 7. 898 1 54 2 904 . 490 1716 14 0. 748
N 0w Vo g2 U208 47 7000 0 480 9.07% 8,18 71.970 0 612 i’4 2 4.1
2y [EERELT iy LB AL 16 a0 0 28 17, 444 14 810 0 840 1T W92 1.9 18 930 U858 1/4 kL) 19.09
s = e
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TABLE 40. INPUT DATA, DIMENSIONS, AND ESTIMATED WEIGH TS FOR EXPERIMENTAL, ALUMINUM 1800 -#31 INTEGRAL-FLANGE QONNEC TORS
fo—¥T - Bolt Size
--a ] |
-
1
. e I —
A
o !
it 500 FID&
FOD TOD S1D
Input Data
Operating preswre, psi 1, 500
Operating temperature range, [ ~423/¢00
Bolt-to -flange cold thermal gradient, F 35
Bolt-to -flange hot thermal gradient, F 11
Flange -to-seal cold thermal gradiem. F 80
Flange -to-scal hot thermal gradient, F 20
Flange ultirmate strength, pst 42, 000
Flange yleld strength, pst 32,200
Bolt ultimate strength, pel 62, 000
Bolt yleld suwength, pei 47, 000
Dimersions, in.
_Top TW FOD FID FT _BC H HL  SOD sID SL_ soltSize  No. of Bolw  Weight 1b
Not Compatible With Loosc -Ring Flenges
3. 000 0114 4.848 2,11 0.82¢ 4.192 0.221 0. 84% 3.360 2.811 0.413 5/16 18 .30
8. 000 0, 306 i0.645 7.389 1,952 9.583 0.230 2.283 8.310 1.428 0.587 172 28 18.38
16. 000 0,611 20,791 14.780 4,098 18.917 0.458 4 510 1€ 438 14. 838 0.627 1/8 28 132.8
Compacible With Loowe -Ring Flanges
3. 000 0.11¢ 4.848 2.1 0,424 4.192 0.221 04345 1. 360 2.4811t 0.473 5/1¢ 16 .48
8.000 0.308 10.679 7.389 1,967 9.811 0.229 ?2.283 8.310 7.429 0,567 172 2 14,68
16. 000 0.811 20.89%5 14.1780 4.143 19. 021 0. 484 4.510 1. 438 14, 834 0. 627 /4 2 138.6
e 2O A TT AN Ui Tt
TAGLE 21 INFUT DATA, DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERIMENT ALy
ALUMINUM 1500 =81 LOOSE-RING CONNECTORS
T po— FT
A i Bolt Sise
i | [
{ B YL" K
{ N
ROD 'IL RID LSXA -4
20D FOD ' SoD FID & SID
tupu: Bats
O rating pressite 1 A0 Flange ~tu-wal hot thermal pradient. F 16
Operatiog feravtaline ange | ~4Li/200 Flawge ultimate stieneth, m 42. 00t
WOt eto=cing cold thenngl cradwit F [} Flange ycld strongeh, pai 32,200
et stosrig ot thonmal gradwne T 10 Ring ultimate sirength, pe G2, L
Rit =te=Nange cold thenmsl gradwat, £ w Rinyg yicld steength, psi 47, V00
R =to=Tlamee ot dweanal pradcen F H Uolt ultimate steength. pst G2, 000
. Flangy =to=teal cold thennal gradwne 1 a Boit yicid steenpth, 1 47 oy
— Dimcisjons, an. F:
LIVCSIIN Y] 1w ROD RUY RT Ftd fiD FT BC SOD S $L Bolt Size  No. of Boin Hemhl, 13 4
LIS L, A 5. = E LA T L ok XN No. ol POl Ly H
Not Contpatible With Inteyral Flanges H
' R UL T} 4. 040 3202 0 544 1562 .MM 0,059 3. 889 3.150 2 B1) ©.473 §/18 8 1.88
d ], 060 (U 10 6474 8.424 1120 9. 080 7. 384 1 340 9.61) 8.316 7.429 0567 1/2 28 17. 48
1 16, 000 0,601 20, 80% 16. 8GO 2. 170 18 084 14 THu 1 450 19, 021 16 438 14,838 0,627 1/8 28 121.70
Compatible With Integral Flanges
3 1, 000 0,114 4, 845 3183 0 o4y 3 547 2.1 0.614 4,192 1.360 2.B11 0.473 5/16 16 .
L] 2,000 .MM 40,673 8 424 1120 9 080 7 389 1. 640 8. 811 8.310 7.423 0,567 1/2 a8 17.48
16 16, 000 0,611 20, 895 16. 8o 2180 18. 084 14,780 3. 450 19. 021 18.438 14.838 0,627 /8 28 121.70
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TABLE 42, INPUT DATA, DIMENSIONN, AND ESTIMATED WEIGH TS POR EXPERIME JTAL, STA} WESS STEFL 100 -PSI INTEGRAL-F. ANGE CONNECTORS

J

-

= //- Bolt Size
-"7“"{_1 “,h—"—"‘l'z

i T(‘_ -
\
! .
- 1. — ?
L ™
4 S8OU  FID & B
FOD TOD S1D
tnput Data
Operating peessure, pat 1on
Operating temperature range, F -423/20C
Bolt-w -Nange cold thermal gradient, F 18
Bolt -w -flznge hot thermal gradient, 6
Flange -to-scal cold thermal gradient, F 25
Flange -to -se2i hot thermal gradient, F 8
Flange ultimate stength at RT, pei 90, 000
Flange yicld sucngth at 200 F, pu 30,000
Bolt uitimate sizength at RT, pei 130,67
Bolt yield stxength at 200 F, pn 88,100
Dimensions, in. —
Size, in, _TOD Tw_ FOD EID FT 8C _H_ HL .S0p_ _SID_ SL_ Bolt Size No. of Bolm  Weight, 1b
Not Compatible With Loose -Ring Flanges
K] 3,000 0.028 4.316 2 944 0. 534 3.914 0.726 0. 431 3.550 2.984 0. 509 3/16 10 2.48
8 8.000 0,035 9.825 7.930 0 900 9.295 0.046 0.78¢ 8.810 7,970  0.697 1/4 18 14.03
16 16.000  0.065 18. 482 15.810 1.740 17. 932 0.084 1.524 17.327 15,93 €.878 L4 56 10.00
Compatible With Loose -Ring Flanges
3 3. 00 0.028 4.316 2.944 G.534 3.914 0. 026 0.431 3.580 2. 98¢ 0.509 3/16 10 2.48
8 8.00 0.03% 9.828 1.930 u.Y0u 9. 295 0.046 0,790 8.810 7.970  0.697 1/4 18 14.63
16 16 00 0.065 18. 462 15.870 1,730 17.932 0.084 1,524 17 321 15. 930 0.478 1/ 56 170.00 v
TABLE 43. INPUT DATA DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERIMENTAL. STAINLESS STEEL 100-PSI LOOSE-RING CONNECTORS -
r.RT .,i o— FT
-’1 Bolt Size
]
-
* -4 J |
4 A
ROD i RID LSL4‘ [ T
oD FOD 50D FID % SID
OpCrating prosnee, psi 100 “langc-to-scal hot theanal gradieat. F G .
Opurating, tomprature range, | ~4.4,000 fange ultieate Krength at RT . psi 40, 009
Bolt-to-ring cold theomal geadien, o Flange yicld gecigth at L00 F, pu 10, 900 -
Boit-to-ring bot theemal gradivat 1 Ring ultimate strength ar 200 RT pat 110, 000
Ring-to-flange ol theenat gradient, b 1 Ring yicld strength at 200 £, ra 85 000 .
Rargl-te-lange bot thormal gradicat, | v Bolt ultimate seength wt RT. pu 1130, 000
Flang -tossc 3l ooid themmal gradent F 1= Bolt yicld strength st 200 F. psi 85, 00
L]
i Dimenston. 1o
s 0D Tw_RODRID RT FOD FiD T TeC T 50D _SID st whissc Mo of B Weaght, Ib
T T B Not Compatibis With Integral Flaages
A § 000 U oue 4ot i Oul [C 1 EA A N 2 044 0.3 134 1 5%0 2 9b4 0 s09 3716 12 I 1)
- % 000 O 0ub 1Tk 177 0 400 8 971 1.0 0 4S 8 218 8810 7410 C 697 1/4 20 10 40
1Y 16 000 (Ut T woons AL [ 17 400 15 B0 LI 17 154 17 307 16 9% o 818 1/4 48 4% 00
Comparhie With Inegral Flanges
' [RTCUSEIN A 4 1 Panl 11 2 Y44 0 324 914 1 5.0 2 984 0 Hom 1,16 12 1976
n » 000 0 h hON ¥ 11 0 400 4 91 T 90 v 495 4 810 T30 0 8 /4 20 0600
v o000 0 063 QN 4T [T SV VI A T A R 1 15 818 0 gef 17 3 15 %0 0 878 i/4 56
-




TABLE 44. INPUT DATA, DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERIMENTAL, 5TAINLESS STEEL 1500 -PS1 INTEGRAL-FLANGE QONNECTORS

'--F'I‘ —“1 Bolt 8ipe
1 1 /—

. . —i H—:_..__
‘ - _‘J SL‘l l-

i D FID&
FOp TOD S1D
Input Data
Operatirg pressure, psi 1,500
Operating tempetature range, F 423/200
Bolt-tw -flange cold thermal gradient, F 55
Bolt-ta -flange hot thermal gradient, F 18
Flange -to -seal cold thermal gradient, F 0
Flange -to-seal hot thermal gradient, F 23
Flange vitimate strength, pst 90,000
Flange yield strength, psi 35,000
Bolt ultimate strength, pei 130, 000
Bolt yield strength, psi 85,000
Dimensions, in,
Size, 1n. TOoD Tw FOD FID ST BC H HL SoD SID SL Bolt Size No. of Boits weight, lb
Not_Compatible With Looswe -Ring Flanges
3 3.00¢  0.120 4. 408 2.760 1.000 1,878 0.095 0.864 3.360 2,799 0.488 1/4 16 5.5
8 8,000 0.320 9,892 T35 2.100 ¥, u98 0.080 2.303 8.310 7.39% 0.519 3/8 34 3 85
16 16. 000 0. 641 19. 006 14,71, 3.947 17, 52v 0.160 4.627 16. 432 14.778 . 640 9/16 44 211. 0
Compatible With Loose -Rung Flanges
F] 4,000 o120 4.408 2,760 1.0 3.818 0, 09% 0. 864 3.360 2.799  0.488 1/4 16 5.5
8 8.C00 0. 320 9,882 7.359 2.1 9. 0% 0.080 2,308 8.310 1.399 0.579 3n 34 3.5
16 16.0u0 0. 641 18.787 14,718 3.9 17,725 0,160 4,607 16. 432 14.778 0,640 1/2 82 191.0
’
TABLL 45 INPUT DATA, DIMENSIONS, AND FSTIMATED WEIGHTS FOR EXPERIMENTAL, STAINI :SS STEEL 1500-PS1 1OOSL-RING (ONNSCTORS
T -.1 p— FT
r'R —.i —— Bt Sije
J [
— b e - _—%}_ - - -— e
& ~
| |
ROD RID L;.L-ul .
TOD 0D 30D FID * 31D
Input Darz
Ops ratin prossis, ny 1,50, Flange-tnoswal bot thenmal gradsent, ¥ 19
ONCfanag fompa rature cange ! B R RN T Flange witmate steenyth, pa o Hot
Bolt-to-nng ol thomual gradsent, | 79 Flang yield wreogth, pa M, B0
. Bolt to-nng hot thormal gradhent ot 2 Ring ultumate sircages, pse 1134, 00y
Riny-te-flange cobd thenmat gradient, # 54 Ring, yiu bd sizength, pu 85, 000
Riny-to-flanyp hot thommal gradiong, ! i1 Oolr vitimate strengehi, pai 135, G
Maage -to-swal cobd thoewned wradiens # 54 ol i Id mrengih, pa 85, 00y
e . — Punenooms,
Nec, A fw kN LM o _ 8t SO SID SL Bkt Size  No Buity Weight, ih
Net Compatible Wil Integra) Fianges —— — T
1 a0, i he IRV U 455 AR STEe 0 Teh y THY LI L T U R 11 ] 14 16 LIS
- R LY N I W T P T AYY LN DT borGE T G0e +08s Bt 389 0 8% 1~ 42 10
1o 16 000 U el s 787 o 2 BN TR 4 T LRTAY) P70 16 8% 14 7165 9 640 bou b 161 00
Al Wath anges
[ [ VU I M 4 A P 1i 0 Q40 L ’ 0,74 . MM T30 LTI 0 dHM 14 16 & 38
¥ s g06 0 N By LS RN R Y R L A RN oA T D 08T 1 é 14 78, 60
16 [NV F S T S N B T 1onL 14 748 Lun O ben LIRS 5 163 0U
T N~ P e Lo Toemon E & _A:_.; — A




TABLE 48. INPUT DATA, DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERI AENTAL, STAINLESS STEEL 4000-PS1 INTEGRAL-FLANGE CONNECTORS

- —

/' Bolt Size

o ] |
g
1\'_.7{ =
|
po— |11, =
8L
H S0 rFip&
FOD TOD SiD
o Input Data ~423/800 F system 70/6 0 F System ~423 /200 F System
Operating pressure, psi 4,000 4,000 4000
Operating temperature range, F -423 /600 70 /600 -423. 200
Bolt -to flange cold thermal gradient, F 58 i &5
Bolt -to-flange hot thermal gradient, F 85 65 18
Flange -to-seal cold thermal gradiem, F 10 1 10
Flange 0 -seal hot thermal gradwent, F 10 70 23
Flange ultimate strength at RT, psi 90,000 290,600 90, 000
Flange yicld strength at 600 F, ps1 25,000 25,000 30, 000
Bolt ultimate strength at RT, psi 130,960 130, 600 130, 000
Boit yieid stzength at 600 F. pst 75,000 15, 000 85, GO0
Dimensions, in.
Stze, in. TOD Tw FOD FID FT BC H HL SOD SiD St Bolt Size No. of Bolu Weight, 1b
2422/600 F System
3 3. 00 0.361 5.419 2.280 2. 437 4.625 0. 1565 1. 360 3.166 2.317 0.216 3/8 18 24.8
70/600 F System
3 3.00 0.361 4.982 2,211 1.853 4.1875 0.185 1. 361 3.086 2.31m 0.241 3/8 15 15. 21
~423/200 F System
3 4.00 0.306 4.982 2.389 1.738 4.187% 0,185 1.282 3.197 2.429 0.258 3/8 16 14 42
TABLE 47. INPUT DATA, DIMENSIONS, AND ESTIMATED WEIGHTS FOR EXPERIMENTAL, STAINLESS STEEL 4000 -PS§ LOOSE -RING CONNECTORS
r-RT ..' FT
F— -.‘ Bolt Size
E - ]
C i L“J —————
ROD .‘L RID LSL I
TOD FOD 50D FI1D & SID
o __Wput a0 -dudivuy I System 70/600 F _system -423/200 F bystem
AOperating prostute, pii 4,000 4, 000 4, u00
vperating wmpsrature range, F -413/600 1G/600 -423 /200
Bolt v —ring coad thermal pradient, b T 1 iy
Bolt -to ing ot thennal gadic, F 70 o 28
Rung-to flange cold thermal gadent, F ab i 55
ng-m-nanu\ bt dicpmal gradient, V 50 55 18
Flany -to-s al cotd thenmal ygedicm, + 50 1 50
Flange -to scal hot thennal pradient, | Ll 55 18
Hlango ultimate strength at RT. w1 U, LG &, 000 8¢, w0
Flany yicld strongth atnoo b pa 25, 000 25, 000 30, VOu
Ring ultimace strenyh at RT, psy 130, 000 130, 009 130, 000
Ring yicld strenygth at 606 &, psi 15, 006 15, 660 8O, V0
Budt ultimate styenpth at R, psi 134, B0 130, 600 130, &0
Bolt yield Hrength at o0 b, pa 18, 11W REOIY a4, 0o
Dinnsasions, an.
e IR TWo ROD RN R VOO BIDT FTBC SODT S L Moliyme Mo of ol Weight, In
600 ) systemn
3 dou T T SR N N E R NP2 ST B IR B Y SO S IV S A2 ) /8 L] 1. 52
T0/600 dynem
3 K [ERNT Y [RRAR TRV N g (PR AR T T 1~ § S e s | 1837 4 438 4. 086 2. 417 0.247 KY{3 13 1632
37000 b aymaa
4 10 0306 L UST g MDD o ohb 4. 041 D UBY 1 ETH 4 wUTD 31971 ¢ 4¥¥ U 26K 3/ 1e 40
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FLANGED-CONNECTOR EVALUATION

The laboratory evaluation of representative flanged connectors is deecribed in
seven parts: (1) qualification test objectives, (2) qualification testing of small
aluminum connectors, (3) qualification testing of small stainless steel connectors,

(4) qualificaticn tegting of small, high-pressure stainless steel connectors, (5) quali-

fication testing of large aluminum connectors, (6) qualification testing of large, stain-
less steel connectors, and (7) summary and conclueions.

Qualification Test Objectives

A test plan was prepared and approved prior to the qualification testing. The
plan was formalated to demonstrate through tests of representative connectors under
worst-case, performance conditions, that the design procedure is applicable to the

following:
(1) Flanged connectors made of aluminum or stainless steel
Aluminum flanged connectors for operation from -423 to 200 F

Stainless steel flanged connectors for operation over three temperature
ranges: (a) -423 to 200 F, (b) -423 to 600 F, and (c) ambient to 1200 F

Aluminum flanged connectors for operation from 0 to 1500 psi, and
stainless steel flanged connectors for operation from 0 to 6000 psi.

S;:l.ected Tests

The following general tests were selected as representative of worst-case perfor-
mance conditions. The procedures followed for each connector are summarized as a
part of the aiscussion of the test results.

i. Proof Pressure. The connectior was to be subjected to one-and-one-half times
the maximum operating pressure at the maximum design temperature. The maximum
acceptable leakage was to be 2 x 107 atm cc/sec of helium per inch of seal circumfer-
ence, and the connector was to show no permanent distortion or damage.

2. Thermal Gradient. The leakage was to be measured at the minimum and maxi-
raum deeign temperature and during the thermal transients. Maximum acceptable leak-
age with maximum operatirg pressure was to be 2 x 107 atm cc/sec of helium per inch
of seal circumference.

A

3. Stress-Reversal Bending. The connector was to be cantilever mounted and
subjected to 200,000 cycles, or the life of the tubing, of stress-reversal bendin , with
maximum operating pressure at the maximum design temperature. Maximum acceptable
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leaxage was to be 2 x 107 atm cc/sec of helium per inch of seal circumference. The
rate of application was not to exceed 1800 cpm, and the moment applied to the fitting
during these tests was to be M = ZSp, but not more than 60 (D + 3)3, where

M

moment applied to the connector, in-1b
Z = section modulus of the tubing used with the connector, in.3

Sp = lower of (a) 0.667 x short time yield strength
(b) 0.800 x stress to rupture in 2 years
(c) 0.5 x 200,000 cycle fatigue strength

a, b, and ¢ are evaluated at maximum connector design temperature

C
]

tubing diameter, in.

4. Pressure Impulse. The connector was to be given a proof-pressure test prior
to the pressure-impulse test. All impulse testing was to be conducted at ambient tem-
perature at the rate of 35 £ 5 cycles per minute. Each impulse cycle was to con-
stitute a rise from approximately 0 psi to a peak surge pressure and drop to approxi-
niately 0 psi. The peak surge pressure was to be within 1.43 to 1.57 times the working
pressure, as shown by an oscillograph or other electronic measuring device. The
connector was to complete 200, 000 impulse cycles, after which it was again to be
given a proof-pressure test.

5. Vibration. The connector was to be vibrated for 200, 000 cycles at an approxi-
mate resonant frequency of 160 cps, at the maximum design temperature with the maxi-
mum operating pressure, The moment at the fitting was to be the same as for the
stress-reversal-bending test.

6. Repeated Assembly. A limited number of connectors were to be assembled
and disassembled 25 times and subjected to operating pressure. No leakage greater
than 2 x 10-7 atm cc/sec of helium per inch of seal circumference was to be acceptable.

7. Misalignment. The connector was to be assembled with angular misalignment
of such magnitude that the bending load would equal one-half the bending load used in
the stress-reversal-bending test.

8. Tightening Allowance. The connector was to be assembled to the design
fastening load plus 10 percent. If no damage occurred, the fastening load was to be
increased ir increments of 10 percent until damage was detected.

Connectors Selected for Test

The representative connectors selected for test are shown in Table 48. The
selection of these connectors is discussed below.
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TABLE 48. SELECTED REPRESENTATIVE CONNECTORS

Stainless Steel,

Aluminum, Stainless Steel, Stainless Steel, Ambient to 1200 F
Tube 0 to 1500 Psi, 0 to 1500 Psi, 0 to 4000 Psi, Max Pressure
oD, -423 to 200 F -423 to 200 F -423 to 600 F to be

in. 100 Psi 1500 Psi 100 Psi 1500 Psi 100 Psi 4000 Psi 10C Psi Determined

3 X X X X X X X
8 X X X
16 X X X X

The materials that can be selected for the four service ranges listed on page 3 of
this report are stainless steel for all ranges, and aluminum for the low-pressure range
from -423 to 200 F. The representative connectors were selected from four of the five
possible service range — material combinations. The fifth combination, stainless steel
for 0-6000 psi at -423 to 200 F, was not selected because the applicability of the design
procedure to such connectors was expected to be demonstrated by tests with the other i
selected connectors, particularly the 4000-psi connectors. i

The design steps required for low- and high-pressure flange connectors are not
necessarily the same. Consequently, high- and low-pressure connectors were included
in each service range. Two low-pressure connectors were omitted because the other
connectors were expected to demonstrate the applicability of the computerized procedure
to these connectors.

The high pressure for the 1200 F service range was to be established on the fol-
lowing basis. The connector used for the test was to be dimensionally the same as the
connector designed for the high-pressure test of the ¢ to 4000-psi service range. A
period of time (approximately 3 hours) at 1200 F was to be selected so as to be repre-
sentative of high-temperature systems and also to be compatible with the test opera-
tions. The pressure was then to be selected as the maximum pressure at which the
connector could operate satisfactorily for the time period selected. (As the testing
effort encountered unexpected difficulties, tests with 1200 F connectors were deleted
from the program.)

If there were no limitations in the facility test capabilities, it would have been
necessary only to test connectors of the smallest and largest sizes to demonstrate the
applicability of the design procedure over the complete size range. However, an
8-inch connector was the largest connector that could be subjected to the stress- b
reversal bending test at Battelle. Consequently, 8- and l6-inch connectors were
selected to represent the largest connectors, depending on the tests required.

Threa-inch connectors were selected to represent the smallest connectors be-
cause: (a) the design procedure for smaller sizes included allowances for fabrication
limitations, (b) the 3-inch size represented the largest size in two service ranges, and
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(c) use of a 3-inch size in all service ranges permitted considerable standardization of
test equipment and procedures and consequent cost savings in the test program.

Tests Selected for Each Connector

it was not possible to subject each connector assembly to every test. One reason
was that three of the tests (stress-reversal bending, vibration, and pressure impulse)
were fatigue tests. Another reason was that the assembly required for a thermal-
gradient test could not readily be used for a vibration test. It was decided that two
connector assemblies of each design would be used for a complete gseries of tests. It
was also decided that it was not necessary to conduct a complete series of tests for
every connector design if the tests for one connector design deinonstrated to an accept-
able degree the applicability of the design procedure to other connector designs.

As shown in Table 49, a complete series of tests was planned for two connector
designs: (1) the 3-inch, 1500-psi aluminum connector, and (2) the 3-inch, 1500-psi
stainless steel connector. (The test numbers coincide with those given previously.)
These tests were vxpected to demonstrate the applicability of the design procedure to
small connectors for all performance aspects except: (1) low pressure, (2) pressure in
excess of 1500 psi, and (3) operation at 600 F.

The low-pressure operation of small cornnectors was to be demonstrated by
Tests 1 -3 and 8 on an aluminum connector, and by Tests 1, 2, and 4 on a stainless steel
connector at 600 F. Test 5 was not planned for low pressure because the stress-
reversal bending at low pressure, combined with the vikration test at 1500 psi, was ex-
pected to demonstrate the ability of the connector to sustain vibration at low pressure.
Tests 6 and 7 were not planned for low pressure because the connector features related
to repeated assembly and misalignment were not significantly affected by the low-
pressure design considerations.

The applicability of the design procedure for pressures higher than 1500 psi was
to be demonstrated by Tests 1-4 and 8 with a 4000-psi stainless steel connecter
assembly at 600 F. The overall performance capability of connectors at 600 F was
to be demonstrated by the same tests and by Testz 1, 2, and 4 at 600 F on a low-
pressure stainless steel connector. Tests 5-7 were not to be conducted for the same
reasons described above in relation to the low-pressure demonstrations.

As shown in Table 49, tests with the 8-inch connectors were tc demonstrate the
performance of large connectors under all conditions except pressure impulse (Test 4),
vibration (Test 5), and tightening aliowance (Test 8). Tests 6 and 7 were planned for
orilly one assembly each because the design consideratiuns for repeated assembly and
misalignment were not expected to be significantly affected by either pressure or
material.

The performance of large connectors during Tests 4 and 8 was to be demon-
strated with 16-inch connectors. Because of the importarce of Tests | anc &, Test |
was to be conducted with every l6-inch connector, and Test 2 was to be conducted with
two of the 16-inch connectors. Test 5, the vibration test, was not planned for any large
connectors because the test was difficult to conduct with large sizes, and because the
resistance to vibretion was to be demonstrated by vibration tests with the 3-inch con-
nectors, by stress-reversal-bending tests with the 8-inch connectors, and by pressure-
impulse tests with tte 16-inch connectors.

102




TABLE 49. QUALIFICATION TESTS SELECTED FOR REPRESENTATIVE
CONNECTOR ASSEMBLIES

B ——— s et ver——
S R e ettt (e e — r——
rv—re—— e —r—

Tube OD, Aluminum, -423 to 200 F Stainless Steel, -423 to 200 F
inches 100 Psi 1500 Psi 100 Psi 1500 Psi
3 Tests: 1-3,8 1-4,5-8 1-4,5-8
Assembly:(3)  p.p I-L,I-1 L-L, L-L
8 Tests: 1-3,6 1-3,7 1-3
Assembly: I-L I-L I-L
16 Tests: 1,2,4,8 1,4,8 1,2,4,8 1,4,8
Assembly: I-L, I-L I-L I-L

Ctainless Steel, -423 to 600 F

100 Psi 4000 Psi
3 Tests: 1,2, 4 1-4,8
Assemnbly: I-L I-1

(a) 1-1 = integral/integral flange assembly
I-L = integral/loose-ring flange assembly
L-L = loose-ring/lcose-ring flange assembly,
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Qualification Testing of Small
Aluminum Flanged Connectors

=Ry N et s

The test schedule shown in Table 49 was followed, although the type of assembly
was altered for some of the tests. Details of the test procedures and the test results
are discussed for each of the eight types of tests. «

Test 1. Proof Pressure

: 28t Procedures. Test 1 was conducted with a 100-psi integral/loose-ring con-
ne:tur and a 1500-psi integral/loose-ring cnnnector. Each connector was machined as
part of a '""h"ermal-gradient' assembly similar to that shown in Figure 77. First, each
connector was assembled with a primary and secondary seal. A torque of 24 in-lb was
applied to the fourteen No. 10-32 aluminum studs of the 100-psi connector, and a
torque of 175 in-1b was applied to the fourteen 3/8-inch aluminum studs of the 1500-psi
connector. A 50/50 mixture of Lubriseal and MoS2 was used to lubricate the stud
threads and the nut collars of both connectors. Following this assembly, thermo-
couples, strain gages, and heaters were applied to the outside of each connector. Onme
heater was located on the tubular portion of the stub flange, while the other was located
on the tubular portion of the integral flange.

Next, an assembled connector and the seal pressurizing line were attached to the
base-plate assembly. A Bobbin sesal was placed between the transition flange and the
base plate. Finally, the vacuum chamber was placed around the connector and the
pressurizing, electrical, and vacuum leads were connected.

Each test was started by pressurizing the volume enclosed by the primary con-
nector seal and the secondary seal with helium and by pressurizing the remaining in-
ternal connector volume with nitrogen. Both volumes were pressurized simultaneously
to the proof-pressure level (150 psi for the 100-psi connectur, and 2250 psi for the
1500-psi connector). After 5 minutes, the pressure in both volumes was reduced to zero
and the connector temperature was increased to 200 F, at which time the internal pres-
sure in both volumes was again raised to the proof-pressure level. After 15 minutes at
maximum temperature and pressure, the connector was cooled to room temperature
while the proof pressure was maintained in the secondary seal volume and the connector
volume. After 5 minutes at room temperature the test was concluded. The helium
mass spectrometer was used to monitor lcakage during the entire test.

Test Results. The maximum leakage rate measured during the test of the 100-psi
connector was 1.3 x 1079 atm ce/sec per inch of seal circumference, while the maximum
leakage rate measured for the 1500-psi connector was 3.1 x 10-9 atm cc/sec per inch of N
seal circumference.
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Test 2. Thermal Gradient

Teat Procedures. The thermal-gradient test was conducted with the 100-psi and
1500-psi assemblies used for the proof-pressure tests. Figure 78 is a schematic
drawing of the major components of the thermal-gradient test system that was tried
initially. (The connector assembly was rotated 180° from the position shown in Fig-
ure 77.) At the start of the test, the LN, tank was filled with LN2 and pressurized to
50 psi. The cryogenic valve was used to valve the LN2 into the connector. When the
boiling of the LN had raised the pressure in the entire system to 1500 psi and the vent
valve was venting gaseous nitrogen, the pressure in the LN tank was increased until an
equilibrium condition had been reached for the in-flow of LN2 and the outflow of gaseous
nitrogen.
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FIGURE 78. THERMAL-GRADIENT-TEST SYSTEM

Operation of this system was unsatisfactory because the large heat sink of the
base plate prevented rapid cooling of the connector. It was found that sufficiently rapid
cooling could be obtained if the base plate was precooled with dry ice and if the stub
flange extension of the thermal-gradient assembly was cooled independently during the
cooling cycle. A second type of vacuum chamber was made which completely enclosed
the stub flange extension, thus eliminating the elastic seal at that point which would not
seal in the presence of liquid nitrogen. Metal-to-metal contact was maintained between
the stub flange extension and the vacuum chamber so the extension could be cooled by
immersion of the lower part of the vacuum chamber in LN3.

The temperature of the heaters was controlled by a Variac. Three thermocouples
were used to determine the thermal gradients, They were located on the stub flange,

106

n
M




on the middle of one of the studs, and on the loose ring midway between two bolt hcles.
The thermocouples were also found to provide a good indication of the presence of
liquid nitrogen in the connector.

At the start of the thermal-gradient test, the steel base plate was precooled with
dry ice, and the extension of the stub flange was precooled with liquid nitrogen. The
connector was then heated to 200 F. (The leakage of each connector at this temperature
had been checked during the proof-pressure test.) The heaters were then turned off
and the volume enclosed by the primary connector seal and the secondary seal was
pressurized with helium to the maximum working pressure (100 psi and 1500 psi), while
the remaining connector volume and the LN, standpipe were pressurized simultaneously,
and LN, was forced into the connector. When thermal equilibrium had been reached,
the in-flow of LN, was stopped, and the heaters on the connector were used to raise the
connector temperature to 200 F, The test was designed to cool the connector as rapidly
as possible to simulate the sudden flow of LLNp through a connector that had been ex-
posed to the hot sun. The heating cycle was conducted relatively slowly to simulate
heating from atmospheric conditions.

Test Results. The thermal gradients, equilibrium temperatures, and maximum
leakage rates for the 100-psi and 1500-psi connectors are shown in Table 50. The dif-
ference between the average thermal gradients obtained during the qualification tests and
those obtained for the simulated assemblies (see Table 26) were caused by differences
in the location of the thermocauples. It was believed that the test procedure had pro-
duced representative maximum thermal-gradient conditions. It canbe seen that all of
the measured leak rates were well below the required value of 2 x 10-7 atm cc/sec per
inch of seal circumference.

TABLE 50. THERMAL GRADIENTS, EQUILIBRIUM TEMPERATURES, AND
MAXIMUM LEAKAGE RATES FOR 3-INCH, ALUMINUM
FLANGED CONNECTORS

Maximum
Operating Thermal Gradient, F Maximum Leakage
Pressure, Stub Ilange to L.oose Ring Equilibrium Rate(a‘),
psi Cycle Loose Ring to Stud Temp, F atm cc/sec
100 1 60 12 -292 1.8x 109
2 56 13 -242 0.8x 10-9
3 50 12 -293 0.8 x 1079
4 48 16 -297 0.8x 1079
5 67 g -297 1.2x 1079
Average 65 12 -294 1.1x 10-9
1500 1 34 15 -225 1.2x 10-8
2 37 12 -217 0.9x 10-8
3 67 18 -228 0.4x 10-8
4 77 (b) -210 0.6 x 10-8
5 54 (b) -292 0.6 x 10-8
6 64 (b) -212 0.6x 1078
Average 58 15 -231 0.7x 10-8

(a) Hetium leakage rate per inich of seal circumference.
{b) Thermococuple failed after three cycles,
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Test 3. Stress-Reversal Bending

Test Procedures. This test was conducted with the thermal-gradient assemblies
that weie used for Tests | and 2 for the 100-psi and 1500-p8si connectors. Each assem-
bly was mounted as the base of a rotating cantilever beam in the test equipment shown in
Figure 79. The cantilever beam was designed to provide mechanical resonance at the
operating speed of the machine (1800 rpm). The cantilever beam was clamped to the stub
flange ext2nsion provided on the thermal-gradient assemblies, and a fine-tuning weight
was used L0 provide adjustment for mechanical resonance of the different assemblies.
Strain gages were attached to the cantilever beain to determine the moment being applied

to the connector.

FIGURE 79. 4-INCH-DIAMETER PIPE SPECIMEN BEING INSTALLED IN
STRESS-REVERSAL-BENDING MACHINE '

The first 1500-psi aluminum connector was fabricated with flanges that were too
thick. This connector was used to calibrate the equipment for the proof-pressure test,
the thermal-gradient test, and the stress-reversal-bending test. As the speed of the
stress-reversal-bending calibrations for this connector was increased to 1800 rpm,
the strain gages or the cantilever beam recorded a reduction in strain. This could not
be changed by any adjustment of the tuning weight. An examination of the equipment
showed that the cantileve: bearan was not stiff enough to maintain the configuration of a
simple cantilever at speeds above 500 rpm, and a reverse bend was being introduced dy-
namically. Not only did this make the strain-gage readings worthless, but an excessive
moment was beirg applied to the connector. This problem was corrected by selecting a
low test speed. However, it was decided that strain gages would be applied to each con-
nector as a check on the strain gages on the cantilever beam.
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Each thermal-gradient assembly was mounted in the test equipment and heated to
200 F. The volume between the primary-secondary seals was pressurized with helium
at the maximum working pressure (100 psi and 1500 psi), and the connector volume
was simultaneously pressurized with nitrogen to the same pressure. A bending moment
of 2521 in-lb was applied to the 100-pai connector, and a bending moment of 9520 in-1b
was afppaiied to the 1500-psi connector. A speed of 392 cpm was selected for each test.

Test Results. The 100-psi connector was subjected to 218,250 cycles of stress-
reversal bending before failure occurred. The tailure was a group of three or four
very small holes located 3 inches from the bottom of the mounting flange on the tubular
portion of the stub flange. It was believed that the failure was caused by localized
stresses resulting from an indentation in the 0.028-inch tube wall approximately
1/4 inch from the point of failure. The maximum helium leakage rate measured during
the test was 1.5 x 10-9 atmi1 cc/sec/inch of seal circumference.

The 1500-psi connector was subjected to 241,500 cycles of stress-reversal bend-
ing before failure occurred. The failure was a fine circumferential crack, approxi-
mately 1/2 inch long, located 1-1/2 inches from the O-ring groove, on the tubular
portion of the stub flange. The maximum heliur: leakage rate meausured during the test
was 0.35 x 109 atm cc/sec per inch of seal circurnierence.

Because neither failare in the aluminum connector assemblies occurred in the

connector material, and because each test achieved the required 200, 000 cycles cf
stress-reversal bending, the test results were judged to be satisfactory.

Test 4. Pressu:c ‘mpulee

Test Procedures. This test was conducted with a 3-inch, 1500-psi 'vibration
assembly' instead of a ''thermal gradient'" assembly. The vibration assembly con-
sisted of a connector without a secondary seal, with tube extensions, and with a pres -
surizing port, similar to the conne.tor shown in Figure 8C.
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FIGURE 80. VIBRATION ASSEMBLY
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Figure 81 shows schematically the arrangernent of the pressure-impulse equip-
ment, Hydraulic pressure was adjusted for 2250 psi at the output of the power unit,
and a solenoid-actuated directional-control valve was used to control the flow to the test
fitting. A Bell-O-Fram type diaphragm was used to separate the hydraulic oil from
the alcohol in the test fitting. A switch and motor-driven gear-camn arrangement was
designed to operate the solenoid valve to produce the desired cycling rate. Needle
valves were installed in the inlet and return lines of the directional-control valve to
provide adjustable restriction on the flow of oil and thereby control the rate of pressure
rise,

r", Test Fitting
Presaure Transducer Alcohol
Disphragm Separstor
o1l
Two-Position Directional Control
SOL \ ! M Valve, Controlled by a Motor-
Oscilloscope . Driven, Cam-Switch Arrangement
Needle _ * '!;'Tle
Valve 4 alve
Pressure Relief ™ I 011
Valve

Hydraulic Power |
Supply |

—_—— =

r=—m7

FIGURE 81. SCHEMATIC PIAGRAM OF PRESSURE-IMPULSE EQUIPMENT

The connector was first assembled for a helium leak check. Because of a
previous failure in the vibration test (see page 111) a modified 3-inch, 1500-psi
aluminum connector was used which contained a stronger hub and sixteen 5/16-inch
studs. The nuts were torqued to 110 in-1b, using a 50/50 mixture of Lubriseal and
MoS8; to lubricate the stub threads and nut collars. A leakage check at room tempera-
ture showed no detectable leakage at 2250 psi of helium. Pressure traces recorded at
various times throughout the teast showed that sharp impulses were being obtained at a
rate of 40 cycles per minute, and that dwell times of approximately 3/5 second existed
at both the maximum and minimum pressure levels. A typical trace is shown in
Figure 82.
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¥FIGURE 82, PRESSURE CYCLES MEASURED FOR 3-INCH, 1500-PSI
ALUMINUM CONNECTOR

Test Results. The testing was terminated after 200, 000 impulse cycles with no
evidence of liquid leakage. The connector was drained and heat was applied to assist in
removal of the alcohol. A leak check showed no det~ctable leakage at a helium pressure
of 2250 psi.

Subsequently, when the seal in the 8-inch, 1500-psi aluminum connector failed
after approximately 14,700 cycles of pressure-impulse testing, the seal from the 3-inch
connectur was given a Zyglow examination. Fatigue cracks were found at the base of
both seal disks, which indicated possible failure at about 300,000 cycles, This showed
a need for an incvease in the thickness of the seal disks for the 3-inch, 1500-psi
connector.

Test 5. Vibration

Test Procedures. The vibration test was conducted with a 1500-psi vibration
assembly similar to that shown in Figure 80, The assembly was mounted as a simply

supported beam. The connector was supported at two nodes, and a yoke-shaped device
was fabricated to transmit the input from the Calidyne shaker to the connector at the

nodes, A dummy connector was used to check out the test equipment and procedures,

Despite the tests with the dummy connector, considerable difficulty was encoun-
tered with the first assembly., The instrumentation used to monitor the test consisted of
a vibration meter for monitoring acceleration, velocity, and displacement; an Ellis
meter for strain readout for statically calibrated strain gages placed on a tubing ex-
tension; and an oscilloscope for strain-level monitoring. Many attempts were made to
adjust the tuning weights and connector support locations, but it was impossible to main-
tain the required frequency of vibration, and the strain never rose above about 50 per-
cent of the required strain. When the connector failed prematurely, it was decided that
the connector design had to be modified for a second test and that an improved te st pro-
cedure had to be developed.

The next vibration test was conducted with a vibration assembly which contained
strengthened hubs. The connector was supported at two locations by srmall steel cables
and the center of the connector assembly was fastened horizontally to the Calidyre
machine, This arrangement was found to provide good frequency and amplitude control
for the assembly. The flexible cables did not adversely affect the vibration of the con-
nector. The connector was pressurized with water at 1500 psi and an enclosure with
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radiant heaters was used to heat the assembly to 200 F. The instrumentation of the sec-
ond test was the same as for the first test, with the addition of a pressure gage and a
thermocouple. A test with a third vibration assembly was conducted identically to the
test with the second assembly.

Test Results. A pretest room-temperature leak check of the first 1500-psi vibra-
tion assembly showed a leakage rate of 6.5 x 10-8 atm cc/sec per inch of seal circum-
ference. During the vibration test, the firet assembly broke at the base of the integral
flange after only about 50,000 cycles at an average stress of 7000 psi (compared with a
design stress of 14,000 psi with a bending moment of 9500 in-1b), This premature
failure occurred despite the fact that the connector was neither pressurized nor heated.
Examination of the stub flange showed an extensive crack at the flange-to-hub location,
indicating incipient failure of that flange alsoc.

A second vibration assembly was fabricated similar to the first but with strength-
ened hub sections (see page 86). The connector assembly was pressurized to 1500 psi
with water, heated to 200 F, and vibrated at the design stress level at a frequency of
160 ¢cps, Failure occurred after 28,200 cycles at the bulkhead in the simulated tubing,
about 6 inches from the connector. This premature failure was a surprise because the
calculated and measured strain at this location was approximately one-half the strain at
the transition joint, the point of expected failure. Although a flaw in the bar stock could
have caused the failure, the bulkhead was believed to have caused an unexpected stress
raiser,

In the third vibration assembly, the bulkheads were moved to the ends of the
assembly, about 18 inclies from the connector. With a frequcncy of approximately 179
cps and the design bending moment, the connector failed at the tube-to-hub transition
section after 53,000 cycles. This was the expected location of failure because of the
change in section, and the test was considered to be an acceptable test of the connector
because the connector was shown to be stronger than the tubing or the tube-to-hub transi-
tion. However, the failure of the tube-to-hub transition at such a low stress level was
believed to represent a critical problem for the system designer, because substantial
evidence was believed to have been developed that an unknown stress raiser was being
encountered in the 3-inch tubing system in the vibration mode. (The further investiga-
tion of this problem is included in a follow-on effort, Contract No. F04611-69-C-0028).

Test 6. Repeated Assembly

Test Procedures, The repeated assembly test for a 3-inch, 1500-psi aluminum
connector was conducted with flanges from the first, failed vibration assembly. The
test utilized the seal cavities and the undamaged inside diameter of the flanges. O-ring-
sealed supporting base plates were made so an axial load could be applied to the flanges
in a Universal testing machine. Pressurized helium was intrcduced to the inside of the
seal area through one base plate, while a cylindrical extension of the other base plate
met with an O-ring seal on the outside diameter of the first base plate to form a vacuum
chamber for the helium mass spectrometer. All of the assembled seals were checked
with 1500-psi helium pressure,
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Test Results., Table 51 shows the maximum leakage rate measured for each
assembled seal, After the test, an examination of the connector sealing cavities with i3
a 20-power lens showed no sign of wear or deformation at the surfaces where sealing i

occurred,

TABLE 51, REPEATED-ASSEMBLY-TEST LEAKAGE DATA FOR 3-INCH
1500-PSI ALUMINUM CONNECTOR

Seal Leakage Rate(3), atm cc/sec Seal Leakage Rate(3), atm cc/sec

"
z

1 14 x
2 x 15 0.14 x 1079
3 x 16 x

4 x 17 x

5 x 18 x

6 x 19 0.27 x 10°9
7 x 20 x

8 x 21 x

9 x 22 x

10 x 23 x

11 x 24 x

12 0.81 x 109 25 x

13 0.97 x 10-9

(a) Helium leakage rate per inch of seal circumference.
(b) Denotes no detectable leakage.

Test 7. MisaLism‘nent

Test Procedures. The misalignment test was conducted with the 3-inch, 1500-psi
"vibration assembly" that had been used for the pressure impulse test. The cavities of
this connector were machined to a depth of 0. 080 inch instead of the standard 0. 020 inch
to produce a greater length of seal contact area for conditions of extreme misalignment,

When a tubing system is assembled in practice, it is expected that axial misalign-
ment will exist between component parts of the system. Physical displacement of inter-
connecting tube ends is required tc compensate for axial misalignment, and tube-end
displacement results in angular misalignment at the connectors. The assembly of
angularly misaligned connector halves produces a bending moment which is distributed
among the system components and tubing. The bending moment will increase during
connector bolt-up until the angular misalignment between connector halves has been
reduced to zero, This action produces more axial motion on one side of the connector
than the other, with a resultant relative motion between the sealing disks and connector
cavities, The seal must he able to withstand this sliding action while maintaining its '

ultimate requirement for sealing.

A test fixture was fabricated to simulate a misaligned tubing condition. One half
of the connector was clamped to a rigid base with its tube axis at an angle of 2 degrees
to the base. The other connector half was pousitioned but not clamped by a support close
to the connector. Shims were used under this support to provide angular changes in the
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connector axis which would add to or subtract from the 2-degree angle established by the
clamped connector half. Initial test misalignments of 1, 2, and 3 degrees were estab-
lished by this method.

A tube extension providing a moment arm was added to the unclamped connector
half. A bending moment equal to 1/2 the moment established for stress-reversal bending
was required for this test, and the moment was provided by placing a weight on the tube
extension. During the test it was found that the moment-producing weight caused a high
transverse load on the seal due to leverage about the connector inner support block which
acted as a fulcrum. A force of this magnitude would not be encountered in the assembly
of an actual tubing system, and its effect was therefore removed from the test setup
through the use of an outer tube support.

The seal was assembled into the connector at the desired angle of misalignment
and the nuts were snugged down fingertight on the connector bolts. The weight was placed
on the connector tube extension which was supported by the inner and outer tube supports.
The connector bolts were then tightened with progreseively increasing torque in a bolt-
to-bolt sequence. As the bolt load was increased, the unrestrained connector half raised
from the supports and a moment was applied to the entire connector. The bholt torque
was increased in a continued bolt-to-bolt sequence until the required holt preload -vas
attained on all bolts. This assembly procedure satisfied the test requirement of initial
angular misalignment of the connector halves while providing the bending moment and
transverse loads that are expected during the process of bolt-up, In fact, the application
of the full moment during practically the entire bolt-up procedure was significantly more
stringent than will be encountered in practice, when the moment will norm.ally increase
with bolt tightening.

Test Results, Leakage checks were made with 1500-psi helium on each of the
aszemnblies vesulting from initial misalignment angles of 1, 2, and 3 degrees. No mea-
surable leakage was found on any of the assemblies. Because some hand guidance was
required during the early portion of the bolt-up of the 3 degrees of misalignment, it was
apparent that a greater seal cavity depth will be required if a misalignment capability of
3 degrees is to be provided in the 3-inch connector.

Test 8. Tightening Allowance

Test Procedures. Each of the fourteen No. 10-32 studs of the 108-psi connector
was initially tightened with a torque of 24 in-1b, using a 50/50 mixture of Lubriseal and
MoS; applied to the nut faces and stud threads. Each of the fourteen 3/8-in. studs of
the 1500-psi connector was initially tightened with a torque of 175 in-1b with the same
lubrication procedure used for the 100-psi connector. Measurements were then made of
the dimensions believed to be most useful in determining the occurrence of yielding in
the connector (see Figure 83), Each connector was then tightened with additional torgque
increments of 10 percent, with measurements being made after each torque increment,
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FIGURE 83. TIGHTENING -ALLOWANCE TEST MEASUREMENTS ON 3-INCH ALUMINUM CONNECTORS

Measurements were made at four equally spaced locations.

Test Results. The measurements showed that the greatest portion of the total
change in the selected diraensions occurred during the first 10 percent increment of stud
overtorque. Because a considerable amount of radial taper in the loose rings occurred
as the result of the connector preloads, it is believed that the continued increase in
radial taper ot the rings caused a shift in the center of pressure between the nut face and
loose ring. This shift in pressure toward one side of the stud resulted in an increase in
the friction moment arm, which required a larger torque to overcome friction. The por-
tion of the applied torque remaining for conversion to axial stud load was lessened, with
a resultant decrease in connector dimensional changes. The radial taper of the loose
rings essentially stopped when the stud shanks prevented further increase in the taper.

In the 100-psi connector, increased elongation of the studs was noted with the appli-
cation of 50 percent overtorque. This was judged to be evidence of yielding of the studs.
Although stud yielding was not encountered on the 1500-psi connector with 50 percent
overtorque, initial yielding was indicated for the next 10 percent increment. In either
case, the sealing capability of the connector was unchanged by the application of 150 per-
cent of the recommended torque.

Qualification Testing of Small,
Stainless Steel Connectors

The test schedule shown in Table 5] was followed. Details of the test procedures
and test results are discussed for each of the eight types of tests.

Test 1. Proof Pressure '

Test Procedures, The proof-pressure test procedures described previously for
the 1500-psi 3-inch aluminum flanged connector were used for the 3-inch stainless steel
flanged connector. The connector contained two loose-ring flanges machined as part of
a thermal-gradient assembly similar to that shown in Figure 77. A torque of 95 in-1b
was appiied to the sixteen 1/4-inch A286 studs, using the same¢ lubrication procedures
as for the aluminum fasteners.
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Test Results. The maximum leakage rate measured during the proof pressgure test
was 1.52 x 10-8 atm cc/ sec of helium per inch of seal circumference.

Test 2. Thermal Gradient

Test Procedures. The test procedures developed for the 3-inch aluminum con-
nectors were used for the 1500-psi stainless steel connector.

Test Results, The thermal gradients, equilibrium temperatures, and maxiimum
leakage rates for the 1500-psi stainless steel connector are shown in Table 52. Some
difficulty was encountered in controlling the flow of the liquid nitrogen in the first five
cycles and this resulted in variation and high readings for the equilibrium temperatures
for these cycles. However, for the sixth cycle, the liquid nitrogen was introduced
without pressure in the connector so that a very low equilibrium temperature was reached
as fast as possible (boiling gas could be vented immediately). The connector was then
pressurized for a leak check., Because the thermal gradients in the sixth test were
comparable to those in the other tests, and because the thermal gradients were believed
to be the moet severe condition of this test, the test was judged to be realistically severe.
The measured rate of helium leakage remained at very low values for all the test cycles.

TABLE 52. THERMAL GRADIENTS, EQUILIBRIUM TEMPERATURES,
AND MAXIMUM LEAKAGE RATES FOR 1500-PSI, 3-INCH
STAINLESS STEEL CONNEC TOR

Thermal Gradients, F Equilibrium Maximum leakage
Stub Flange to Loose Ring Temperature, Rate,

Cycle Loose Ring to Stud F atm ce/sec(®

1 100 146 -130 3.1x 1079

2 88 152 -150 2.6x10-9

3 86 142 -160 2.6x10°9

4 107 113 -100 3,7%10"9

5 86 142 -165 1.0 x 10-9

6 87 134 -300 1.0x 1079
Average(® 93 139 -141 2.6 x 10-9

(a) Helium leakage rate per inch of seal circumference
(b) Average shown for first § cycles only.

Test 3. Stress-Reversal Bendiﬂg

Test Procedures. This test was conducted with the 1500-psi thermal-gradient
assembly used for the proof pressure and thermal gradient tests. The procedures
were identical to those used for the 1500-psi aluminum connector. A bending moment
of 11,288 in-1b was applied to the stainless steel connector,

Test Results. The stainless steel connector was suljected to 352, 860 ¢y :les of
stress reversal-bending without failure. The maximum helium leakage rate measured
during the test was 1,42 x 10”9 atm cc/sec per inch of seal circumference.
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Test 4. Pressure Impulse

Test Procedures, A 3-inch, 1500~psi stainless steel "vibration assembly"
{similar to that shown in Figure 80) was subjected to a pressure impulse test using the
same procedures described for the 3-inch, 1500-psi aluminum connector. The stainless
steel connector, which had no secondary seal, consisted of an integral/loose-ring con-
figuration., An assembly torque of 110 in-1b was applied to the sixteen 1/4-inch A286
bolts.

A room-ternperature leak check of the assembled connector showed no detectable
leakage of helium at a pressure of 2250 psi, Operation cf the test equipment produced
a temperature-stabilized condition with 2 maximum pressure of 2180 psi (which was
greater than the mimimum specified pressure).

Test Results., The test was terminated after 200,005 pressure-impulse cycles
with no indication of liquid leakage. A leak check with 2250-psi helium after removal
of the alcohol showed no detectable helium leakage.

Test 5, Vibretion

Test Procedures. The connector used for the 3-inch, 1500-psi stainless steel vi-
bration test was the integral/loose-ring vibration assembly that had been used previously
for the pressure impulse test. On the basis of the failures encountered in the vitration
tests of the aluminum connectors it was decided that the flange-to-hub radii should be
increased. Cconsideration was given to machining a new assembly with inc~eased hub
thicknesses, but it was decided that the stainless steel would probably be less susceptible
to the effects of the stress raiser than the aluminum, and the thinner hub would probably

be satisfactory,

Strain gages were attached to the assembled connector at the flange-to-hub radius,
at the tube-to-hub transition, and on the tube, The strain gages were cal:brated stat-
ically for the required bending moment, and the leakage rate was monitored for 30 irin-
utes with the connector pressurized with 1500-psi helium. No leakage could be detected.

A room-temperature vibration check with no internal pressure produced a tube
strain of 464 uin, /in. at a resonant frequency of 186 cps. Strains of 458 and 710
pin,/in, were measured at the tube-to-hub transition and the hub-to-flange radius,

respectively.

The assembly was pressurized, heated, and tested in the same manner as was the
1500-psi aluminum connector. Although the power to the Calidyne machine had to be
slightly increased periodically, the test was completed without incident.

Test Results. No indication of liquid leakage was detectable after 475, 000 cycles,
The water was removed from the connector and the connector was heated to rerrove
residual moisture. A leak check with 1500-psi helium showed no detectable leakage.

Although the connector showed no Jealkage, the diameter of the simulated tubing
between the connector and the bulkheads had enlarged 1/16 inch. Because the calculated
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and measured stresses in the tubing before and during vibration did not exceed the yield
stress of the stainless steel, and in fact were about cne-half the yield stress, it was
hypothesized that the same, unknown, stress raiser existed in the 3-inch stainless steel
connector as in the 3-inch aluminum connector,

Test 6. Repeated Assembly

Test Procedures. The 3-inch, 1500-psi stainless steel thermal-gradient assembly
was adapted for use in the repeated assembly test, Seal loading was accomplished in a
Universal testing machine. An axial load was applied to the connector through a tube
whose mean diameter was equivalent to the connector bolt-circle diameter, The load -
was transmitted through the tube and connector loose ring to the stub flange. The load
path from this point was through the scal tang to the integral flange, and then through the
connector to the base plate with its pressurizing fittings. A vacuurn chamber, consisting
of a tube closed at one end, was placed over the assembly. The testing machine pressed
against the closed end of the vacuum chamber, which rested on the loading tube described
above. The open end of the vacuum chamber moved down over an O-ring seal located in
the outside circumference of the base plate. This arrangement not only provided an
accurate means of measuring the seal seating forces, but also saved the time normally
required to tighten the studs.

An axial load of 25,000 pounds was applied as a preload to each of the 25 seals
tested, and all of the seals were leak checked with 1500-psi helium pressure,

Test Results, Table 53 shows the maximum leakage rates measured for the
25 stainless steel assemblies. At the time, it appeared that the existence of four seals
with excessive leakage rates was caused by poor quality control of the nickel plating.
However, growing evidence from the use of stainless steel seals in threaded connectors,
as well as from subsequent tests with the 8-inch flanged connectors, indicated that a
significant increase was required in the radial sealing load of stainless steels to obtain
reliable performance. Examination of the seal cavities of the connector flanges with a
5-power microscope showed no wear or deformation at the surfaces where sealing

occurred.

Test 7. Misalignment

Test Procedures. The misalignment test was conducted with the 3-inch, 1500-psi
stainless steel ''vibration assembly' that was used for the vibration test. The enlarge -
ment of the tubing extension that occurred in the vibration test had no influence on the
misalignment test. The test procedures described previously for the 3~inch, 1500-psi
aluminum connector were used for the stainless steel connector. The required bending
moment of 5640 in-1b was achieved by placing a 141 -pound weight 40 inches from the
connector on the extension beam.

Test Results. Tests were conducted with initial misalignment angles of 1, 2, and
3 degrees. A sliding action was noted between the seal and its cavity during each test,
and greater motion was evident as the misalignment angle was increased. Some plating
was scraped from the seal as a result of this motion, but the material came from areas
which did not affect the ultimate sealing surfaces. which were on a 10-degree reverse
angle. No leakage could be detected with 1500-psi helium on any of the three assemblies

resulting from initial misalignments of 1, 2, and 3 degrees.
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TABLE 53. LEAKAGE DATA FCOR REPEATED-ASSEMBLY TEST
WITH 3-INCH, 1500-PSI STAINLESS STEEL
CONNECTOR

Seal Measured Leakage(a) atm cc/sec Remaris
1 x(b)
2 x
3 x
4 7.2 x 10710 Leakage within specified limit
5 1.1l x 108 leakage within specified limit
6 x
7 *
8 X
9 x
10 x
11 Grorater than 2. 26 x 1079 Large flakes in plating on sealing surface
12 x
13 x
14 Greater than 2,7 x 10°6 Pite in plating across sealing
surface
15 x
16 Greater than 4.5 x 1076 One large flake in plating on sealing
surface
17 x
18 b3
19 x
20 x
21 x
22 1.76 x 1078 Leakage within specified limit
23 x
24 5.7 x 10-7 Pits in plating across sealing surface
25 X
(@) Hhelinm deakage rate peeanch of veal circunference.
() Denotes no detectable leakage

Test 8. Tightening Allowance

Test Procedures. The 3-inch, 1500-psi stainless steel thermal-gradient-assembly
connector containing two loose rings was used for this test. The connector was as-
gembled by applying the maximum torque of 110 in-1b to each of the sixteen 1/4-inch
A286 studs. The same lubrication technique was used as for the aluminum connector,
and the same measurement and overtorquing procedure was used. In addition, a leak
check was made with 1500-psi helium after the initial assembly and after the application
of 50 percent torque.

Test Results, The greatest dimensional change after the application of 150 percent
of recommended bolt torque occurred in the tilting of the loose rings. However, this
was not considered to be excessive, The incremental changes in stud length were con-
sistent and did not suggest a condition of yielding. Neither the pretest nor the posttest
leakage check on the connector with 1500-psi helium produced detectable leakage. Cal-
culations of stud capacity showed that failure of the studs could be expected starting at

about 170 percent of recommended torque.
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Qualification Testing of Small, High-Pressure
Stainless Steel Connectors

The applicability of the design procedure for designing connectors for pressures
higher than 1500 psi was to be demonstrated by Tests 1 through 4 and 8 conducted on a
3-inch, 4000-psi, -423 to 600 F, stainless steel, integral-integral flange connector
assembly. The overall performance capability of connectors at 600 F was to be demon-
strated by these tests combined with tests on a low-pressure, 3-inch connector at 600 F,

A reexamination of the primary objectives of the laboratory program re sulted in
the decision to minimize the high-temperature activities. As a result of this decision,
the 1200 F tests were eliminated completely, and the low-pressure 600 F tests were
eliminated., It was believed that any significant problem at 600 F would be revealed by
the test of the 3~-inch, 4000-psi connector at 600 F,

When a 4000-psi connector was designed for the full temperature range of -423 to
600 F, the connector was very heavy (see Tables 46 and 47). Since this temperature
range was not expected in a single system, 4000-psi connector designs were optimized
for a cryogenic system (-423 to 200 F) and a hot-gas system (ambient to 600 F'), The
dimensions of these connectors showed that by accepting a slightly heavier than optimum
cryogenic connector, it was possible to use dimensions for the cryogenic connector that
could be obtained by ramachining the hot-gas connector, This choice was selected, and
the hot-gas connector was fabricated and tested first., The connector was then dis-
assembled, the flanges were modified, and the cryogenic connector was assembled and
te sted,

Because two 4000-psi connector designs were tested in this revised approach,
the test schedule was reexamined, It was decided that Tests 1 through 3 would be con-
ducted on the hot-gas connector, and Tests 1, 2, and 8 would be conducted on the cryo-
genic connector., When a question of seal disk strength arose later in the program, a
pressure impulse test (Test 4) was also cunducted with the cryogenic connector.

Tests for a 3-Inch, 4000-Psi
Hot-Gas Connector

Proof-Pressure Test Procedures. The proof-pressure test was conducted with a
therrnal-gradient assembly similar to that shewn in Figure 77, Because of the high
temperature, disks were machined on the tubular portions of the connector, and the
vacuum chamber was welded to the disks after the connector was assembled., Lubri-
cation was applied to the nut-bearing surfaces and threads of the 3/8-inch, A286 con-
nector bolts, and a preload torque of 296 in-1b was applied to each of the 16 bolts. Ex-
ternal heaters were mounted on the outside diameter of each of the integral flanges,
Wiring was routed through the vacuum chamber electrical feed-through, and after the
connections were checked, the vacuum chamber was welded in place.

Difficulty was encountered with the heating of the connector because the hecaters
(which had a higher capacity and a higher voltage than the heaters used for the 200 F
testa) shorted out in the vacuum required for leakage measurements, A 5500-watt
heater had been purchased and modified to fit inside the connector during the
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thermal-gradient te .t. It was decided that this heater would be used for the proof-
pressure test, Although the heater filled most of the connector cavity, the remainder

of the cavity was filled with water to optimize the flow of heat from the heater to the con-
nector. The water did not beil because of the high pressure.

Although an ambient test at 60r0 psi showed a leakage of only 1.16 x 109 atm
cc/ sec of helium per inch of seal circumference, an increase in connector temperature
to 600 F resulied in an excessive leak which flouded the rass spectrometer. An examin-
ation of the seal showed an imperfection in the nickel plating at the point of leakage,
However, it was estimated that this problem may have been aggravated by load inter-
action between the sealing disks caused by a very short seal tang, Seals with twice the
tang length were then fabricated. Load ring tests showed that the redesigned seals had
a radial load of about 2550 pounds per inch of seal circumference as compared with a
load of about 1300 pounds per inch for the original seal design, Although the lower value
was believed to have been sufficient, it was estimated that the higher value would pose
no problems for the high-pressure connector.

Proof-Pressure Test Results. Seven proof-pressure test cycles were conducted
to "wring out' the new seal design. To simplify installation, a secondary seal was not
used during these tests. Although leakage from the connector was not monitored con-
tinuously, a constant 6000-psi helium pressure was maintained inside the connector,
Leakage was measured at ambient temperatures (considered the condition most likely to
leak) and no leakage was detected after any cycle. This series of tests was considered
to be ample for the proof-pressure test requirements.

Thermal-Gradient Test Procedures. The connector was then disassembled and
reassembled with an unused primary seal, and with a secondary seal. Six cycles of
high-temperature thermal-gradient testing were conducted from ambient to 600 F with
heat being supplied by the internal heater. The seal leakage was monitored continuously
while the pressure inside the connector was maintained at 4000 psi and the helium pres-
sure between the primary and secondary seals was maintained at 4000 psi. Temperatures
were monitored throughout cach test cycle with thermocouples on the OD of the seal tang,
the OD of a flange, and on the midpoint of a bolt, The maximum temperature differential
occurred between the seal tang and the bolt during the heating portion of each cycle.

Thermal-Gradient Test Results, The indicated leakages and maximum tempera-
ture differentials are shown in Table 54. The rate of heat input was increased each cycle
but no significant increase in seal leakage could be associated with the increasing
temperature differentials,

Stress-Reversal-Bending Test Procedures. The stress-reversal-bending test was
conducted in a manner similar to that used for the 3-inch aluminum and stainless steel
connectors. The base plate of the thermal-gradient assembly was rigidly attached to
the test machine, and the required bending moment (12,960 in-1b) was applied to the con-
nector through an extension beam. Temperature-compensated strain gages were attached
to the tubular section between the connector and the base plate. The gages were first
statically calibrated at room temperature with the assembly in a horizontal position and
with weights on the extension beam, and these values were compared with those calculated
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for the tubular section using the dimensions and the required moment. This comparison
was then used to calculate the amount of strain that should be indicated at 600 T with a
reduced modulus of elasticity. Finally, the beam deflection required in the machine to
produce the required strain was measured by dial-indicator gages and shown to be in
close agreeinent with the calculated deflection requirement.

TABLE 34. THERMAL-GRADIENT-TEST DATA FOR 600 F, 3-INCH,
4000-PSI STAINLESS STEEL CONNECTOR

Max Temp
Max Leakage Rate(a], Differential Between
Test Cycle atm cc/sec Seal Tang and Bolt, F
1 4.6x 1079 132
2 5.4 x 1077 198
3 4.1x 1079 195
4 3.7x 10°8 201
5 4.8x 1079 223
6 6.7 x 1077 242

(a) Helium leakage rate per inch of seal ciccumference.

The temperature of the connector was stabilized at 600 F by the Variac-controlled
internal heater, the internal pressure of the connector and the helium pressure between
the seals were raised to 4000 psi, and the cycling was begun. Pressure, temperature,
and helium leakage were monitored continuously throughout the test, while the strain-
gage readings were checked at half-hour intervals., The cycle rate was 378 cycles per
minute.

Stress-Reversal-Bending Test Results, The test was terminated after 202,230
cycles of stress-reversal bending, during which time no leakage could be detected from
the connector.

Tests for a 3-Inch, 4000-Psi
Cryogenic Connector

Proof-Pressure Test Procedures, As described previously, the cryogenic 4000-
psi connector was very similar to the hot-gas 4000-psi connector. The connector was
assembled with a primary and secondary seal, and the 3/8-inch A286 bolts were tightened
with a torque of 296 in-1b. Because the heating cycle was less critical for the cryogenic
connector than for the hot-gas connector, heatirg was accomplished by passing steam
through a copper tube which was coiled about the welded vacuum chamber and the exposed
connector tubular sections,

The proof-pressure test of the 3-inch, 4000-psi cryogenic connector was initiated
by pressurizing the connector to 6000 psi at ambient temperature for approximately
1 hour. The pressure was then reduced to 1000 psi and the connector was heated to
200 F. Next, the pressure was raised to 6000 psi for approximately 30 minutes, and the
connector was then cooled to ambient temperature with a constant internal pressure of

6000 psi,
122




Proof-Pressure Test Results. No leakage could be detected during two such
proof-pressure tests,

Thermal-Gradient Test Procedures. Because of the high pressure of the 4000-psi
connector, it was not possible to use the same thermal-gradient-test techniques that
were used for the 3-inch, 1500-psi aluminum and stainless steel connectors, The
modified procedure consisted of using the liquid-nitrogen test stand to cool the connector
as quickly as possible by allowing liquid nitrogen to flow rapidly into the connector at
ambient pressure. To hasten the cooling process, the lower part of the connector wasn
immersed in liquid nitrogen during the cooling cycle. The volume between the secondary
and primary seals was continuously pressurized to 180 psi, and the mass spectrometer
was used to monitor connector leakage continuously, When an equilibrium temperature
had been reached, the liquid-nitrogen supply was stopped, and the connector and the
secondary-primary seal volume were pressurized to 4000 psi.

Thermal-Gradient Test Results. Four cycles were conducted between temperature
extremes of -300 and +195 F. Because the cooling was accomplished in approximately
1 hour, and because the thick flanges of the high-pressure connector represented large
masses as compared to the seal, it was believed that the thermal-gradient design pa-
rameters were given a severe test., The largest leakage measured during the four cycles
was 3.3 x 1078 atm cc/sec of helium per inch of seal circumference.

Pressure-Impulse Test Procedures. Because a stress-reversal-bending fatigue
test had already been conducted on the hot-gas 4000-psi connector, a second fatigue test
was not originally scheduled for the cryogenic 4000-psi connector. However, as des-
cribed later, pressure impulse tests produced seal disk failure in the 8-inch, 15C0-psi
aluminum connector and extensive seal disk cracking in the 3-inch, 1500-psi aluminum
connector. The seal disks in the 3-inch, 4000-psi stainless steel connector had the
same thickness as the seal disks in the 3- and 8-inch, 1500-psi aluminum connectors.
Although stainless steel was known to be much tougher than the aluminum, it still ap-
peared likely that a pressure-impulse test at 6000 psi might fail the stainless steel disks
of the 4000-psi connector. Thus, a pressure-impulse test of the 4000-psi connector was
initiated primarily to test the seal disks and secondarily to conduct another fatigue test
of the connector structure,

Much of the equipment used to conduct pressure-impulse tests on the 3-inch,
1500-psi connectors was used to test the 4000-psi connector, A modification consisted
of substituting an intensifier for the ocil/alcohol separation unit so the 2250-psi output
pressure of the original equipment could be used to produce 6000-psi pressure impulses.
In this arrangement, it was necessary to use a light oil in the connector instead of
alcohol, but this was believed to be acceptable since the mode of possible failure was
expected to leak oil. The secondary seal was machined away in the assembled connector
prior to the test so the pressure impulses could reach the primary seal.

Pressure-Impulse Test Results. For the most part the test was conducted without
incident. At one time the intensifier galled and had to be reworked slightly, but by using
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a heavy oil at the intensif{ier seal: it was possible to continue. In all, 1,072,422
pressure-impulse cycles were completed without leakage at the primary seal, Upon dis-
assembly of the connector, a Zyglow examination of the seal showed no cracking of the
seal material,

Tightening -Allowance Test Procedures. The 3-inch, 4000-psi cryogenic stainless
steel connector was assembled by applying the recommended torque of 296 in-1b to each
of the 3/8-inch, A286 bolts. The same lubrication and measurement was used as had
been used for the 3-inch, 1500-psi aluminum and stainless steel connectors. The torque
was then increased in increments of 10 percent.

Tightening - Allowance Test Results. An overtorque of 90 percent was applied with-
out indication ot yielding of the bolts, Iowever, at this torque the nut corners had become
badly rounded and application of additional torque was not posasible,

Qualification Testin&of Laige Aluminum
Connectors

The applicability of the computerized procedure for designing large aluminum
flanged connectors was to be demonstrated by the fabrication and est of connectors for
8- and 16-inch tubing systems. As the test program proceeded, the test schedule was
reexamined. It was decided that the number of high-pressure, large tubing systems
would be low and that the test of a 16-inch, 1500-psi connector would have relatively little
applicability. On the other hand, it was also decided that there would be many low-
pressure systems, and the absence of an 8-inch, 100-psi connector was undesirable in
view of the large size difference between the 3-inch and the 16-inch, 100-psi connectors.
Therefore, the decision was made to replace the 16-inch high-pressure connector with an
8-inch low-pressure connector, At the same time, the schedule of tests was revised
slightly and the test schedule shown in Table 55 was undertaken,

TABLE 55. REVISED TEST SCHEDULE FOR LARGE ALUMINUM CONNECTORS

Tube OD, in. Max Operating Pressure, psi Tests Assembly Type
8 1500 1,2,5-8 Integral/ Loose-Ring
8 100 1,2,5,8 Integral/Loose-Ring
16 100 1,2,4,8 Integral/Loose-Ring

Following the successful completion of over 1,000,000 vibration cycles on the
8-inch, 100-psi connector, the decision was made to substitute a pressure-impulse test
for the vibration test of the 8-inch, 1500-psi connector. A seal design problem revealed
by this pressure-impulse test demcnstrated the wisdom of this decision.
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Test Assemblies

As described in some detail in previous sections, the tests of the 3-inch connectors
were conducted on two types of assembhlies: (1) a thermal-gradient assembly or (2) a
vibration assembly. Because of the large size of the 8- and 16-inch connectors and
because of the more limited test program planned for the large connectors, a different
type of test assembly was developed.

Figures 1 aind 85 show pictures of the 8-inch, 10C- and 1500-psi tesl assecinblies.
Figure 86 shows a picture of the 16-inch, 100-psi assembly, while Figure 87 shows a
cross section of this assembly. All the large test assemblies had essentially the same
configuration. Each assembly contained one loose-ring flange and one integral flange.
The internal {lange, 2 short tube section, a tube end closure, and a mounting flange
were designed to be machined from one piece of aluminum plate. The mounting flange
contained holes for bolt attachment to a rigid mounting pad during the dynamic tests,

The loose-ring stub flange was fabricated from a cylindrical forging approximately
12 inches long. The stub flange design contained a tubular section which extended ap-
proximately one tube diameter beyond the tapered hub portion of the flange. Beyond
the tube section, the wall thickness was increased to provide material for an O-ring
groove and for threaded bolt holes for the attachment of an end closure,

For each assembly, a vacuum chamber was made with a closed end so the entire
test assembly could be lowered into the vacuum chamber. An 7 -ring seal then was
used to seal the opening of the vacuum chamber with the edge of a disk machined on the
end closure of the stub flange tube extension,

Test 1. Proof Pressure

Test Procedures, Proof-pressure tests were conducted with both 8-inch as-
semblies and with the 16-inch assembly. During assembly, a torque of 60 in-1b was
applied to the twenty-four 1/4-inch studs of the 8-inch, 100-psi assembly, and to the
seventy-eight 1/4-inch studs of the 16-inch, 100-psi assembly. A torque of 500 in-Ib
was applied to the twenty-eight 1/2-inch studs of the 8-inch, 1500-psi assembly. A
50/50 mixture of Lubriseal and MoS was used to lubricate the stud threads and the nut

collars,

For the 8-inch assemblies, two-piece ring heaters were clamped to the tubular
portion of the connectors., The use of electrical heaters would have been difficult for
the 16-inch connector because of the number of heaters required for the large area,
and because of the large thermal gradients that would have been caused by the rapid loss
of heat from the highly conductive aluminum, The procedure used for heating the 16-inch
assembly consisted of submerging the entire vacuum-chamber-enclosed-connector as-
sembly in a tank of water kept at 200 F, The assembly was cooled by raising it out of
the tank and allowing it to air cool.

In each proof-pressure test, the connector was pressurized with helium initially
to 1-1/2 times the maximum operating pressure at ambient ternperature for 30 minutes,
The pressure was then decreased to about 10 psi and the temperature of the connector
was raised to 200 F. The pressure was then raised again to 1-1/2 times the maximum
operating pressure and both temperature and pressure were maintained for 30 minutes.
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The pressure was then reduced to approximately 10 psi, the connector was cooled to
room temperature, and the pressure was raised again to the proof pressure for 15 min-
utes, The leakage of the connectors was monitored continuously by a helium mass
spectrometer,

Test Results. No helium leakage could be detected during the proof pressure test
of either the 8-inch, 100-psi connector, or the 8-inch, 1500-psi connector.

The measurement of an accurate leak rate was not possible for the 16-inch con-
nector because considerable helium entered the vacuum chamber through the 16-inch
and 22-inch elastomeric O-rings that were used to seal the tube closure. Approximately
2 hours were required to heat the connector assembly. Although two O-rings were used
in series to separate the helium in the connector from the vacuum chamber, the helium
permeation rate of O-rings increases rapidly with temperature and time (for the first
4 hours). (For instance, the measured permeation rate of helium through a 15-inch
O-ring after 2 hours at 176 F was 3 x 10-6 atm cc/sec.) The second O-ring reduced the
flow of helium into the connector considerably, but the second O-ring tended to saturate
with helium and act as an accumulator. This provided a flow of helium into the vacuum
chamber that was fairly high and out of phase with the heating and cooling cycle.

Consideration was given to welding the closure in place, However, the welded
closure would have greatly iricreased the costs of the subsequent tests. Therefore, the
decision was made to determine the proof-pressure leakage characteristics of the con-
nector by two measurements: (1) a room-temperature measurement with 150-psi internal
pressure, and (2) an estimate of the amount of helium entering the vacuum chamber in
addition to the leakage measured frormn the O-ring.

No leakage could be detected at room temperature with 150-psi internal pressure.
During eight heating and cooling cycles conducted over a 6-day period, no leakage could
be detected as resulting from the Bobbin seal. During these heating and cooling cycles,
variations in helium pressure and variations in time were used in an attempt to produce
a helium reading that could be differentiated from the slowly fluctuating fiow of helium
from the O-ring. These variations provided a good measure of the response of the
O-ring installation so that good confidence was achieved that no measurable helium was
being supplied to the vacuum chamber of the Bobbin seal.

Test 2, Thermal Gradient

Test Procedures. With the 3-inch connectors it was possible to maintain maximum
working pressure in the connectors and maximum helium pressure on the primary seal
while the connectors were cycled between the temperature extremes, The large size of
the 8- and 16-inch connectors prevented this method of operation because the pressurized
liquid-nitrogen reservoir could not supply sufficient liquid nitrogen. Therefore, the test
procedure was modified for the large connectors.

The procedure for the 8-inch connectors consisted of filling the internal volume of
each connector as rapidly as possible with liquid nitrogen at atmospheric pressure,
When an equilibrium temperature had been reached, the liquid-nitrogen supply was cut
off and the connector was pressurized with helium to the maxirnum working pressure.
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Although the gas inside the connector was not pure helium, it was believed tiat the per-
centage was sufficiently high that the test results would be acceptable. The pressure was
held for 30 minutes and the temperatures were recorded. The temperature of the con-
nector was then raised to 200 F for 30 minutes while the pressure was maintained at the
maximum working pressurc. The connector was then cooled to room temperature and
after 15 minutes the connector pressure was reduced to ambient, and another cooling
cycle was started.

'Ihe procedure used for tiwe 10-inch connccior was similar, but the connecte
not heated to 200 F because of the O-ring permeation problem described under Test 1.
Instead, the connector was allowed to return to room temperature overnight,

woNars a
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Test Results. Four thermal-gradient cycles were conducted for each 8-inch con-
nector., No helium leakage could be detected during any of the cycles for either con-
nector. Table 56 shows the temperatures measured for the major components of the
8-inch, 1500-psi connector. The tube did not reach a low temperature because the level
of liquid nitrogen was raised only enough to cover the connector area. On the 8-inch,
100-psi connector, cnly the integral flange and tube thermocouples were operating and
these read -270 F and -10 F, respectively, for each run. The test of the 8-inch, 100-psi
connector was judged to be valid, however, because it was known that the thermal
gradients were smaller in the 100-psi connector than in the heavier, 1500-psi connector,

TABLE 56, TEMPERATURES OF MAJOR COMPONENTS OF
8-INCH, 1500-PSI ALUMINUM CONNECTOR

Temperature, ¥

Loose Integral
Test Ring Flange Stud Tube
1 -121 -252 -25 -10
2 -125 -260 -30 -12
3 -112 -252 -13 0
4 -112 -267 -15 -05

Three thermal-gradient cycles were completed on the 16-inch connector. In each
cycle the connector was cooled from room temperature to -265 F in approximately
4 hours, and the connector was pressurized with helium for 45 minutes, No helium
leakage could be detected during any of the three cycles. This test was judged to be
valid because the eight heating cycles conducted under Test 1| were believed to have
amply demonstrated the sealing capability of the connector at 200 F,

Test 4. Pressure Impulse ' ;

Test Procedures. As mentioned previously, the successful vibration test of the
8-inch, 100-psi connector (see page 124) resulted in the decision to subject the 8-inch
1500-psi connector to a pressure-impulse fatigue test instead of a vibration fatigue test.
Thus, pressure impulse tests were conducted on the 8-inch, 1500-psi assembly and on
the 16-inch, 100-psi assembly.
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The test procedures were similar io those used for the 3-inch connectors, Be-
cause of the large volume of the counnectors it was not possible to use the oil/alcohol
separator and oil was pumped directly into the conmectors. The equipment shown sche -
matically in Figure B1 was used to create approximately 40 pressure cycles per minute,
Figures 88 and 89 show the trace. for the 8-inch and the 16-inch connectors. *lthough
it was not possible to obtain pressure dwell in the 16-inch connector, it was believed that
the effect of the pressure peaks was satisfactory. During the testing, each connector
was placed in a container and a fluid-level switch was arranged to shut off the equipment -
upon a leakage of approximately 1 pint of cil.
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FIGURE 88. PRESSURE CYCLES MEASURED FOR 8-INCH, 1500-PSI CONNECTOR
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FIGURE 89. PRESSURE CYCLES MEASURED FOR 16-INCH, 100-PSI CONNECTOK

Test Results. Although the pressure-impulse test of the 8-inch, 1500-psi con-
nector was eventually completed successfully, considerable difficulty was encountered
with failure in differcut parts of the assembly. Each of these is discusse ! briefly.

Following initiation of the pressure-impulse test, the test was automatically ter-
minated after 14,694 cycles when one of the seal disks sheared at the juncture with the
tang over a length of about 1/2 inch. This failure came as a surprise because the seal
b disks for the 3-inch, 1500-pai connector had essentially = : same cross section and yet

the 3-inch connectcor did not fail during 200, 000 pressure-' npulse cycles. A Zyglow
examination of the 8-inch seal showed extensive cracking along much of the base of both
seal disks, showing conclusively that the seal was under strength. A Zyglow examina-
tion of the 3-inch seal also -.1owed two significant cracks about 3 inches long in the same
area, indicating that the 3-inch seal diik was also under strength. On the basis of
beam-strength approximations, new sezals “or the 8-inch, 1500-psi connector were
machined with seal disk widths of 0, 060 inc h .-ather than the initial 3, 040 inch.
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During the replacement of the Bobbin seal. it was also found that the tongue-in-
groove seal housing for the O-ring seal on the and closure had developed fatigue cracks
because of the flexing of the flat end closure. The tongue waes machined off and the
groove was modified to form a simple face seal,

The connector was reassembled with a modified seal and given a successful proof-
pressure test. The next failure occurred after an additional 16, 890 cycles when two of
the high-strength socket-head cap screws on the end closure failed and the O-ring ex-
truded through the gap which was created at the face seal. It was apparent that the
flexure of the end closure had to be reduced to reduce the bending loads on the end-
closure bolts, This was accomplished by placing an O-ring sealed piston on the inside
of the connector against the end closure. A raised ring near the OD of the piston was
used to prevent high forces from being applied at the center of the end closure.

The next failure occurred after an additional 20,964 cycles (52,548 total cycles)
when the base component cracked. The base had been designed to simulate a flanged
opening in a component, such as a pump, and the cylindrical wall and the bottom of the
base had been made extra strong because the base was expected to be used for other
tests, Despite this precaution, however, the high-pressure end load (approximately
120, 000 pounds) caused excessive flexure of the flat bottom of the base, and a fatigue
crack developed at the juncture of the base bottom and the cylindrical wall. There was
no indication that the failure was associated with the part of the base representing the
integral flange. A new base was fabricated with increased thickness and radii at the
tube -to-base juncture.

The connector was reassembled with the new base component and with a modified
seal, and a proof-pressure test was conducted successfully. After 38,704 cvcles,
14 end-closure bolts failed in fatigue (59, 668 cycles on these bolts). Although minor
damage was done to the pist.., it was possible to reassemble the end closure with a
special grade of high-strengt' -ap screws and the test was continued.

After an additional 40, 400 cycles, the tubular portion of the stub flange developed
an axial crack about 6 inches from the stub flange. At this point, a total of 131,652
pressure-impulse cycles had been imposed on the connector. The acceptable conditions
stated for this test did not include failure of the tube. However, the stress-reversal
bending test does include the concept that the test is successful if the connector is
demonstrated to be stronger than the adjacent tubing. Because both of these tests are
fatigue tests, it was judged that the pressure-impulse test of the 8-inch, 1500-psi
aluminum connector was successful in that the connector was shown to be stronger in
fatigue than the adjacent tubing.

For the pressure-impulse test of the 16-inch, 100-psi connector, two precautions
were taken to prevent nonconnector failures similar to those described for the 8-inch,
1500-psi assembly, First, the base was clamped at the periphery to a laboratory
mounting pad to prevent excessive deflection of the large flat area of the base. 3Second,
two pistons were machined with raised rings near the outside diameters, and the pistons
were placed in the connector one behind the other, against the tube end closure to prevent
excessive deflection of the flat end closure. The test was stopped after 1,223,500
cycles. No failures had occurred in any of the parts of the connector-simulation as-
sembly, and no evidence of leakage or material yielding could be detected.
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The calculated stress in the tubing wall of the 8-inch, 1500-psi connector was
27,500 psi. The calculated stress for the tube wall of the 16-inch, 100-psi connector
was 18,000 psi. The difference in the stresses for the two connectors resulted from the
need to increase the calculated minimum wall thickness of the 16-inch connector for
machining purposes, Since most of the connectors would be designed to the higher
stress value, it was obvious that the allowable stress in the tubing would have to be
lowered to assure a minimum fatigue life of 200, 000 pressure-impulse cycles,

Test 5. Vibration

Because of the premature failure experienced at the tube-to-transition during the
vibration testing of the 3-inch aluminum connectors, it was believed that a similar
failure would probably be experienced in the 8-inch connectors. In fact, a follow-on
program (Contract No. FO4611-69-C-0028) was initiated to include the vibration testing
of additional 8-inch cunnectors. When exceptionally long fatigue life was obtained during
the vibration testing of the 8-inch, 100-psi connector, the planned vibration test of the
8-inch 1500-psi connector was replaced with a pressure-impulse test.

Test Procedures, The 8-inch, 100-psi assembly was bolted in an upright position
to the laboratory mounting pad used for the Calidyne machine, Strain gages had been
mounted on the stub flange., One pair of gages was located at the tube-to-hub transition,
while another pair of gages was located 1/2 inch from the transition on the tubular por-
tion of the stub flange. (The strain gages were calibrated before the test with the as-
sembly mounted in a horizontal position. The strain at the transition was approximately
twice the straia in the tubular portion.)

Calculations indicated that a pipe extension would have to be fastened to the end
closure of the stub flange to reduce the natural frequency of the assembly to 160 cps.
A 9-1/2-inch length of 6-inch steel pipe with a 3/16-inch wall was equipped with a
flange which was then fastened to the end closure. The extension was then struck a
sharp blow and a recording of the strain reaction at the strain gages showed a natural
frequency of the assembly of 136 cps. This was judged to be acceptable, and the
Calidyne machine was attached to the flange of the pipe extension by a horizontal bolt.
The instrumentation used to monitor the test was the same as that used for the 3-inch

connectors.

Test Results. It was decided to vibrate the 8-inch connector initially at a low
stress level, at room temperature, and unpressurized. A bending moment of 13,400
in-1b was imposed for 603,740 cycles, This produced a measured strain corresponding
to a stress of 11,000 psi at the tube-to-hub transition, When no damage at this stress
level could be detected, the design bending moment of 18, 000 in-1b was imposed for
approximately 2. 8 x 106 cycles. This produced a stress of 14,800 psi at the tube-to-hub
transition. Following this test, the connector was pressurized with 100-psi helium for
1 hour and no helium leakage could be detected by the mass spectrcmeter.

Consideration of the unexpected success of the 8-inch vibration test resulted in
the thought that the following test conditions might have contributed to the test results:
{1) the §-inch connector was tested at room temperature, while the 3-inch connector
was tegted at 200 F, and (2) the 8-inch connector was unpressurized, while the 3-inch
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connector was pressurized with water. To determine whether these different test con-
ditions were responsible for the different test results, the 8-inch connector was vibrated
again, but the connector was heated to 200 F and pressurized with water to 100 psi,

The second test was conducted at the design bending moment for 3 hours, during
which time the connector was subjecied to approximately 1 million cycles. When no
failure occurred during this test either, despite the previous fatigue cycles, it was con-
cluded that a size effect existed between the 3- and 8-inch connector, and the stress
raiser which existed in the 3-inch connector did not exist in the 8-inch connector,

Test 6. Repeated Assembly

Test Procedures, The repeated-assembly test on the 3-inch connector consisted
of 25 assemtlies. No appreciable wear or damage could be noted in either flange cavity.
Because the radial seal loading was designed to be the same for the 8-inch seals as for
the 3-inch seals, it was decided that six assemblies of the 8-inch, 1500-psi connector
would be sufficient provided no leakage was encountered, and no damage was caused to
the flange cavities, Because of the large size of the seals, and the test time and helium
required for each test, this change in procedure was expected to reduce test costs
appreciably.

In each test, twenty-eight 1/2-inch studs were torqued to 500 in-1b and the con-
nector was pressurized to 1500-psi with helium for 1 hour, while the leak rate was
monitored by the mass spectrometer.

Test Results. No helium leakage could be detected during any of the six repeated-
assembly tests., After the tests, no damage could be detected on either flange sealing

surface.

Test 7. Misaliﬁnment

Test Procedures. The purpose of this misalignment test was to determine the
sealing capability of the connector when it is subjected to a combination of axial and
‘D angular misalignment which results in a specific bending moment at the seal. It was

decided that the test of the 8-inch, 1500-psi connector would be the most stringent for
the large connectors. The bending moment required for this connector was one-half the
tube bending moment of 79, 860 in-1b required for the stress-reversal-bending test.

A test fixture was fabricated to allow horizontal mounting of the test assembly to
withstand the bending moment., A 15,5-ft-long 6-inch steel pipe with a 3/16-inch wall
was then bolted to the stub flange closure. Supports were fabricated to allow angular
positioning of the stub flunge against the integral flange so a Bobbin seal would just be
contained inside the seal cavities of both flanges, The resulting angular misalignment
between the faces of both flanges was approximately ! degree. Supports were placed at
the stub flange and at the end of the pipe extension. The bending moment at the Bobbin
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seal supplied by the pipe alone was 20, 200 in-1b, A 102-pound weight was placed 197
inches from the Bobbin seal to produce another 20,200 in-1b, making a total bending
moment of 40,400 in-1b,

The seal was assembled into the connector and the nuts were snugged down finger-
tight, The nuts were then tightened with progressively increasing torque in a stud-to-
stud sequence until each nut had been tightened with a 500 in-1b torque. During the
torquing procedure the pipe was raised from its supports due to the flange faces be-
coming parallel. Thus, for the better part of the torquing procedure, the full moment
was applied to the connector, simulating the most stringent misalignment condition.
When the full torque was achieved, the flange faces were parallel.

A second seal was assembled at the same angle of misalignment. In this case,
however, a 235-1b weight was used at a distance of 11 feet from the seal. The pipe length
was modified to give a lower moment, and the total moment applied to the connector was
40, 200 in-1b. All other procedural steps were the same as those used during the as-
sembly of the first seal. The second test was conducted to give a higher shear loading

at the seal.

Test Results. Each of the misalignment tests was concluded by pressurizing the
connector with 1500-psi helium while maintaining the full bending moment on the con-

nector. For each assembly, no leakage rate could be detected by the helium mass

spectrometer.

Test 8. TighteningLAllowance

Test Procedures, The test procedures used for this teat were essentially the
same as those used for the 3-inch connectors., After the nut faces and stud threads were
lubricated with a 50/50 mixture of Lubriseal and MoS2, the connectors were assembled
with the recommended torque — 60 in-1b for the 8- and 16-inch, 100-psi connectors
(each connector utilized 1/4-inch studs), and 500 in-1b for the 8-inch, 1500-psi con-
nector. The measurements shown in Figure 83 were then made. Each connector was
then tightened with the additional torque increments of 10 percent and additional mea-
surements were made until some form of material yielding was detected.

Test Results. As with the 3-inch connectors, the limitation in overtorque was
established by failure of the studs. This is believed to be the most desirable form of
limitation because the studs can be replaced if excessive torque is applied. The 1/4-
inch studs of the 16-inch connector began to fail between 30 and 40 percent overtorque,
while the 1/4-inch studs of the 8-inch, 100-psi connector began to fail between 60 and
70 percent overtorque. This appeared to be caused by the fact that the loose ring of the
8-inch connector angled more than the loose ring of the 16-inch connector and bound
against the studs, delaying stud failure. A somewhat similar action had been encoun-
tered in the 3-inch connectors. The 8-inch, 1500-psi connector exhibited bolt failure

in the overtorque increment above 20 percent.
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The degree of overtorque provided by the large aluminum connectors was not as
great as had been expected. However, the provision of increased bolt strength would
result in a significant increase in connector weight unless a higher strength bolt ma-
terial were used, It was decided that the specifications would include the allowable
torque limits to prevent overtorque of the bolte during connector assembly,

Extra Test - Burst

A burst test was not scheduled for any connector under Contract AF 04(611)-11204
because the other tests, in particular the pressure-impulse test, were believed to
demonstrate the required strength of the con.ectors. However, with the successful
completion of the 16-inch pressure-impulse test, it was decided tnat a burst test of this
connector would be desirable. Aluminum connectors are more likely to fail in burst
than stainless steel connectors because the yield strength of aluminum is much closer
to its ultimate strength than is the case for stainless steel, and aluminum does not
strain harden during yielding as does stainless steel, Further, as mentioned above, the
wall thickness of the 16-inch connector was greater in relation to the maximum pressure
requirements than is the case for higher pressure aluminum connectors. Thus, a burst
test of this connector-simulation assembly was expected to be a stringent test of the
connector design,

The 16-inch, 100-psi connector burst with an internal pressure of 490 psi, The
rupture occurred in the middle of the machined tubing section (see Figure 86) — the
area of highest stress, Despite an internal pressure of about 5 times the maximum
operating pressure of the connector, no yielding of the connector parts could be detected,
and no leakage of the oil was apparent. This test was believed to be an impressive
demonstration of the aluminum-connector-design parameters relating to strength.

Qualification Testing of Large, Stainless
Steel Connectors

The applicability of the computerized procedure for designing large stainless steel
flanged connectors was to be demonstrated by the fabrication and test of connectors for
8- and l6-inch tubing systems. At the same time that the schedule of tests was revised
for the large aluminum connectors the schedule of tests for the large stainless steel
connectors was also revised, However, in addition to substituting an 8-inch, 100-psi
connector for a 16-inch, 1500-psi connector, it was also decided that a 16-inch, 100-psi
stainless steel connector need not be fabricated and tested. This decision was based on
the belief that the 16-inch, 100-psi aluminum connector would demonstrate the suita-
bility of the design procedure for large, low-pressure connectors. The revised test
schedule for the large stainless steel connectors is shown in Table 57.

TABLE 57, REVISED TEST SCHEDULE FOR LARGE STAINLESS
{TEEL CONNECTORS

Tube OD, in. Max Operating Pressure, psi Tests Assembly Type
8 1500 1,2,5,7,8 Integral/ Loose ring
8 100 1,2,5,8 Integral/ Loose ring
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It will be noted that neither the original test schedule nor the revised test schedule
included a repeated-assembly test. This decision was based on the belief that early,
successful tests with the stainless steel seals in the threaded connectors indicated few,
if any, problems with stainless steel seals. Thus it was expected that the teasts with the
3-inch stainless steel seals would be a sufficient check on the design principles for
stainless steel seals for flanged connectors, This was an unfortunate decision, Not
only were some problems encountered with the 3-inch seals, as described previously,

- but the increased use of the stainless steel threaded connectors revealed a sealing
reliability problem with 3/4- and 1-inch seals. In addition, extensive problems were
encountered with the sealing of the 8-inch, 1500-psi stainless steel flanged connector
in the final months of the program. As a result, it was necessary to recommend an
overrun effort to investigate the performance of the stainless steel seals in more detail.
The uncompleted tests (No. 8 for the 100-psi connector and Nos. 5, 7, and 8 for the ‘
8-inch, 1500-psi connector) would be included in an overrun effort and the test results
reported in a supplemental report to this document.

Test 1. Proof Pressure

Test Procedures. The 100- and 1500-psi stainless steel test assemblies had the
same configuration as the 8-inch, 1500-psi aluminum test assembly shown in Figure 84,
One difference was that the stub-flange tubing extension component consisted of a
piece of tubing welded to the steel flange. This design made large stainless steel for-
gings unnecessary. i

The proof-pressure test procedures described previously for the 8-inch aluminum

assemblies were used to conduct Test 1 for both 8-inch stainless steel assemblies. A

torque of 100 in-1b was applied to the twenty 1/4-in, A286 studs of the 100-psi connector, N
5 while a torque of 372 in-1b was applied to the thirty-four 3/8-inch A286 bolts of the
! 1500-psi connector. The lubrication procedure was the same as described for previous
g assemblies,
t
!
l

Test Results. No leakage could be detected during the proof-pressure test of the
8-inch, 100-psi connector. The proof-pressure test of the 8-inch, 1500-psi connector
i proved to be a significant obstacle in the test program. In addition to equipment prob-
‘ lems, a design problem was revealed for the Bobbin seal. The primary aspects of these
problems are summarized.

Attempts to proof-pressure the 8-inch, 1500-psi connector were unsuccessful with
two different seals. An examination of the coined nickel surface of the seals at first
seemed to indicate insufficient radial sealing force. However, a hardness check of the .
nickel plating showed that the nickel plating had not been annealed. This had happened .
twice during the development of the stainless steel seals for threaded connectors, and
its reoccurrence emphasized the need for careful control of the fabrication steps of the
stainless steel Bobbin seals. Unfortunately, annealed nickel plating looks the same as

unannealed plating.

The proof-pressure test with the first annealed seal showed a minor increase in
leakage as the connector was heated to 200 F. When the connector was cooled to ambient,
the helium leakage increased to about 3 x 107 atm cc/sec per inch of seal circumference.
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Because this leakage was beyond the allowable amount, the test was terminated. An
examination of the nickel on the seal showed a smaller than normal coined surface, in-
dicating too low a radial sealing force. In addition, a closer inspection of the general
condition of the plating indicated a poorer quality of plating than that obtained on the
3-inch stainless steel seals.

To obtain a better idea of the effect of the reduced quality of the nickel plating,
three annealed seals that were slightly oversized were given a light machining cut to
produce a2 smooth nickel surface that fitted snugly in the connector flanges, Three proof-
pressure cycles were conducted with one of these seals. During the first cycle, no
leakage could be detected. During the second cycle, the helium leakage at 200 F was
approximately 5 x 10-8 atm cc/sec per inch of seal circumference, and at ambient
temperature the leakage increased to about 2 x 10-7 atm cc/sec. The test was ter-
minated when the leakage at 200 F during the thermal cycle was 1.5 x 10~7 atm cc/ sec
of helium per inch of seal circumference. Although the leakage values obtained were
still within the allowable amount, the increasing nature of the leakage, despite the
special machining, indicated that the seal was not satisfactory.

Because sealing problems resulting from insufficient sealing load had developed
with the stainless steel threaded connectors, and because a relatively small surface was
coined on the 8-inch seal, it was decided that an increased radial sealing force was
required. This was obtained for the 8-inch, 1500-psi connector by doubling the length
of the seal tang. Calculations indicated that this would increase the radial sealing face
from about 750 1b/in. of seal circumference to about 1300 1b/in. While new seals were
being fabricated, a reinforcing ring was made to fit inside the tang of an original seal
to increase the radial sealing load of that configuration to about 1300 1b/in. This tech-
nique made possible an interim test of the higher sealing load. Tests with this seal
weie somewhat uncertain because of problems that developed with the O-ring seal on the
vacuum chamber. H vever, after several proof-pressure cycles gimilar to those con-
ducted for the 16-inch aluminum connector, no significant leakage could be detected
from the Bobbin seal.

Test 2, Thermal Gradient

Test Procedures. Two series of thermal-gradient tests were conducted with the
8-inch, 100-psi connector. The first series was conducted with the same procedures
described previously for the 8-inch aluminum connectors. The second series was con-
ducted in a similar manner except that the connector was not placed in a vacuum
chamber. Instead, a small probe was used with the helium mass spectrometer to
"sniff'" for helium leakage along the circumference of each disk of the Bobbin seal,
While this procedure cannot be used to measure the rate of a helium leak, itis a good
'"go-no-go' indication of the presence of a helium leak. The latter procedure was used
also for all of the tests with the 8-inch, 1500-psi stainless steel connector.

Test Results, During the first series of tests, three thermal-gradient cycles
were conducted with the 8-inch, 100-psi connector., The maximum measured helium
leakage during these cycles was 1.2 x 10-9 atm cc/sec per inch of seal circumference.
When the thermal-gradient tests with the 8-inch, 1500-psi connector encountered con-
siderable difficulty, the 8-inch, 100-psi connector was rea:sembled with another seal,
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and six thermal-gradient cycles were conducted in a second series of tests, No evidence
of leakage could be detected by the helium probe during these tests, A thermocouple
attached to the integral flange of the connector showed that the stabilized cold temperature
reached during both series of tests was between -315 and -300 F,

Because of the problems encountered with the vacuum chamber during the suc-
cessaful proof-pressure test with the reinforced seal for the 8-inch, 1500-psi connector, -
it was decided that the first thermal-gradient test would be conducted without the vacuum
chamber, The helium probe showed that this seal leaked excessively on the first cold
cycle. On the assumption that this leakage was caused by improper action of the rein-
forced seal, the connector was disassembled and reassembled with one of the modified
seals that had then been fabricated,

Although no leakage could be detected during the hot portion of the thermal-
gradient cycle, some leakage was evident during the first cold cycle, This leakage in-
creased noticeably during the second cold cycle, and during the third cold cycle it was
obvious that the leakage was excessive. When the connector was disassembled, an ex-
amination of the Bobbin seal and the lower connector flange showed that several small
pieces of copper had gotten into the flange cavity and prevented proper seating of the
seal, The connector was then reassembled with a second modified seal.

No leakage could be detected during the first cold cycle with the second modified
seal, However, definite leakage could be detected during the second cycle, and two
locations of excessive leakage were identified during the third cold cycle. When the
connector was disassembled and the seal was examined, two flaws could be seen at the
sources of leakage. Ome appeared to be caused by material left in the flange cavity,
while the other appeared to be a crack in the nickel plating.

At this point a careful inspection was made with a 10-power glass of the sealing
surfaces of all of the used and unused seals, It was apparent that several of the unused,
modified seals had flaws which made sealing questionable. It was also apparent that the
1300 1b/in. sealing force of the modified seals was still not enough to create a con-
sistently shiny coined sealing surface. The lack of consistency seemed to be associated
with the effect of the reverse taper of the seal on the sealing action as well as with
variations in the nickel plating. With the decision that the sealing force was not sufficient
to overcome the fabrication variations in the large seal, a reinforcing ring was made to
fit inside the seal tang and to in. rease the radial sealing load by approximately 100 per-
cent. A load ring was made for the seal, and an assembly with a reinforced, modified
seal showed a radial load of 2800 1b/in. of seal circumference.

The modified seal with the best nickel plating was then equipped with a reinforcing
ring and the connector was assembled with the expectation that a satisfactory thermal-
gradient test would be achieved. Although the first cycle was conducted with no indica-
tion of leakage, leakage was again indicated during the second cycle, and by the fourth
cycle excessive leakage was indicated over almost 180 degrees of the Bobbin seal.

With the failure of this test, it was apparent that the leakage was being caused by
a factor other than an insufficient radial sealing load. During one of the earlier tests,
the temperature of the seal tang and the integral fiange was measured to determine
whether differential radial expansion was causing the leakage. Calculations based on
the se measurements indicated that there was sufficient elasticity in the seal to maintain
an adequate sealing load for the thermal gradients. However, a comparison of the
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8-inch seal with the 3-inch seal and the l-inch threaded seal showed that the 8-inch seal
had less than half the compressive strain of the 3-inch seal, and less than one-fourth
the compressive strain of the 1-inch seal. Even though some of the compreasive strain
in all the seals is in the plastic region, the austenitic stainless steel used in the seals
is a strain-hardening material so that an increase in strain indicates some increase in
elastic-recovery capability. Because the effective thermal-gradients in the connector
structure can only be approximated, it was decided that one of the reinforced modified
seals would be machined to produce longer sealing disks and provide more compressive
strain in the seal. It was possible to make the disks twice as long in this approach,
which made the compressive strain similar to that in the 3-inch seal,

A load test was first made with one of the modified seals machined with longer
disks. Although the same size reinforcing ring was used as had been used on the pre-
vious modified seals, the rnaterial removed from the tang to produce the longer disks
resulted in a measured radial load of 2200 lb/in. of seal circumference, This was
judged to be adequate. A modified scal with good nickel plating was then machined with
longer disks, a reinforcing ring was added, and the connector was reassembled with
this seal, During seven thermal-gradient cycles, no leakage could be detected from
the Bobbin seal; this indicated fairly conclusively that differential thermal expansion
was the basic cause of leakage in the thermal-gradient test rather tian insufficient
radial load,

As described subsequently in this report, it also became apparent during this
period of time that a radial sealing load of 1500 1b/in. of seal circumference was de-
sirable for the 3/4- and 1-inch threaded-connector stainless steel seals. Fecause of
the increased variations that are normally encountered in fabricating larger parts, and
because of significantly increased chances of accidental damage to the sealing sur-
faces, an increase in radial sealing load for the 8-inch seals was desirable, in any case,
even though insufficient radial load was probably not the cause of leakage in the experi-
mental assembly, However, the increased mass required to achieve high radial sealing
loads in the larger seals represented a design problem requiring further consideration.

Test 5, Vibration

Test Procedures. The procedures used to test the 8-inch, 100-psi aluminum con-
nector in its final series were also used to test the 8-inch, 100-psi stainless steel con-
nector. The design bending moment produced a stress at the tube -to-hub transition cf
16,800 psi.

Test Results. Failure occurred in 372,000 cycles at the welded juncture of the stub
flange and the extension piece of tubing. The welded joint was located approximately
4 inches from the stub flange and since it was in a lower stress zone than the connector,
failure of the carefully made weld was not expected. Some thought was given to re-
making the weld and continuing the test. However, the vibration tests of the 3-inch
connectors showed that the stainless steel parts were much less susceptible to failure
in vibration than the aluminum parts, and since the 8-inch, 100-psi aluminum connector
had successfully withstood 1.0 x 106 vibration cycles, there seemed tc be no need to
obtain additional vibration cycles for the stainless steel connector,
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Test 8, Tightening Allowance

Test Procedures. Because of the possible conduct of additional tests with the
8-inch, 10(G-psi and 8-inch, 1500-psi stainleas steel connectors in an overrun effort, it
was not possible to conduct a complete tightening-allowance test. The overtorque in-
crements at each connector were stopped at 30 percent to prevent failure of the ex-
pensive A286 studs. However, the procedures up to this point were identical to those
described for previous connectors, An initial torque of 100 in-1b was applied to the
twenty 1/4-inch A286 studs of the 100-psi connector, while an initial torque of
372 in-1b was applied to the twenty-four 3/8-inch A286 bolts of the 1500-psi connector.

Test Results, No indication of yielding was obtained within the 30 percent over-
torque limitation. As with previous connectors, failure was expected to occur first in
the studs and bolts, Tests with the 3-inch stainless steel connector indicated that the
1/4-inch studs would fail with about 70 nercent overtorque. Tests with individual bolts
showed that the 3/8-inch bolts would fail with about 40 percent overtorque,.

Test Summary

Aluminum Flaried Connectors

Test 1. Proof Pressure. The primary purpose of this test was to check the initial
sealing capability and the strength of the connectors. Proof-pressure teats were con-
ducted with the following connectors: 3-inch, 100-psi; 3-inch, 1500-psi; 8-inch, 100-psi;
8-inch, 1500-psi; and 16-inch, 100-psi. In the tests with the 3-inch connectors, the
maximum helium leakage rate measured was 3,1 x 109 atm cc/sec per inch of seal
circumference, No helium leakage could be measured during the tests with the large
connectors, No yielding of any connector structure could be detected.

Test 2. Thermal Gradient. This test was conducted to determine the effect of
maximum thermal gradients on connector sealing. Several thermal-gradient cycles were
conducted with each of the assemblies used for the proof-pressure tests (see above). The
maximum helium leakage rates measured for the 100- and 1500-psi, 3-inch connectors
were, respectively, 1.8 x 109 and 1.2 x 10-8 atm cc/sec per inch of seal circumference.
No helium leakage could be measured for any of the large connectors,

Test 3. Stress-Reversal Bending. This test was one of three fatigue tests used
during the course of the program. Stress-reversal-bending tests were conducted with
the 100- and 1500-psi, 3-inch connectors. Although both assemblies lasted the required
200,000 cycles, failures occurred in the tubing portions of both assemblies bzfore
250,000 cycles had been completed. The maximum helium leakage measured during
these tests was 1.5 x 10°9 atm cc/ sec per inch of seal circumference,
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Test 4, Pressure Impulse., Pressure-impulse tests, another type of fatigue
test, were conducted with a 3-inch, 1500-psi assembly, an 8-inch, 1500-psi assembly,
and a 16-inch, 100-psi assembly, The 3-inch assembly used for this test was not the
same assembly as was used for the stress-reversal bending test. Although the 3-inch
assembly withstood the required 200,000 cycles satisfactorily, substantial cracking was
subsequently found at the base of the seal disks. The 8-inch seal failed at the base of a
seal disk after approximately 14,700 cycles, Modified seals were machined with the
width of the seal disks increased 50 percent, This type of seal showed no cracking
after approximately 80, 000 cycles. After several miscellaneous equipment failures,
the tubular portion of the 8-inch stub flange component failed after approximately
130,000 cycleas, The connector was judged to be satisfactory. No failures occurred in
the 16-inch assembly after 1.2 x 106 cycles.

Test 5, Vibration. Vibration tests, the third type of fatigue test, were conducted
with three 3-inch, 1500-psi assemblies, and an 8-inch, 100-psi assembly. The first
3-inch assembly failed at the base of the integral flange after only zbout 50,000 cycles
with approximately one-half the required bending moment. The second 3-inch assembly,
with strengthened connector hubs, failed at a bulkhead in the tubing portion of the as-
sembly after about 28, 000 cycles under the required test conditions. The third assembly,
with modified tubing sections, failed after 53,000 cycles at the tube-to-transition section
under the required test conditions, In the second and third assemblies, failures oc-
curred in a far shorter time than was indicated by the strain measured by carefully
calibrated strain gages placed on the connectors. In contrast, the 8-inch connector with-
stood 1.0 x 106 vibration cycles under the required test conditions without failure.

Test 6. Repeated Assembly. Because of the high sealing forces needed to seal
helium, repeated-assembly tests were conducted to determine whether repezted con-
nector assembly caused damage to the connector flanges., Twenty-five reassemblies
were conducted with a 3-inch, 1500-psi connector, and six reassemblies were con-
ducted with an 8-inch, 1500-psi assembly. The maximum helium leakage measured
for the 3-inch tests was 0,97 x 109 atm cc/sec per inch of seal circumference, while
no leakage could be measured during the 8-inch tests. No damage could be detected on
any connector flange after the tests.

Test 7. Misalignment. A misalignment test was established to demonstrate that
a connector could be assembled satisfactorily under a certain amount of misalignment.
The test was conducted with a 3-inch, 1500-psi assembly, and an 8-inch, 1500-psi
assembly. The 3-inch connector was assembled satisfactorily at angles of 1, 2, and
3 degrees and no helium leakage could be measured after these assemblies. The 8-inch
connector was assembled satisfactorily twice with a 1-degree angle of misalignment,
and no helium leakag= could be measured after either assembly. It was estimated that
these angles represznted realistic conditions for the two connector sizes.

Test 8, Tightening Allowance. The final test of each connector assembly con-
sisted of tightening the studs in increments of 10 percent over the maximum torque until
yielding was detected. For the 100-psi and 1500-psi, 3-inch connectors, an overtorque
of 40 and 50 percent, respectively, was accomplished satisfactorily. The studs then
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begau to yield in the next increment «f overtorque. For the 100-psi, 8~ and 16-inch con-
nectors and for the 8-inch, 1500-psi connector, the overtorque capability was 60, 30, and
20 percent, respectively, Differences in overtorque capability result from the step
function by which the computerized design program selects the connector bolt sizes.

Extra Test - Burst. No burst test was scheduled for the contract. However, the
unfailed 16-inch, 100-psi connector provided a good opportunity io evaluate the burst
safety margin provided by the computerized design procedure. The tubing portion of the
assembly burst at a pressure of 490 psi, No deformation could be detected in the con-
nector after the test,

Stainless Steel Flarlg;d Connectors

The purpose of each of the eight standard tests is summarized briefly in the
above summary of the aluminum connector tests.

Test 1. Proof Pressure. Proof-pressure tests were conducted with a 3-inch,
1500-psi assembly, two 3-inch, 4000-psi assemblies, an 8-inch, 100-psi assembly, and
an 8-inch, 1500-psi assembly, The maximum helium leakage measured for the 3-inch,
1500-psi assembly was 1,5 x 1078 atm cc/sec per inch of seal circumference. The
first test with a 3-inch, 4000-psi, 60C F assembly resulted in excessive leakage at
600 F. A new seal was machined with an increase in the radial sealing load and no
leakage could be detected during seven proof-pressure cycles. No helium leakage could
be detected for the 3-inch, 4000-psi cryogenic assembly or for the 8-inch, 100-psi as-
sembly. However, the proof-pressure test for two assemblies of the 8-inch, 1500-psi
connector resulted in an excessive leakage, When a seal was modified to provide an
increased sealing load, no leakage could be measured during the proof-pressure test.
No yielding could be detected on any of the connectors as a result of the proof-pressure
tests,

Test 2, Thermal Gradient. This test was conducted with each of the assemblies
used for the preof-pressure test. The maximum helium leakage measured during six
thermal-gradient cycles of the 3-inch, 1500-psi connector was 3.7 x 10-9 atm ce/ sec
per inch of seal circumference. The maximum leakage measured during six cycles of
the 3-inch, 4000-psi, 600 F assembly was 6.7 x 10-9 atm cc/sec per inch of seal cir-
cumference, while the maximum leakage measured for the 3-inch, 4C00-psi cryogenic
connector was 3.3 x 10-8 atm cc/sec. A total of 10 thermal-gradient cycles were
conducted on the 8-inch, 100-psi assembly with no detectable leakage. Considerable
difficulty was encountered in the testing of the 8-inch, 1500-pe&i assembly. It was not
until the length of the seal disks and the radial sealing load w=re increased that seven
thermal-gradient cycles were conducted without an indication of helium leakage.

Test 3, Stress-Reversal Bending. Stress-reversal-bending tests were conducted
with a 3-inch, 1500-psi assembly and a 3-inch, 4000-psi, 600 F assembly, The 3-inch,
1500-psi assembly withstood approximately 350,000 cycles without failure, and the
3-inch, 4000-psi assembly withstood approximately 200, 000 cycles without failure. The
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maximum helium leakage measured for the 3-inch, 1500-psi assembly was 1.4 x if~9
atm cc/ sec per inch of seal circumference. No leakage could be measured duriny the
test of the 3-inch, 4000-psi assembly.

Test 4. Pressure Impulse. Pressure-impulse tests were conducted with 2
3-inch, 1500-psi ass«mbly (different from the one used for the atress-reversal bending
test) and a 3-inch, 4000-psi cryogenic assembly., The 1500-psi assembly withastood
200, 000 cycles without failure and with no detectable leakage. The 4000-psi assembly
withstood approwimately 1.0 x 106 cycles without failure and without detectable leakage,

Test 5. Vibration, Vibration tests were conducted with a 3 -inch, 1500-psi as-
sembly, and an 8-inch, 100-psi assembly, The 3-inch assembly (which had been used
for the preasure-impulse test) withstood 475,000 cycles without failure and without
leakage. The 8-inch assembly failed after 372,000 cycles at the weld joint between the
stub flange hub and the tube extension, No leakage could be detected during the test
and the connector was judged to be satisfactory.

Test 6. Repeated Assembly. Twenty-five reassernbly tests were conducted with
a 3-inch, 1500-psi assembly. Four assemblies showed excessive leakage. At the time
it was judged that the excessive leakage was caused by poor plating. However, on the
basis of tests with other stainless steel seals, it subsequently appeared that these seals
indicated insufficient radial sealing lcad.

Test 7. Misalignment. A misalignment test was conducted with a 3-inch,
1500-psi assembly, Assemblies were rnade at initial risalignment angles of !, 2, and
3 degrees. No leakage could be detected after any assembly.

Test 8. Tightening Allowance. Tightening-allowance tests were conducted with
the same assemblies as were used for the proof-pressure tests. The 3-inch, 1500-psi
connector withstood 50 percent overtorque without yielding, while the 3-inch, 4000-psi
assembly withstood 90 percent overtorque without yielding. The 8-inch, 100-psi as-
sembly and the 8-inch, 1500-psi assembly were subjected to only a 30 percent overtorque
because the assemblies and the fasterners were needed for work under another contract.
Tests with individual fasterners showed that the 100-psi assembly would have withstood
about 70 percent overtorque, while the 1500-psi assermbly would have begun yielding with
40 percent overtorque,

Discussion of Critical De siyn Parameters

For the most part, the qualification tests verified the applicability of the com-
puterized program for designing lightweight flanged connectors for aluminum and stain-
less steel tubing systems, As would be expected, the many design parameters and test
conditions combined to produce several critical areas. Both the satisfactory and un-
satisfactory critical areas are discussed briefly in relation to the major components of
the aluminum and stainless steel connectors.
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Aluminum Flax_\w Connectors

Bobbin Seal. The radial sealing load (750 1b/in. of seal circumference) selected
for the aluminum Bobbin seal produced excellent initial sealing. The residual axial
load (50 percent of the axial seating load) maintained excellent sealing during the per-
formance tests, The use of overaged 6061-T6 aluminum as the seal material was en-
tirely satiefactory.

Two problems were revealed for the Bobbin seal, First, the seal disks were too
thin to pass the pressure-impulse test for 1500-psi systems, Second, calculations
showed that the length of the seal disks was marginal for some connector sizes (parti-
cularly 8 and 16 inch) for providing sufficient elastic recovery for cryogenic thermal-
gradients. (This condition was found to exist despite the successful thermal-gradient
tests of the 8-inch connectors,)

For the specifications shown in Appendix C, the design of the seal disks was re-
vised to overcome these difficulties, There is little doubt that the thermal-gradient
problem has been corrected by a lengthening of the dieks of selected =zeal sizes. How-
ever, the calculations for the seal disk thickness are approximations, and tests are
needed to verify the pressure-impulse capability of the new length/thickness dimensions
of the disks for 1500-psi seals for 8- and 16-inch systems. The revised seal design did
not significantly change che low-pressure seals and only marginally changed the high-
pressure 3-inch seals, Consequently these successful designs need not be retested.

Integral and Loose-Ring Flanges, The design of the flanges incorporates many
stress calculations and assumptions. Although the performance of both types of flznges
was excellent in most regards, one minor and two major problenis were revealad in the
test program. The minor problem was caused by the stress calculation for the thickness
of the seal cavity lip for the stub flange providing insufficient material for machining
tolerances for the large connectors. This has been corrected in the specifications.

A major problern resulted when the initial design program did not provide suffi-
cient strength at the hub-to-flange joints. This problem was corrected early in the
laboratory program and the revised design was shown tc be satisfactory in the subsequent
tests, The revised design has been included in the specifications. In the second major
problem, the tubing wall selected for the high-pressure connectors was not sufficiently
strong to provide 2 minimum of 200,000 pressure-impulse cycles. The calculation for
the tubing wall thickness was revised, on the basis of considerable design data, and the
specifications incorporate the revised calculation, Because of the importance of failure
of the tubing, the adequacy of the calculation should be checked by additional pressure-
impulse tests,

In addition to the stress-cxlculation revisions, consideration of the flange configu-
rations during the laboratory program led to the decision to des.gn the flanges with a
slight tube extension sc the tubing weld would not cccur at the change in section pro-
vided by the tapered flange hub, This configuration nas also been incorporated in the
specifications.
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Loose Ring. The loose ring represents a difficult design problem. While the
loose ring tilted more for some test connectors than for others, the studs limited the
degree of tilt tc an acceptable value. Because of the relatively close fit of the studs
in the holes of the loose ring, a considerable increase in the weight of the loose ring
would be required to prevent any binding against the studs. The tilting of the loose
ring did not adversely affect the assembly of any connectors within the required torque
values, and the design basis for the loose ring was believed to be satisfactory.

Bolts, Studs, and Nuts. The performance of the aluminum studs and nuts was
excellent in all cases. The adequacy of the design basis was particularly well demon-
strated with the 8-inch, 1500-psi assembly in which high-strength steel socket-head
screws and cap screws kept failing during the pressure-impulse test of the connector,
There is little doubt that the use of aJuminum studs and nuts poses problems. The
threads are easily damaged in handling and the bearing surfaces have to be lubricated
carefully to prevent galling. Further, the proximity of the yield strength of aluminum
to its tensile strength seriously limits the overtorque capability of aluminum fasteners,
requiring extra care to achieve the proper torque. However, calculations show that
aluminum fasteners must be used if a lightweight aluminum connector is to maintain
good sealing for cryogenic thermal gradients. By selecting 2024-T4 material, and by
using standard machining practices, it is believed that practical aluminum fasteners
have been designed.

General Comments. In reviewing the tests of aluminum connectors, there was
evidence that each increase in connector size introduced unexpected problems. The
3-inch connector introduced vibration problems that had not been encountered with
aluminum threaded connectors, and the 8-inch, 1500-psi connector introduced fatigue
problems that had not been encountered with the 3-inch, 1500-psi connector. These
problems seemed to result primarily from the unanticipated effects of high pressure on
large surface areas, and on the tendency of aluminum to crack with overstressing
rather than tc yield and redistribute the stresses as stainless steel does, Because of
these problems, it was concluded that the satisfactory performance of large (over
8 inch), 1000- and 1500-psi connectors remains in some question until they are built
and tested. The dimensions for such connectors were included in the specifications,
and it was believed that the chances are good that they would function satisfactorily.
However, the connectors were not viewed with the same confidence as those that were
within the limits of the connectors that were built and tested.

Stainless Steel Flanged Connectors

At the start of the program, the stainless steel connectors were expected to pro-
duce fewer problems than the aluminum connectcrs. This resulted primarily from the
greater toughness of stainless steel than aluminum (as discussed above). Because of
this expectation, the aluminum connectors in each size were scheduled to be tested be-
fore the stainless steel connectors., Unfortunately, in the latter stages of the laboratory
program, major problems developed with the stainless steel seal for the 8-inch,
1500-psi connector. Although considerable progress was made toward the solution of
these problems, it was not possible to demenstrate the adequacy of the solution for the
large connector sizes. At the end of the program, a letter was forwarded,
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recommending tl.e investigation of adequate solutions to the large-diameter stainless
steel seal problem and the conduct of the necessary tests to demonstrate these solutions,

Bobbin Seal. The dimensions selected for the stainless steel Bobbin seals were
satisfactory in several respects. The disk thickness was satisfactory for the radial
loading and for the pressure-impulse tests. (For instance, the 0. 040-inch thick disk
for the 3-inch, 4000-psi connector withatood 1,000,000 pressure-impulse cycles without
arny =sign of fatigue damage.) Also, the residual axial seating loads were satisfactory for
the various performance conditions,

The major seal problems that developed related to the radial sealing load or to
the inability of the seal to accommodate the radial thermal gradients in the large, high-
pressure connectors, The radial-sealing-load problem was found to exist in the
3/4- and l-inch threaded connectors as well as in the flanged connectors. On the basis
of werk in both types of connectoers, the deasign radial sealing load was increased from
750 1b/in, of seal circumference for all seals to 1200 1b/in, for 100, 200, and 500-psi
connectors, and to 2500 1b/in. for pressures of 1000 psi and higher. These revised
values were included in the specificationa.

In conjunction with the radial sealing load problem, it was also found that the
8-inch seal did not provide sufficient elasticity for the thermal gradients caused by the
heavy flanges for the 1500-psi connectors, Although a 16-inch, 1500-psi connector
was not tested, the problem was shown by calculation to be even worse for this con-
nector, and other large, high-pressure connectors were believed to have the same
limitation. It was shown by the successful test of the 8-inch, 1500-psi connector that
this problem could be corrected by increasing the length of the seal disks. Increased
seal disk lengths were then selected for all large connectors and the thickness of the
disks was increased to sustain the higher radial loading (2500 1b/in.). These revised
dimensions were included in the specifications.

On basis of the qualification tests and on selected calculations, it was believed that
the specification dimensions could be viewed with confidence for all connectors through
3 inches, and for 100-, 200-, and 500-psi connectors through 8 inches. However, for
the 8-inch, 1500-psi connector, and for all connectors larger than 8 inches, selective
tests were desirable to substantiate the revised seal design parameters. It was possible
that the disk length in seme of the larger, high-pressure connectors would havc to be
increased still further. If this became necessary, it was believed that a modified seal
design should be used in which the disks were machined farther down into the seal tang,
leaving some material between the disk sides.

Integral and Loose-Ring Flanges. The design basis for these connector components
wae found to be satisfactory in almost every respect. On the basis of the problems
revealed by the aluminum flanges, the hub-to-flange joint was strengthened, the stub-
flange seal cavity lip was increased for the larger sizes, and a tube extension was added
to the tapered hub to remove the weld joint from the change in section at the tapered

hub.
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Loose Ring. The tilting of the loose ring that was encountered in the aluminum
loose rings was even more pronounced in some of the stainless steel connectors, How-
ever, as with the aluminum connectors, the tilting did not seem to interfere with the
normal assembly of the connectors, and the decision was made to leave the design

unchanged.

Bolts, Studs, and Nuts., The performance of the A286 studs and nuts was excellent,
No problems were encountered in the assernbly of the fasteners or in the performance
of the connectors, and ample overtorquing capability was demonstrated. The high cost
of A286 fasteners and the long lead time often required to get the parts will undoubtedly
be a problem for some time., However, the A286 fasteners have so many technical ad-
vantages that it is believed that no other fastener will offer serious competition within
the foreseeable future.
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FLANGED-CONNECTOR MILITARY STANDARDS AND
SPECIFICATIONS

The flanged connector military standards and specifications developed under
Contract AF 04(611)-11204 are discussed in three sections: (1) background, (2) general .
standards and specifications characteristics, and (3) recommendations for flanged-
connector military standards and specifications,

Background

Under Contract No, AF 04(611)-9578, military standards and specifications were
prepared in draft form for AFRPL threaded connectors for 4000-psi stainless steel
tubing systems and 1000- and 750-psi aluminum tubing systems. Specifically, the items
prepared consisted of: (l) military standards containing assembly instructions and part
drawings for typical connector configurations for six tubing sizes: 1/8, 1/4,3/8 1/2,
3/4, and 1 inch, (2) a military specification for the plating of soft nickel on stainless
steel Bobbin seals, and (3) a military specification for the qualification of AFRPL
fittings by prospective manufacturers, Although the preparation of these items required
considerable effort, ample guidance wae obtained from previous military documents
concerning the appropriate format and necessary information,

At the beginning of Contract AF 04(611)-11204, it was mutually agreed that
there was little precedence for determining the best form for military standards and
specifications for flanged connectors, Flanged connectors for the aerospace industry
are usually designed specifically for each system to insure minimum weight, On this
basis, it appeared desirable to develop a computerized design procedure that could be
used by aerospace designers to determine the dimensions of AFRPL flanged connectors
for each aerospace system application,

While this general concept was attractive, further mutual consideration led to the
conclusion that it was not practical as an Air Force procurement procedure., As the
computer program was developed it became clear that a certain amount of engineering
judgment would be required for the selection of input data and for the selection of
optimum connector dimensions, If flanged connectors were obtained by the Air Force
through use of the design procedure, no control could be exercised over these judgment
points, Further, mistakes in the use of the computer program might not be revealed

until late in the procurement cycle,

Attention was then directed toward the preparation of a large‘'steam table'" of
dimensions that would be sufficiently comprehensive that all foreseeable system re-
yuirements could be met closely by selection of the proper connector parts, either by
the Air Force or by the contractor, While this approach had considerable merit, the
large number of connector sizes and types made it very difficult to specify tolerances
for dimensions and assembly torques, Alsc, there seemed to be a distinct possibility
that the large number of connectors might include some combination of parts that would
not perform properly under certain application requirements,
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Late in Contract AF 04(611)-11204 it was decided that the best procurement pro-
cedure would be a combination of the two basic approaches, Military standards and
specifications were to be prepared for the sizes and pressures mutually believed to be
the most commonly used in the foreseeable future, By including the computer program
for the design procedure in this report, it would also be possible for connector di-
mensions to be developed fcr special applications, Arrangements could be made be-
tween the Air Force and each contractor concerning the necessary steps for qualifying
the design of each special connector,

General Characteristics of Flanged-Connector
Military Standards and Specifications

It is anticipated that the military standards and specifications eventually prepared
by the Air Force for flanged connectors will consist of three documents: (1) an assembly
of military standards, (2) a military specification for soft nickel plating, and (3) a
military specification for the requirements of fluid connectors, Each of these is
discussed briefly,

Military Standards

Military Standards for AFRPL threaded connectors were issued as part of Pro-
curement Specifications MIL-F-27417 (USAF), Five sheets (MS 27850) were prepared
describing the proper assembly of the fitting, One sheet (MS 27851) showed the Military
Standard numbers for each stainless steel connector assembly, while MS 27856 showed
the numbers for each aluminum connector assembly, One sheet was then prepared for
each connector part (MS 27852 through MS 27855, and MS 27857 through MS 27868),
showing the necessary manufacturing information for producing each part for each of six
tubing sizes, (Figure 90 shows MS 27855, which was prepared for stainless steel seals),

Similar military standards are expected to be issued for AFRPL flanged connectors,
One set of assembly instructions will probably be satisfactory for all the flanged con-
nectors, However, one drawing of an assembled connector will probably be required
for each material, system pressure, and service condition so the necessary part numbers
can be given, For each assembly drawing, one military standard sheet will probably be
required for each component, i,e., integral flange, loose-ring flange, loose ring, seal,
bolt, stud, and nut, If military standards are prepared on this basis for the system
conditions included in Appendix C, approximately 70 military standards will be required.
Because of the large number of tubing sizes and connector dimensions to be included on
each military standard, it may be desirable to issue the flanged-connector military
standards in groups, with the most common system conditions being given first priority,

Nickel-Plating Specifications

A military specification, MIL-P-27418 (USAF), has been issued for plating soft
nickel on stainless steel Bobbin seals, Except for minor changes that might be needed
to update the document, the specification is believed to be satisfactory for the Bobbin
seals of the flanged connectors,
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Flanged-Connector Requirements Specification

A military specification, MIL-F-27417 (USAF), has been issued to establish the
requirements of AFRPL threaded fittings for use in rocket-engine fluid systems, By
defining different manufacturing and performance criteria to be met by AFRPL con-
nectors, a means was expected to be provided by which sample connectors from any
manufacturer could be evaluated for quality, By means of this procedure, it was
expected that interested manufacturers would be placed on a qualified products list,

It is expected that a similar military specification will be issued for AFRPL
flanged connectors, Because of the larger sizes and much greater variety of flanged-
connector types, it is believed that the performance evaluation of connectors shouid
be minimized and that greater detail should be included concerning inspection and
handling of the manufactured parts,

Recommendations for Flanged-Connector Military
Standards and Specifications

The uncertainty concerning the final form of the flanged-connector military stan-
dards and specifications led to the mutual decision to limit the expenditures under
Contract AF 04(611)-11204 to the preparation of typical drawings, nominal component
dimensions, and recommendations concerning selected types of information, As Air
Force decisions were eventually made concerning the military standards and specifica-
tions that should be issued, it was expected that the Rocket Propulsion Laboratory,
using information in this report as a basis, could prepare the necessary documents,

The recommendations prepared by Battelle-Columbus are discussed in three categories:
(1) military standards, (2) nickel-plating specifications, and (3) connector performance
specifications,

Military Standards

Appendix C contains the drawings and nominal dimensions prepared by Battelle-
Columbus for the flanged-connector military standards. First, suggested assembly
instructions have been prepared. Next, an assembly drawing is shown which is believed
to be suitable for all of the assembly military standards. Finally, nominal part
dimensions have been prepared for Connectors 1 through 10 of the following flanged con-
nectors, Dimensions for Connectors 11 through 27 are to be generated after testing
during an overrun effort.

1, 100-psi, aluminum, cryogenic, 1 through 16 inches
200-psi, aluminum, cryogenic, | through 16 inches

. 500-psi, aluminum, cryogenic, | through 16 inches

1500-psi, aluminum, cryogenic, 1 through 16 inches

2

3

4, 1000-psi, aluminum, cryogenic, | through 16 inches

5

6. 100-psi, stainless steel, cryogenic, 1 through 16 inches
7

. 200-psi, stainless steel, cryogenic, | through 16 inches
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8, 500-psi, stainless steel, cryogenic, 1 through 16 inches

9., 1000-pei, stainless steel, cryogenic, 1 through 16 inches
10, 1500-psi, stainleas steel, cryogenic, 1 through 16 inches
11, 2000-psi, stainless steel, cryogenic, | through 3 inches
12, 2500-psi, stainless steel, cryogenic, 1 through 3 inches
13, 3000-psi, stainleas steel, cryogenic, 1 through 3 inches
14, 4000-psi, stainless steel cryogenic, 1 through 3 inches
15, 5000-psi, stainless steel, cryogenic, 1 through 3 inches
16, 6000-psi, stainless steel, cryogenic, 1 through 3 inches
17. 100-psi, stainless steel, hot gas, 1l through 3 inches
18, 200-psi, stainless steel, hot gas, 1 through 3 inches
19, 500-psi, stainless steel, hot gas, 1 through 3 inches
20, 1000-psi, stainless steel, hot gas, 1 through 3 inches
21, 1500-psi, stainless steel, hot gas, 1 through 3 inches
22, 2000-psi, stainless steel hot gas, 1 through 3 inches
23. 2500-psi, stainless steel, hot gas, 1 through 3 inches
24, 3000-psi, stainless steel, hot gas, 1 through 3 inches
25, 4000-psi, stainless steel, hot gas, 1 through 3 inches
26, 5000-psi, stainless steel, hot gas, 1 through 3 inches
27. 6000-psi, stainless steel, hot gas, 1 through 3 inches

It is obvious from an examination of the nominal dimensions of the connector parts
that a number of tolerances must be established for the final military standards, It is
recommended that normal machining practices be followed for the mosat part, As an
exception, the thickness of the seal disks must be controlled relatively closely, as must
the dimensions and the surface finish of the outside diameter of the seal disks, and of
the inside diameter of the lips of the flange seai cavities, The outer seal disk edges and
the corners of the flange seal cavities rmust also be closely controlled,

Nickel- Platiﬂ Specification

The following comments are made in accordance with the respective paragraphs of
MIL-P-27418 (USAF), The paragraphs not discussed are believed to be applicable to
the plating of seals for flanged connectors,

3.2 Workmanship, On the basis of work with seals for threaded connectors, it is
believed that a third paragraph (3.2, 3 Sealing Surfaces) should be added to Paragraph
3.2. A suggested wording for this paragraph is: '""The examination of the circumference
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of each seal disak for conformance with 3,2.1 and 3,2,2 shall be conducted with a
5-power glasgs, "

4,2 Separate Specimens, It is suggested that the following sentence be added to
the paragraph for 4,2: ''The examination of the separate apecimens shall be conducted
with a 5=power glass'',

4,3,2,) Visual Inspection. It is suggested that the foliowing sentence be inserted
between the two existing sentences: ''The examination of the circumference of each seal
disk shall be conducted with a S-power glass'",

S, PREPARATION FOR DELIVERY. The handling damage that has occurred with
the seals manufactured by Scientific Advances Inc. has amply demonstrated the need for
the inclusion of packaging instructions. Such damage will be greatly amplified for the
larger, heavier, flanged connector seals, The proper wording for this section of the
specification can probably best be devised by the Rocket Propulsion Laboratory, using
existing terminology. The major requirements to be included are: (1) that each seal
be individually packaged and {2) that the packaging include some means for protecting
the circumference of the seal disks until installation of the seal in the connector,

Flanged-Connector Requirements Specification

The following comments are made in accordance with the respective paragraphs of
MIL-F~27417 (USAF), Although there are many similarities between threaded ard
flanged connectors, the number of differences are believed to be great enough to war-
rant the preparation of a separate specification for flanged connectors,

1, SCOPE. The existing wording should be adequate with the substitution of
"flanged connector'' for 'fittings'',

2, APPLICABLE DOCUMENTS. The Rocket Propulsion Laboratory can best
identify the applicable government documenta,

3, REQUIREMENTS. This is a large section of the specification and consider-
able work must be done to make it applicable to flanged connectors. The paragraph on
materials (3,2) must be revised to include the material for the aluminum hardware and
the stainless steel hardware, The paragraph on design and dimensions (3, 3) must be
revised to exclude information applicable to threaded fittings (such as 3.3.1) and to in-
clude information o flanged connectors such as information on studs, bolts, and nuts,
Paragraphs 3.4 and 3,5 appear to be generally applicable,

Paragraph 3,6 on performance needs major revision, In fact, it is believed that
serious consideration should be given to the complete elimination of performance test-
ing., The manufacturing variations that are critical to successful performance have
been identified, for the most part, Thus, it is believed that pertinent manufacturing
capability can best be evaluated by the careful inspection of selected critical components,
such a: different size seals,

Paragraphs 3.7 and 3, 8 appear to be generally applicable to flanged connectors,
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4. QUALITY ASSURANCE PROVISIONS. Paragraphs 4,1 and 4,2 appear to be
generally applicable to flanged connectors, Paragraphs 4,3 through 4,7 are perfor-
mance requirements which should be reexamined and either reduced or eliminated in
accordance with the comments above, Instead, Paragraph 4.8 on examinations should
be greatly expanded to require the manufacture and inspection of selected, critical, and
typical components,

Taragraph 4,9 on test methods should be largely eliminated and replaced with a
description of applicable examination methods, Paragraphs concerning inspection,
guch as 4,9,6 through 4,9, 11, should probably be retained.

5, PREPARATION FOR DELIVERY, The Rocket Propulsion Laboratory is best
able to evaluate the applicability of this material,

6. NOTES. The material in this paragraph appears to be generally applicable to
flanged connectors,
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THREADED-CONNECTOR SUPPORT

Contract AF 04(611)-11204 established Phase Ili to provide engineering support
during the introduction of AFRFL threaded connectors (see Figure 91) to industrial
firtns and government agencies, Although it was anticipated that support might be re-
quired in regard vo assembly tools and inspection techniques, tle exact nature of the sup-
port was to be deterrmined during the course of the contract,

————-—PLAIN FLANGE NUT
MI2780% FOR CRES SYSTEMS M3 RTEA2 FOR CRES SYSTEMS
WS ETOSH FOR AL ALY SYSTEMS MS 27087 FOR AL ALY SYSTEMS
,
\\ THREADED FLANGE
MS 278584 FOR CRES SYSTEMS
\ MO 27800 FOR AL ALY SYSTEMS

7777 BSSNNSSN \ v Vo

SEA
nu"nu FOR -RES SYSTINS
M3 27000 FON L ALY SYSTEMS

L e

AMS 3367 FOR CRES SYSTEMS
AMS 4083 FOR AL ALY SYSTEMS

FIGURE 91. AFRPL THREADED CONNECTOR

Work was conducted on four aspects of AFRPL stainless steel threaded connect-
ors: (1) seal removal, (2) seal retention and misalignment limitation, (3) increased
radial seal loading, and (4) stress relaxation,

Seal Removal

Although axial loads of up to 3000 pounds are required to assemble Bobbin seals
in threaded ccnnectors, the forces required to remove the seated seals are much lower,
When the nut of u threaded fitting has been removed, the fitting halves can be separated
by hand by a cantilev=r force applied to one of the connector flanges. A moment of about
150 in-1b ia sufficient tcr the l-inch connector, with lower moments being required for

the smaller connectors.

When the connector halves are separated, the Bobbin sea) remains in one of the
connector flanges. The most straightforward way of removing the seal is to place the
blade of a medium-sized screwdriver at the root of the exposed seal disk and to strike
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the handle of the ncrewdriver a sharp blow, Two or three such blows ave almost al-
i ways adequate to force the Bobbin seal from the connector flange,

Aithough a screwdriver can be used effectively, such a tool is not desirable i{
the skill of the technician is limited. There is a strong tendency to use the blade of the
screwdriver to pry the geal from the flange, using the flange lip as a fulcrum. Al-
though prying is successful if done by the proper tool, such action with a screwdriver .
is underirable because it tends to nick the edge of the relatively soft stainless steel of
the flange, Such a nick can cause material to protrude into the seal cavity, and the
protrusion damages seals during subsequent assembly,

A prying action is satisfactory for removing the Bubbin seal from a connector
flange if the forces are applied properly. Figure 92 shows a simple tool based on this
precept that was designed and teated satisfactorily during the program, By dimension-
ing the yoke to fit snugly between the end of the flange and the exposed seal disk, it is
possible to exert a high axial force without a sharp corner of the tool digging into the
lip of the flange, The tool can also be used to separate the flanges, as shown in Step 1.
After the seal is broken icose, it can be removed easily from the flange, It is believed
that this principle could be incorporated into an inexpensive tool with different size
yokes for each connector size.

Flangs 2
Flange | Step |
Separate Flange |
T
Step 2

Separate Secl From Flange 2

FIGURE 92, SEAL-REMOVAL TOOL
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Seal Retention and M. alignment Limitation

During the early part of the program, it becarme apparent that two improvements
would be desirable for the threaded connectors: (1) a method of retaining the seal in a
flange cavity during assembly of the connector, and (2) a method of limiting the degree
of misalignment at which the connector could be assembled. These problermns were first
considered separately and their parameters are discussed separately. However, the
most desirable solution included features applicable to both improvements, and this
cnunfiguration is described on pages 161-164.

Seal Retention

Mogst of the laboratory assemblies of the threaded connectors had been maue with
the -onnectors in a horizontal position, and with one flange of the connecctor relatively
unattached, In this assembly mode it was comparatively easy to sccure the locse
Bobbin seal in one connector flange with one hand while the unattached connector half
was brought in contact with the seal by the other hand. It was then relatively easy to
snug the nut fingertight while the connector halves were kept pressed together. Hun-
dreds of such assemblies were made at Battelle-Columbus and at the Rocket Propulsicn
Laboratory without difficulty.

As the AFRPL threaded connector wae described to various representatives of
industry and government, an increzasing nnumber of comments were received concern-
ing *he fact that many field assemblies wculd be more difficult to complete than the
laboratorv assemblies, Not only would space around the connector often be limited,
but in many cases the connector flanges would be attached to rigid or heavy components
that would be difficult to move, In such installations, it would usually rot be possible
to hold the seal in one flange while the other flange was brought into place, With both
hands being used to move or support the flanges, it would be easy to jar the flange con-
taining the scal sufficiently to dislocate the seal from the seal cavity., Not only would
this be a nuisance, but, more importantly, the sealing surface would probably be dam-
aged, Thus, practical experience indicated a need for snapping the seal in place in one
flange prior to assembly of the connector,

Coasideration of the configuration of the AFRPL connector led to the early con-
clusion that a logical means of retaining the seal was to extend one of the flanges to en-
close most of the Bobbin seal, The space between the seal disks could then be used for
an appropriate element to bear against the inside diameter of the flange extension,
Figure 93 is a simplified drawing of this basic approach,

Available Space, One of the basic parameters was the space available for the
retention action, In the existing specifications, the length of the seal disk and the
length of the seal tang were the same for the 3/8-, 1/2-, 3/4-, and l-inch seals, Thus,
if a retention configuration could be found to work within these dimensions, the same
configuration could be used for four of the six specified seals, and few changes would
be required in the specifications,
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FIGURE 93, MODIFIED FLANGE AND SEAL WITH SPRING

After working with this envelope, it became apparent that sufficient radial space
was available, but that the axial space was very limited, The axial limitation stemmed
primarily from the relatively large movement needed to seat the seal. When this dis-
tance, with its tolerances, was added to a 0, 015-inch clearance needed between the .
seated flanges, the flange extension was very short, and the end of the flange extension
was located approximately at the middle of the unseated seal, This meant that simple
circular retention shapes such as that shown in Figure 93 were unacceptable and that
any retention device located on the seal had to extend to both sides of the midpoint be- .
tween the seal disks,

Friction Retention, In one approach, seal spring clips were designed to be pushed
down by the ilange extension as the seal was pushed into the flange cavity. By exerting
a radial force against the ID of the extension, the spring clip would hold the seal in the
cavity. In these configurations, the extension was not undercut (see Figure 93),

With the proper force and the proper surface conditions on the lip and the spring
clip, the seal could be held satisfactorily by this design, The major limitation to this
concept was the possible variation in friction between the flange extension and the clip.
A small film of lubricant on the clip reduced the friction to the point where the seal
could be easily jarred out, It was believed that control of .  surface conditions of the
lip and clip would be difficult, A second problem with this aesign was the absence of
an axial force tending to hold the seal back in the seal cavity, Thus it would be expected
that seals would be only partially inserted on a certain percentage of connectors and
this could lead to improper assembly of the connectors,

Snap-Action Retention. As improved seal-retention methods were sought, the
following features were identified as being desirable:

(1) The clip should be easily placed on a completed Bobbin seal

{2) The seal (with clip attached) should be easily inserted in the connector
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(3} The clip should hold the seai snugly in the connector

(4) The seal and clip should be removable by hand prior to assembly
(this may be desired to inspect the seal and the seal ravity)

(5) The clip should not interfere with proper assembly of the connector

(6) The seated seal and clip should be easily removed from the con-
nector upon disassemobly of the connector,

The snap-action requirements emphasized the short axial dimensions available,
One requirement was that the flange extensicn had to be undercut to provide an inden-
tation for the retention device., Second, the retention device had to have a cam rise on
the leading edge to force the protrusions down, Finally, the retention device had to
have a reverse cam on the opposite side of the protrusion so the seal could be removed
from the seal cavity by hand,

By using all of the distance between the inside of a seal disk and the midpoint
of the seal (approximately 0,090 inch), it was possible to accomplish these actions.
However, the taper of the seal disk was found to limit the amount of radial deflection
available for inward deflection during insertion of the seal, Thus, in the final design,
as shown in Figure 94, the flange extension was given a fairly sharp lip, and the pro-
trusions of the retention device were made to extend at an angle from the main support
ring, which clamped around the seal tang,

Misalignment Limitation

During July 1967, approximately twenty 3/4-inch stainless steel AFRPL unions
were installed in a 4000-psi liquid-hydrogen piping system at the Rocket Propulsion
Laboratory., Despite careful assembly of the connectors, a pressure test showed that
five of the connectors leaked badly, It was noted that the leaking connectors were no-
ticeably misaligned prior to the final tightening., Since misalignment conditions can be
expected in most tubing and piping systems, sample parts were sent to Battelle-
Columbus to determine whether misalignment was the problem and whether modifica-
tion of the connector configuration could assure satisfactory assembly despite initial
misalignment,

After an extensive examination of the parts, it was concluded that leakage had
occurred because of two basic factors: (1) large, initial misalignment angles, and
(2) insufficient radial sealing forces in the seals. The radial sealing forces are dis-
cussed in more detail in a subsequent section, The large misalignment angles seemed
to have caused leakage for one of three reasons: (1) the seal, which was not fully en-
closed by both flange cavities, was forced initially against the edge of a connector
flange, damaging the seal and preventing sealing when the connector was loosened and
assembled properly, (2) the large angles and high moments prevented preper seating of
the seal disks, and (3) a sealing surface of the seal was damaged as the seal slid in the
flange cavity during straightening of the misaligned flanges,

Although it was mutually agreed with the Project Monitors that some misalign-
ment had to be tolerated in a threaded connector, it was also agreed that the large
angles (up to 7 degrees) made possible by the dimensions of the connector were too
great for the reliable sealing of high-pressure helium, Therefore, an effort was under-
taken to modify the connector to limit the amount of possible misalignment,
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FIGURE 94. PARTS TO ACCOMPLISH SEAL RETENTION AND
MISALIGNMENT LIMITATION

Consideration of the misalignment problem led to the basic decision that only
minor changes in the connector configuration would be acceptable, This decision was
based on the conviction that the existing fitting was simple and that this simplicity was
strongly conducive to proper use of the fitting. On the other hand, the introduction of
more complicated connectors in the past by industry had demonstrated that an in-
crease in the number of connector parts or an increase in the complexity of assembly
could override the advantages that the added features were designed to accomplish,.
Thus it was decided that changes designed to limit misalignment would be limited to

changes in the existing parts.

It was apparent that improper assembly due to misalignment was possible in the
connector because the nut could be engaged with the threaded flange even though the
piain flange was turned at a large angle to the nut. This assembly angle was possible
because of two dimensional relationships: (1) the clearance between the ID of the nut
flange and the shoulder of the plain flange and (2) the clearance between the OD of the
plain flange and the ID of the nut barrel. Thus, the general method selected to limit
the misalignment angle of the threaded connector was to reduce the clearances for these

dimensiconal relationships.
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Although this concept was effective in reducing the angle of misalignment at
which the connector could be assembled, it was still possible for the seal cavities in
the two flanges to become sufficiently misaligned that the seal would net always be
guided into the opposing aseal cavity, Consideration of this problem produced the concept
of using the threads on the nut to position the plain flange, In this way, engagement of
the nut with the threaded flange would automatically align the plain flange with the
threaded flange.

This guidance was believed to be most easily accomplished by locating the flange
extension for seal retention on the plain flange., Then, by extending the threads deeper
into the nut (to enclose the Bobbin seal in the assembled connector) the nut threads
could be used to enclose the OD of the plain flange extension, This configuration is de-
scribed more fully below,

Selected Design for Seal Retention and

M isalignme nt Limitation

Figure 94 shows the configuration of the spring clip, the modified plain flange,
and the modified nut selected to accomplish seal retention and misalignment limitation,
Figure 95 shows the four major stages of assembly of the connector. The modificaticn
of the parts, the assembly steps, and the evaluation of the configuration are discussed

below.

Step |. Spring Clip Placed on Bobbin Step 2. Seal-Clip Assembly Snapped
Seal into Retention Flange

et ——- -

Step 4. Nut Threaded onto Other Flange,

Step 3. Nut Threaded Past Inter-
Tightened with Proper Torque

rupted Thread

FIGURE 95, ASSEMBLY STEPS OF MODIFIED CONNECTOR
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Spring Clip. As shown in Figure 94, the spring clip consisted of a C-shaped
spring made from flat spring stock that was snapped over the seal tang, Two humps
were formed, one near each end of the '"C", These humps protruded outward beyond
the seal disk diameter, The humps were ofiset from the rest of the material so the
major part of the clip was in line with the tang, but the humps were displaced slightly in
the axial direction, This allowed the humps to snap under the flange extension lip. The
radii of the humps provided the entrance camming action and the exit camming action,
By having the clip touch the tang circumference only at the ends of the '""C' and at the
middle of the '"'C", the clip could deflect radially, thus providing a radial spring force,
By making the width of the material touching the tang the exact width of the tang, the clip
provided good axial rigidity for the seal. The major limitation of the design was the fact
that the clip would enap in place in the flange extension only if the humps were slanted
toward the flange cavity, However, when the seal was reversed there was no snapping
action, and the looseness of the seal was believed to be sufficient evidence that the seal
was not properly installed,

Considerable time was required to develop a procedure for fabricating the spring
clips, The final process consisted of the following steps:

(1) Layout and cut 1/8-inch strips of spring steel
(2) Layout dimples

{(3) Form dimples on first die

(4) Finish-form dimples on second die

(5) Grind off stack to make offset dimple and reduce ring width
on bench grinder

(6) Form ring around mandrel

(7) Secure clips to heat-treating mandrel

(8) Heat-treat and draw

(9) Finish fit to seal,

Plain Flange, Most of the connector modifications were limited to the plain
flange, Because the plain flange was also equipped with threads, the modified flange

was entitled the retention flange, The modifications to the plain flange and their purpose
are discussed briefly below,

(1) The plain flange lip was extended, and an undercut was provided
on the ID of the extension for the spring clip,

(2) A hub was added to the tube portion of the plain flange to provide
a closer fit with the ID of the nut flange.

(3) An external thread, identical to the thread on the threaded flange,

was added to the OD of the plain flange, excluding the flange
extensicn, By threading the nut over and past this interrupted
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thread, the nut provided protection for the exposed disk of the
retained seal prior to assembly of the connector,

Nut., The nut remained unchanged except that the threads were extended deeper
into the nut to provide guidance for the OD of the plain flange extension,

Connector Assembly, The major assembly steps of the modified connector are as
follows:

(1) Snap the seal into the retention flange

(2) Thread the nut completely over the interrupted threads on the
retention flange

(3) Engage the nut with the threaded flange, using the fingers to
thread the nut as far as possible

(4) Tighten the nut slowly te the required torque,

Note, When the nut is loosened, it first encounters the interrupted thread on the
retention flange, It is necessary to turn che nut slowly while the retention flange is
pushed away from the threaded flange. ‘'Vhen the nut threads engage the interrupted
threads, the nut can then be removed qu.ckly,

Modified Connector Evaluation, Five 3/4-inch retention flanges and modified nuts
were fabricated and a number of spring ciips were made, Three connectors were for-
warded to the Rocket Propuision Laboratory for evaluation, and two connectors were re-
tained for evaluation at Battelle-Columbus, The results of these evaluations are
discussed briefly,

One of the major questions about the configuration was the ability of the nut thread
to exert a thrust against the interrupted thread ar the fitting was disassembled, Although
the primary purpose of threads is to exert high axial loads, the specific function re-
quired in the design was believed to be unusual, if not unique, As a preliminary evalua-
tion of this action, a threaded flange was clamped vertically in a vise, A nut was
threaded past the interrupted threads on a retention flange and the nut was then threaded
on the threaded flange, with the tubular portion of the retention flange extending upward.
Weights up to 100 pounds were placed on top of the tube of the retention flange, and the
nut was used to raise the weights by creating thrust against the leading threads of the re-
tention flange, The ease with which the weights were raised indicated that the necessary
axial force could be supplied to separate the flanges of an assembled fitting to the point
that the nut would engage the threads of the retention flange,

The evaluation of the spring clips was not as promising. Although some of the
clips worked satisfactorily, it was apparent that the camming action was influenced sub-
stantially by small changes in the dimensions of the clips and of the inside disk root radii
and tang length. It would be expected that properly made dies would alleviate much of
the dimensional variation in the spring clips, However, it appeared that the production
costs required to control the related dimensions of the spring clips and of the seal could
increase the cost of the seal/spring-clip assembly as much as 50 percent over the cost
of the basic seal,
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Even more problems were encountered in the evaluation of the misalignment limi-
tation features. The interrupted threads on the modified flange were subject to seizure
because of galling, contamination, and peening from the nut, An almost insurmountable
problem developed because of the relatively close fit between the outside circumference
of the seal disks and the inside surface of the lip of each flange seal cavity. Thus,
even with the initial misalignment limited to 1 degree by the tolerance between the nut
and the modified flange, the edge of the seal disk extending from the retention flange was
not automatically piloted into the seal cavity of the threaded flange by the tightening of
the nut, Under these conditions, it would be expected that a number of seal disks would
be damaged through contact with the edge of the flange cavity lip, preventing proper
sealing action,

Conclusions and Recommendations, It was concluded that neither the spring clip
nor the modifications to limit misalignment during assembly were practical, Two
courses of future action are recommended, First, work should be done on a tool to
preset the seal in either the plain flange or the threaded flange as a means of retaining
the seal, Some thought has been given to this approach during the preparation of the re-
port and it appears promiging, Second, it is recommended that the assembly procedure
for AFRPL connectors require that all parts be sufficiently loose initially that the pre-
seated seal can be placed by hand into the opposing seal cavity and the nut made finger-
tight, The proper preload would then be applied, The degree of misalignment possible
in this procedure would be limited by the depth of the seal cavity,

Increased Radial Seal Loading_

Starting in 1967, a growing amount of evidence was obtained that the radial sealing
loads in the 3/4- and l-inch, 4000-psi stainless steel seals and in certain flanged con-
nector seals were not sufficiently high to insure reliable sealing on assembly, The
work in this area increased as the extent of the problem became better known, until, in
the last months of the program, the increase in radial sealing loads for selected
threaded and flanged connectors was defined as a major area requiring additional theo-
retical and laboratory effort.

Although the answer to this problem cannot be presented in this report, it is be-
lieved advisable to record a relatively systematic description of the problem with the
threaded connectors, of the work conducted so far, and of the most promising avenues
for solution, It is hoped that this record will serve as a helpful reference during any
future work, The pertinent information for flanged connector seals has been included in
earlier report sections,

The record is presented in the following major sections: (1) theoretical back-
ground, (2) developmental background, (3) qualification tests at Battelle-Columbus,
(4) qualification tests at the Rocket Propulsion Laboratory, (5) test installation at the
Rocket Propulsion Laboratory, (6) seal investigations at the Rocket Propulsion
Laboratory, (7) seal investigations at Battelle-Columbus, (8) candidate materials and
configurations, and (9) recommended future activities,
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Theoretical Background

The theoretical background to the problem is discussed in four categories:
(1) forces required to seal helium, (2) the Bobbin seal configuration, (3) seal material
selection, and (4) seal design.

Forces Required to Seal Helium., Extensive work has been done by the IIT
Research Institute{16,17) and by the General Electric Advanced Technology Labora-
tories(18) on the forces required between two metal surfaces to seal helium to approxi-
mately 2 x 10-7 atm cc/sec per linear iuch of seal (the maimum leakage specified for
the Air Force separable connectors), Although the relationships developed for the dif-
ferent parameters are somewhat complex, in general it was shown by both facilities
that the force between two metals with fairly smooth surfaces (&816 rms) must be frcm
2 to 3 times the yield strength of the softer material to achieve low helium leakage.

The step-by-step application of the IITRI analysis procedure to a separable connector
is described on pages 143-148 cf a final report on threaded connectors(19),

Although the work by IITRI and General Electric showed that random surface con-
ditions had a significant effect on the actual leakage exhibited by two metal surfaces,
neither facility developed design guidelines to cvercome these occurrences, On the
basis of previous work with many kinds of static seals, and keeping in mind the high
forces needed to yield metallic surfaces, project personnel at Battelle-Columbur se-
lected an 0, 020-inch-wide sealing surface as being optimum for the AFRPL threaded
and flanged connectors, Extensive experience at many facilities has shown that metal
sealing surfaces approximately 0, 005 inch wide (a width commonly found in high-
performance aerospace valves) encounters many leakage problems because of damage
and contamination, On the other hand, the 0.060-inch-wide sealing surfaces found in
relatively dependable O-ring installations would require excessive force in a metal-to-
metal seal, Thus, the 0,020-inch-wide surface (which is found in many installations
using small O-rings) was a judgmental selection between two extremes. As an example,
for a soft nickel plating with a yield strength of about 10, 000 psi, the force on an 0, 020-
inch-wide sealing surface would be 600 lb/in, to obtain a pressure equal to 3 times the
yvield strength of the nickel,

Bobbin Seal Configuration. The development of the Bobbin seal configuration has
been described in detail in two reports(19,20) and the principles of the sealing action
are summarized on pages 4 and 5 of this report. Two features of the seal are of par-
ticular interest to this discussion: (1) the toggle action of the seal disks and (2) the
yielding of the seal material during assembly.

The toggle action of the seal disks was developed as a means of amplifying the
axial force to attain a higher radial sealing force. As noted above, it was realized that
high sealing forces would be required, By keeping the axial force to a minimum, the
size and weight of the threaded fittings would be kept to a minimum, In practice, the
toggle action of the seal disks produced a radial sealing force approximately twice the
axial seal seating iorce. Although this was very desirable, the mechanical advantage of
the toggle action, and the sensitivity of toggle angle to initial diametral tolerances be-
tween the seal and the seal cavity made it difficult to determine the radial sealing force
accurately from a measured axial seating force,

The yielding of the seal structure was included in the seal design as a means of
limiting the sealing forces that could be developed by dimensional variations in produc-
tion parts, While this objective was accomplished to a certain degree, the actual effect
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on the radial sealing forces of differences in tne seal dimensions and differences in
the material yield strength were much greater than had been anticipated.

Seal Material Selection. Although considerable thought was given to the selec~
tion of material for the structure of the threade«l| fitt'mga(m) 20), the selection of aus-
tenitic stainless steel for the connector flanges resulted in the rather automatic selection
of annealed austenitic stainleas steel for the sesl. in appreciable amount of effort was
spent ir. selecting the best plating for the seal, ana this work was amplified for the
flanged connector seals (see pages 5-7). Nickel and gold plating were selected initially,
and this selection was verified in the later effort.

When no apparent problems developed with the austenitic stainless steel seals
during the developmant work, the specifications were biased on this material. Thus,
when the need arose for an increase in radial sealing force, two problems existed:

(1) the problem of achieving increased strength within the specification dimensions, and
{2) 2 lack of information concerning candidate seal materials oiner than annealed aus-
tenitic stainless steel. The work on these problems is described in detail subsequently.

Seal Design. At one time an attempt was made to develop an exact procedure
for designing Bobbin seals. This was not successful because of the complex combina-
tion of elastic and plastic strains that were developed in the seal. An approxirnate de-
sign procedure was then developed, and seal design nomographs were developed for
.hreaded scals using this procedure and experimental data. (19) Essentially, this cal=-
culation procedure was based on the concept that the seal tang developed compressive,
plastic strains and that the radial sealing force was developed by the force needed to
compress the seal tang.

As work was continued on Contract AF 04(611)~-11204, it became increasingly
apparent that this design procedure was not sufficiently accurate for small seals. It
appeared that the basic reason for inaccuracy was that the material in the seal diske
made a significant contribution to the radial sealing force in the small seals.

A new design procedure was then developed which included the material in the
seal disks as well as the material in the seal tang. Although the calculation was still
an approximation, the results of the revised procedure agreed much more closely with
the experimental results for threaded seals, and it was judged to be acceptable for
large as well as small seals. The revised seal-design procedure is described below.

For gimplicity, the assembled seal disk was assu.ned to be a completely flat-
tened cone with forces and dimensions according to Figure 95.

FIGURE 96. SEAL DISK STRESS MODEL
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Fg = radial seal force per inch of seal disk circumference, 1b/iu.

Fr = radial force per inch of seal tang ontside diameter at the root of
each seal disk, lb/in.

D, = seal disk outside diameter, in.

D, = seal tang outside diameter, in.

LT = seal disk thickness, in.

The forces and dimensions for the seal tang model are shown in Figure 97,
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FIGURE 97. SEAL TANG STRESS MODEL
D: = geal tang inside diameter, in,
L, = tang length, in,
t = tang thickness, in,

On the basis of the elastic stress/strain theory for thick-walled cylindera(zu,
circumferential stress is related to preseure as follows:
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where

0g = circumferential stress, psi

a = inner cylinder radius, in,
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outer cylinder radius, in

P; - internal pressure, psi
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Po = external pressure, psi
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radial location of stress, in
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Considering the seal disk first, if the circumferential stress at Dy equalsa the
yield strength of the material, the radial seal force increment contributed by the seal
disk is:

(D2 - D%) x LT
AFg =S ” (24)
2D,
where

I‘-)1 =0

r=a=D,/2
Sy = yield strength of seal material, psi
Og = Sy

AL Fg = radial seal force increment contributed by the seal disk, lb/in,
b=D,/2.

Similarly, the radial seal force increment contributed to each seal disk by the
tang was calculated:

y L
(D? - D) x 3
AFy =8 (25)
T
4 2p 2

where

AFr = radial seal force increment contributed to each seal disk by the tang,

1b/in,
r -a =Di/2
b =De/2 .

It was assumed ¢’ at the radial force at the inside diameter of the seal disk was
distributed radially to the sealing surface, Thus:

De 26
Fg=OFg+ AFp x 2o (26)
S S T7 o

The foregoing calculations were based on limits from idealized elastic seal
elements, Examinations of the dimensions of typical seals showed that sufficient radial
compression existed to create plastic deforimation at the inside diameter of the seal
disks and in the seal tang. Using plastic theory(%) for the seal tang, the seal tang radial
force contribution was calculated;
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and then
D,
F5=DFS+AFTPXB— . (28)
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Developmental Background

The development of low-leakage threaded connectors began in early 1962. The
major steps of each contractual effort are summarized on pages | and 2 of this report,
Of primary importance to this discussion is the fact that little difficulty was experienced
with the performance of nickel-plated, stainless steel Bobbin seals during the two major
contracts on the development of threaded fittings, Thus, instead of exploring the per-
formance characteristics of the Bobbin seal in detail, the majority of the work was con-
cerned with designing, fabricating, and testing different types of connectors for
aluminum as well as stainless tubing systems,

In fact, the perivormance of aluminum Bobbin seals was in need of significant
work in 1966, at the start of Contract No, AF 04(611)-11204, and Phase I of this con-
tract was established to complete that devel,o&ment. An excellent solution was found to
this problem by the use of overaged 6061-T6 2),

The work under Contract No, AF 04(611)-9578(19) to develop specifications for
stainless steel Bobbin seals consisted of testing several 3/8- and 3/4-inch seals made
to dimensions based on the original calculations (see page 14). In the first series of
seals tested, five 3/8-inch and five 3/4-inch seals were made of Type 309 CRES, Al-
though leak tests with these seals were very good, the disks did not deform properly.
In a second series of tests, four 3/8-inch seals and four 3/4-inch seals were made with
variations in selected dimensions, These tests were used to determine satisfactory
tang thicknesses and disk thickness. In a third series of tests, four 3/8-inch seals were
macde tc the selected dimensions and leak tested, Although the widths of the coined
sealing surfaces were less than the optimum 0, 620 inch, the sealing results were very
good, and the radial loads, as estimated from the measured axial loads, were twice as
high as required, As described in detail in the final report(lq), the design equations
then were modified on the basis of the experimental data, and a seal design nomograph
was developed incorporating these changes, (A nomograph was also developed for
aluminum threaded connector seals.) Seals were then designed for six tubing sizes,
Table 58 shows the dimensions of these seals and the maximum axial loads required to
seat sample seals made to these dimensions from Type 310 stainless steel,

It should be noted that radial sealing loads had not been measured for sorne time
because the technique used was expensive, Instead, on the basis of early seal load
tests, it was assumed that the radial sealing load was twice the axial seal seating load,
It can be seen from Table 58 that the final stainless steel seals were thought to provide
radial sealing loads from about 1150 1b/in, to about 1350 1b/in,
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TABLF 58. MEASURED DIMENSIONS, COMPUTED AND EXPERIMENTAL VALUES
FOR AXIAL FORCE FOR TYPE 310 CRES BOBBIN SEALS

Minimum
Imide Outside Outside Axial Seal P, per

Tube Tang Tang Tang Disk Tang Seal Disk Seating In. of Seal
Size, Radius, Thickness, Radius, Radius, Length, Thickness, Load, Circumference,
in. I t Te ro L LT PA, 1b 1b/in.
./8 0. 080 0,036 0.086 0.171 0.096 0.0217 865 620
1/4 0.0986 0,043 0.138 0.222 0.120 0.030 950 680
3/8 0.145 0.049 0.194 0.218 0.1580 0.026 1215 683
1/2 0,191 0.053 0.244 0.329 0.1590 0,026 1388 662
3/4 0,286 0.069 0.3585 0.440 0.150 0.026 1595 512

1 0. 372 0.089 0.461 0. 546 0.150 0.026 2030 586

For a sealing surface width of 0,020 inch, these forces provided sealing pres-
sures from 57,500 psi to 67,500 psi. By using soft nickel plating with a yield stress of
cbout 10, 000 psi, it was concluded that the seals would provide a sealing force equal to
approximately six times the yield strength of the softer material, Thus the seals ap-
peared to provide ample sealing force, and the specifications for the connectors were
prepared, incorporating these dimensions, Figure 90 shows the final seal specifica-~
tions that were issued, on the basis of this work,

Qualification Tests at Battelle-Columbus

Qualification tests of representative connectors were conducted at Battelle-
Columbus as a part of Contract AF 04(611)-9578, A total of twenty-eight 4000-psi
stainless steel connectors (20 unions, 4 elbows, and 4 tecs) successfully withstood the
qualification tests with maximum helium leakage never exceeding 3.9 x 10-7 atm cc/sec
per inch of eeal circumierence, This represernted a total of 41 seals successfully
tested, On two occasions excessive leakage occurred, once owing to hun.an cxror and
once when an insufficient preload was developed,

A statistical summary was prepared using the maximum leakage measured for
each seal. When the data were normalized on the basis of the logarithmic equivalent of
the leakage rate, it was found that the data approximated a normal distribution, The
mean recorded maximum leakage was 2.6 x 10-8 atm cc/sec of helium per inch of seal
circumference.

Qualification Tests at the Docket
Propulsion Laboratory

Concurrently with Contract AF 04(611)-11204, the Rocket Propulsion Laboratory
prepared final specifications for the 4000-pei stainless steel connectors, and purchased
a number of connector components from Scientific Advances, Inc., (SAD in C)lumbus,
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Ohio., Qualification tests similar to those conducted at Battelle-Columbus were con-
ducted at the Rocket Propulsion Laboratory, Although these test data were not com-
pletely summarized, the results, in substance, duplicated the results obtained at
Battelle-Columbus,

Test Installation at the Rocket
Propulsion Laboratory

As described previously, twenty 3/4-inch, 4000-psi AFRPL stainless steel
unions were installed in a liquid-hydrogen system at the Rocket Propulsion Laboratory,
Five of these connectors leaked badly, Three of the connectors and two seals were sent
to Battelle-Columbus for examination,

The separate seals were examined first, The disks appeared to have been fully
deflected, the tang had apparently been satisfactorily yielded, and a seal seating sur-
face approximately 0, 010 inch wide was visible on the four sealing disks, Under a
medium-power microscope, the sealing surface of one disk was seen to have a pro-
nounced ridge where the seal had apparently been pressed against the edge of the flange
cavity during an improper partial assembly prior tc final assembly, The ridge was suf-
ficiently large that the seal could not have sealed properly even in an aligned connector,
The other seal showed no obvious cause of leakage, The only visible differences be-
tween this seal and seals from past Battelle work were (1) tool marks were visible in
the nickel plating, indicating that the surface finish of the machined seals was rougher
than Battelle's seals had been, and (2) the nickel on the yielded surfaces had a mat fin-~
ish, while past Battelle seals showed a very shiny surface where the nickel was yielded,

The absence of structural abnormalities in the separate seals indicated that it was
necessary to examine the sealing surfaces at the source of leakage in the three connec-
tors, To find the leaks in these connectors, three corners of the hex nuts of each con-
nector were machined away, This exposed the outside of the seals but left the
connectors held together by the three remaining nut corners., An O-ring-sealed plug
was made to fit inside the connectors, and the inside of each connector was pressurized
with helium, Soap solution was used to locate the sources of leakage.,

The three connectors were then cut in half so that each connector half was still
held together by 1-1/2 corners ¢{ the nuts, The connectors were cut so the leak was
contained in one half, This half was then separated so the sealing surfaces at the leak
could be examined, The other half was encapeulated, polished, and etched so the cross
sections of the assembled connectors could be examined and the hardnesses of the nickel

plating could be measured,

An examination of the leakage area in one connector showed that the edge of the
flange cavity had been nicked by a sharp object, causing a peened, inward protrusion of
the metal, This protrusion scratched the nickel plating on the sealing surface during
assembly of the seal. It was believed that this seal could not have sealed satisfactorily
even if the connector had been aligned,

The other two connectors showed no obvious cause of leakage. The general ap-
pearance of the seals was identical to that of the separate seals, The surfaces of the
flange cavity did not exhibit abnormalities, although it appeared that the seals had not
pressed as tightly against the flange surface in the general area of leakage as they had
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against other areas and against the flange which did no* show a leak., Although the disk
edges in one connector showed a somewhat different type of deformation, in general it
was concluded that the seal structures had deformed normally, The coined sealing sur-
faces were approximately 0, 010 inch wide,

Unfortunately, Battelle's seals that were made to the same dimensions as the
leaking seals had been discarded or were assembled in connectors on test, However, it
was possible to find seals made of stainless steel and Rene 41 from earlier research,
The shiny appearance of the sealing surfaces on the Battelle seals indicated that the
nickel had yielded more than was indicated by the mat sealing surface of the leaking
seals, It was suspected that the plating of the leaking seals might be too hard, How-
ever, hardness readings showed that the hardness of the plating on the leaking seals was
within specifications and compared with the hardness readings {aken on a cross-
sectioned Rene 41 seai,

Consideration was then given to the possibility that the seal was not providing suf-
ficient resistance to yielding, This could have been caused by the material in the seals
having a low yield strength, or by interaction between the two sides of the seal. Thus,
if one disk grossly yielded the seal structure, this might have significantly reduced the
resistance to yielding in the other disk-tang area,

Scientific Advances, Inc. had made tensile specimens from the material used for
the seal, The company records showed that the yield strength of the material in the
3/4-inch seals was approximately 35, 000 psi, This was within the specifications and
compared favorably with the yield strength of the Type 310 stainless steel seals of the
same dimensions tested at Battelle-Columbus,

However, the differeace in appearance of the nickel between the leaking seals and
Battelle's past seals had noi been explained. Battelle's Laboratory Record books and

reports for all of the work on stainless sieel seals were reviewed, Two aspects of the
past work seemed to be pertinent,

First, it appeared that higher radial sealing pressures had probably been attained
during the early research on separable connectors, It was not possible to compare the
values directly because so many different seal dimensions had been used, and most of
the radial-seal-seating loads were not measured directly, The axial-seal-seating loads
were always measured, but these included the force necessary to rotate the disks, and
the mechanical advantage of the rotating disks was difficult to estimate, However, the
axial-load peaks of early seals with dimensions similar to those of the leaking seals
were generally about 30 percent higher than the axial-load peaks of the leaking seals,

In addition, the thickness of the disks at the hinge line of the final seals (0, 027 inch)
was about 30 percent higher than the thickness (0, 020 inch) of most of the disks of the
early seals, Thus, a greater amount of the axial load required to seat the leaking seals
was needed to rotate the disks (this force does nor contribute to the radial seal-seating
force) than was the case with the seals with thinner disks, In conclusion, it was esti-
mated that the radial seal-seating pressure on the leaking seals was probably signifi-
cantly lower than for the early seals.

The second aspect was the difference between the appearance of the axial seal-
seating-load curve for the early seals and the appearance of that for the scals made to
dimensions in the specifications. Most of the early curves showed two distinct humps,
(See subsequent Figure 99.) Each hump represented the seating action of a seal disk.
Two humps were created because one disk was always stronger than the other disk,
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Manv of the curves for the specification seals had one full hump and a partial hump,

It was believed that the absence of a full second hump may have resulted from the first
disk causing the tang ‘o yield sufficiently that the second disk was not supported as much
as normal by the tang, The possibility of interaction between the two sides of the tang
was increased for the larger seals because the tang was shorter in relation to the tang
thickness than was the case for the 3/8-inch seals, This interaction might explain the
failure of the seals to function satisfactorily in the misaligned connectors despite the
fact that all the seals functioned satisfactorily in the aligned connectors,

As a result of the examination of the connector parts and of Battelle's pasi work,
the following conclusions were reached:

(1) The unretained Bobbin seal was susceptible to damage and im-~
proper installation during assembly of the connector,

(2) The leaking connector parts were made within the specifications,
Although not apparently a cause of leakage, the rnachined surface
of the seals was noticeably rougher than were earlier Battelle
seals,

(3) The radial seal-seating pressure in the 3/4-inch connector was
satisfactory for an aligned connector, but higher sealing pres-
sures were attained in many of Battelle's earlier seals,

(4) As the seal tang is made shorter in relation to its thickness, a
ratio may be reached for which the disks do not seat sufficiently
independently,

The following steps were recommended to overcome the apparent deficiencies of
the connector:

{1) A means should be dsvised to retain the seal in one of the
flange cavities during assembly of the connector,

(2) Consideration should be given to changing the rms specification
on the sealis from 32 to 16,

{3) The radial sealing force of each size of stainless steel seal
should be measured, and if necessary, increased,

(4) The length-to-thickness ratic for the tangs of all sizes of
stainless steel seals should be checked to insure independent
seating action of the sealing disks,

Seal Investigations at the Rocket
Propulsion Laboratory

The decision was made to conduct work under Steps 3 and 4 at the Rocker
Propulsion Laboratory, Because of the installation problems with the 3/4-inch con-
nectors, it was decided that work would be concentrated on this connector size, Hcw-
ever, it was believed that the results of this work would probably apply to l-inch s=als
also. Strain-gaged rings were fabricated at Battelle-Columbus from high-strengtn steel
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to replace the retaining lip of the 3/4-inch connector flanges, Plugs were machined to
fit inside the rings so the seal tang could be compressed between the plugs and the seal
digsks would press outwardly againet the load rings, These components were calibrated
and then forwarded to the Rocket Propulsion Laboratory,

First, the maximumn radial sealing loads were measured for seven SAI seals, The
first two seals were seated norrmally, with the disks both being seated in one loading,
The next five seals were loaded to seat only one disk at a loading, The results of the
load tests with these seals are shown in Table 59, Also shown are the measured maxi-
mum axial loads, the original seal disk diameters, and the percent of sealing surface
that was matted, or Jid not wecm tc be ar shiny as desired, Figure 98 shows 2 plot of
the maximum measured radial load as a function of the maximum measured axial load,
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FIGURE 98, COMPARISON OF MAXIMUM RADIAL AND AXIAL SEAL-SEATING
LOADS - 3/4-INCH SAI STAINLESS STEEL SEALC

The major conclusion from this work was that the radial sealing load varied much
more than was anticipated for seals made by the same manufacturer from one bar of
material, Tentative conclusions were: (1) the initial fit of the gseal was not a major
load-determining factor, (2) dimensional variations within the seal probably were a
major load-determining factor, (3) the prevalence of the mat surface indicated the need
for increased seal strength, and (4) the rule-of-thumb estimate that the radial sealing
force was twice the axial sealing force was an effective approximation,

In a second series of tests it was shown that significant interaction existed between
the seal disks, In essence it was shown that the radial load established by the first disk
to seat could be reduced as much as 50 percent when the second disk was seated,

In a third series of tests, 3/4~inch seals were machined from Type 304L stain-
less steel.to the dimensions in the specifications, Radial sealing forces from 5 seals
varied fairly uniformly from 520 lb/in, to 830 lb/in. of seal circumference, It was
thus shown that the introduction of a material-properties variation created a set of
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TABLE 69. LOAD TESTS MADE WITH SAI 3/4-INCH STAINLESS STEEL
SEALS AT ROCKET PROPULSION LABORATORY

et

ST W Rt et e

Maximum Load per In. of Percent of
Seal Disk Max Axial  Seal Circumference(), 1b/in, Matted Sealing
Specimen(d) piameterd®), in, Load, 1b Axial Radial Surface

1 0.884 1260 452 965 33
0.887 1740 623 12716 33

2 0.885 1136 407 190 26
0.8817 1480 530 1174 10

3 0.882 1380 495 935 a3
0.8817 2280 817 1385 None

4 0.887 1400 502 880 None
0.8817 1485 533 900 33

5 0.885 1330 4711 885 50
0.8817 1580 567 1065 25

6 0.886 1410 506 980 25
0.887 1118 637 1380 3

7 0.885 1400 502 1050 33
0.881 1480 §30 940 16

(a) Disks of Specimens 1 and 2 seated during one loading. Disks of Specimens 3 through 7 seated one at
a time.

(b) ID of flange lip = 0.888 in,

(c) Based on ID of flange lip.

readings almost completely below those obtained from the SAI seals, It was also
shown, however, that the lowest sealing load was still very close to the original design

minimum of 600 1b/in,

In a fourth series of tests, 3/4-inch seals were made from Type 304L stainless
steel with different tang lengths, These seals were seated to determine the effect of
increased tang length on the radial sealing load and on disk interaction, It was found
that a 100 percent increase in tang length resulted in a 50 percent increase in radial
sealing load, A greater increase in tang length did not increase the radial sealing load
significantly because the seal disks were not strong enough to yield a stronger tang,

On the basis of the work conducted at the Rocket Propulsion Laboratory, it was )
concluded that the radial sealing load of the 3/4- and l-inch stainless steel seals
should be increased and that the increased load should be accomplished by lengthening
the seal tang since this would tend to separate the seating action of the seal disks,
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Seal Investi}_ations at Battelle-Columbus

The work on the seal retention and misalignment problems of threaded connectors
(see pages 157-164) precipitated a more intensive investigation of the radial sealing loads
of the stainless steel threaded seals, This occurred because it was not possible to select
a final seal-retenticn or misalignment-limitation configuration until the seal dimensions
had been selected,

As the parameters associated with an increased seal tang length were examined
more closely, it became apparent that this approach had several disadvantages, The
most important disadvantages were an increase in the size and weight of the connectors,
While the increase required for the 3/4- and l-inch connectors might have been ac -
ceptable, the same dimensional increases on the 3/8- and 1/2-inch connectors might
have been unacceptable, Related to these problems were secondary problems associated
with the change of many of the connector specifications, In addition to the problems
associated with an increased tang length, several higher strength materials seemed to
be capable of producing the required increase in radial sealing load within the specifi-
cation seal dimensions, If such a2 material were used, the higher yield would provide
greater springback in the seal and might minimize the problem of disk interaction,
Thus, the decision was made to develop an improved seal within the specification
dimensions.

The accomplishment of this objective proved to be much more difficult than an-
ticipated. However, considerable work on the problem was accomplished, and it is
summarized in the following sections.

Radial Sealing Looad Calculations. The improved procedure for calculating radial
sealing loads (see pages 166-169) was used to calculate the loads for the 3/4-inch SAI
seals, In the original calculation, 30, 000 psi had been used as the yield strength of
austenitic stainless steel, However, this is a minimum tensile yield strength, and a
more extenaive search of the literature produced data showing that the compressive
yield strength of austenitic stainless steel could be between 40, 000 and 50,000 psi for
the degree of strain produced in the Bobbin seals, When 50,000 psi was used in the
revised calculation procedure, the calculated radial sealing load for the 3/4-inch seals
agreed well with the average of the experimental results obtained at the Rocket
Propulsion Laboratory for the 3/4-inch SAI seals,

The decision was then made to calculate the radial sealing loads for all the seals
in the specification, This calculation was of particular interest because the sealing
surfaces of the 3/8-inch SAI seals seemed to be consistently shiny, and it was hoped
that the radial sealing load for this seal might be used to estimate the required radial
sealing load increases in the 3/4- and l-inch seals, Table 60 shows the radial sealing
loads calculated for the specification seals, using 40, 000 and 50, 000-psi yield
strengths, It can be seen that the calculations for the 3/4-inch seal using a 40, 000-psi
yield strength agreed well with the average values measured at the Rocket Propulsion
Laboratory for 3/4-inch seals made of Type 304L stainless steel,

If the radial sealing load for the 3/8-inch seal was satisfactory, these calculations
showed that the 1/8- and 1/4-inch seals were also satisfactory, The calculations also
showed that the 1/2-inch seal was slightly understrength, while the 3/4~inch seals were
almost 50 percent understrength,
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TABLE 60. RADIAL SEALING LOADS CALCULATED FOR SPECIFICATION
STAINLESS STEEL SEALS WITH REVISED CALCULATION

PROCEDURE

Tubing Radial Sealing lL.ocad, lb/in,, Radial Sealing Load, lb/in,,
Size,in, Using Sy = 40, 000 Psi Using Sy = 50, 000 Psi

1/8 948, 9 1187.3

1/4 913.9 1142.3

3/8 912,2 1139,5

1/2 805.9 1007.6

3/4 728,.8 901.5

1 700,0 875.0

|

——
—

With the need for an increase in radial sealing load further substantiated, the
question arose concerning the capability of the connector structures to sustain the loads
resulting from stronger seals, The axial load required of the nut would be increased,
and the radial load on the lip of the connector flanges would be increased, Work was
then undertaken to determine the limits of these factors,

Axial Seal-Seatirﬁ-Load Calculations, The following formula was used to cal-
culate the axial loads expected for the minimum and maximum torques listed in the

specifications:
T=0.2dF) , (29)
where
T = torque, in-lb
d = thread diameter, in.
F = axial force, 1lb,

Table 61 shows the minimum torques and resulting axial forces, and the total
axial seal-seating loads as defined on two bases: (1) experimental values from Table
58, and (2) calculated values based on Table 60, using a ratio of axial load to radial
load of 1 to 2.

TABLE 61. AXIAL LOADS FOR SPECIFICATION TORQUES AND AXIAL SEAL-SEATING
LOADS FOR STAINLESS STEEL SPECIFICATION SEALS

Calc, Seal Calc. Seal

Tubing Min Min Exp. Seal Seating Force, Seating Force,
Size, Torque, Axial Seating Sy =40, 000 Psi, Sy = 50, 000 Psi,

in. in-1b Force, 1b Force, 1b 1b b

1/8 75 666 665 520.0 650.0

1/4 200 1600 950 650.0 808.0

3/8 380 2533 1215 810.0 1000.0

1/2 490 2800 1388 840, 0 1110.9

3/4 1240 5510 1595 1010.0 1260.0

1 2300 8764 2030 1200 0 1510, 0
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From the information in Table 61 it appeared that the available axial loads
would permit significant strength increases in 3/8-inch and larger seals. The 1/8-irch
scal appeared to be very marginal, and the 1/4-inch seal did not provide much margin
if the possible variations in seal loading were considered,

Flange Strength Lumitations, An increased diametral requirement is probably
the biggest problem to be overcome in designing a lightweight threaded connector with a
radial seal, Thus, the lips on the connector flanges were made as thin as possible, On
the other hand, the stress calculations for the flange lips were very approximate, and
the effect of simplification in the calculations was difficult to estimate, When the speci-
fication connectors were designed, a minimum lip thickners of 0,065 inch was selected.
If the OD of the seal for a given connector size was such that extra space was available
with the use of a standard thread size on the nut, then the lip thickness was increased.
Table 62 shows the nominal flange lip thicknesses for the plain flanges of the specifica-
tion connectors,

TABLE 62. PLAIN FLANGE LIP THICKNESS FOR
STAINLESS STEEL SPECIFICATION

CONNECTORS
Tubing Size, Plain Flange Lip
in, Thickness, in,
1/8 0.075
114 | 0. 065
38 0. 065
1/2 0,070
3/4 G. 079
1 0. 065

From Table 62 it can be seen that the 1/4~-, 3/8-, and l-inch plain flanges
all had the minimum allowable thickness, Because of its increased diameter, it was
concluded that the 1-inch plain flange was the weakest component, Experiments were
conducted with the l-inch plain flange to obtain an experimental approximation of its
radial load capacity,

A l-inch seal was machined from A286 (tensile Sy = 102,000 psi), and the
seal was partially seated in a 1-inch plain flange, A diametral expansion of 0, 0002 inch
was measured with an axial load of 3500 pounds, At 4500 pounds, an additional expan-
sion of 0, 001 inch was measured, The test was stopped, the seal tang was reduced 50
percent, and the seal was completely seated with an axial load of 5350 pounds, At this
load, the lip diameter had increased 0, 002 inch and some flange yielding was indicated.
It was concluded that the 1-inch plain flange could sustain an axial seal seating load of
4000 pounds without damage, and an occasional load of approximately 5000 pounds, This
conclusion was partially verified later when a l-inch seal made of 19-9 DL was seated
with a maximum axial load of 4000 pounds without yielding of the flange lip.
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The ID of the plain flange lip (the OD of thr seated seal) is 1.1 inches, If a
ratio of axial-to-radial force of 1 to 2 is selected, the tests indicated that the l-iach
plaia flange could withstand a radial sealing force of about 2300 1b/in, with an occasional
force of about 2900 1b/in, It then appeared that the plain flanges as dimensioned by the
specifications would tolerate a significant increase in the radial sealing load,

Load Testing of 3/8-Inch SAT Seals. Because it anpeared that the 3/8~inch seal
might be found to be satisfactory, load tests were conducted with three 3/8-inch SAI
seals. The disks of the first specimen were seated one at a time, while the disks of the
second and third specimens were seated during one agsembly, For the second type of
assembly, one disk was seated in a load ring, and one disk was seated in a flange,
Table 63 shows calculated and experimental loads for the 3/8-inch seals., Figure 99
shows the axial load trace obtained from the tensile machine, and assgociated estrain
readings obtained from the load ring, An examination of the sealing surfaces showed
uniformly shiny, coined sealing surfaces about 0,015 inch wide,

TABLE 63, CALCULATED AND EXPERIMENTAL LOADS FOF 3/8-INCH
STAINLESS STEEL SPECIFICATION SEALS

Calculated Radial lL.oad

Maximum Maximum Load per In. of Radial Load, After Seating
Axial Seal Circumference, lb/in, 1b/in., Sy = of Secoad Disk,
Specimen(3)  Load, 1b Axial(b)  Radial 50, 000 Psi 1b/in,
1 1235 7C5 1410 1139, 5 --
1500 856 1460 - --
2 1200 685 1150 1139.5 1150
1285 735 -- (¢) -- -
3 1470 400 1440 1139,5 1230
1730 990 -= (c) -- --

(a) Disks of Specimen 1 seated cne at a time, disks of Specimens 2 and 3 seated during one loading.
(b) Based on ID of flange lip = 0.564 in.
(c) Seal seated in one load ring and one flange.

Three tentative conclusions were reached from these tests:

{1) The revised calculation was applicable to 3/8-inch seals as well
as 3/4-inch seals, and was probably accurate for all sizes of
seals for threaded connectors,

(2) A radial sealing load of 1200-1500 lb/in. of seal circumfer-
ciice appeared to be a good minimum value for threaded-
connectors

(3) The appearance of two pronounced humps on the axial ioad curve

actually indicates more, rather than less, disk interaction as
had been thought.
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Investigation of Plating Quality. Tests were then conducted to determine the effect
of increased radial sealing loads on 3/4 . and 1-inch SAIl seals, Specimens were for-
warded to Battelle-Columbus from the Rocket Propulsion Laboratory. When these ap-
pearead to have rougher plating surfaces than expected, additional specimens in most
sizes were obtained and examired, In all, approxirnately 30 SAI seals were examined
with a 10-power glass. Typical types of variations included pits, plating nodules, grainy
surfaces, edge nicks, scratches, inclusions, and machining marks under the plating.

Although it was believed at first that the quality of the plating should be improved,
a discussion with SAI personnel of the production plating of the seals indicated that the
plating quality was good as defined by the present state of the art, Although various
steps could be taken to improve the plating, these would result in a substantial increase
in plating costs, Therefore, it appeared desirable to increase the radial sealing load
sufficiently to make the current plating quality acceptable, A similar conclusion was
reached at the Rocket Propulsion Laboratory after an examination of the plating, In any
case it was clear that the range of radial sealing loads that could occur within the
specification for the 3/4- and l-inch seals would result in a significant percentage of
seals with excessive leakage if the nickel plating were of the current quality,

Increased Sealing l.oads for Current Plating Quality, The possibility of obtaining
reliable sealing for seals with current plating quality was investigated by assembling a
number of 3/4- and 1-inch SAI seals with insert rings in the tangs to provide additional
radial sealing loads, The disks were able to sustain radial sealing loads of about
1700 lb/in, before their columnar strength was exceeded,
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Approximately 20 seals were assembled with varving radial sealing loads, On the
basis of detailed examinations of the sealing surfaces before and after seating, it was
concluded that an average radial sealing load of 1500 1b/in, would give good sealing
with the current plating, Starting at a radial sealing load of about 1200 1b/in,, & ehiny
coined sealing surface was formed that was about 0,015 inch wide, At a load of 1500
l1b/in,, a similar surface was formed which was about 0, 020 inch wide, In both caaes,
many of the plating variations were coined out, When edge nicks or pits occurred, the
coined surface was sufficiently wide to create a seal around the discontinuity,

During a detailed review of this work at the Rocket Propulsion Laboratory, it was
mutually agreed that atternpts would be made to develop seals with radial sealing loads
ranging from 1200 1b/in, to 1700 1b/in, Since the 3/8-inch and smaller seals already
provided these loads, attention was to be directed to the 1/2- , 3/4- | and l-inch seals,

Candidate Materials and Configurations

Cver a period of several weeks at the end of Contract AF 04{611)-11204, person-
nel at the Rocket Propulsion Laboratory and Battelle-Columbus worked closely together
in developing and evaluating candidate materials and configurations,

Two basic approaches were visualized for developing the necessary increase in
radial seal loading: (1) the use of a stronger material for the entire seal or (2) the use
of an insert ring of strong material in the tang of an austenitic stainless steel seal,
Called the one-metal and two-metal seal approaches, each had advantayes and
disadvantages.

The one-metal seal approach offered lower production costs and better production
control, However, fewer materials were available for consideration, and the perfor-
mance of a stronger seal structure against the softer material of the flange:- was
difficult to envision.

The two-metal seal approach offered higher production costs and poorer produc-
tion control., On the other hand, several materials appeared to be candidates for the
strengthening element, and the performance of the seal disks against the flanges was .
thought to be more predictable.

Candidate Materials for One-Metal Seals, Candidate material properties for a
satisfactory one-metal seal could be closely specified, The compressive yield strength
had to be from 50 percent to 100 percent more than for the SAl seals (which was about
50,000 psi). The coefficient of thermal expansion had to be about 9,5 x 10~6 in, /in, /F
to match the austenitic stainless steel flanges, The material had to be compatible with
candidate rocket propulsion fluids, It also had to be available in bar stock, cost about
$1.00 per pound, and have a machining index of approximately 50,

All relatively common stainless steels were considered, The martensitic and
ferritic stainless steels were not acceptable because of their low coefficient of thermal
expansion (approximately 5,5 x 1076 in, /in. /F). The age-hardenable stainless steels
had a low coefficient of thermal expansion and were generally too strong., The nickel-
base superalloys were too strong and were not corrosion resistant to N>Hy and fluorine.
A280 was shuwn tu be too strong (see page 178) and was not compatible with NpHy and
fluorine. A cobalt-base superalloy, V-36, appeared to have attractive properties, but
it was not generally available and little corrosion data could be found.
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The most promising materials for a one-metal seal were: (1) cold-worked Type

304 stainless steel, (2) 19-9DL stainless steel, and (3) a new stainless steel by Armco,
called 21-6-9,

Type 304 stainless stee] is capable of being cold worked to very high yield
strengths, The yield strength of full-hard tubing was found to range from 115,000 to
150,000 psi, Cold-worked bars were available in limited quantities and by special
order, Because the general properties of cocld-worked Type 304 appeared to be ideal
for use in the austenitic stainless steel flanges, the major problems seemed to be asso-
ciated with the availability of the material in the required yield strength, and the effect
of the residual stresses on the machining of the thin seal disks, The further investi-

gation of this material is discussed below,

The second candidate, 19-9DL, was an iron-base superalloy, It had an ideal
yield astrergth (70, 000 to 85,000 psi), was readily available, and cost about $1, 00 per
pound. It had a coefficient of thermal expansion of 10 x 10-6 in, /in, /F, and its ma-
chining index was comparable to austenitic stainless steel, Although an examination of
the composition of 19-9DL indicated that it should be more corrosion resistant than
A286 (another iron-base superalloy), little data existed for exposure to rocket propul-
sion fluids, The lack of corrosion data appeared to be the biggest problem with 19-9DL,,
The third candidate, 21-6-9, was very similar to austenitic stainless steels, The
coefficient of thermal expansion, cost, and machining index were favorable, Although
its corrosion resistance to rocket propulsion fluids was not known, its composition
indicated that it would be similar to Type 316 stainless steel, The biggest problein with
21-6-9 was the fact that the annealed tensile yield strength was not very high (50, 000
to 60, 000 psi), While this was some improvernent over annealed austenitic stainless
steel, it was not as much as desired, Another problem was the fact that there was only
one supplier, and 21-6-9 was not readily available in the bar sizes of interest, Al-
though 21-6-9 was able to be cold worked to achieve higher yield strengths, such mate-~
rial was much less available than cold-worked Type 304 stainless steel,

Candidate Materials for Two-Metal Seals, The two-metal seal configuration was
envisioned as consisting of an austenitic stainless steel Bobbin seal with some percent-
age of its tang replaced by a relatively high-strength stainless steel, The percentage
to be replaced would depend on the strength of the insert ring, although it was apparent
that some of the original tang material had to remain to join the seal disks during
machining and to insure proper seating of the seal disks,

Most of the materials discussed for the one-metal seal were also considered for
the two-metal seal, Particular attention was given to A286 and Inconel 718, However,
because of the corrosion problems with these materials, the final candidate material
was hard-drawn and tempered Type 304 stainless steel tubing, Although this material
was not readily available in the tubing size and wall thickness desired, there appeared
to be several companies that would be willing to supply it in limited quantities for about
$1.50 per pound, When used with an annealed Type 304 stainless steel structure, the
combination appeared to be ideal, However, as described below, preliminary tests
simulating such a configuration produced unanswered questions about the performance

of the two-metal seal,

Limited Tests With One-Metal Seals, Liimited tests were conducted with one-
metal scals to assist in the formulation of recommendations for follow-on effort,
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Small quantities of each candidate material were obtained and load tests were con-
ducted with seals machined to the specification dimensions.

A l-inch bar of 21-6-9 was obtained readily as a sample from Armco {it was not
possible to obtain a slightly larger size bar for the 1-inch seals during 6 weeks of re-
quests), The sar-rle had a tensile yield strength of 57,500 psi, which was said to be
about average, } ur 3/8-inch and three 3/4-inch seals were machined from this bar
and load tested, The test results are shown in Table 64, as is a calculated radial seal-
ing load based on an assumed compressive yield strength of 65,000 psi. Although the
first two 3/4-inch seals were seated before a 3/4-inch load ring was fabricated, the
measured axial loads for all seals and the measured radial sealing loads for Specimen 3
were about as anticipated. It was not possible to explain the similarity of the 3/8-inch,
21-6-9 results shown in Table 64 with those obtained with 3/8-inch seals made of an-
nealed Type 3.0 stainless steel (see Table 63}). An examination of the disk surfaces of
the 3/8-inch, 21-5-9 seals showed significant areas of crazing, which indicated a greater
surface compressive yielding than had been observed on other seals. It was concluded
that the material was promising, but that future tests should determine whether 21-6-9
was weaker in compressive yield than expected.

TABLE 64. LOAD-TEST RESULTS FOR 3/8- AND 3/4-INCH
SEALS MACHINED FROM 21-6-9

Tubing Maximum Max Load per In, of Seal Calculated Radial
Size, Axial _Circumference, lb/in, Load, lb/in.,
in, Speciren Load, 1b Axial Radial Sy = 65,000 Psi
3/8 1 1440 822 1420 1485
3/8 2 1230 702 1235 1485
3/8 3 1420 810 1320 1485
3/8 4 1525 870 1600 1485
3/4 1 2400 860 -- 1170
3/4 2 2400 860 -- 1170
3/4 3 2100 752 1240 1170

A 1-1/4-inch bar of 19-9DL was readily obtained. An accompanying specification
listed a tensile yield strength of 84,000 psi, Several sources listed a minimum tensile
yield of 70, 000 psi, but the specimen that was obtained was apparently typical, One 3/4-
inch seal and one l1-inch seal were machined from this bar, Table 65 shows the results
obtained from these seals and the calculated radial sealing load based on an assumed
compressive yield strength of 95,000 psi. The load results were about as anticipated
and the seal deformation appeared to be normal. The l-inch plain flange did not yield
with this assembly, substantiating the earlier tests (see page 178) with an A286 seal.
Although the edges of the seal disks did not flatten out but indented slightly into the softer
flange material, neither seal was more difficult to remove than the SAI seals, This in-
dicated that flange indentation may not be a problem with a stronger seal. However, it
also appeared that a reverse angle may have to be machined on the seal disks if a satis-
factorily wide sealing surface is to be obtained. (This procedure worked well for the
flanged-connector seals.)
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TABLE 65, LOAD-TEST RESULTS FOR 3/4- AND 1-INCH SEALS
MACHINED FROM 19-9DL AND ANNEALED AND
COLD-DRAWN TYPE 304 STAINLESS STEEL

Tubing Maximum Max Load per In, of Seal Calculated Radial
Size, Seal Axial Load, Circumference, lb/in, Load, lb/in.,
in, Material 1b Axial Radial Sy = 95,000 Psi
3/4 19-9DL 2900 1040 2120 1715
1 19-9DL 4000 1160 1530 1660

3/4 304 2700 968 2030 1715

i»

A l-inch bar of annealed and cold-drawn Type 304 stainless stee¢l was found and
Subsequently, an additional l-inch bar and 1-1/4-inch bar were located bLut
not purchased, These bars had specified tensile yield strengths of 90, 000, 89,000, and
B4, 000 psi, respectively, Through discussions with several steel manufacturers, it
was determined that, although annealed and cold-drawn Type 304 bars are usually pur-
chased according to a minimum yield strength, it would be practical to specify a mini-
mum and a maximum yield strength, provided the range was sufficiently broad, On
the basis of these discuss vns, values of 70,000 and 90, 000 nsi would be acceptable,
Ears could he ~htairad to this specification at anv time from a mill if 1000 pounds were
ordered, The price would be approximately $0, 90 per pound, If smaller quantities
were desized, calis to specialty suppliers would have to be made, similar to thos2 made
by Battelle-Columbus, While additional effort would be needed to determine accurately
thhe most practical methods for specifying and ordering cold-~-worked Type 304, it ap-
peared to be practical to obtain the material with the proper yield strength,

purchased,

There had been concern that 2 cold-worked bar would have wide stress variations,
Table 66 shows hardness readings taken from the Type 304 bar that was purchased, It
was concluded that the uniformity was quite good for the purposes of the Bobbin seal,

TABLE 66. ROCKWELL B HARDNESS READINGS TAKEN FROM
90,000-PSI-YIELD, COLD-WORKED TYPE 304

STAINLESS STEEL

——

Location
on ll-Ft Bar Surface of Bar Center of Bar One-Half Radius
One End 106 94 98
Middle 104 91 98
Other End 105 93 98

em—
—
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One 3/4-inch seal was machined from this bar, The machining was judged to be
somewhat casier than for annealed Type 304 stainless steel. There was no noticeable
effect from residual stresses on the seal dimensions, The results from the load test of
this seal are shown in Table 65, Some concern was felt about the ductility of the cold-
worked material, However, the accompanying specificiation showed 37 percent elonga-
tion, and the deformation of the seal appeared to be normal, The same conditions noted
for the edge of the 19-9DL seal disks were also noted for the Type 304 seal disks,

Limited Tests With Two-Metal Seals, A number of load tests were made with
SAI seals equipped with insert rings as a means of increasing the radial sealing loads
on the plating. On the basis of this work, it appeared relatively easy to select a high-
strength material which could be used to replace a portion of the seal tang and obtain the
same increased loads, Although detailed consideration was given to A286 and Inconel
718, the only material that was finally acceptable was cold-drawn and tempered tubing
made of Type 304 stainless steel, The Superior Tube Company listed a yield-strength
range of 115,000 to 150,000 psi for this material, Although this was a wide yield-
strength range, tests with the SAl seals had shown that good disk deflection could be ob-
tained even when the tang did not yield, Tbhus, it was hypothesized that if the weakest
tubing did not permit the tang to yield, the behavior of the seal with this material would
be the same as it would be with the highest yield tubing., The decision was made to
simulate the 115, 000-psi-~yield tubing by using 99, 000-psi-yield A286, Insert rings
were designed to provide comparable strength; and one 3/4-inch and one l-inch SAI seal
were modified accordingly.

The load teast with the l-inch seal gave the expected results, Aithough the tang
yielded slightly, a radial load of 1490 lb/in, was measured and the sealing surfaces
were comparable with those obtained with previous seals in which the tang did not yield,
The 3/4-inch seal, however, was a disappointment, The load curve obtained on the ten-
sile machine did not appear rormal, and the radial icad was only 1180 lb/in, This oc-~
curred despite the fact that the tang yielded less than it did in the l1-inch seal, When a
second 3/4-inch seal gave duplicate results, it was concluded that an unknown facto: was
occurring in the deformation of the 3/4-inch seal,

Recommended Future Activities

Because of the promise of the one-metal seal approach, and because of the ap-
parent deformation problem with the two-metal seal, it was recommended that future
activities be concentrated on develsping a satisfactory one -metal seal.

At the conclusion of the program, it appeared that the 21..6-9 should be selected
for the 1/2-inch seal and that annealed and cold-drawn Type 304 should be selected for
the 3/4- and l~inch seals, However, there were still several areas about these mate-
rials and about 19-9DL that needed further understanding., Because the development of
these areas might change the evaluations, it was recommended that a program be ini-
tiated in which additional material specimens would be purchased, a number of seals of
each material and size would be machined and plated, and a number of load tests and se-
lected performance tests would be conducted, Corrosion tests of the 19-9DL and 21-6-9
should also be included,

On the basis of this preliminary work, the best materials and seal designs should
be selected for the 1/2-, 3/4- , and l-inch scals and a comprchensive series of load
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tests and performance tests should be conducted to demonstrate the adequacy of the
design, Following this effort, the upecifications should be revised accordingly.

Stress Relaxation

A previous section of the report has discussed theoretical and experimental ef-
forts to determine the eff:ct of stress relaxation in flanged connectors. The objective
of this work was to demonstrate that flanged connectors would perform satisfactorily
with a system storage life of 5 years., Similar, though less extensive, work was con-
ducted in relation to threaded connectors.

It was estimated that the high-pressure (4000 psi) stainless steel threaded con-
nectors would bhe more likely to show the effects of stress relaxation than the low-
pressure (1500 psi) aluminum connectors, Further, it was believed that the 3/4-inch
connectors would be representative of all the stainless steel threaded connectors, Thus,
typical assembly modes were visualized for a number of 3/4-inch connectors, and test
conditions were developed to simulate various missile storage applications,

It was expected that stress-relaxation might affect the performance of the threaded
connectors in two ways: (1) by reducing the axial force applied by the nut and (2) by
reducing the radial force at the sealing surfaces, If the axial force applied by the nut
were reduced (by relaxation of the nut or of the connector flanges), combined pressure
and structural loads on the connector might result in insufficient residual axial load on
the seal, causing excessive leakage, Relaxation in the seal as a result of high com-
pressive loading, or relaxation in the lips of the connector flanges as a result of high
tensile and bending stresges, might reduce the radial load at the sealing surfaces suf-
ficiently to cause leakage, Consideration of these failure modes led to the decision to
use strain gages to measure nut relaxation, and helium leakage to measure excessive
reduction in radial sealing loads,

Test Specimens

Table 67 shows the assemnbly conditions for the 22 test connectors used for the
investigation of the etfects of stress relaxation. Each connector was fabricated
according to the dimensions in the specifications, Because stress relaxation increases
rapidly with stress, it was expected that the amount of initial nut tension would signi-
ficantly influence the amount of stress relaxation occurring in the nut, The torque
levels shown in Table 67, and the different assembly methods were selecied to produce
the levels of initial nut tension expected in practice,

The nut of each connector is designed as a spring to maintain the proper axial lcad
on the connector despite connector thermal gradients caused by hot or cold fluids, Thus
the measurement of strain in the nut was an ideal 1neans of determining the effect of
stress relaxation on the axial load produced by the nut, The nut consists of three najor
sections: (1) the threaded portion, (2} the inward projecting nut ring, and (3) the
relatively thin nut hub which connects the ring and the threaded portion. While the ring
and the threaded portion contain large hoop strains, the nut hub is subjected for the
mo st part to axial strains, and the strain gages were located on the nut hub,
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TABLE 67. ASSFMBLY CONDITIONS FOR 3/4 -INCH, STAINLESS STEEL CONNECTORS
FOR STRESS-RELAXATION TESTS

Helium Leak Rate on

Nut Assernbly, atm cc/
Lozq, sec per inch of
Specimen Assermbly Condition Asseinbly Method 1b seal circumference
1@ Typical preload Open-gnd wrench 5075 2.2x 108
2(a) Typical preioad Open-end wrench 4830 0.5x 1078
3(a) Typical preload Open-end wrench 4400 (c)
4 Min torque, 100 ft-1b Open-end torque wrench 5100 (c)
5 Min torque, 100 ft-1b Open-end torque wrench 7450 3.2x10°9
6 Min torque, 100 fr-1b Open-2nd torque wrench 3230 4.9x 10'7(d)
(a) Typical preload Open-end wrench 4630 l.4x 108
g(a) Typical preload Open-end wrench 43170 0.48 x 1072
9(a) Typical preload Open-end wrench 7800 2.2x10°8
10 Max torque, 116 ft-1b Loc Rite torque wrench 7080 0.6€ x 10"9
11 Max torque, 116 ft-lb Loc Rite torque wrench 8830 (¢)
12 Max torque, 116 ft-lh Open-«nd tcrque wrench 9050 {c)
13 Max torque, 116 ft-1b Open-end torque wrench 10380 2.6 x 1079
14 Max torque, 116 ft-1b Open-end torque wrench 7480 (c)
15 Max torque, 116 ft-1b Open-end torque wrench 7860 {c)
16 Max torque, 116 ft-1b Open-end torque wrench £370 1.2 x 10'8
17 Max torque, 116 ft-lb Open-end torque wrench 6420 0.9 x 107°
18 Max torque, 116 ft-ib Open-end torque wrench 7340 0,69 x 1079
19 Max torque, 116 ft-1b Open-end torque wrench 71580 0.48 x 1079
20(b) Max torque, 116 ft-ib Open-end torque wrench 1370 1.1x108
21(®) Max torque, )16 ft-1b Open-end torque wrench 7740 (c)
22(b) Max torque, 116 f:-1b Open-end torque wrench 9930 4.7x108

(a) Nut was tightened to achieve approxiinate desired strains in nut.
(b) Nut threads were electropolished,

(¢) No leakage could be detected.
(d) Connector was left on test even though measured leak rate was excessive on assembly.
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One gage was placed on each of three of the six nut flats midway between the ring
and the threaded portion. Although it would have been desirable to place the gages on
alternating nut flats, this would have prevented proper tightening of the nut with a
wrench, Thus two of the gages were placed on adjacent nut {lats,

The gages on each nut were calibrated before the connectors were assembled,
This was done by loading each nut in a tensile machine and reading each gage at load-
level increments, This method was used to circurnvent the effects on the measured
strains of triaxial stresses in the nut and minor variations in strain-gage locations.
Table 68 shows the increment of strain for each gage at the major tensile loads,

Test Conditions

Three types of tests were selected to represent various types of storage systems:
(1) static, (2) static with constant, maximum system pressure and end loading, and
{3) static with periodic stress-reversal-bending tests, These tests also represented in-
creasing probability of connector leakage,

Each connector for the static relaxation test was equipped with a flange at one end
and a welded closure at the other, The flanged end was mounted tc a manifold that was
connected to a source of 4000-psi heliurn, When the leakage of the connectors was
checked periodically, the manifold was pressurized, and an O-ring scaled vacuum cham-
ber was slipped over each connector, A helium mass spectrometer connected to the
vacuum chamber was used to measure the leakage of the connector,

For the static, full-load tests, each connector was mounted to a manifold similar
to the static test connectors, In addition, the closed end of each connector was attached
to a hydraulic cylinder, For the duration of the test, the manifold and the cennector
were kept pressurized by 4000-psi helium, and the hydraulic cylinders were kept pres-
surized to exert a constant, maximum axial structural load on the connectors, For per-
iodic leakage measurement, the hydraulic cylinders were disconnected and a vacuum
chamber was slipped over each connector and heliwun leakage was measured with a mass
spectrometer,

Each connector subjected to the dynamic tests was assembled as part of 2 canti-
lever beam to fit the stress-reversal-bending equipment used during Contract
AF 04(611.-9578, The connectors were maintained in a static condition without load un-
til the periodic checking period, At that time, each connector was subjected to 200, 000
cycles of stress-reversal bending and each connector was leak-checked with the helium

mass spectrometer,

Leak checks and dynamic tests were conducted at 1, 5, 9, and 24-month intervals,
Alsoc at these time intervals, strain-gage readings were made with no load, with internal
pressure, and with internal pressure plus axial tension loading,
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TABLE o8,

INCREMENT OF STRAIN FOR THE NUT STRAIN GAGES AT

THE MAJOR TENSILE LOADS, 3/4-INCH STAINLESS STEEL
CONNECTURS

Nut Tensile Lnad, lb, Strain,
4000

Microin,/in.
000 6000

Strain for 6G00-

Nut Gage 1000 2000 3000 Lb Tenwile Load
1 a 180 170 170 180 190 200 1090
b 165 205 205 205 195 20 1185
[ 210 220 220 225 225 200 1300
2 a 220 180 205 230 230 235 1300
b 180 175 175 180 190 190 1090
c 205 180 195 190 205 205 1180
3 a 205 235 235 230 235 240 1380
b 295 210 195 195 200 215 1310
c 2453 220 215 210 220 235 1345
4 & 195 230 225 235 220 225 1330
b 240 190 205 215 210 230 1290
o 260 235 230 240 240 250 1455
b) 8 270 235 225 230 225 225 1410
b 235 240 225 225 220 220 1365
< 230 205 205 210 215 220 1285
6 a 250 270 245 245 245 245 1510
b 205 249 240 235 245 240 1405
c 250 220 220 220 230 220 1360
7 a 160 165 190 210 210 210 1145
b 230 215 220 225 230 230 1350
c 290 125 225 220 230 230 1320
8 a 225 210 200 190 195 190 1210
b 165 165 175 185 190 19C 1070
< 240 200 190 200 200 210 1240
9 a 205 225 230 23C 220 225 1335
b 225 180 205 220 220 230 1290
< 235 225 230 235 235 245 1405
10 ] 180 170 200 200 205 210 1165
b 300 230 230 220 220 230 1430
[ 250 240 220 215 215 220 1365
11 a 180 190 195 200 205 200 1170
b 170 180 185 200 210 215 1160
c 200 200 205 210 220 235 1270
12 a 245 255 230 235 215 220 1400
b 220 220 210 210 210 220 1290
c 180 175 190 155 205 210 1155
13 a 180 160 165 180 195 190 1070
b 180 195 205 210 220 235 1245
< 225 205 215 21% 220 220 1300
14 a 2138 260 40 230 230 240 1435
b 185 165 180 195 200 205 1130
c 1.80 150 180 185 195 210 1100
15 @ 150 150 155 185 190 190 1020
b 195 195 20¢ 200 210 205 1205
[ 215 220 225 200 215 210 1285
16 a 195 210 210 210 205 215 1245
b 240 185 200 200 200 195 1220
[ 240 215 220 225 225 230 1355
17 a 230 230 210 200 215 220 1305
b 240 210 200 190 190 190 1220
c 180 215 185 190 200 200 1170
18 [} 235 200 195 190 195 195 1210
b 195 190 200 205 220 215 1225
[ 220 195 200 5 20 220 1270
19 a 225 220 210 205 15 210 1285
b 205 205 205 200 210 210 1235
c 245 220 215 220 220 225 1345
20 a 205 185 190 205 205 21¢ 1200
b 180 215 215 130 230 230 1300
c 250 225 215 220 215 220 1345
21 - 215 220 210 210 205 210 1270
b 230 20 215 220 213 225 1315
[ 28% 220 220 220 230 230 1405
22 a 155 195 185 190 195 195 1115
b 195 185 180 205 19C 195 1150
c 193 200 200 210 220 ;5_5_ 1260
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Test Results

The tubing of one connector broke during the last stress-reversai-bending
"exercise' and it was not possible to leak-check this connector, However, none of the
remaining 21 connectors showed an increase in helium leakage during any test above the
values measured on initial assembly, In fact, in most cases it was not possible to
detect any leakage,

After the strain-gage readings were taken at the 24-month interval, an examina-
tion of the readings showed variations which were not explainable by the action of the
fitting structure, A discussion of this problem with a Battelle~-Columbus specialist
led to the conclusion that changes in the resistance of the lead wires during the 2-year
period had introduced excessive reading variations, Since the total change in nut tension
was the measurement of primary interest, it was decided that the purposes of the test
would still be met if strain~gage readings were taken before and after the disassembly
of each connector, These strains could then be compared with the strains developed on
assembly to determine the relaxation in each nut,

Table 69 shows the tests conducted with each connector, the strains measured by
each yage on assembly and on disassembly, and the estimated initial and final axial
loads on each nut, Of the 22 nuts involved, s8ix showed an increase in average strain,
This resulted when a strain gage that read low on assembly indicated an increasingly
higher value during the 2 years, closer to that read with the other two gages. Of the
remaining 16 connectors, the average strains for three connectors decreased less than
10 percent, seven decreased less than 20 percent, and four decreased less than 35 per-
cent, Of the remaining two connectors, the average strain for one decreased about 45
percent, and that for the other decreased about 70 percent, In general it was found that
the nuts with the highest initial tensile load showed the largest reductions in strain, If
the initial tension was above the required minimum of 5690 pounds, the residual tension
was within 20 percent of the required minimum, The one exception was the connector
that experienced a 70 percent reduction in tension to give a residual tension of 2580
pounds., These results, combined with the fact that no connectors exhibited increased
leakage during the 2-year test pericd, indicated that stress relaxation is not a source of
leakage in threaded connectors during 2 years of storage, Since the rate of stress re-
laxation reduces on a log-log basis with a reduction in stress, it is believed that the suc-
cessful 2-year-storage tests indicate that the connectors will be satisfactory for a
5-year-storage period,

TABLE 69, MEASURED STRAINS AMD AXIAL MUT LOADS FOR 3/4-INCH STAINLESS STEEL CONNECTORS BEFORE
AND AFTER 24 MONTHS STRESS RRLAXATION TESTS

Nut Strain, Nut Strains on Est. Nut Strains on Eec. Load
win./in., Assembly, pin,/in, Axtal Risasepmbly; vin,/in, Axial Changs,
Connector Iyps of Tesy 6000-Lb Load : [ € Av, Load, ld s b € Av. __Load, b ik
1 Static, Loaded 1192 1050 1085 890 1003 3075 1043 1025 8%0 987 4960 =113
2 Static, Loaded 1190 530 1160 1185 938 4830 950 1090 1085 1042 5250 +420
) Statte 1345 635 1143 1175 985 4400 1040 143 1110 1098 4900 +300
1 Scatic, Loaded 1338 830 1730 900 1133 35100 823 1360 383 1017 4500 -600
H) Static, Loaded 1333 1410 2255 1380 1682 1430 1280 1580 1245 1368 6060 -13%0
[] Static 1423 710 1075 3513 &7 3230 720 815 660 32 3080 -1%0
1 Static, Loaded 1272 565 1280 1105 983 4630 1005 1215 1050 1090 3140 +510
[ Static, Losded 1123 430 1040 1073 8335 4170 825 933 1035 938 4719%0 +H20
9 Scatic 1342 1210 2030 2000 1747 1800 1630 1935 1770 1778 930 +130
10 Static, Loaded 1320 1503 1490 1683 1560 1080 1340 1485 1500 1442 6330 =530
11 Static, Loaded 1200 1365 2025 (705 1765 8830 1280 1830 1475 1528 7640 -1190
12 Static 1282 1485 2690 1620 1932 9050 1275 1680 1025 132) 6190 -2860
13 Static, Loaded 120% 1590 2640 1830 2020 10380 1210 2310 1625 1715 8820 -1360
le Static, Loaded 1222 1135 2353 1063 1523 7480 1040 1330 953 1108 5440 -2040
13 Static 1170 1055 2330 1210 1332 1860 873 1050 850 925 & 740 ~3120
16 Dynamic 1270 940 1400 1075 1138 33J0 800 1120 945 935 4320 -850
17 Dynamic 1232 1005 1850 1300 1318 6420 1163 1893 111% 1392 6780 +360
18 Dynawmic 1233 1250 2150 1130 1510 1340 743 385 46U 3Y0 2380 -4760
19 Dynamic 1288 1650 1590 1360 1333 1so 750 1580 1430 1253 5840 -1310
20 Static, Loeded 1282 1340 2085 1300 1375 73710 960 1845 1030 1285 6020 -1230
11 Statfc, Loeded 1330 1200 2640 1310 1717 1740 1083 1040 1143 1290 3820 -1920
22 static 1175 1420 2915 1500 194% 9930 1300 189% 1335 1517 1140 -2190
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CONCLUSIONS . ND RECOMMENDATIONS

Many conclusions and recommendations have been given in different parts of the
report, The major items are repeated here in three categories: (1) aluminum flanged
connectors, (2) stainless steel flanged connectors, and (3) threaded-conaector support,

Conclusions

Aluminum Flanged Connectors

(1) An effective, computerized procedure has been developed for designing
AFRPL flanged connectors for aluminum tubing eystems,

(2) Satisfactory qualification tests have been conducted for 100-psi, 200-pai,
and 500-psi connectors through 16 inches in diameter, and for 1000-psi
and 1500-psi connectors through 3 inches in diameter,

{3) Additional qualification tests are required for selected performance
aspects of 1000-psi and 1500-psi connectors through 16 inches in

diameter,

(4) Additional test data are required concerning the maximum stress level
that can be permitted for all 3-inch connectors in a vibration mode,

Stainless Steel Flanged Conneciors

(1) An effective, computerized procedure has been developed for designing
AFRPL flanged connectors for stainless steel tubing systems,

(2) Satisfactory qualification tests have been conducted for pressures of
6000 psi for sizes through 3 inches ir diameter, and for pressures of

100 psi for sizes through 8 inches in diameter,

(3) Additional qualification tests are required for selected performance
aspects for pressures through 1500 psi and for sizes through 16 inches

in diameter,

Threaded-Connector Support

(1) Stress relaxation is not expeccted to cause leakage in AFRPL threaded
connectors,

(2) The seal retention and misalignment limitation concepts developed and
evaluated during the program are not practical for the purposes of the
AFRPL connector,
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(3) The radial sealing load should be increased for the seala for the
1/2-) 3/4-  and l-inch stainless steel connectors, Promising
approaches have been determined,

Recommendations

Aluminum Flanged Connectors

(1) It is recommended that specifications be prepared for 100-psi,
200-psi, and 500-psi connectors through 16 inches in diameter,
and for 1000-psi and 1500-psi connectors through 3 inches in diameter,

(2) It is recommended that additional qualification tests be conducted
to investigate the following performance features of the 1000-psi
and 1500-psi connectors through 16 inches in diameter: (a) deformation
characteristics of the seal structure and (b) resistance of the con-
nectors to pressure-impulse cycles,

(3) It is recommended that additional vibration tests be conducted with

3-inch connectors to determine an appropriate stress level for a
minimum life of 200, 000 cycles,

Stainless Steel Flanged Connectors

(1) It is recommended that specifications be prepared for pressures
through 6000 psi for connector sizes through 3 inches in diameter,
and for pressures of 100 psi for sizes through 8 inches in diameter,

(2) It is recommended that additional qualification tests be conducted
to investigate the following performance characteristics for con-
nectors for pressures through 1500 psi, and for sizes through
16 inches: (a) initial sealing reliability, and (b) resistance to
thermal gradients,

(3) It is recommended that dimensions be developed for the remaining
connectors listed on page 152.

Threaded Connector Support .
(1) It is recommended that a seal retention concept be investigated .
on the basis of the preseating of the seal in one of the connector ' -

flanges prior to assembly of the connector,

(2) It is recommended that the assembly procedures of the AFRPL con-
nector include the requirement that the parts be sufficiently aligned
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(3)

and free on assembly to permit the seal disks to be placed
completely within the flange cavities and the nut made
fingertight,

It is recommended that a program be initiated to select the

best designs for stronger 1/2-, 3/4-, and l-inch stainless steel
seals, and that the adequacy of these designs be demonstrated
by qualification tests,
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APPENDIX A

RELAXATION DESION OF SEPARABLE
TUBE CONNECTORS

by

L. M. Cassidy, K. C. Rodabaugh, D. B. Roach,
and T. M. Trainer

INTRODUCTION

The decign of separable iude connectors for operating balow tha teraparature
which produces significant creep of tire metal used in the connacior may be based un
convantional cl..ﬁ: analysis mathods, For example, the ASMK Unfired Pressure
Veusel Codel!)” gives & widely accepted mathod for designing bolted-flanged joints,
including an approximation of the required bolt load and an slastic analysis of the
fangss W insure sdequate flange astreagth for carrying the required bolt load.

Even st temperatures whera crevp doec not occur, the design of a conventional
saparable tubs connector is not eimply & strength problem, since the usual critarion of
failure 10 leakage and leakage may occcur without necessarily overstressing any pars of
the connector. ln practice, conventional connectors are initially loadsd (tightenad
bolts in & boited-flanged connector, tightensd nut in a threassd connector) so that the
elastically atored forces in the coonsctor are sufficient to pasvent separation of the
connector parts dus to the subsaquently applied service loads arising from internal
Pressure or losde on the attached pipe or tubing, Accordingly, not only the stresses
but sleo the etraine or displacemento are significant in connector dasign.

At operating temperatures where significant cresp occurs, the desiga method for
the connector rau:. iake into account the relaxation of the slasticully stored forces
which occur as a rseult of the plastic flow of the mnnl componsnts. In bolted-flanged
Joints designed in accordance with the ASME Codell}, this relaxation stfect e taken
into sccount in an indirect and approximate mannar by the use of allowable streasss
which are based on croap or siress-to-ruptuze properties of the material, Theso
allowable stresses, however, do not necessarily reflect the relawation characteristice
of bolted-flanged joints in general, and use of the method may result in sxceseively
conesrvative design or inadequate performance over the desired service life.

There have bean previous dhcul.ton- and clmp&lllnd mlyulu 3,4,5,6,7) o
relaxation in bolted joints. Unfor ly, a pr dering primary
creep does not appear to have bsen developad. The method of analysis presanted in this
report ia intendad as & workabls approach to the dvaign of separable tube connsctors at
temparatures where creep or relaxation occure,

The only known published 45's on the elevated-temperature tasting of separabla
connectors in order to study leakage is a very comprehensive set of teste(8,9,10) by the
Eritieh Pipe Flanges Ressarch Committoe on bolted-flanged joints. The raculte of
these tests indicate & definite relation bet the time to leakage and the temperature.
However, the results are not amenable to & theoretical analysis because of the lack of
sufficisnt specimaen creep or relaxation data on the matsriale used in the tast,

Material properties are, of courss, interrelated with the design procedurs,
Accurate information of material properties (such as yield strength, modulue of
elasticity, and cresp or rel rates) are ded to apply ths design procedure,
Accordingly, thie report includes a discussion of material propertiss and tabulation of
propartiss for various materiale with desirable high-temperature properties. The sec-
tion of the repurt on material properties leads to a selection of an optimum material for
use in connector design for asrospace application at 1440 F operuting temperature,

SUMMARY

Materisle were svalugted for use st 1440 F, with the reeult that Rend ¢| (s the
material choice for the connector design. Rene 41 is equivalent in strength to the
other candidate materiale at 1440 F, and has a greater amount of data availgble. In
addition, Rens 41 18 readily available and has seen consideradle resaarch and sarvice
expsrience. Nevertheloss, the lack of a suitable family of cresp curves at 1440 F led
to the recommendation that creep or relaxation data be generated for Rene 41.

With the expectation that relaxation data will not be svailable for most materiale,
the design method is directed primarily toward the utilisation of creap dats, with 3 dis-
cussion on the use of relaxation datsa. The widespread scatter in creep data as well a0
poscible secondary effacts, such as thuse discussed in Appendix C, led to the uss of &
design factor of safety,

The design procedure utilizes the staady-state or powsr law of creep with an
assumad zero time reduction in streee to account for primary creep. Thie apprcach ie
conservative for short times, the degres of conservatiem depending upon the amount of
prirnary creep axhibited by the material st the design temperature. A comparison {9
shown for predicting relaxation from creep data for various creep theories.

Both bolied-flanged and threaded connectore ara included in the reisxation design,
and sam>le calculations are provided to illustrate the design method for each type of
connector, The eifact of tamparature differentials and external loads on the leahage
presoure 1s considered. Secondary effec
bending of bolt, dynamic cresep, gasket creep, and flange rotstions are discussed
briefly, but srs not inciuded ss an integral part of the design procedurs.

The design method i1s suttable for hand calculations, but could b- oxpedited and
essily sdapted for eolution on a high-speed ¢ putsr. The waight)
deaign for a given value cf luskage pressurs can be -ulormlml only afier calculating a

L in 1aiend bograte o page ¥,

SMaakage promure refam to B valu of UAllarT Leternal pramere o o Dalew which Wiorabls aakage tAN Saour, e Whauld
Nt B sevfiend with e valw of gashe) promawe requizad fux (1) intially sasting e yashac o (X) reatdual pramuve requiend
o e gusket s erder o prevent sacessive Mshage tetas. The dsimrminsten of Mai giihel pradiuies 4 bt sbvend (o i

apprr.

wide rangs of geometrise, A sultable .umber of csltulations snables the static*® design
to be rated in accordance with various combinations of lsakage preasure and time. The
detailed gasket deeign 14 not considared herein, since Reforence () 1) iv quite compre-
hensive in this respect.

Varicue methods of analyses are discussed for the creep design of tubss. The
date available indi that & suitebls approach for the tule dasign 16 to design for the
tangential (hoop) stress on the basis of uniaxisl tenstle c reep data,

BRCOMMENDATIONS

On the basis of the subject design study, the following recommaendations are made
in support of tha over-all design sffort for veperable tubs commectors;

{1} Creup snd/or relaxation data on lcn; 41 ot 1440 F, preferabdly
relaxation data, should be generated.

(2) It ia recommaendad that a d--l.n factor of salety of 2.0 be used,
However, one or more Rend 41 connectors should de tested st
1440 F in order to subsetantiate this factor of safsty.

{3} Avoid yielding of the connactor comnponents dua to straseas incurred
during ine:sllation,

(4) Even though retigh g of tha r tes for the bolt or
nut relaxation, care mull be tuken not to ln:ur excaasive daformations
in the component peitr whicrh could lead to rupture,

{3} In order to be conservative, the cycls time should by measured from
the start of the heating cycle to the snd of tha cooling cycle.

{6} Consideration should be given to various design configurstions. Jor

example, loore-type bolted flanges may offer certsin advantzges ovar
integral-type flanges which would not ba realized in a static design,

NOMENCLATURE*

a = mean coefficient of thermal expaneion, in/in/*F

A = area of bolt, gasket; tube, or flange, in.

< = inner radius of flange or tube, in.

<, = cosfficiant in steady-stats creep law

C; = coefficient in intercept stress law

d = outer radius of flange or tube, in.

-] w» deflect on, in,

L] = momert arm for flange bending, in,

[4 « normal strain, in/in,

& = strain rate = *. in/in/br

E = modulus of elasticity, pei

I'D » dolt Nlexibility, in/lb

Ty = bending fNlexibility of the "bolt" (threaded connector), in/lb
Fy = flanga flexibility at bolt circle, in/lb

F.S. = design factor of safety

8 tadius to cenlarline Jf gashat, in,

h = flange thickneas, in,

e = rotation, radians

K' = creep rate of olts, in/hr

Ky = bending cresp rate of the "bolt" (threaded connactor}, in/hr
Ky = creap rats of flanges, in/hr

L s influence cosfficient from Page 138, Pavsyrapc UA-47, of the ASME Codet!!

Ly, Ly = sffective lungth of bolt and flangs, respsctively, in,
m = exponent in intercapt strevs law
M = flange bending moment * Pe, in-1b

v = Poisson's ratio

a ® SXPOBARL in . . udy-state creep law

——
@h1atic dosign refers v & CORTORIIRS! (7P0 Seaigh tuch s B AGME Bouer Catel 1) which 15 nan tune dopendent .

PP The somencisiwe of the AN Codel 1) 4 wnd caeiuivaly 1o the campis Lade aolouiaion on pagas & 1 And A ¢ and B wme
SMEbit in M Fap! Wiiiv SSNEArY G Wantty,
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[ e uniform internal pressure, pai

bl
.

1otal bolt load, (b \

<
.

design value for residual bult load =

flexibility ratio @ Fy/Fp

..
-
.

Nexibility ratio » Fg/Fp

-
-
L]

Ty " Cresp ratio « Kyiky

T ®creep ratio = Ky /Ky

Ler Lerg drp
life factor » PR & {bulted-flanged connector) or —r . r i*hroaded
[ ™ [N TR
X R
<onnector)
0 * normal stress, pei
t 3 tirne, hr

OT = temperature difierential, *¥

V = .influence coﬂﬂtlcnl {from Figure UA-%1,3, Fage 144, Paragraph UA-31 of
the ASME Codell)

w = width of garl i tm,
Subscripte
A = axial load T = radial direction in tuba
B =holt R = raom temperature
(4 = croep t = time
¢ eelastic T «tube or desaign temperature
F = {large $ s circumferential direction in tube
G oy y e ylsld
M = bending momsnmt 3 = axial dirsction
o s intercept ov sero time

GREEP AND RELAXATION

Creep and relaxstion are closely related, even though they are not necessarily
interchangeabls in a str nalysis problem. Th phenumans play an important
rols in the bahavior of & separable connector operating at elevated temperatures, and
are bast illustrated by mechanical models.

Creep is the tendency for 2 material to exhibit time~depsndent strains at s
conetant strease level, typical of metals st elevated tomperstures. Figure | shows &
typical creep curve (naglecting tertiary creep) and the corresponding Maxwell-Kelvin
model, Figure | is obtained by superposition of the Maxwell and Kelvin models of
Figures 2 and 3, re, anting the steady-states and primary creep, respectively, The
enciceed design procedurs utilises an squivalent Maxwell model, nhown 24 the dashed
curve in Figure |, The total strain ie made up of an instantanecus strain and a time-
dependcnt (steady-etate) strain. Tha instantansous or intercept strain ¢, includes the
elastic strain ¢4 plus on additional strain C20,™ which conservatively acccunts for the
primary creep period,

Rel 10 the reduction or vel of strees in time under a conetant etrain.
Elastic straine are replaced by cresp strains, causing a progressive reduction in
strese., The models in Figures |-} can be considered relaxation models by sssurning e
constant total strain rathar than a constant stresa.

Thare has been considerable literature written on how to prodict relaxation from
croep date, fow agraeing on the best cresp theory to uss. Although thare are very fow
test data availably on the same material to enabie & comparison of various theorian,
Finnie and Hellar made 8 comperison of copper st 163 C with an initial strees of
13,900 pei, Figure 4 showe that the steady-state cvesp law with the intercapt stress
reduction usad herein 12 conservative for shart times and showe good agreement witk
the enparimental results for longer times. Of course, the time scale would be quite
reduced for a superslloy at 1440 F.

The most basic form of a separabla connector wouid be flexible bolting in & pair
of rigid flanges, in which case the model of Figure | would sulfice for a relaxation
analye The tightness of the juiat would be depandent on the ability of the kelt to
resist creep deformations. However, the flangs assembly can also be represented by
s Maxwell modal in paralle]l with the boit asasmhly. The flange can increase or
decreave the rats of bolt relanstion, dependiag upon the characteristice of the flangs
geometry. A preperly designed flange sssembly should be superior to & rigid flange L
that the flange slastic recovery as a spring will ratard the bolt relanstion.

MATERIALS

At the initistion of the program, it was thought that the commactor might be
snpoeed 10 sarvice temperaturcs in the rangs from 10 F 10 & manimum of 1700 F. The

upper lamparature limit was subsequently changed to 1440 F, Consequently, material
properties are svaluated at both 1700 F and (440 ¥, and a material selection mada at
1440 F,

Introduction

At the initiation of the materials survey, it wae appareni that certain material
properties were of major importance in vetyblishing the optimum connector design,
Strength over the desired temperaturs ra was he prime criterion, Jla addition,
because of the continued requiremaent to design space vehicles with mintmum weight,
dansity {or strength-to~density ratio) wae & major considerstion, Also, because
service conditions involve tycling {rom maximum temparature to room temperature,
tharmal shack, embrittiement, and oxidation were also considared important criteria,

Of the variouv strength parameters, crasp strength and resistance to relaxation
ware considered of utmeost importance, Inthe inetallation of a separable connector,
the connector ie tightensd to a given strecs, To prevant leskage during service, this
etress should ramain sufficiently high during dervice. Rolaxation or creep during
service will tond to loceen the joint and may give rise to leaka In additicn, jood
rupturs strength and ductility are daemed ne ary to ineure inat complets,
catastrophic failure of the connectar. Aleo, becausa the connector will be installed and
tightenad at room temperature, corsidaration must be given to thermal expansion of the
connector during heating to the maxinium temperatura, Variations in thermal sxpension
of different materials comprising the tubing and the connsctor could lead to tightaning
of the connector and undus etress, or to loosening of the connector and leakaga.

In addition, consideration was given to the availability, fabricability, machin-
ability, and weldability of the various cundidats materisls. Of particular importance
wao the ganaral engineering 'k ow=-how'' in the handling and use of the various alloys.
Finally, since the connector should be capable of being loosensd or tightened pe:ivde
ically, consideration was given to bonding or self~welding of the various candidate
mzterials under service conditions,

Mgterial Properti

Ao indi d above, did, alloys (or separable connectors muet have good

creep, rupture, and relaxation strenghs over the anticipated service-~tempsrature
Good ance to tharmal shock, oxidation, and embrittlement during cyclic

wervice {s also required, These requiremants are almoat identical to thoss involved in
sslaction of alloys for turbine~bucket application in aircraft gas turbines, Turbine-
bucket materials, however, are not salected on the basic of relaxation resistance,
although rupture streangth and cresp resistance are major requirerents, At the present
time, turbine-bucket materials are selected on the Lasis of rupture strength and
thermal-shock resiotance. Thus, it was evident that tha requiremants for separable
connectors were eufficiently similar to those of turbins buckets that a summary of the
various tuzbina-bucket rmatarials would likely yield those allcys having the mony desired
combination of propertics for the design of high-temperature ssparable connectors.

A survey of published property data for various nickel- and cobalt~-bused l:ap.r-
alloye was conducted, Emphasie was placed on creep and rupture strengthat 1700 F,
and on short~time tensile properties over the service-temperature range, A search of
the literaturs revealed that relaxation data were not availab's frr the bulk of the alloye
of interset. Ou the basis of this survey, the following alloys were selected for more
thorcugh sxemination:

Wrought Alloys

(1) Astroloy

(2) Ntmonic 105
(3) Nimonic 115
{4) Rens 4!

{3) Udimet 700

(8) Unitemp 1753
{7) Waspaioy

Cast Alloys

(8) GMR 235
{9) IN-100
{10) Inco 713C
{11) Nicrotung
(12) SM 200
{13) SM 302
(14) 8M 322

These alioys hava the highest strength at 1700 F. All have besa, or, are being con-
sidered for use as turbine buckets in gas-turbine enginee, Not all of thess alloys arse
roadily available, and not all are weldable.

In nddition, three more common, lowsr strength superalioye on which extensive
expsrience in fabrication and usage is available were studied for comparison purposes,
Theee were:

{15) Inconel X
(16) N 183
(17) 8 8¢

Typical componitions for thees 17 alloys are given in Table 1.

| 4 1?7

The typical propertias of the 17 candidate alloye ars given in Table I, It will be
noled in this table that ahort-time tensile and rupture data were available for the bulk
of the alloys. Creep data a2 700 ¥ were quite often lacking. Where creep data ware
not available at 1700 F, information on the creep strength ot lower temparatures was
included.
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TARLE | MOMINAL COMPOWTIONS OF WPERALLOYS
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On the basie of yiald streagth at 1700 ¥ and creep and rupture strengthe at 1700 F,
it is avident in Table 2 that the cast alioys have significantly higher strangth than the
wrought slloyes. Of the 17 candidate alloys, Sk 200, IN 100, Nicrotung, and Udimet
700 are the highast strongth alloys at i700 F. Of these only Udimat 700 is & wrought
material, Of the wrought materials, the order of decrvssing strength at 1700 F may
be listed as Udimet 700, Nimonic 118, Unitemp 1733, Rene 41, and Waspaloy.

In generel, it was found “nut the cobsit-based alloys were of lower strength than
the aickel-based alloys.

It will be noted that the cuel{icienis vl thermal supansion of thease alleys wer.
quiie similar in the tamperature range fram 16000 1800 F. Likewiss, the density
values for the nickel-base alloys wers quite similar. Those alloye containing signifi-
cant amounta of tun, n, of course, had slightly highar density valuss than those con~
taining little tungaten, Baecause the deasity values were 80 aimilar, thare was little
marit in comparing the alloys on a strength-to-density baeis,

Allgys fov Yue gt 1440 F

It was subsequently decided that the muximum operating temperature for ths
connactor ahould be reduced from 1700 to 1440 F. Consequenily, a survaey of the
properties of the 17 slloys listed in Teble | was mede Yo ancertain the mout promising
alloys at thic reduced tempersture. The properties of the alloye at 1400 and 1500 F
ary summarited in Table 3, Whare possible, values at 1440 F were interpolated.
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The data given in Table ) show that the wrought alloys compare more favorably
with the alloys at this temperature than they did at 1707 F. It will be noted that
on the basie of yield strength at 1400 to 1500 F, Rene 4! and Astroloy (Udimet 770)
compare favorably with SM 200 and IN 100. On the baais of stress for rupture sn i0
hours at 1400 F, SM 200, Udimet 700, Nimonic |15, and Rene 41 have very sumilar
strangths, For longer times at 1400 F and at 1500 F, Rene 41 compares less favar-
ably with thase other alloys. It will be noted that at 1500 F and above, Waspaloy has
strength properties equal to René 41. In the range of 1400 to 1500 F, Rena 41 has
appreciably better shart-time tensile propertias and higher short-time {10-hour) rup-
tute and creep strengthe than Waspaloy.

Material Selection

On the basie of the material properties cited in the preceding section, SM 200,
Udiinet 700, Nimonic 1i%, IN 100, and Rene 4i appesar to have the highest strength at
1440 F. SM 200 is a cast alloy which is used principally as the tu bine bucket material
in the J57 engine. Extensive experisrce in its use and handling has not been gained as
yet. In addition, it 18 not normally considered a wsldable alloy. Udimet 700 haw gained
sppreciable usags, and many shope are familiar with forging and machining the alloy.

It is not readily rotled and is not considered weldable. The Nimonics are Britsah alloye
not readily available in the United Stat and extensive data and experience sre not
available on Nimonic 115, IN 100 ha ined little commercial acceptance, and hittle

is known of the alloy nther than the properties «ited.

Extensive superienca, on the other hand, has been gained in the use of Rene ¢1.
The alloy 16 available as forgings, billsts, ber, and sheet from several sources, It
hae excellent strength propertiss over the temperature range irom 70 t, 1500 F, la
fact, it was for this temperature range that Rene 4 wae epecifically designed. It was
not designed to be used at tempearatures abova 1500 F.
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Foou theme reasone, Hone 40 waw selected as the n ot pranuving matevial lor
high-tinim rature separabic o auectora, Table 3 0ites the shortetime=toneile and the
@rariable rreperapture propertics of Rere 44,0 Complete tin e-deformation curves
datng cToeh tertog Ave requared in designing connevtors foe highslemperature use
To obtarn specili data (oF denga purposes, o 1amily ot complete (reep . u.ves at a
number of sires at 440 F required, Such (urves were not available 1n the lLitera-
ture., In m et (reep testing, loadr Are usually select. | to produce rupture in 1000
houre or lens. Such loads can resull in U 2io 0. ) pe. vent deformation sn loading., At
lowar streay levels where amalle:r por (ent deformation on loading occurs, rupture
tiven of several thousand hours will result, Suchtests are seidom run, and \f they are,

vonplote reep data are not ruported, Neverthelens, a few (omplete (reep curves {or
Rene 41 in the temperature range of intercet wete an.svered in Referencen (12,13,

Relaxat:on data on Hend 41 were not slable v the Literature,

Rene 4) 10 a precipitation-hardensble nickel-base alluy., The materisl is usually
supplied 'n the solution-anneated condition. Hardyning 1¢ avcomplished by aging the
alloy ar 100 or 16%0 F. This vau precipitaticn of a (ymplex nickel-titaniume=
sluminum phase (alled the gamina-prime phase; and produces excallent strength over
the temperature range ol interest,

Rene 41 18 readily forged and corsiderable experience hat been avcumulated by
nany [rrge thope in wotking the alloy, Like most high«strength mickel-basc atloyw,
fene 40 wurk hardens rapidly during mavhiming and 13 considered difficult to mavhine.
fvevertheless, it as machined by many srops on a production banis,

Rone 41 13 considerved & weldable 4iloy. Mevertheleas, us 19 the case with all
high-strength poecipitation-hardenable alliys, welding may be somewhat of & problem.
Welding 1o the rolutivn-arnealed Condition {the low-strength vonditivn) 1s recommended,
After welding, the part should ke veannealed and aged to obtgin the prop rties vated,
Wolding an the aged condition, particularly under conditivne of stress, is not recom-
metded  Thin s trve of All precipitationshardznable mckel-base alioys, In genaral,

1 has Deon foand 1hat the greatur the aluminum phie titarum (natent, tha higher is the
atrength and the more diflicult are the welding operations. The use of a signit.cantly
mare weloabl material will cunse juently entasl & very appreciabdle reduction in

strength and & 81 40 werght penalty,

Two sproific heat treatments have been developed for Rene 41: one o devciop
meximun short-time strength and one 1o develop maxivium long-time creep and rupture
Viengthe,  The lurmae s Tredtment anvelves solution treating at 1950 F for 4 hours, air

Hong. and aging at 1400 F 1or 16 hours. This treatment yarlds good short-time

wile propectics ané acveptadle 10-hour tuptore and i reep strengths. The latter

Atincat, anvolhving aohiion treatiag at 2180 F far < hours, air cooaling, and aging at
1650 F 1ur 4 hours, produtes somewhat reduced short-t: 1.c tensile propertiss but
eignilicantly inpreved lungstime « reep and rupture sirength. As induated previously,
Rert 41 should ba welurd 1n the solution-tresicd Londition. Recent welding studise
have revealed prodlems in weld metal craclang for materiul welded after the high-
temperature trestrant (2150 F). The ube of the lowar temperature treatrens £1950 F)
has reporicdiy vliminated weldemetalscra.kang problems. ¥For thiz reason, a wolution-
treatment temperature of 1950 F and an sging treatment of 1400 F are recominended.
With such & heat treatment, high short-time tenstle properties and goad 10-hcur rupe
ture and « resp prooeriics will be obtained. A sacrifice in long ~iine (reep ano rupture
strengil will reault. Long-time strength is not & prime requiremont lor the proeent
applicatan,

Rene 41 hgv excollent amidation resistance over the specified service-tampera~
tare range. It is not known to Lecome embrittled in this temperature range. Whiie
ot iparutive data on  ceistancy 1o thermal shock sre not available, it .y believed that
& compatable or baier renittance to thermal shack than the other ckndidate

*he alle
mater.ais,

Fraailly, it .» not anticipated that Rene 41 will show a tendency to bonding or
oe!f welding during service. Alloys which contain appreciable amounts of chromium,
aluannurn, and titaniurn are exc evdingly difficult ty bond. Bonding e accomplished
only tn atmospheres capable of reducing thr stable spinei-type oxide on the surface of
the alloy a-d under conditione of high temparature, higl s'ress, and relative meta
flov at mating surfs es. Consequently, selfeweiding f ¢ nnectare of this alloy i1a not
to ba expecied. Jt sticking of the - onnes tor 18 envounterad, ox.dstion of tha mating sur-
fa.en ol the conne«tor e ild reduce, if not ¢«liminate, the problem. Heating the con-
ne 1o+ at about 1800 F in sn atmosphere centaining & low oxygen content should produce
2 hera, thin onide layar which & exceedingly diificult to remove. Such an oxids film
shuald prevent seil-welding of the connector. 1f sell-bonding pereists. the deposition
»ia very than laver of Gtaniune ot aluninym on the mating suriaces of the connecior 1s
re. ommanded. Tre thin [ilm should be diffused into the connector and oxidized by
Leatng 10 high tempe ratures. auch ax solacon tresting at 1950 F This should prevent
5 l-welding

In samingtion, Kene 4! has boen selevted as the materis) of construction for
Liyh-temperature eparable « ~anecioty opesating {iom voom tempe ssture to 1440 F
Certaio otles riluys have hetler cTecp s'rengtlh than Rear 41, however, the combina~
100 of prope ties obteinahle in Rene 41, as well &e the availability and experience
ganed on o ailoy. strungiv recoramenda it

Ihis suivey and the revommendations wiic rmade with himited ko aledye of the
Sling material (het wiil be uded with the Rene 4! cornectol. Il the conneites 13 to be
werted 1y the tubing, ko wledge of the tuling material 2o “equired helore the weidabil.ty
Wy o ' Coane oy aed the tubing can bs wsceriazned. Welding
Aoasntiar are TIAle e ulien @ misor problare. dhile 4 s ot the putpose herein to
sele t & tahiug mater 3, <9 08 TRLGH WA FIven ta various tubing maternials .« apsble
A uang emplived with Bend &' tonte v ra. Rens 41 tubing 13 wot urremly come
Fen reLasly aveluble  Tie hrgheisinpsrat o tubing mptersle capabie of being employed
LN aDPl aI0n &1 LAt sty b s lv mvailatle are lnionel X, Hausreiloy X
TVE . and Waspsioy. dnconel X Hasteiloy X and Inionel 718 ave of sigrmificantly
Gitle ren? oanpasitan thep Naae £ in addition these ally s huve migniticantly lowey
wiroeget e 3 Hesign tempe vatare then Rene S0, sod Ine heat Traativeats enpioyed 10
sbtrngthon these altau sy net vampantle with theo recommended {or Race 44 in

W06 Ine L uonpeat

Dt oRaspala, e qute sumnlan n oo e e cun T Rene 410 and hav sioular
Phy sk Aieshamiea) properiies. Tre heatireaimonr of Road 4iow Lompatihie win
covy i Wan,atn . dand v da Rt e tana s Waaspaioy tabing e ieasible

Bora theriore vogpe tion thet W rialoy L oo fall s waande ratiaon 28 o ke tubihig
cRve e R Do oxeow P W b et s Boab the v g mead the onnectar should b

i the solution-treated tondition Jor welding, Alter welding, the assembly must be
completely heat treated. The heat treating sequence vevcomniended 18 as follows

{1} Solution treat at 1975 F f(or 4 hours, air (ool
{2) Stabilize at 15%C F for 24 houre, air (gol
{3) Age at 1400 F {or 12 hours, air cool,
This heat treatment 18 recon nended for Waspaloy. The Rene 41 connectors, when

subjected to this heat treatment, will have properties comparable to those reported
herein,

Design Properties of Rene 41

The miniinum or steady-atate creep Tates are determined from the master (reep
curve of Reference (14), shown in Figure 5. The data of Figure 5 are replotted in
Figure & for 1440 and 1500 F.  The straight dashed lines in Figure b ave & Lonseivative
fit to the data at the two temperatures, Th corresponding constants are:

At 1440 F,
L) 24,23 x 1078,
n =497,
At 1500 T,
C, = 1,30 x 10726,
n o= 4,82,

A rapid imethod for determining the constante C | and n from (reep data, using the
craep law ¢ = C(a", is &s follows:

Determine the strain rates ' | and i, for the strea Jy and o, . respectively,
Fuoom the staady-state creep law, ¢ |/, w {9/ ‘;)", where b ie the only unknown, and 13
camily solved, After calculating n, the constant C, can be determinad from ‘ | Clnl“,

The constants C, and m for the intercept strees were obtained from the test data
and plotted carves of Refurance (13). Since the intercept data of Referencs (14) are not
very consistent, the following constants aré considered only approximate in magmitade.
This 18 one reason for the recommendation that « reep dita be generated for Rend 41 at
440 F.

At 1440 F,
Cz»1.25x 1078,
mx 1,00,

At 1500 F,
G 3.9 ol )
2= 3.93x 10 N

m= 1,57,

‘The design vals for René &1 &t 1440 F and 1500 F are plotted in Figure 7 for
various stress levels.

Other design nropertine of Rend 4! sre obtained {from Tables 2 und 3
The yiuld strength "y = 20,000 parat 7F,
2y ® 103,005 pesar 1440 F,
oy = 97,000 pes 1 1500 F.
The modulus of elssticity Ey * 32,04 108 por at 70 F,
B »24.4x 106 g1at J440 F,
v, u24.0x 106 pai ac 1500 F,

The mean coell. tent of thermal expeusutona u 8,3 x 1070in/10/*F at 1440 ¢,

a8, %x10°%n/in/"F at 1300 F,

DESIGN PROCEDURE

Basis for Demyn Frocsdure

Tre deaign procedure conviders only the elastic and (reap behavior of the wolte
snd {lange sssambly  Secondary effects such ap flangs rotative due to internul preveare,
creep of the gaske!, (reap o the threads, (raep bencing of the bolt, and dynamic \reey
are not ancluded 1n the design procedure, but are discuseed in Appendin L. The
design factor of saloty 18 intended 10 account ‘or these secondary effects (n addition tu
the scatter v na.eTial propertiee

The gasvei (weal) Jediga ‘or mechanicsl fitinge 18 not inciuded in the design pro-
cwdure, bui e discupsed 1n Relerence (11), where i wat conciuded that plastic yielding
of sas! surfacas in dedcrable oy effective seaiing. An iaitial seaiing stress as high 20
2. Th tairces the yiold errength of the meatal gaske: material was ons;dercd neiessary tu

schieve the des:red degree ol Hielding 1n ordes o heep the ieakage rate of heium below
ot

the to areu v g
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sumed that the bolts are fiexibie compared 1o tha sket in order that the
application of internal pressure redults 1n negligible bolt-load changes. It 1 not nec-
~nnsry Lhat the gasket ba the only load path through the assembly,

The design procedure 18 \ntended primavily 48 a methed for < alvulating relaxation
of the tonnector assembly, and dues not include a latlure snalysis of the companent
parts. It 10 assumed that the material posses sullicient ductility to withstand the
progreasive deformation incurred if the connector assembly 1» retightened after oach
tysle. VYariuus methods of analysis availabie for predicting the tube strains are die-
vvnsed in Appendin D, Thuse methods are intended for the tube design at locations
vafficieatly removed from discontinuities such as the connector sssembly,

The detailed deaign procedure (ur bolted-flanged and threaded connectors is
des ribed step-by-step for the purpose of ubla‘ning & curve of leaks,v presvure verasus
Gme (cr & time to leakage for a specific value of the design pressure), The ef{ects of
externa! loads, temperature different:als, and retightening, aud the use of relaxation
duta are discunsed sajparately {ram the Vanic design procedure,

The equations used in the design procedure ars derived in Appendix 3,

Bolted-Flanged Connectore

The bLastc design procedure for & bolted-(langed ( onnector conaists of nine specilic
Ctepe 1nordev to arrive at a curve of leakage precoure versus umo. Figure 8 showas a
typical {lange geomelry,

{1)_Densign Conditions

Establish the dosign tamperature, dasign presoure, nomnal connector diameter,
tube gaometry, life requirements, and temperiture differentials,

{él Matarial Properties

O=tersmine the yiald strength Dy and the modulus of slasticity E at both room tem-
perature and the design tomperasture, and tha coeflicient of thermal expaneion u at the
design lemperature.

From a {femily of creep curvea at the design temperature, determine the constants
<1, €2, M, osnd 1 to it the following equation:

tregeCpo M 3Ny ()

The creep constants should by seiscted to give the best it to the experirnental data in
the range of stress levels expected in the de |n‘.

3} ASME Code Dnaign

The deoign provedure can be applied to any arbitrary design. However, itas
Cenirably to use the ASME Boiler snd Pressure Vaesel Code!l) for the initial static
Geeign in order to establieh a balanced design, Also, the Code-rated fiange can cub-
sequently be rated on a lile bagis for comparison,

Uning the tulea of the ASME Coda“’, antablish aithe: & loosa-type or integral-
type flange geomatry for an appropriate value of icternal preseure. This preseurs, of
course, should be at least as high 48 the design pressure multiplied by the ratio of the
«old-to-hot modulus of elasticity, and multiplied by the design lactor of safety, The
tnitial gasket saating load will be dependent &n the type saal used and the maximum
permissible leakage rzie, and need not {oliow the rulev of Reference (1), The aliowabie
Code stress (¢ assumed ta equal two-thirds of the room-temparature yield strongih in
order to avoid yielding of the assenbly during the bolt~up operation,

The ASME Lode wall eatablish a static desigi st room temperature, [hsy imtial
bult load and bolt stress ai room temperature are designated 80 Pgp and g,
reppectively.

i4] Fleaibiinty Fgustions

Deterinine the bolt flexibility Fg {bolt daflection due to & unit belt load):

L
Fgr—— (2}
B A Ep
where
Ly = effsctive length of tha bolt, ueually taken as the total length betwaen
the nut bearing surfaces plus ona nominal bolt diametar,
Ag = total bolt ares based un root diameter,
Determine the (lange (lexibility Fp (total deflection of two flanges st the bolt
Circie due to A unit bolt load).
For a lvoss-type flange,
Fpo_ 308202 o

Exhlindg/cp

Wttt derpis i Ghe G R CORMARIL BN 1T ERIEICEMM sitens tr ks dion A1E Koo el o0 PagRS ¢ 1Y wne B

For en intagral=typa (lange,

(4

{8} Creep Equations

Caiculate the rate of creep deflaction of the kolts Ky and the rate of creep deflec-
tion ot the two (langes at the kolt circle, Kg:

- n
. “‘IP; Lp (5)
ag"
and
4Ty
KF , 6}
where

2n

e (2 .—‘.(p,.) )

o {er - < l'%)"“'l‘

Fquation {§) applics only to & lcose-type flange., The craep rate of an integral-
typs tlange 19 assumend aqual to that of the lovse-type {lange, provided the maximum
design stres according to Refarance (1) are equal, The procedure for an integral-
type flange 1» to calculate the maximum design stress by Reference (1}, Then deter-
mina the thicknees of a loose-type flange with the same flange 1nner and outer radin,
momaent arm, and maximum design str as the integral-type {lange. this results 10 an
equivalant strength looss-type flan Usirg the loose-type (lange geometry, calculate
the creep rate {rom Equation (&), esumning *hi® to be the creep rate of the integrals
type {lange,

6) F

ibility and Crasp R

Calculate the life factor R for the purpose of convemently evaluating a {lange
geometry on a lifs basie:

R:LYE s )
Ve
where

L flexability ratio * Fp/Fgp

T 7 Cresp ratio s Kp /Ky

Equations {5) and {§) should be calculated in terma of the bolt load P, 10 order
that the creep ratio K be calculable,

{1)_inte 1 Sty

Reduction

Csicualate tha bolt strens, OBT' The iratial room-tempersture bolt stress ’BR s
reduced 10 & new value OpT at the design temperature due 10 the change in modulus of
slasticity:

P i )
BT BR\ "R .
Calculate a further reduction in bolt stress from 7Ty to 3 value 7, due to the
eftecta of primary creep:
(9}

Equstion (9) 1s conveniantly solved for J, by trial and error. The bolt streas 1
or corresponding bolt load P represcate the actual starting point 1a the hife calculations,

{8} Bolt Relaxation

Calculate the t:me t required for the bolt atress to relax from an initial value o,
to a new valug 3y w-l
1
J . iy

19) Loakage Proreure

Solve Equation (10) successively in order to obtain & curve of residunl bolt atrese
0, or losd Pyversus tune, Convert thrae rescits ro an wllowabie leakage preesure
versus time curve by the cuciessive solutyon of Equation {11k

L R .

where

P_ = bolt load due to pressire « *p.‘

P * residusl gasket iosd (or load acroee iange face) required to
prevent excessive leahage (the determination of this tond s

nst ancladed it this report}
Flhe tesnne Va4 Fauation (81 0k o e dung i atue - ReR ke (1)
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In Kquation (11}, P, 1o astablished directly (rom the ™, versus t curve by applying
a suitable tactor of safety to the load rather then the time acala, The value PQ ie
depandent on the typs of gaskat uead, and may or may not be & function of the internal
pressure p,

Ihresded Connectors

The design procedure lor thraaded connectors commaences with Step | (design
conditions) and Step 2 (material properiies) of the bolted-flanged connector design
procedure, 8ix additional steps are than required (or the threaded connector in ordex
10 obtain a leakage proscure verrus time curve.

Reforence (13) con be used (ar the etatic design of u threaded connector, The
nomaenclature for the parts of the throaded connector is based on the functional anslogy
1o the parte of the bolted-flanged connactor and is not to be teken a4 a iiteral descrip-
tion of the parts. A thresded connector model is shown in Figure 9. The nut is cou-
aidered the "boit" member of the anslysis, and contributes both sxial and bending
deformations, The {lange and union members in Figure 3 are considered the "flangs"
member of the analysis with axiai deformation only.

Calculase the "'bolt' {lexibility l‘n, which represents the axigl flexibility of the nut
and has the same form as Equation (2):

Ls
Fp o (12}
B Apky
where Ly and Ay aro the offective nut length and area, respactivaly,
Calculate the bending flexibility of the ''boli" Fgu by ueing the development on
pages 194-197 of Reference (13) for inwardly projoclfn. flanges (ees Figure 10}:
B T8
whete
8. 31-vd)
M ) 1-32 3 d
ndgpldpecp) By 1AZXD( } T B8
Thldp-c TL“"T ar-er T 2
and
4 -
B l-v!
A" (dp-cq)
& ange' Flenioility
Calculate tha axial flexibility of the "flange", Fy.:
Fp» . (14)
r
Apkr

The effective length Ly can be considerad squal to L' in Kquation (12). Ap ie
the croas-sactional ares M the “flange".

Calculate the axial creep rate of the "bolt", K‘:
o
CIPI L'
L = . as)
A»

Calculato the bond{u crenp rate of the '"bolt', K‘, in a maoner similar to an
integral-type flange®, encept that the mauimum design etress is determined from
Reference {15) {or an inwardly projecting {lange.

The longitudinal hub stress sw radial ring etresc 85, and tangentisl ring strees
81, respactively, are

M
[
et (BB W ST
ndy(dy <cop) [lﬁd-r (“r‘ ‘1‘) \n r +1+ &
LIS 4 M
Py ! %) ' (16)
z Ll_‘_") _ b\
nﬂ-rh (‘T' "r) 1...;0 1 'ﬁ]
30-vhmm
8y .

2rdpepldy - cp)t B [-‘il‘-;—_;—l) (-‘—%-c—_'r) ln—r- +1 oﬂ]

o -2y
where B » 2
dy (dg - cq)

'lnm.p.;l'l-wudypl_

The maximum atres from Eguatione (16) ehould be combined according to the method
of Referance (1), For & threaded commactor, Fqustica {(6) herein should be uned with a
conetant of two rather thaw four bacaues there is one rathar than two flangs members,

Calculate the axial crsep of the "llange”, Ky, which has the same lorm as
Equation (18} ,

n
CyP, Ly
Ky = s . (17)
¥ -
5) Fl Creep Ratige
Calculate the life factor Ri
13 4 ry ¢ r"-
I-Torkoq'( * s
.
whete
rprFyiTy . tpaFo/fy
Tk * Kgp/Kp , ryc Xp/Kp
{6)_Nut Relpxstion

Determine the ralaxation of the nut {rom Ejustion (10}, but using the life factor
R from Equstion (18). Use Equation (11) to calculate the leakage proscurs versus time.

External Loads

Determine the affect of external loads on the luakage pressure by revising
Equation (11) to read:

P"-P’ePGOPAfPM . (19;
where P, and Py inciude the offectes of extornal thrusts and momaents, respectively:
P, snpK,c ¢
A A*T .
(20}
» pyer’idr? ¢ cp?) -
e e
M 2ay8
Solve Equation (19) successively in order to obtain & leakaga preseure versus time

curve,

The constante K, and K. are used to define ihe magnitude of the stress due o

tube thruste (0,) and )ﬂo“). P vely, in terms of the axial tube stress "
(GT) due to intarnal prassuze:
9A M
K, « =— ' —
A oT » M o1 »
where 2
pPey
ap e
(d.rz~=-rl)

Tempazxature Differentisls

The snalysie uf temperature differentiale is limited he: vin to the case of compo-

nents at uniform temperaturas, but at a different average temp rature from snother

P of the a Y. laons case, the bolt is avsumed to “« at 3 different
average temperature than the flange and tube embly, probably the more critical
cace, Iu the other case, the flange,and bolt assembly is assumed to Ye at & dilferent
average tempersture that the tube. The change in 11aterial properties with temperature
change is neglected in the thermal calculations, It ip z'so sssumaed that the tem-
perature differsntisle are of a rhort-time nature, occurring almost instautaneousiy for
the purpose of analysis. A more refined analysie would be required for temperature

diferentiale varying considerably with time,

Bolt-FL forential

Latting a positive valus of AT repreasent the flange at a highir avarage tem-
perature than the bolt, calculate the changs in bolt stress &op:

alaT)Ey

BT zn

Fnr a threaded 2onnector, the change in ''bolt" (nut) stress ie

alaT) B

B0 =
. 14+ fr + [i. (zz)

The change in boit or out Joad in Equations (21) and (22) should be evaluated in &
different manner, depending upon the nature of the differential. A positive temperature
differential ut the start of the cycle would 1ead to an increass in the bolt load. This
incresse should be used to guard against overstressing of the belt (or other connecior

)}, and negl d for short-time diffsrentiale in the relasation analysis. 1If

a M'll\v‘ temperature differential ahould occur near the end of the opersting cycls,
the reduction in dolt load should be added to Equation {11j to detarmine a reduced
leakags preasure:

6
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P =P e Pg e Py )

where Py s 80pAp (bolt-load change dus to tempaerature diffarential),

Flenge- Tybe Differentipl

Tha analyeis by Mhy“” or an extension of the equations preseunted by
Rodubaugh in diecussion of Reference (17} can bé used to evaluste bolt-load changes
dua to the tube and flange assembly being at different avorags temperatures. Thu
enethod of lodubnu*h“ is praferred, since it is consistent with the basic equatione
of the ASME Code!I), At the start of the operating cycie the tudw will posasibly be
hotter than the remsining assembly, thus casusing a reduction in the dolt load. The
opponite effect may occur upon cooling down the assembly. An incrveaee in the bolt
load should be used to guard against averstresaing the connéctor assembly, whereas a
decrease in the bolt 1oad should be used in Equation (23).

Retightening
If the ansembly is not retightened betwesn operating cycles, a continusus operating
cycle is assumed, consisting of the total time of the individual cycle This procedura

is consistent with the asoumption that creep atrainc are irreversible in nature,

In the ¢vent that retightening is ch cyclo is rea.alysed according
to the creep design procedure (not repeating n) as though it wers the {irat
cycle. This is a conservaiive approach because the flange life will probably improve
on subssquent cycles to the extent that the primary creep straing arc nonrecurring, as
svidenced by the British Flange Tests'?

Relpustion Dgta

The design procedure is based on the assumption that only creep data are availadble,
Of course, relaxation dats are preferred. Relaxation data ehould be availasle as s
family of curves, starting ‘rcm various initial stresa levels, sufficiant to covar the
range of initial atrese Jlevelo expectad in the design,

Since the relaxation test is usually run with o elastic follow-up (R ¢ 1}, the timse
required for a connector aseembly bolt ur nut stress to relax from an initial etress O
to a final value O; is obtained directly {rom the relaxation teat data, multipliad by the
life factor R determined from Equation {(7) or (18). I the relaxation tests are rum with
elastic follow-up, the relaxation time is determined by multiplying the test dats (tims)
by the ratio of the life factor R of ths connector to that of the test assernbly, Iater-
polation of the test data may bs required (or specific valuss of the initial strose g not
evailable in the test data. The uee of a diract ratic for various values of the life lutol‘
is based on the assumption that the life factor is a conatant in the anslysis. Baurnann(2}
justifies thic approach, regardlass of the cresp law observed ty the material,

The direct use of relaxation data results in a residual atrese versus time curve,
similar to thet yielded by Equation (10), In generating relaxation data, it would be
desirable to run at lesst one test with sufficient elastic {nllow-up to simulate the life
factor of a connector ambly.

Redesign Considerstions

The designer may find that the calculated connecto life for a particular design
pressure s # than the required deeign life, If the temperature and material have
already been fixed, the only changes that can be made in order to obtain an improved
life are geometry changes. Ordinarily, the tor ianer di r, boit g D)
and gasket geomatry will ke kept constant during a redesign. Therefore, the logical
changes to make if the life {actor R in Equation (10) is to be improved ars changes (n
the flange thickness, (lange width, and moment arm.

Changes tn the momaent arm s can have an zppraciable sffect on the life facter R,
Of course, an increcsy in the moment arm will have to be compensated for by changes
in the flange width and/or thicxness (or hub geometry for an integral-type flange) in
order that the (lange strevees be maintained at an acceptable lev It ie recommended
that improvaments ia the connector life be made by 1 hanges in the
arm for {lange bending, the {lange width, and the {lange thickness. Effects of changes
in the langth of the bolt Ly (perhaps with the use of & rigid bolt collar) should aleo be
inveatigsted.

It the desired connector life 12 not attained by the changes described above, the
next logical step would be to redesign the bolt geomatry and garket geometry in order
to allow for greater percentage reductions in the initizl bolt load bufore leakage occurs,

DICUSSION OF SAMPLE CALCULATIONS

The sarnpie calcuiations are presentsd in order to adcjuately demonsirate the de-
sign procedure, and not to arsive at cptimum design connc clou. An opumum design can
be determined only after calculsting & wide range of , thas bl
the eslection of & minimum-weight design for a given comhhldo- of ‘ool’ (leakage)
preseure and life,

The lccse-type and integral-type flange goometries of Figures 1) and 12, re-
spectively, ave nearly the same initial etrees 0,, ond the life factor R differs by omly
10 par ceat. Therefore, the results in Figures 13 and 14 for the loose-type flange vory
nearly apply for the integral-typs flangs. The locse-type flange is heavier. This wll
not always be the ¢ incs the loose-type flange caa (requaatly have a much higher
flaxibdility than the equivalent integral-typs flange.

The factor of safety veed in Figure 13, together with the intercept siress reduction
and toe bolt load reduction dus to change in slastic modulus, loade to & maximum design
pressure of 2980 pei in Figure 14, assuming no exteraal loads or tempersturs éiffer-
entisle, It is shown that a temperature dilference betwean the bolt and flange sssembdly

of =100 I seversly affects tha leskage prossure and estabiishes s limiting life of 38
bours, The curves of Figure 14 indicate that, up o appronimately 0.3 hour, there is
negligibla change in the leshage praseurs. This would infer that, for accumulated lite
cycies totaling 0.5 hour or less, retightening aftar each cycls would aot be very
bensficial,

René 41 at 1500 F dovs not exhibit & grest deal of primary creep, s shown by the
relative insensitivity of the initisl stvess U, to the life factor R ia Figure 15. For seme
mlurlulc, e ~fect of the life factor on the reduced inrcopt siress would be & streng
influon. . choveing an optimum desiga. The life factor R (v & convanient messure o
the rsluuvo marits of vnlm- éulpn with the ou'no initial Holt stresa becauwse it {o
wesentislly a g try in the r ¢ all other constasts
in Kquation (10) being a luncllon only of the matarial and temmpaorature.

It is usually considered desirable to preload the bolt or nut as high as possidble
without yielding any purtions of tha conavator aessmbly. Ths bigh preload is intended
to delay the relaxation of struss or load. Various values of the initial bolt stress were
used in the rolaxstion equation (27). The recults in Figure 16 indicate that, for d.
lives over 1-I bours, thore is very little advantags gained by higher prestressing. In
facy, the initial prestress q, of 45,000 pei would bs more desirable for longer lives
since it will provide greater eafety againat ylelding, The initial stress of 90,000 pei at
1500 F for Renk 4] wouid be difficult to obtsin because of the intercep: streas reduction,

the slastic modulus ch and the 1i imposed on the room-ternperaturs bolt
preload to avoid ylaiding.
Resulte of the threadad 'l try of Figure 17 are shown in Figurse 18,

‘Tha geomatry of Figure 17 does not reprasent a well-balanced design, As a resuit, the
axial nut stress opp is limited to 40,000 pei (room-temperature prastress) 1o avold over-
stressing the inwardly projecting flange, ‘The low prestress results in the relatively eiow
relexation uf the nut load shown in Figure 18,

It ie quite poesible that the optimum static design will also provide a good design
for relaxation, depanding upon the material and design temperature. However, for some
combinations of material and temperature, the sound static design approach may not
suffice because of the importance of the intaraction of boli and flange creep and flexibility
ratios. For a static design, the iategral-type boltad flange is usually lighter than tha
loove-type flange. This may not be trus for relaxation design. In some caees, loore-
type flanges offer sdvantages in the way of increased flexibility and the ability to bettey
withsiand certain types of temporature ditfsrenticls,
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APPENDIX A
SAMPLE CALCULATIONS
The sarple calculations sre all performed on Rene 41 at 1300 F. The following
design valuss apply to Rend” 41 at room temperature and at 1500 ¥*,
Tha yield strength:
oy * 120,000 pai at 70 F,
oy = 97,000 pei at 1500 F,
The modulus of elasticity:
Eg = 32.0x 108 pei at 70 F,
Eq = 24,0 x 10 pai at 1500 F,
The mean coeflficient of thermal expansiona = §, % x 10 ¢ in/in/"F at 1500 F,
The creep snd intercept constants at 1500 ¥ are:
Cy = 1,30 x 10-26, Cz ©3.93x 10711,
neé 82, m > 1 .57,
The ASME Code calculations ar. based on an internal pressure of 10,000 pai, This
corresponds to a reduced value of the design pressure equal to 10,000 (E4/Ep)
{1/F.8.) = 3750 pei for a factor of safety equal to two, Thersfore, the maximum possi~

ble valuo of the design preseure is 3750 psi, and will be {urther reduced due to the of-
fects of primary creep,

Loose-Type Bolted Flange

ABME Code Design®*
The sllowsble strees for use in Reference (1) squale 2/) {120,000) =« 80,000 psi.

The tube thicknass can ba determined {rom other consideurations, such as die-
cussed in Appendix D, to equal 0, 210 in,

For the purpose of the bolt deaign, assume that & residusl gasket stress of 3P
(P = 10,000 pei, the ASKK Code desigh preasure) is required to maintain tho gawket
ossal. Also, assume that the ot plating material haa a yiald strength of 10,000 pei
and that it requires s geaket stress of three times the yield streagth {y = 60,000 pai) to
seat the maetallic gusket, For a gasket width 2b = 0, 123 in, (assume full width is ef-
{activs),

Hp = 2b x 3, 140 x 3P » 45,900 1p,
H» 0,785 G2P = 119,000 ib,
Wi ® H ¢ Hp = 164,900 b,
W2 " 3. 14bGy * 48,900 b,

The design bolt load W « 164,900 1b,

The required bolt ares is

A a0, o,
™ 80,000

Use 10-9/16-in. -diameter boits with a total root area equal te 1, 89 in, 2, The boit
stress is

.-‘1‘-.:%2 « 87,300 pet.
For the flange deanign,

hg = hy « 0,663 in,, hp « 0, 81) in.,
Hp * 0,785 BZP = 102,000 15,

H = 0,785 GZP = 119,000 1b,
Hg » W-H = 45,900 1b,
Hy = H-Hp » 17,000 1b,
Mp = Hphp = 82,800 b,
M + Hrhy = 11,300 1b,
Mg = HGhG = 30,500 1b,
Mo = Mp + MT + MG = 124,800 in-1b,
S = 60,000 pai,

K=A/B=1.90,

From Figure UA-51, 1 of Reference (1}, ¥ = 3,3,

YM
ts ,-—"- 1,20 in,
B Sy
Flexibility and Creep

Fror the squations on pages 18-20,

Then,

Fpsl.78/Ex , Fps LS1/Eq,
Kp » 0.157C P, 82,

opy v 0.215 Py,

Ky » 2.405 x 10-3C P 4. 82,
g 0.849 , Tk * 0,01%3,
Rcel,82,

Bolt Relaxation

From Equations {8) and (9),

6
ot * n,)oo(i‘_ﬂ.) « 65,400 pai,
32 = 108

2. (24)

Solving Equation (24) by trisl and error, O, = 52,100 pei, It is convenient to sclve
Lquation (24) for various values of R in order to construct Figure 15, thus saving con-
siderable calculating time when optimising the flange geometry, For a rigid {lange
{R @ 1), 04 would aqual 46,000 pei,

From Equation (10), the bsit rel

-

I SR il N T

The geomotry s ahown in Figurs 11, .
[
1
———————e t=1,83x10l8 _.(!;) . (3)
lepm-luunmm.-,‘p [T} 0""
ire e soment s of the Akl Codd P,
i
. .




With 0, s 32, 100 pet, the [ lution of Equati
load surve of Figure i)

Pregpur

{29) resuits in the recidual balt-

In srder to convert residual beit load u lulu'o pressure cosume a (acter of

safoty 7.8, » 3.0 on the recidual lead, g the design surve of Figure 13,
For le, i it e d that Yeakage will eccor when the gaakat pressure reashes
» valwe of lp, Equation (11} bosemes

Py o wpat ¢ IpAg. (26)

The solution of Equation (26) for varieus valuse of the interaal pressure p reaslts
in the loakage pressurs verous time curve (K) = Kyg = 0, AT » 0) of Figure 14, For
tp o 1000, % » 33,000 ib, The lhnc t {rom l‘egun 13 for 33,000 1b fa

,un.-u 1is

te 1,95 x 1018 (an

The effect of verying the bolt strase g in Iquuoa (87} 10 shown in Figere 16,
istegrei-Type Beited Finage

ASME: Code Desiga®

An integral-type (lange was dosigned in accerdance with Reference (1), The gasket
geometry, momeat arm, outer flange radiue, tube geometry, and deoign bolt lead sre
the same as for the lmo-tm flange of Figure i1. The gral-typs flange g Y
is ehewn in Figure 12:

Wr e 0,000 in., NG = 0,68 ix,, hp = 0, 843 in,

From page A-2,

W = 164,900 18,

He0,708GAP s 119,000 1,

Hp = 0.708 B2P « 74,300 1,

Hg * W-H = 45,900 1b,

Hy * H-Hp = 44,500 Iy,

Mp * Hphp o &4, 306 1b,

My = Hyhy = 38,600 Iy,

MG » Hohg = 30,300 1b,

Mg = Mp + My ¢ Mg ¢ 135,300 in-1b,

Using an sllowsbis otrass of $0,000 pei and a devign momont of 133, 300 in-1b, the
thickness of an ixregral-type flangs o calculsted from Reforence (1) to be 0.95 in,

Flostollity snd Creop
From Equations (2) and {3),

Fys L 35/ET,
Xg =0, L1sC, P4 82

#ince the fiange design streee of 80,000 poi is the same as that of the equivelems
looee-type flange, the flange creep rate 10 cosumed 10 squal that of the lesss-type flange:

Xy » 2,408 x 1073C, 1,4 82,
The flaxibility of the integral-typs flange frem Equation {4) is
Pype L 63/ky,

Then
we 1.0, g 0. 0204,
Rel02
Belt Rolauatien
From Figure IS, 0, = $2,900 pei. The bolt relamation vq .
' nel
@)
te 1,69 x 1000 . (a9
o 1

Equation (28) dess net yiald results significantly different (rem Equution (28] for &
losse-type Nange.

Wes the mrmoncionwe of B0 ABME Codef i}

Thrssded Craneqter

Figure 17 shows s threaded Y, which represants sn arbitrary set
of Jimensione rather ma SR sptimum static lnlp. The dooign prormn ie usred te
eslculate the dusign iifs of the geometry of Figure 17, based on Rems' ¢l at 1500 F,
Figure 9 is a guida for the proper dimensiess to use m the analyeis,

Belt Flenibility
Apg = 1,082 - 0,903} «0.91in,2

Ly» 160048001 18in, :

The antal flexibility of the beit ie

L
"B-rﬁ;—l e/,

The bending flexibility of the bolt ls

. rpee (rﬂ‘).n.m:.,, 1
whare
i" »19.0/Kq,
and
. l.os;OQO . 0-“;"-“ «0.24 in.

Flange Flexibili
LyeLpel18in,

Ay o w(0,06% - 0,302 = 1,84 1n. 2

Iy A—':E» 0.75/E;.
rT

Bolt Creep
The axial creep of the bolt is

X C]"|- Ly [}
B

Lezcp bR,

In order to obtain the banding creep rate of the boit, the stresses for an inwardly
projecting flange are calculated from Reference {15), The critical combtination of these
streeses by the ASME Boiler Codell) i

Su+ St
—z——-O,IIM.

For & maximum design strese equal to 2/3 GY = 80,000 pei, the design moment
equals 80,000/9.18, or M ~ 8710 in-1b, With 3 moment arm @ s 0, 24 in,, this corre-
sponde to an initial nut design load of 36,300 Ib, In thie case, the initial load of
36,300 Ib is not limited by the axial stress ir the nut, but by the stress in tha inwardly
projeciing flange,

The thick of an equival locde=type flange 18 determined from Reference (1)
using the besic geometry of the lawardly projecting (lange of Figure 17, Tho equivalent
thickness oqualn 0,878 ia, The creap rate of the squivalsnt loose-typs flange, celculated
from Equation (), is

20 C »c
K, = "h Lr. 1 6cp %,
where
epe =121 Py,
Flange Cresp
= A
”
Kr-—'l:—I-L'!-ONSCP .
Flexibility and Creep Ratios
ry = 0,598, r'yp = 0.908,
ey ® 0.0796, rg = 0,693,

ie + 7
e PR Ly
Lergerk




intercept Stress Reduction
The initial bolt stress ie

* P/Ayg = 36,300/0, 91 ~ 40,000 psi,

apy = 40, oo(‘l). 30,000 pai.

From Equation (9),
o * 24,700 pet,

P, * 0,Ap » 22,500 1b.

Nut Relaxation
From Equation {10),
tel 18 x 00 (29)

The relaxation curve is shown in Figure 14,
External Loads

It te sesumed that X, » Kyq ® 0. 50 in this exampls. The leakags critarion used in
Fquation (24) ta used in Equation {19) te calculate a leakage prossure veryus time curve,
For ple {(for the shown in Figure 11), at s pressure p of 2000 pai, from
Equation {26),

Py + Bg = 33,000 1b,
From Equation (20),
Py = 7440 10,
Py = 5920 1b,
Then, from Equation (19),
Py = 33,000 + T440 + 5920 = 46,360 1b,

The design curve of Figure 13 gives t = 0, 37 hour. The resuites are shown in

Figure 14 (K » Ky 5 6,50,AT »~ 0).

Bolt-Flange Temperature Differential

It (s assumad that at the beginning of the cooling-down cycle, the bolt assembly ie
hotter than the {lange assembly, or

AT = -100 F.
From Lquation (21} and tiw geometry of Figure 11,

AU‘-

a{AT)E.
! T« 11,000 pai.
K3 rp
The reduction in bolt load due to the tharmal gradient is
Py = (i1,000)(1.89) = 20,300 1b,

From Equation (23),

Py=P,+Pg ¢+ Py {30
From Equations {24) and (30), st a pressure p » 1500 psi,
P} = w(1500) (1, 9523) + 3 (1300)(1.53) + 20,800 » 45,380 1b,
From Figure 13, t » 0, 52 hour,
The resulte of the analysis are shown in Figure 14 (K, = Ky« 0, AT = -100 F),
APPENDIX B
DERIVATION OF EQUATIONS
Flange Flexibili!
Leose Type
‘nmunnh“" gives the flangs rotation Oy due to « Nange momem M av
op = 1284 )

e h! in dyicy

BSince
M P,

and the flangs deflection at the bokt cirala ie

2
0o oip, o LV
Eghdindy /ey
then,
2
3
rp XL, M
P Eradindpley
Lotagral Type

Waoetrom and Berghl17) prasent an equation for the flange rotation:

e 0.64% VM )

Loy Wy-eqi® ey
Since the total flangs moment M = Pe, tnd the deflection O = e,

8 1,29 Vel
F1
P x.jc_.'-(e-r-q)” Ey

Bolt Creep

From the oteady~atate craep law,
[T Cloa" t,

or, the bult deflection is

n
2y oGP D
Ap"

where
t
Ty B =,
] Ap
Then,

n
g C1Fy lp
N it M

K n
B Ag

Flange Creep

Marin1® Ionlop-d cqutlou for the staady-state creep of a circular ring of
gular crose b d to uniform moments. The flange rotation and
mnumum strese on the inner surface are

Equations (19) snd (40) ure based on the steady-state creep law c » c o" t and
assume the creep strege distribution in the (8 Th.n oxuu suflictent tut and
theorstical data on the creep bending of beamsl<0, 21,22, 23, 24) 5 j,qeity that:

(1) Plane sections remain plans.

{Z) The cresp deflections can be predictad on the basis of the
steady-otate creep law.

() Individual fibers of the beam creep at a rate squivalent to that
predicted by & tensile creep test.

{4) The cresp streos distribution 1e attainad shortly after the
commencament of the test and dose not change for the remainder
of the test. This io analytically confirmed by Hultl24).  Because
of the like naturs of the beam and ring deformations, the above
sssumptions are also assumed to hold true for the crotp do-
flection of a flange.

From Equatioms {39) aad (40),

za,-\" Ciept
N ———

*The torma V and L wn Bquatians (34) and (35) aaniares w the Semsacisivre of Refarnacs (1)
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(39)*

(36)

(7

(38)

(39)

(41}




Then,

Ky » ﬂ[ (42)

4opy” Cecy
v =

Imereopt Siress Roduction

1k 1a assumaed that the initia) siress I is reduged in sero timae te & new value

3, which ha. total intercept stralm ¢, equal to the initial bolt struse og 1 divided by
the modulus of slastielty ET. From Figure 18,
ety ¢t Cos™, (T3
or i
9BY * % + EgCa0,™ . 4

The constants C2 and m are determined by a best 1it to the istercept dats from a family
of creep curves at the design temperature,

Fer a flexible flange, tha intaraction of the flange cad holt hae to be aceounted for,
The primary creap of thy bolt con be represestad by

8ge “CpP" Ly . (49)

The change in bolt strese is determined by the elastic bolt recovery:

¢ 4
o,-o.-r--o-.-:—’l. (46)

From Figure (20), in order to maintaia compatibility of bole and flange,

SroTAL " Op¢ - O Op, - Op, - 4n
By delinition,

.,..;n, e s

Be bnc
Ra M
LR 7™ '
and Equation. ;17) becomes
Spg lry ¢+ 1) e b, (r ¢ 1), (¢9)
or
ge. Lo, ), "
Be lLtry R
Substituiing (45) and (46) in (49),
E.Cp ™
oIy - _Llﬁn_ . (50)
For a rigid flange (R = 1), Kquation {30) is identical to K don (44). The develop~

maent of Equation {30) for a enible flange assumes that the creop ratio r 1o the same
for primary craep as it o for steady-state creep.

Bolt Relanation
The analysis of bolt relaxation is similar to that of References (2,6). The
nomenclature is defined as lollows:
Ly = original longth betwoen nut bearing surfaces

Ly = length of bolt if it is relieved of stress before ereep occurs

6‘-br-l.‘-|unullhqc"' ion plue bolt ion (or total
initial relative mevement between nut and bolt)

Kyt o 3y » crevp deflection of flanges

Kpt = 4p, = craep deflection of balte

FyP s 3y, nolactic flange deflaction

FpP e ip, = elastic balt deflaciion.

In order that the flange and belts maiatain comtact at any tme,

Ly ~8po~bpan Ly ¢ 8g+ 8y, (81
ar
8 bgq (1 ¢ eg) ¢ Bgq {1 ¢ 1g). 133)
Singe
oy o0l
Be K¢ ’

. s
] 'he(‘°m"~$ (e o),

or

op« BT [ f_ﬁw_'.__nlJ : 31
Lp Loy
Differentiate (33) with respact to time:

dog -Erf1¢rx) dope s
- Ly de

Lerp

From the steady- state creep law,

i 2Cop" e %ﬁ . (gli),

dt \ Lp
or
dép n
1"'—‘ = LpC,op - (EL)]
Substitute (33) in (M):
d. -E
_a.: « ExG& (36)
Op R
Integrate (36}, letting ag e
-+l
-I
& __ JExee c, (s1)
1-n L3

where C is & constant of integration. Atta 0, Oy = 9,. Therefore,

c .ag'”‘
1-n
r 1 -( )n-l
rom (57), 1
fom— % . {59
C Eq(n-1) c,‘n-l

Kquation (58) also applies to the relaxstion of the nut in A threaded conaector
design with R defined by Equation (18).

External Loads

Axial Losd

The axial load Py is assumed to be 2 tensile force which reducas the geaket
pressure. The magnitude of the tube stress Jp due to the axial load Py is defined as a
constant times the axial tube strees due to internal pressure:

Pp=0Aps qu(d.r‘ - ‘Tz)' (59)
where
aa = Kaor = PxAcTz . (60)
idr s er 5
From (5%) and (60), *
PA-wKAch (61)

Be Moment

The required additional bolt loud Py  a for the dency of the tube banding
moment My to reduce the gasket pressure. The magnitude of the tube stress Oy due
to the banding moment MT is defined as a constant Ky times the axtal tuba stress dus

to internal preseure:
2
piygc
Sy = Kysap » . (62)
M MYT 412 - c-rz

From beam bending theory,

4Mydy .
oy = '—(‘?t__-:;" . (3

Combirmng (62) and {63},
neXospd (el o o p?)
.

M
T 4dq

(6¢)

‘The bending moment My it considered to reduce the gaskst pressusre by the
Smount dg on ous side of the gashet. Ii the gasket width is assumed small compared lo
the gasket radivs,

. My ’“IEII “I‘ . eI‘) .
- . )
G 'l: “'r"'
1f the manimum gashet pressure is 4aesumed to act on the complete gaghet surface,
< ¢ { ¢y < ‘)
P s AGTG » Igwog » e (bs)




Bolt-Flange Temparature Diftsraniial

The thermal bolt strain d¢p = a{AT) corrasponds to & thermal bolt deflection
ALy o a{AT}ig which is distributed according 1o the flexibility of the flango and bolr,
From Figure ?0,

MATILg o Sy ¢ 8p 8 8p, (rp ¢ o). ((3}]
Tho change ir bolt strass ie
a 23e
gpg T By . (69)
From (67) and (48},
alaTHX.
nﬂ‘ L] e 'r’ . (6%

Following & similar procedure for the threaded connector,

*{ATIE
bop 25 Tty o
APPENDIX C

SECONDARY RFYECTC
Rress Concentrations

Because of the accelerated rate of cresp at higher stress lavels, the presence of
stress concentrations such as bolt threads might be expected tc increase the over-all
creep rates of the sasembly. However, the results of the British Flange Tests(9)
indicate that the creep of the nut bly was not dingly high if the nut matarial
was squivalont to the bolt materisl. However, when carbon #tesl nute were ueed with
alloy steel bolts, the cveep of the nut sssemnbly was sxceseive,

A caomprehentive review of stress concentrations under creep conditions wae
presented in Refsrence (23). The ngth of & specimen with a notch under creep con-
ditions is attributed partly to the ahility of the material in the notch ares to flow rapidly
and redistiribute stressas at high temperatures; also bacauss the greater volume of
lower stressed material away {rom the notch restrains the over-all deformations.

Creep Bending of Bolt

The tendency of the bolt in & flanged joint assembly to deveiop banding momants
due to flange rotations and shifting of the nut reaction is well known. Under creep con-
ditions, howavey, the strese distribution b more & ble & of the re-
distribution of the bending atr s. Baileyl3) developed & solution, bawed on the
steady -etate croep law, for ik 2reep stresses due to cambined axial and bending losda
onacr agulsr cress tion; the resulis are shown in Figure 21. The rosults for a
solid circular saction should be comparable because of the relative values of the plastic
bending iactor for the rectangular and solid circular sections.

Dynamic Cresp

Superiruponed alternating ot are known to affect the creep rate of moetals.
However, Lasan{l®) showsd that the presence of alternating stressss did not appesr to
sftect greatly the craep rate for most materiale. Raesults for Waspaic a1t 1300 F {rom
Raference (27) are shown in Figurs 22.

Langsnecher{28) hav recently discusead s probiem of possible mgnificance to
connsctors operating in & high acoustic radiation field, He found that intenss ultra-
sound could have A marked effect on the physical properties of solids,

Gasket Croop‘

The gaskot will comtribute & cortain amount of creep and flexibility to the conmactor
assembly. Thie tontribution is neglacted in the design procedurd in view of the rela-
tively short lemgth of the gasket in most designs. Also, for mewllic gaskets, the
streases in the gasket are usually lower than thoee of the bolt aseembly, In fact, the
gasket area should be cheaon, on the basis of the relative creep strengtha of the gashet
and bolt material, suck thet the creep rate of the gasket s negligible. The inclusion of
the gasket creep and flonibility propurties in the design procedurs will uaduly complicate
the equations, with very little gaia in design accurscy for moes geomstrise,

Flange Rotations

Changes (n the flange rotation and correspanding bolt-load changns due to the
application of internal pressure are negleciod in the devign procedure. These sffects

e darign poocebure coudd e o1 ndud e s ipda e flects of gashet crvap A B8 ApPERIIMEle W QUG oMY IV
L L

ars considered secondary from the siandpoint of over-all bolt relaxation, but should be
considerad tn the static deuign of the connsctor if found to be significant,

APPENDIX D

TUBE DESIGN

The tube desifn is considered on page 18 only to the axtent that it affects the
atrength of the connectur, The tube, however, is subjected to progresaive creep de-
formations with each operating cycle, The tube thickn ahould satiefy the minimum
requiremants for a creep design, Some of the appropriate theories availe™le for the
tube creep design are reviewsd below,

Finnie and Heller!?) pressnt the squation for the tangential strain rate in 3 thin-
walled tube with closed ends under intérnal pressure:

per\ "/ s
. T 3y 2 _./) 2
€= Cy GT"D .3) L3 J) B (k1]

where & = C’o“ w the atrain rate which would be producad by the tangential stzess

i
‘1‘"1‘
acting alone in simple tension,

The creep of thin~walled tubes under internal pressure, axial Joads, and moments
in considered in Referance (7).

Finnie and Heller(?) also anslysed the creep of thick-walled tubes subjected to
internal pregsure, Based on the Mi flow law and the steady-state creep law € «
C 10", the radial, tangential, and axial stresses, respactively, are

\w
op = b A p—— 2
()

o =p o/ T

1] & O 4
(4 -1
.eT

where < <
r = variable radiue, cpers a7,

Lquations (72} reduce to the well-known Lamé formulas forn « I. The tangential strain
rate is

nel »
oo/ HT /—"’7&'—7(9 (GTTY . )
o)

The steady-state creep sirovses and strain rates in & thickewalled tubs under com.
bined internal pr ure and axial load sre presented by ¥ u\mo‘"’. Numeric4l solutions
to the equations are tabulated for varicus values of the variables, [n the case where the
wdditions! axial load is either amall or large compared to the anial load due to internal
pressure, simple approximate solutions are given. Finnie{30) 4190 pointed out the lack
of complete agresment between the theoretical und expsrimental studies on multiaxial
creep in tubes, attributing the discrepancivs to the affect of hydrostatic stress which s
usually sssumed negligibla in creep strain pradictions,

A method for predicting the creep failure time lor sither thin-walled or thick~
walled circular cylindere can be found in Refarence {31}, True strese and true strain
are uded and the steady-atate creep law is assumed valid until failure, The failure time
s based on plastic instubility, or the time at which the vessel wall is no longer suf-
ficient 10 hols the load, Simplified formulac are obtained for both thin-walled and very-
thick=walled cylinders,

Creep-rupture 1ast8{32) were run on Type 316 stainless steel tubes at high tem-
peratures and pressurss, The results of the tests compers favorably with those of uni.
snial tonsion teste if effective strese and affective strain rate are used, Rattinger and
Padlog! ) alse present a method of analysis for predicting creep rupture of cylindrical
shelle using conventional unisnial creep data,

A method of anslysial3%) for predicting the stresses and strains in thick-wajled
cylinders considers primary as well ag secondary cresp. The snalysis te quite com-
plicsted and justifies & computer salution,

Equations (T1) snd (73) result in quite favorable strain rates for higher values of
the exponent A, On this basis, the design procedurs of the ASME Boiler Codo(”, which
compares the maiimurmn design 817ess to the (Teep rate OF rupture strese of & uniaxial
tension tant, provides for a safe design,
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APPENDIX B

COMPUTER PROGRAM FOR DESIGNING AFRPL
FLANGED CONNECTORS

This appendix is intended for those who plan to use the computing programs
IRFDP and LRFDP for designing flange connectors of the types shown in Figure 67 of
this report. Program IRFDP is5 used to design connectors containing two integral
flanges, and Program LRFDP is used to design connectors containing two loose-ring "’
flanges. By appropriately controlling certain input values of both programs, a design
can be obtained for a connector containing one integral flange and one loose-ring flange.

A detailed description is given of the input and output sections of Program IRFDP,
Program LRFDP is similar to IRFDP, and the difference is discussed. Also, the inte-
gral/loose-ring connector-design approach is described.

Programs IRFDP and LRFDP were written in FORTRAN IV language for the
CDC 64C0. A list of both the programs is included. It is believed that the programs
can easily be converted to run on a different machine with a FORTRAN IV compiler.

Item-by-Item Description of Input
Data for IRFDP

The computer input cards that are necessary to perform the design using IRFDP
will be described in this section. The numbers refer to the card numbers as read by
the program. The following FORMATS were used for the input:

1020 FORMAT (8F10.0)

1021 FORMAT (8F10. 4)

1022 FORMAT (8F10.9)

1023 FORMAT (2110)

Card 1
Read 1020, TBMI
TBMI = Tube bending moment input, lb-in.

Set TBMI = 0. 001 if the value of the bending moment is to be selected internally
according to Equaticns (8) and (9) on page 31,



Card 2

Read 1021, TOD, TWI

TOD = Tube outside diameter, in.

TWI1 = Tube wall thickness input, in.

If TWI< 0.001, then the tube wall thickness is internally selected by Equation (6)
on page 29. In the final program, Equation (6) also includes tube design for impulse-
pressure fatigue.

Card 3

Read 1020, TU, TY, TF, TR, TFRO

TU = Ultimate tensile strength of tube material at maximum operating tempera-
ture, psi

TY = Tensile yield strength of tube material at maximum operating temperature,
psi

TF = Fatigue strength for R = - 1. 0 of tube material at maximum operating
temperature, psi

TR = 2 Year-Rupture strength of tube material at maximum operating tempera-
ture, psi

TFRO = Fatigue strength for R = 0.0 of tube material at maximum operating tem-
perature, psi.
Card 4
Read 1021, BCDI, HUBI
BCDI = Bolt circle diameter input, in.

If BCDI < 0.001, the bolt circle diameter is calculated, also if BCDI < 0.001,
11 = 0 and BNI = 0.0 (See Card 30 and Card 31)

HUBII = Hub reinforcement height, in.

1f HUBII < 0.001, the reinforcement height is calculated by the program.
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Card 5

Read 1021, GI0TWI

Gl0TWI = Maximum allowable hub reinforcement ratio,

where
_(TW + HUBI)
Gl0TWI = W
where

TW = tube wall thickness, in.

HUBI = Selected hub height, in.

Set GI10TWI = 3. to 5.

Card 6

Read 1021, FRI, FSFI

FRI = Radius input for fillet at junction of flange and hub reinforcement, in. If
FRI = 0.0, the radius is computed by the program. It is recommended that a value no
smaller than that computed be used.

FSF1 = Factor of safety used in fatigue evaluation. A factor of 2.0 was chosen
for all designs.

Card 7 - Card 9

Read, 1020, FUR

Read, 1020, FU, FY, FSU, FCY, FE, FG, FYC, FYR

Read, 1022, FRHO, FMU, FTE, FCR

FUR = Ultimate tensile strength of flange material at room temperature, psi

FU = Ultimate tensile strength of flange material at maximum operating termn-
perature, psi

FY = Tensile yield strength of flange material at maximum operating tem-
perature, psi

Ultimate shear strength of flange material at maximum operating tem-
perature, psi

FsSu

FCY = Compressive yield strength of flange material at maximum operating
temperature, psi

. .o




FE = Young's modulus of elasticity for flange material, psi
FG = Shear modulus for flange material, psi
FYC = Tensile yield strength of flange material at minimum operating tempera-
ture, psi
FYR = Tensile yield strength of flange material at room temperature, psi

FRHO = Flange material density, lb/in.3
FMU = Poisson's Ratio for flange material

FTE = Coefficient of thermal expansion for flange material, in. /°F

FCR = Flange material creep rate.

Card 10 - Card 13

Read 1021, (R[NN], NN

1l
[
-
oo
~

Read 1021, (R[NN], NN =

)
0
-
[
(S
~—

Read 1020, (FF[NN], NN = 1, 8)

Read 1020, (FF[NN], NN = 9, 11)

R = Stress Ratio — the algebraic ratio of the minimum stress to the maximum
stress in the stress cycle. Eleven standard ratios are read in. They range from
-1.0to 1.0 in steps of 0. 2.

FF = Corresponding fatigue strength for flange material at maximum operating

temperature for a given number of cycles, psi. The values of FF are obtained from a
modified Goodman diagram for the flange material.

Card 14
Read 1021, SODI, SiDl, SELI, TAl, TAOTW, SLEGTI
SODI1 = Seal outside diameter input, in.
SIDI = Seal inside diameter input, in.
SELI = Seal tang length input, in.

TAI = Seal tang height input, in.

TAOTW = Initial ratio of tang height to tube wall thickness. A valueof 0.9to 1.0
is recommended.

i B i R
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Card

Card

SLEGTI = Seal disk thickness, input, in.

Let SODI < 0.001 for the program to calculate seal dimensions.

15

Read 1020, RSLI, SSLI, MSLI

RSLI = Radial sealing load per inch of seal circumference, 1lb/in.
SSLI = Axial sealing load per inch of seal circumference, ib/in.

MSLI = Minimum axial sealing load per inch of seal circumference, 1lb/in.

16 -~ Card 17

Card

Read 1020, SCY, SEE, SCYC, SCYR, SYR
Read 1022, STE

SCY = Compressive yield strength of seal material at maximum operating
temperature, psi

SEE = Young's modulus of elasticity for seal material, psi

SCYC = Compressive yield strength of seal material at mirimumn operating
temperature, psi

SCYR = Compressive yield strength of seal material at room temperature, psi

SYR

Tensile yield strength of seal material at room temperature, psi

STE = Coefficient of thermal expansion for seal material, in. /°F.

18 - Card 29
Read 1021, (BH[NN], NN = 1, 8)

Read 1021, (BH [NN), NN = 9, 15)

1}

Read 1021, (BWC{NN], NN = 1, 8)

Read 1021, (BWC[NNJ], NN = 9, 15)
Read 1021, (BS[NN], NN = 1, 8)
Read 1021, (BS[NN], NN =9, 15)

Read 1021, (BTA[NN], NN = 1, 8)




Read 1021, (BTA[NN], NN = 9, 15)

Read 1021, (NWT[NN], NN

1, 8)

Read 1021, (NWT[NN], NN =9, 15)

Read 1021, (DAF[NN], NN = 1, 8)
Read 1021, (DAF[NN], NN =9, 15)

BH = Hole size for bolts, in.

BWC = Bolt wrench clearance, in.

BS = Nominal bolt size, in.
BTA = Bolt tensile area, in. 2
NWT = Weight of a nut, lb.

DAF = Diameter across flats for bolt head, in.

Note: The order of reading the above bolt geometry for 15 different sizes is from the
smallest size to the largest size of bolt.

Card 30 - Card 31

Read 1023, 1I, IMAX

Read 1020, BNI

II = Index for selection of bolt from bolt table input
iMAX = 16
BNI = Number of bolts, input.

Note: See Card 4. If BCDI < 0.001, thenIl =0 and BNI = 0.0

Card 32 - Card 33

Read 1020, BY, BE, 83U, BYC, BYR

Read 1022, BTE, BCR, BRHO

BY = Tensile yield strength of bolt material at maximum operating temperature,
psi

BE = Young's modulus of elasticity of bolt material, psj

BU = Ultimate tensile utrength of bolt material at maximum operating tem-

perature, psi
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BYC = Tensile yield strength of bolt material at minimum operating tempera-
ture, psi

BYR = Tensile yield strength of bolt material at room temperature, psi

BTE = Coefficient of thermal expansion of bolt material, in. /°F
BCR = Bolt material creep rate
BRHO = Bolt material density, 1b/in. 3
Card 34

Read 1020, P, PP, PB, PIM, TMAX, TMIN
P = Operating pressure, psi

PP

Proof pressure, psi

PB

Burst pressure, psi

PIM = Impulse pressure, psi

TMAX = Maximum operating temperature, F
TMIN = Minimum operating temperature, F.
Card 35

Read 1020, DTC1, DTC2, DTH1, DTH2

DTCI

Thermal gradient at minimum temperature from seal or tube to flange, F

DTC2 = Thermal gradient at minimum temperature from flange to bolt, F

DTH1 = Thermal gradient at maximum temperature from seal or tube to
flange, F
DTH2 = Thermal gradient at maximum temperature from flange to bolt, F.
Card 36

Read 1021, FS1, FS2, FS3
FS1 = Factor of safety for flange and seal material

Fs2

Factor of safety for bolt material

FS3 is not presently used.

s e




For additional guidance, the actual cards used for designing 3-inch, 1500-psi
integral-integral aluminum connectors are reproduced in Figures B-1 and B-2.

Description of Computer Output for IRFDP

The interpretation of the output of Program IRFDP is given below. The value of
each variable is printed directly below its symbolic definition. The output sheets ob-
tained for the 3-inch 1500-psi integral-integral aluminum designs are reproduced on
pages B-60 through B-62.

The input to the design is first printed out exactly in the same order as read in.
This must be reviewed, as it provides a check to insure that the proper data were key
punched. As an example, a value of 0. 001 is printed under TBMI (for definition of
symbols of input item, see pages B-2 through B-8), hence TBMI = 0.001 1b-in. The

design output is then printed and consists of several parts. First the tube bending mo-
ment (TBM, lb-in.) and corresponding bending stress (TBS, psi) are printed and then
the torque per bolt (TRQ, lb-in.) required to assemble the connector is printed.

The second part of the output consists of the calculated component loads for the
seven design conditions as described on page 81 of this report. Also, refer to
Figures 71 and 72. The definitions of the loads are as follows:

MO = Equivalent flange moment, lb-in
BL = Axial bolt load, 1b
SL = Axial seal load, 1b

RSL = Radial seal load, 1b

MP

1]

Flange moment due to pressure, lb-in.
MC = Flange moment due to creep, lb-in.

Hence MOl means the equivalent flange moment under Condition 1, and so on.
These definitions apply to all the seven design conditions. However, for Condition 2
and Condition 6, the above definitions ar¢ :xpanded and some new terms are defined

as follows:

Condition 2

MO2, BL2, SL2, RSL2 are component loads with creep under Condition 2.

MO2P, BL2P, SL2P, RSL2P are component loads under Condition 2 with no
creep.
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MQO2M, BL2M, S12M, RSL2M are component loads under Cor. dition 2 with no
creep and a minus bending moment.

_(;_g_ndition 6

MCTG6 = Flange moment due to cold thermal gradient, lb-in.

MHTG6 = Flange moment due to hot thermal gradient, lb-in.

MO6C, BL6C, et al., are component loads under Condition 6 at minirnum tem-
perature with creep.

MO6CN, BL6CN, et al., are component loads under Condition 6 at minimum
temperature without creep.

MO6H, BL6H, et al., are component loads under Condition & at maximum tem-
perature with creep.

MO6HN, BL6HN, et al., are component loads under Condition 6 at maximum
temperature without creep.

The stress-concentration factor (KTF) uased in the fatigue analysis is printed oat.
The next section of the output consists of strese valuev for the seven design conditions.
In the following description, A means the value at the inside point of the junction of
flange and tube and B implies the vaiues are at the outside point. The other stress
values are at the flange inside diameter. Also, the definitions for design conditions
are as described in the load values printout.

EXA = Equivalent maximum stress at A, psi

ENA = Equivalent minimum stress at A, psi

EXB = Equivalent maximum stress at B, psi

ENB = Equivalent minimum stress at B, psi
SMAX A = Maximum stress in axial direction at A, psi
SMIN A = Minimum stress in axial direction at A, psi

FFC A = Allowable fatigue stress at A, psi
SMAX B = Maximum axial stress at B, psi '

SMIN B = Minimum axial stress at B, psi

FFC B = Allowable fatigue stress at B, psi
SH = Flange axial stress due to bolt load or seal load, psi
SRS = Flange axial stress due to radial seal load, psi
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SPR. = Axial stress in flange due to pressure, psi - '
SPA = Axial stress in flange due to axial pressure load, ps:

SB = Axial stress in flange due to bending load, psi

SR = Radial stress in flange, psi

ST = Tangential stress in flange, psi
BTS = Bolt tensile stress, psi.

The next aection cornsists of the final dimensions of the design. These dimen-
sions are shown in Figure B-3 and include:

H = Axial length of hub reinforcement, in.
HUBI = Hub reinforcement height, in.

Gl = Hub reinforcement height plus tube wall thickness, in.

FR = Fillet radius, in.
TW = Tube wall thickness, in.
TOD = Tube outside diameter, in.

A = Flange outside diameter, in.

B = Flange inside diameter, in.
XT = Flange thickness, in.
BCD = Bolt circle diameter, in.

SOD = Seal outside diameter, in.

SID = Seal inside diameter, in.

SEL = Seal tang length, in.
TA = Seal tang height, in.
SLEGT = Seal leg thickness, in.

BS(1} = Nominal bolt size, in.

BH(1) = Hole size, in.
BTA(l) = Bolt teneile area, in. 2
BWC(I) = Wrench clearance, in.




= Number of Bolts

= Approximate weight of connector assembly up to and including hub
reinforcement length, 1b,

Input Description for Program LRFDP

Iw the following description, the order of card input is | to 7, 8, 9a, etc.

Cards 1 to 3, Same as in JRFDP

e ]

Al = Stub flange diameter input, in. If AI = 0. 00, then the program computes
the diameter.

HUBII, same as in IRFIDP.

Card 8a, Read i021, FCYC, FCYR.

FCYC = Compressive yield strength of flange material at minimum temperature,
psi.
FCYR = Compressive yield strength of flange material at roorm temperature, psi.

Card 9 - Card 33, Same as IRFDP

Card 33a, Read 1021, BCDI

BCDI = Bolt circle diameter input, in. If BCDI < 0.000 then II = 0.0 and
BNI = 0.0 (see Cards 30-31).

Card 33b - 33d

Read 1020, RU, RY, RSU, RCY, RE, RG, RYC, RYR
Read 1020, RCYC, RCYR

Read 1020, RTE, RCR, RRHO

RU = Ultimate tensile strength of ring material at maximum temperature, psi
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RY = Tensile yield strength of ring material at maximum temperature, psi

RSU = Ultimate shear strength f ring material at maximum temperature. psi

* RCY = Compressive yield strength of ring material at maximum temperature,
psi
RE = Young's modulus of elasticity for Ring material, psi

RG = Shear modulus for Ring material, psi

RYC = Tensile yield strength of ring material at minimum temperature, psi

RYR = Teneile yield strength of ring material at rooin temperature, psi

RCYC = Compressive yield strength of ring material at minimum temperature,
psi

RCYR = Compressive yield strength of ring material at room temperature, psi
RTE = Coefficient of thermal expansion for ring material, in./°F
RCR = Ring material creep rate

RRHO = Density of ring material, ib/in.3

Card 34, Same as in IRFDP.

Card 35, Read 1020, DT1C, DT2C, DT3C, DT1H, DT2H, DT3H .
“ DTIC = Thermal gradient at minimum temperature from seal or tube to flange, F
| DT2C = Thermal gradient at minimum temperature from flange to ring, F

DT3C = Thermal gradient at minimum temperature from ring to bolt, F

i
!
!} DT1H = Thermal gradient at maximum temperature from seal or tube to flange, F
§
é DT2H = Thermal gradient a2t maximum temperature from flange to ring, F
DT3H = Thermal gradient at maximum temperature from ring to bolt, F.

Card 36, Same as in IRFDP.

Description of Output for LRFDP

As in program IRFDP, the input data is first printed out

The design output consists of the same sections as in IRFDP with a few additional
'i print-outs in the "stress for all conditions'' section and in the '""dimensions'' section.
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In the stress section after the bolt tensile stress (BTS), the contact stress be-
tween the ring and the stub flange (SFB) is printed for all design conditions.

In the dimension section the following interpretations are rnade:

A = Outside diameter of stub flange, in. ;
B = Inside diameter of stub flange, in.
XT = Stub flange thickness, in.
ROD = Loose-ring outside diameter, in.
RID = Loose-ring inside diameter, in.

RFR

Ring fillet radius which fits in with the flange fitlet radius, in.

The rest of the output interpretation is as described in IRFDP., The dimensions
fcr connectors with loose-ring flanges are shown in Figure B-4.

Desigm’.n} an Integ_ral Loose"Ring Connector

(1) Design a connector usii.g i.RFDP
(2) Design a connectcr vsing LRFDP
(3) Select the maximum bolt circle diameter from Steps 1 and 2

(4) If the bolt circle diameter is maximum in Step 1, then run
Program LRFDP with the values as the input in Card 33a
(LRFDP). Also, the required number of bolts and the bolt index
are read in (Card 30-31) as oLtained in Step 1.

(5) If bolt circle diamete: is ma.imum in Step 2, then run Program
IRFDP with this value as the input in Card 4 (IRFDP). Also,
the required number of bolts and the bolt index are read in
(Card 30-31} ag obtained in Step 2.

(6) By using dimensions in Steps 1 and 4 or Steps 2 and 5, a
matching connector is obtained for an integral flange and a
loose-ring flange.




PROGRAM TRFDP CINPUT QUTPUT s TAPEG6O=INPUT)
TYPE REAL LT oMSLsKoLCEILCDoL.¢MP2oMC29MOL s NAL 2 HARsNAD
TYPEL REAL NB)oNBz sNBIeMO2,MO2P ;MOZMoMPI s MO3 1 MPS o MUS ¢ MOB s MCH o
IMCTOHE I MHTOGIMOGEMN ¢ MOGH  MOGHN s MOT s Mo MP G
TYPE wWEAL MSL]Y
TYPL Rt AL NwT
TYPL KRbAL KTF
DIMENSION RUT1)oFF(1]1) oBH{1S) 9BWCL)S) +BS(15) »BTA(]15) oNKY (1 S)
DIMENSION DAF (19)
C TUBE LOAL-INPyTY
1020 FORMAT (u¥10,.0)
1021 FORMAT (ufli0,4)
1022 FORMAT (8F10,9)
1023 FORMAT (2110)
999 KEAVU 10€0sTBMI
IF(EQF +60) 998,997
C TUBE CGEOMETRY
97 READ 1021+TUD,TW]
C YUBE MATERIAL PROPERTIES
READ 1020+TUSTY, TFs TRy TFRO
C FLANOGE GEOMETRY
READ 1021 e8CDIUBIYI
READ 10212610TwW]
REAL 1021+FR1I,FSFY
C FLANGE MATERIAL PROPERTIES
REAUV 1020+FUR
READ 1020sFUsFYFSUSFCYIFESsFQoFYCoFYR
READ 1022¢FRHOFMyIFTEFCR
READ 1021s (R{NN) ¢NN=z]1,8)
ReEAD 1021s (RINN) yNRzgy11)
READ 1020¢ (FF (NN) o NNx]8)
REAV 1020y (FF (MNN) 3 NN=9el))
C SEal GEUMETRY
REAY 10215001 +SIDIoSELI+TARsTAOTHSLERY]
€ SEAaL LOADS=INFUTY
READ 1020+RSL1 oSSLIeMSLI
¢ SEAL MATERIAL PROPERTIES
READ 1020e3CYsS3LESCYCHSCYRISYR
READ 1022+STE
C BOLT GEOMETRY
READ 10621+ (BHINN) yNNu],8)
READ 10217 (BHINN} (NN89,15)
REAL 10210 (HBwC (MNN) )NNx]48)
REAU 1021y (BWC (NN} yNNu9¢18)
READ 1021+ (BS(NKN) ¢NNa} c8)
READ 10219+ (BS(NN) NNsQ,15)
READ 1021+ (BTA(NN) ¢NNu)ly8)
READ 1021y (BTAINN) sNN=915)
HEAD 10219 {NWT {NN) yNN=],8)
KEALD 10219 (INWYT (MNM) s NNu9,15)
READ 10219 (DAF (NN) ¢NN=u]ls8)
READ 10219 (DAF (NN) gNNaG415)
€ BOLY INPUT
KEAL 1023911 v1IMax
REALD 1020s8N1
C BOLT MATERIAL PROPERYIES




REAU 102G eBY2HE,BUBYC+BYR
MEAD (0228 TLBLR,BRHO
C SYSTEM PRESDURE AND TEMPERATURE
KEAY 1020+P PP IPHsRPIMs TMAX«TMIN
REAL 1020sDTCLIDYCE20OTHIDTN2
READ L0219FS1eFS2,F5HD
9020 FORMAT (8810409
9021 FORMAT (BF10e4)
9022 FURMAT (8Fli.8)
9023 FORMAY (211 0)
PKINT 726
126 FORMAT (25K j9RINPUT YO THE OESIGN///)
PRKINT 202¢C
2020 FORMAY (l16H TUBE LOADINPUT)
FRINT 2021
202] FORMAT {(3As&HTBM))
PRINT 9021 TEM]
PRINT 2000
2000 PURMAT (14K YURE GEUMETRY)
PRINTY 2001
2001 FORMAY {(6XoIHTODsTXeIHTWL)
PRINT 90621+T0D, Tw}
PRINY 2002
2002 FORMAT (25H TUBE MATERIAL PROPERTIES)
PRINT 2003
2003 FORMAT (7X32HTUBXe2HTY eBX2HTF ¢8Xe2MTRIBXs&HTFRO)
PRINT 90200 TUsTYsTFe TRy TFRO
PRIM) 2004
200% FORMAT (16H FLANGE OGEOMETRY)
PRINT 2005
2005 FORMAT(SXxs4HBCD] oSXeSHHYBII)
PRINT 9021 +8C014HUBILI
PRINT 800
B00 FORMAT (3xs6HGIOTWI)
PHINT 9021 «G10TWI
PRINT 2037
2037 FUORMAT(6xy3HFRI (6 xs8HFSF1)
PRINT 9021 +FRIVFSFI
PRINT 2006
2006 FORMAT (27 FLANGE MATERIAL PROPERTIES)
PHINYT 801
801 FURMAT {6Xe 3HFUR)
PRINT 9020,4FUR
PRINT 2007
2007 FORMAT (TX9s2HFUBX2HFY s TX o IHFSUsTX o 3NFCY 28X s 2HFEoBReZ2HFGoT X
TIMFYCe IX 9 3HFYR)
PRINT 9020.FU FYFSUFCYWFEFGFYCeFYR
PRINT 2008
2008 FORMAT (SA14HFRHO ySXeIHFMUs TX 2 INFTE s TXe IHFCR)
PRINT 9022+FRHOFMUSFTEFCR
PRINY 2009
2009 FORMAT (SKsoHRU1) 46X saMHR(2) 26X o dMRLI) 96K aHR(A) 96Xy 4HR (5) 96Xy
14HR(O) yAX v S HR (T} 46X ¢ *HR(B) )
PRINT 9021 +RK(114R(2)4R{3)}yR{4)yRISIIR(E)¢RIT)eR(B)
PRINT 2010
2010 FORMAT (SR aHR (9! ;SXsSHR(10) oBXsSHR(11))
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PRINT 9021yR(9)aR(10}sR(1])
PRINT 2011
2011 FORMAT (&XoSHFF (1) sSKeSHFF (2) oSXeSHFF (3) «SXoSHFF (4) o SXoSHEF (8) 45X
L1SHEF (6) s DX sSHFF (T) 0SReSHFF (8))
PRINT 90204FF (1) 4FF(2)oFF (3) oFF (&) oFF(5)FF(6)¢FF(T)sFF (8)
PRINT 2012
2012 FORMAT (GReSHFF (95 24X oBHFF L10) o X eOHFF (11))
PRINT 90209FF (9)FF(10) eFF (L))
PHINT 2013
2013 FORMAT (lé&H SEAL GEOMETRY)
PRINT 2914
zoxalg$?TA1 (5K 04HSODE 46X o ANSIDI 96X o ANSEL I 06X ¢ IHTAYsSXNsSHTADTWo 4Ry 6NSLE
PRINT 90215001 ¢SI0IoSELITAI,YAUTW.SLEGT]
PRINT 2015
2015 FORMAT (18 SEAL LOADS INPUTS)
PRINT 20le
20186 FURMAT (SX96HRSLIsaXe6HSSLYsaX,4HMSL])
PRINT 902U RSLISSLIMSLI
PRINT 2017
2017 FORMAT (25M SEAL MATERIAL PRUPERTIES)
PRINT 2018
2018 FORMAT (TR INSCY o THo IHSEE o 6X s ANSCYCo6X o bk 3CYRe TXs INSYR)
PRINT 90209SCYs3EEeSCYCISCYRISYR
PRINT 201V
2019 FURMAT (3IX:3HSTE)
PRINY 9022+STE
PRINT 20&2
2022 FORMAT (lek BOLT GEOMETRY)
PRINT 2023
2023 FORMAT (4RcSMBH (1) ¢SXeSHBH(2) ¢ SN eSNBH(I) ¢ SX o SHBH () 9 SX o SNBM (5) ¢SX
ISHRH (6) s SXsSHHMH(T) +SXsSHBH (8} )
PRINT 90219BH1)) sHH(2) yBRK(3) sBH(®) 9BH (5) 4BHI6) (BHIT) »3M(8B)
PRINT 2024
2024 FORMAT (4R SHBH(9) o4 X96HBHo10) o4 XeOHBN(3]) v4XoONBHI12) 94X ,6HBH(13)
196XeOHEM{16) soX,6HBM(]5))
PRINT 9021 +8H(9)y8R{10)+BH(11)¢BH(12) yBH(13) BH{14)BH(1S)
PRINT 2025
2025 FORMAT (6Xs6HBWC (1) 04X sOMBWCI2) s Xo6HBWC (3) 94X o OHBWC (4) 44Xy 6HBWC (S
1) o4 Ao 6HBWC (O) ¢4 Xy GHBWC (T) o 4Ny OKBWC (8) )
PRINT 9021 +BWC(1) 4BWC(2)+BWC(3)+BWC (4) +BWC(5) +BWC (6} +BRC(T) ¢BWC (8)
PRINT 2026
2026 FORMAY {(eXsO6HBWC(9) 93X e THRAWC (10) 93X s THBWC (112 93X o THBWC (12) 93X
1THEWNC L3 93Xy THEWC (14) o IX s THEWC (15))
PRINT 9022 +BWC(9) ,BWC(10) +BWC(1]1)eBUC(12)¢BNC(13)+BWC(14)¢BNC(1S)
PRINT 2027
2027 FORMAT (SXo5HBS (1) oSN eSHBS (2) ¢5X o SHBS (3) o SX o FHBS(4) v SN eSHBS (8) 45X
1S5HES (6) »SXsSHBS (T) +SXy5HBS (8))
PRINT 902)19BS(1),85(2)+BS(3),:85(4),BS(5),BS5(8,,85(7),8S(8)
PRINT 2028
2028 FORMAT (SR eSHBS (9) 14X e 6HBS(10) 44X v6RBS(11) y4Xo8HBS(12) s 4X6MHBS (1)
Lo®XoOHRS(12) 48, 6H8S8{1%))
PRINT 9021sBS(9),85(10)1BS(11)4+85(12)+BS(13)BS(14),85(15}
PRINT 2029
2029 FORMAT (SR 6HBYA(]L) o4 X 16HBTA(2) 04X 96HBTA(3) 44X 6HBTA(R) s4XeOHBTA(S
I a8 XoOHUBIA(O) AN, 6NKBTA(T) M Xs6HBTA(B))




gz§:} 3g§éoark(l),BTA(ZDoBTAIJ)oBT&(b)oB?A(S)oBTA(G)oBYA(?)oDTA(&)
2030 FORMAT (4XsOHHTA(Q) 93X e THRTA(LO) o3XsTHBYA(L]) 23X THBTA(L2) o 35XeTHATY
1AUI3) 03X THBTA(1%) ,3Xs THBTA (15))
PRINT 9021+BTA(9),8TA(L0)sBTA(11)eBTA(L2) 1 BTA(LI)sBTA(LG) BYA(LS)
PRINT 2053
2053 FORMAT (4XoOMNWY (1) 9&Xo6HNNT(2) 04X e OMNET (3) 04K SHNWT (&) 94X 9 6NNUT (8
1) 0@ Ko 6HNWT (5) y 4Ky 6HNWT (T) o4 X9 GHNWT (8) }
PRINT Q021 )NWT (1) NWT(2) ¢NUT(3) s NUT(4) yNUT (5) sNHT () o NWT(T) o NWT (B)
PRINT 205«
2054 FORMAT (ARsOHNWT(9) 93X o THNWT (10) o3Xe THNWT (31 o3XoTHNUT (32) 93X ¢ THNY
1T(13) 93KeTHNWT (1%) 9 3% THNWT (15))
PHINY 9021 oNWT (D) oNWT(10) oNWT (1)) oNWY (12) o NWT(13) eNWT(14) sNWT(15)
PRINT 2038
2038 FORMAT (4Xs&6HDAF (1) 94X s 6HDAF (2) 16X o 6HDAF (3) e 4 X o 6HDAF (4) 24X s 6HDAF ()
1o XoOHDAF (6) o 8 Xs6HDAF (T) s 6X s SHDAF (8))
PRINT 9021 +DAF (1) ,DAF (2) 4DAF (3) 9DAF (4) 4DAF {5) sDAF {6) ¢DAF (T) +DAF (8)
PRINT 2039
2039 FORMAT(4Xs6HDAF (9) 9 IXe THDAF (10) o3Xe THDAF (11) e 3X o THDAF (12) ¢ 3N THOAF
1013) 03Xy THDAF (14) o 3X, THDAF (15))
PRINI 9021 +0AF (9) 4DAF (10) sOAF (11) +DAF (12) 9DAF (13) oDAF (14) ,DAF (185)
PRINT 2050
2050 FORMAT (11iH BOLT INPUT)
PRINT 205l
205) FORMAT (8Xe2HIIo+3xs0NIMAX)
PRINT 9023s11¢IMAX
PRINT 2082
205¢ FORMAT (6X43HBNI)
PRINT v021+BNI
PRINT 203)
2031 FORMAT (25H BOLTY MATERIAL PROPERTIES)
PRINT 2032
2032 FORMAT (HA+2HBY 48X 92HBE¢BX92HBUs TXeIHBYC, TX ¢ 3INBYR)
PRINT 902048Y.BLBUIBYCBYHR
PRINT 2033
2033 FORMAYT (6Xe3HBTE ¢ TXeIHBCR,6X 9 4HBRHO)
PRINY 9022+bBTE sBCRyBRHO
PRINT 2034
2034 FORMAT (32H SYSTEM PRESSURE AND TEMPERATURE)
PRINT 2035
2035 FORMAT (9Xe1HP 39X, 2HPP 48X, 2HPB s TXyINPIMe6X s SHTMAX 06X o 4HTMIN)
PRINT 9020+sP+:PP,PRsPIMyTMAX TMIN
PRINT 2055
2055 FORMAT (OXs4HOTCL,6X,6HDTC2,6X,4HDTH) ,6X,6HDTH2)
PRINY 9020+UTC1sDTC2:DTH] +DTH2
PRINT 2036
2036 FURMAT (TXy3HFS), TX9e3INFS2,TXs3IHFSI)
PRINT 9621+FS1eFS2,FS3
KOUNT u0
14713 CALCULATIONS TUBE wALL +»TUBE BENDING MUMENY, TUBE BENDING STRESS
TWw2n]l  1oPPeTOD/ (2.,2Tve 88PP)
TW3=1  lepPaeTOD/ (2.2TUS . 8%PB)
IF (TFRO ,tuW, 0,0) GO TO 18
TWa2) 1SPLMP*TOD/ (2, *TFROe ,B8%PIM)
60 T0 17
16 Twezywd
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CONT INUE
¥ (o001 ~TWi)]1lsl02
TwaTwl
60 70 3
THasMAXLIF(TW2:TWI»TWS)
WE3.14160(TOD®6. (TOD=2,2TW) ®0d4) /(32,2T00:
IF (ToMl LEG, 0,001)5.4
TEM=TEM)
30 70 &
TBMZanW® ,666TeTY
TEMInw® , 8% TR
TeMenwe SOTF
TENSeMINLE (TEM2, TBM3, TBMA)
TEMER G0 ®* 1 TODe 3, ) 8]
TOMaMINLF (TBMS, TBOMGE]
TasaTBM/W
PImsd. l1e)6
IF(T00=3:.0)26920427
BLOBS*TESO*PI®(TOD=TW)#TH® (56,58 (T00/30))
60 To 33
BLONSOTHSHPI® (TOD-TWI®TY
BL1=2MAXIF (BLOsSSLI®PLeTOD)
BNFa4,
IF(TOD=3.01 600860081}
s}
Q0 TO o2
[=2
XTI'JQQTN
GOu'wW
IF{.001=MUBIL)64,563963
Glal25%TK
GO TO 6%
GlsTwenysll
BaYQDe2 ., *TwW
16 (e001aFRI)TO00,70197061
FRaF"}
GO YO 702
IF(TOD=4.)7030703,704
FR=0.125
GO TQ 702
IF (TOD=#8,) 705,705,706
FRed,1875
GO YO 702
IF(TOD=12.,)T707,707.708
FR'O.ZS
G0 Y0 702
FRs0.3125
CONTINUE
SLEG.001°00012.TOD
SID®(TODw2.2TW) 42,08, EG*0,15
TAnTAO T Tw

5 S008SI0e2.%TA2, #SLEG
03xSID*?P.*TA
SLEGI 1aRSLI®{SOD/D3) /SCYR
SLEb12-0.060(0.001'93'0.5ﬁTOD)/12.0
SLEGTaMAALF (SLEGT) +SLEGT2)




TARSL=KSLI* (SOD/03) =SCYR® (50030003903} #SLEGT/ {E0D*S00}
SELB2«4RSLIZISCYRRALOG{DILSIDY)
SXeSt /2.
LTsSEL/TA
18 1F(4.0-L7)19:+19.2%
19 TAaTA+,.005
60 TO 1%
25 IF(e001=SODI)32:v35+28
32 sop=sonl
SID=>lul
SEL=SEL]
TaeTAL
SLEGY=SLEGT]
SX.SLL/ZC
LOAD CaLCULATIONS
28 MSL=MSLI*P]*S0D
PRELIMINARY HOLTY CALCULATION
107 IF(I-IMAX) 1085100901009
1009 PRINY 1010
1010 FORMAY (J3x+36HBOLY REQUIRED NOT AVAILABLE IN VABLE)
GO TU ve9
108 HUBIz=Gl=Tw
BCDI=S0D242 ( (SLEGT®H0*RSLINFSI/FY)on ,5)eBH(])
BCD23SUL*2.% (RSLINSFSI/FSU) eBH{T)
B8C03I>TUD+BWC (] e2,*HYBI
BCLE22,% (4 060¢TCD®,0075) +SODe3H(T)
BCDORTUD 2 (*HUBL +2  *FRADAF (1}
BCOS=MAX1F {BCD] 8CD2+BCD3,8C04+BCDG)
IF (4 001-8CUII1100112301123
110 IF(8CD>«BCUL) 112411201009
100% PRINT 1006
1006 FORMAT (3X+32HBCD INPUT SMALLE® THAN ALLOWABLE)
112 B8CD=BCU]
BN=oONI
i=11
00 TO lle
113 8CD=0CULS
BN=3CD*PI/BWC ()
NB=uN/2,
Nz2%NB
UNsN
1l AsBLDe2,o8H(])
HZx (2, *HBCL~-A=B) /4,
H3x (A=B=2®TA) /4,
Ham ((A*B)/44) = (1e/73:)%(S00%®2S00*Bep*a2)/(50D008)
HSm (A=) 76, )= (TWeRHUBIY /20
Ho=HS
FLANOE SIZE CALCULATION
201 CUNTINUE
HEZ +(1® (BR0G0) ®¢ 5
Mo (BCL-8~G0) 72,
KsA/Y
Ta((K®R) # (], 0¢B,495246%AL0GlO0(K) ) =100/ ({1.0072021¢944800KOK) N (K~],
1)
Uz ((KOKI#(]1,048,5592860AL0G10(K))=le)/()1e36]130%(K*®2c] )8 (Ke],))
YS(I.I(K-A.))“(.668#505,717’((KGK)OALOGXOQK)/(K““Z-l-)))




I (KoKel o) /{KOK] )
Fe,209=,031%{6)/G0~1,)~,1805%(G1/60~1,)%»,5
VE ,55¢,19%{3)/G0»] o) e 5584 (G1l/G0=1s)0® .8
HOm{ (U+GO) »GO) e, 5
LCE=F /10
LCDR (U/V) ®HO®GQwe
202 La(ATOLCE*) o) /To (XT®*3)/LLCD
GE=0O  S* (Gl +6GY)
HPO® (B*GLE) 0w ,5
CIa{3429.5)%(2,«FMU) /(4. %FES (] ,«FMU®0Z))
C2u(3,7(l.=FMUNDZ))%0,5
Cla(lZz, o]l ~FMyneg))ee 2§
COnl (127 () e=FMUDP2) )28 28) /(2,8 (] o=FMU®E2))
BETAB (3,9 (1o=FMU®®2} 7 {(((T0D/2.,)+BE~G0) ®%2) 2 (GE)®02) )ew 25
HMOPa (BeGE ) #® 5
GAMMAZ (GE® (FMUs2)# {1, oCI®XT/HOP) )}/ (1 a0 (CHRB2CECHI(FMUZ) / (HOP&XT®
3 193)©(2+C30XT/HOP)) )
i DT=FERGE®®3/ (12,0 (] «wFMU®RZ))
UFsFEoxTee3d/ (12,8 () wFMU®82))
APm(((1o*FMU) /() ,=FMU))oK2024],)0B) 7/ ((Ke®2e] ) 8(],0FMU)®2,80F)
AT=iPL/4,)(TODeeaBaa2)
IHEPE® ((TOD=2,2G042e#G]) *94=(TOD=2:*TW) *44)/(32.%(T0D=2,%G3002,°6]))
1)
AHB (((TOU=24%G0¢2,%061) #82.(TOD=2,#G30)202)2p[/4,)
C OEFLECTION RATES
DSAse (SX)/ (SEE@pPle(BeTA)#TA)
DSRE=(HeTA) /(2. #PI*SEL*TA®SEE)
DBAS(S/BE)IV(((SEL*2.#XT) /2,094 ,/7(PIoBS(])®@2) ) e ((SEL*BS(])
162,%KT) /(2,*BTA(L)))) /BN
OFRS(,9]1%V)/ (LeHO®GO®»24FE)
DFAS=DF RO (HZeN3) 202 (] ./ (2.2PLoFGaXT) ) ®ALOG(BCO/({BeTA))
1=(AT)/Z7((Pl/sa,)» (BCD2*#2=Bo02) #FE)
RATIU=A/TQD
IF(RATIO oLE. 1.1)T711s712
T1) KTF®%0,179%({TOD/FR)®®,5)¢,914
GO TO 718
712 IF(RATIO oLEs 1,2)T13714
713 KTFu0,202* ((TOD/FR)®#.5) ¢ ,86
60 Tu 714
714 IF(RATIO JLEe 1.5)T15:716
715 KIF80,233% ((TOD/FR)IO®,5)+,T9
GO TO 118
716 KTFu(,282% ((YOD/FR)®#,5)+,69
718 CONTINUE
c LOAD CALCULAYIONS CONDITION )} AND ¢
Pim),
Pe=pP
T8Mls0,
TBMZm TUM
MP2x( (LOHO%GO®n2eFE) /{,910V))®# 1 nBro2eBAMMARRR/ (XATB (XTen2.C20GE®G
1AMMA) ) ) . ‘
FA]'O. :
FAZBP23 (Pl/6,) % {pes?)
FPLI'O.
FPL22P2® (P]/6.) 2 (S0D8#2~pue?)
RSLI=RSLI®PLeSQU




111

SL1sgl}
MOLBs=HGL [MXT /2,48l 1*H2+SL1%H3
MC2EMINIF ( (LOGLew28(@eTW) *FENFCR) » (MOL®FE®FCR/FYR))

STHESS CALCULATION CONDITION 1

310
i

414
313

314
315
316
i
619
620
339

352

€02
802
803

804

302

1003

SHa ( {dL 19H2+SL10HI) / (LOG] #2228 {Bs50) ))
SRS2L(RSLLISXT/2,.)/7(L#Glne28(ReG0)))
SReMOLO (L w3339 XTLCE+] )/ (LOXTER24 (BesGO))
STMU)# (Y/ (KT*a2a8) ) 785K

b&ﬂﬁ.

$PRz0,

SPARG,

SCEa=Q.,

SCee=Q.

FQS=ulL1/{T0D«PIoxXT)

55CaSLI/ti(Be2 wTA)*u2Bea2)oP] s )
BTS=8L1/ (BN*BTA (1))
IF(uTS~RYR/FS2)31442160414

IF (,00)l=8NI)314+3140313

Is]e)

GO Y0 107

IF (SR=FYR/F51)315:31%0302
IF(oT=FYR/FS11316031649302

IF (F9S<FSU/FS))31T+31T2302

IF (SSC=SCYR/FS1)3300330:619

PRINT 620

FORMAT (3X,18H SSC EXCEEDS LIMIYT)
XA1==SHeSH¢SFReSPeSRS

XA2z=SCEA« SR

KAJ3=ST

NA)1=«SH=58+SPR¢SPA+SRS

NAZE=SCEA SR

NA3=gT
EXASLTOTIIH((XALl=XAZ) 222 (XAR2=XAD)PO24 (KAJeXAl}W02) 02 5§
ENAR,TOTLII®((NAL=-NAZ)#u2¢ (MAZ=NAD) #2836 (NAJ=NAL)2®2) 060 . &
EA AMAX] (ABS(EXA) ;ABS(ENA))

IP(EA~F YR/FS]) 352, 3924302
XB1BeSheSB=3PR+sSPA=-SRS

Xb2s=SCEH+ SR

Xy 3=S7T

NBL1Z+SH-S8=~SPR+SPASRAS

NHZE=SLFHe SR

NE3=S5T

EXBELTOT 1#((XBY1=XB2)®02+ (XB2=XB3)8#2¢ (XBJ~X))042) 86,5
ENBZ,TOT112CINBL=-NBE) *#2¢ (NB2=NB3) 282+ (NA3=NBL)®42) #a,5
EH=AMAL] (ABS(EXB) s ABS(ENB))

1V (EB=FYR/FS1)362+3620¢302

IF (HuBll oLTe 0G,001)802,302

IF(G101wl LY, 0.,001)804,803
GiCTwWw=sLI/TW

IF(U]OTW «0Te GLOTWI} 3020804
0lzs0)s0,00%

ATSAT=0,030

GO TL 10d

X1=XT7+.015

b (A1 =2,.%T003202,1003,10073

PRINT 1004

R-21

i




1004
8%0

860
851

362

3
33e

FORMAT (3Xe311F1 ANGE THICKNESS EXCEEDS 2.¢700)

GO TO 999

XVzXT79.015

ROUNTsRQUNT #)

IF {XOUUNT obik,s 5)Bs09202

IF(G]l ¢i3Te 1.75¢Tw) 853,202

Glal=0,005

60 TO 108

LOAD AND MOMENT CALCULATION FOR CONDITION 2 o
TLZBFAZ+TES®ATY '
Q1 m=p A=t IL2=TESHAT

W2R2x (P2eP]aBeSY) oxY /2 nFPLR20H4=MP2oME2~ | 2055

W23ws (P2oBR (HeTA)) /(a8 TARSEE ) = (P29B% ((LAsB)/24))/7(4c®((A=B)/2,) -
i2°FE)

024--021'UBA/(DEA-DSA)cBCRO(X?OSX)/(@B&eDSA)

W2S=UF A/ ((DBA-USA) # (H2eH3))

WEH=EH29Q2l+GR2

Q2TR-DFR®XT/ (2,0DSR}

WEBR]L o +Q2T*(XT/2,:) =258 (H2+HI)
Q29%=(W23/DSR)®(XT/2,)+026+Q24% (HK2+HI)

MO22M01-Q29/Q28

SL2%SL1-024~(Q29,(28) %325

RS 2aNS 1 =(P9/Q28)*Q27-C23/08R

BL2=BL1=024=(029/028) 2Q2%5-Q2]

IfF (SLe=msi) 331,332,32¢

BL1=]1,Gl%BL]

60 TU 11}

W2lPe=FPL2~FAR2~THS®AT

W22ra (PP IOBRSK) eXT/2,=FPL2¥%Hb=MNP2=T29N5

U23IP=e (P2VB®(BeTA) )/ (6, ®TA®SEE) «(PR2?*BO({A08)/2,) )/ (4,9 (AeB)/2,)
1%FE)

G24Pa=Ww21F*DEA/ (DBA=DSA)

WosPaDRA/Z ((DHADSA)® (H2eHY))

W26Px=rH2®Q2LIP+Q22P

W2TPa=DFHEXT/(2,%DSR)

G2BPE] ¢ +Q2TPe (XT/2,) «Q25P% (H2eKH3)

WEyP e~ {Q23P/DSR) # (XT/2.) «Q26P+Q24P® (H2eH3)

MO2P=2MUl =u2PP/QCgp

SL2P=5L)~UWpaP« (Q29R/Q28P) »Q25P

RSL2%aRSL1I=(Q29P/Q28P) *Q2TP=i23P/DSR

BL2P=BI | =U24F=(Q29P/Q28P) #U25P=Q21P

W2 IMB=FPL2=-FA2+THSHAT

QE2Mu (PI®P 1 RARSX 0XT /2, =TPL2%HA=MPL=H5® (FA2«TBSOAT)

UR3IMZe (P2YBP (HeTA) )/ (D, @TASSEE) « (P2239 ((ASH; /72,) /(8,2 ((A=B)/2.)
1*FE)

deMe~uZ IMeLUBA/ (DB A=DSA)

WesMaUF A/ L (DBA-DSK) ® (HP+HT))

WCHMaHCRQE I MeGC2M

WeTME=UFRe X T/ (2, #0SR)

NEBME] o +WlTMR (XT/2,) =Q25M% (M2 oN])

QW2YME= (U2 IM/USRI R (XT/2,) Q2 MeQ24M% (M2+H])

MOZM2M )] =UW2914/Q28mM _
SL2MsSL1~L24M= (Q29M/QZBM) #U2SM ‘
HSLEM=RSL L= (Q29M/7G2BM) Q2 TM=Q23M/D SR

BLPMaBL ] ~G24M- (Q29M/Q28M) #UW29K-Q2 1 H

STHESS CALCULATIONS CONDITION 2




«15
364
345
346
367
62l
622
348

602

601
603

1352

805
aQ7
Loy

BO9
&£06

SHAPx (L 2P HH2+FPLp*HAe TL2*HEeSL2POHI) 7 {L®Q1 2022 (BeG0))

SHAME (B ZMPHR ¢ FPL20He s (FAR=THS®AT) $HoeSL2MONS ) / (LOBL #8208 (BeBO) )

SHSZ2P= (HSL2P¥XT/2,) /(L2Ge* 2% (BeG0) !
SREEM= (HSL2ZMAXT/2,) / (LYGL*92% {BeGO)?
HPReaMPEs (L¥Glevle (B60G0) )

SBegsTuM/ IR

SPA2=bF AZ/AN

SCEBen(

SCEAZzY2

SKEPEMU2P@ (] .333eXToCle) )/ (LORTHRZ2e (B+80))
HRAMSMUZM® (1 (3330XTOLCEsL,} /(LeXTRe24 (BeGO))
STEPEMUZP® (Y IXTHE2®g) ) «245R2P
ST2M=MO2M®(Y/ (ATo0288) ) «2eSR2NM
FOS2apLP/ (TODePlaXT)
SSC2aSL.2M/ L ((Be2,0TA)EB2=BRR2 0P ]/6,)
BTS2PanL2P/BTA(])@BN)

IF (BTSeP-BY/FS2) 34493444415

iF (s 001=8NI) 344,344,313
IF(Sn2P=FY/FS51) 34593450302
IF(ST2P=FY/FS5)}366+346,302

IF (FSSEe-PSU/ZFS1134793470302
IF(5SC2=5CYy/FS]1) 348,348:¢621

PRINT 62¢

FORMAT (J3Xe19H SSC2 EXCEEDS LIMIT)
XA]3=SHZP+SB2+SPR2+SPA2eSRS2P
AA2==SCEAZ+SR2P

XA3=xS5TCP
NALIS~SHZM=SBZ+SPR2+SPA2+SRS2N
NA2F=SCEAZ+SH2M

NA3EST2M

EXAZSo I0TL1®((XALXR2)#P2e (XA2=XAJ) #@20¢ (XAI=XAL) #82) 06,5
ENA2=.7T071i® ((NAL-NA2) 4824 (NA2~NA3) #6024 (NA3=NAL) ®RZ )08 . §
XA1zAAl=5PA2

NAl¥NAL=HPAZ

1F (ABS(XAL) ~ABS(NAL)})60206020601
CMAXZASNAL

CMINCA=xA]

60 TO 603

CMAXpASXA]

CMIngasNAL

EAzAMAX]) (ABS(EXAZ) s ABS(ENAZ))
IF(CA-FY/FS51)135%2,135243062

CALTPAS (CMAX2A~CMIN2AY /2,

CMNZA= (CMAKZACCMINZA) 72,
FALIZ2A=CALT2A®FSE ]

SALTZAsk ALLTZA

SMNZATLMINZA

SCHK2AIABS (YMNZ2ASALT2A)

IF (SCHAZA +bTe FU)S024865

IF (SCHRZ2A=FY)B06,806,807

1F (ABS(SALTZA)=FY 808,808,609
SMN2A=FY~5al. 124

GO 10 Ho6

SMNZa=0,

SMAXPATSMNZAL ALT2A
SMINZAZSMNZA=SALT2A




1380
1351

7000
70l

1363

129
605
604

1362

810
8iée
813

8l
81l

1360
136}
700¢
1603

380

HC1=SMINZA/SMAXZA

Mz

MzM# )

IF (RUL=R(M))135]147000,12350
FFECnas (L (R(M)»RCL) /(RIMI =R (M*1}) )4 (FF(M)=FF (M=)} oFF (Ma])
¢C To 7001

FrCehzr§ (M)

CONT INUE

IF (ABS(SMAX2A) ~FFC2A) 136313834402
AHI2SHEP+HHZ~SPR2+SPA2-SRS2P
RU2E-SCEH2+SR2P

A Ixg T op

NE I 2SH2M=SB82~-SPR +SPAZ=SRSZM
NH2E=SCEH2 ¢ SREM

NB3I2ST2M

EXBEZ, 0711 %({KBLl=XB2) #9802 (XBR2=XBI) ®92¢ (XBI=H D)) #92) 0x &
ENBEa JOTL1®( INBL=NB2)#82+ (NAZ=-NRBJ) #82¢ (NBI=NSl) #ED) 0 g
Eb=AMAX] (ABS(EXBZ) +ABS (ENB2))
X1 =2An]1-SHA2

NY1ENBl=SPAC
IF(bo<FY/FSL)T20,720,302

IF (ABS (XHB1)~ABS (NB1) 1 605,605,606
CMaxcu=NB]l

CHMINZB=XH)

GO Tu }J3e2

CHMAXZHE B}

CMINZHaNB]

CALT2H= (CMAX2B-CMINZB) /2,

CMNCHz (CMAKZBeCHINZB) /2.
FALT28=CALT2H®FSF]
SALTCBsFALT2UeKTF
SMNCU=CMNZH®KTF

SCHK28=ABS (SMN2BSALT2B)

IF (SUHR2B.61, FU)4024+810
JE(SCHRZu=-FY)B1],81),8)2

1P (ABS(SALTZHE) -FY)B813,813,:814
SMN2u=F Y~SALTZ2B

00 TO =1t

SHMNZo=y,

SMAZP2BsHMNEb ¢« SAL T2R
SHMINCH=SMNZH-SALT2H
RUZESMINZB/ SMA XS

Mz

MeMe ]

IP (RUL2=R(M))1361,7002,1360
FFCom ( (RIM)eRC2) /7 RIM: «R(FM=1)18(FF (M) =FF(Mmli)»FF(Me)}?
GO Y0 003

FrCeusFF (M)

CONT INUE

IF (ABS (SMAXZB) =FFC2B) 380, 3804602
LOAU CALCULATIONS CONDITION 3
F3xbPp

IUMJ“QQ

FAIzp 3o (Pl/6.) e (deep)
FRLIBIN(PL/9 ¢ (SO0eRZagan2)
TL3=sfFA3




lMP3*((L“HU“bO“ﬁZ¢FE)/(¢91~V))*(CI“B*'R"GAMMAOP3/(KT'(K?"ZOC@“GE’G
SHAMMA) ) )
@WIlz=FrL3-T0.3
QIRsbPL 30R9=MP3s (PIaP]eReSX) exXT/2,=TLI®HS
B33%e (PIBE(BeTA)) /L6 TARSEE ) = {PIBE((AB) /2s)) /(4,2 {(A=B)/2.)®
1 k)
Wi4=awd3leDBA/ (DBA-DSA}
WISFOF A, (LUBA=DSA) # (H2+H3) )
W3I6ZH2Y03]1eW32
W3T-DFREAT/ (2, 0DS5R)
W3IBTL A +QITORT/2e~@R35¢ (H2oMHI)
W39==(U33/05RI#(XT/2,)+Q36+Q36% (H2¢HI)
MO3=MQ)~wWw39/Q38
SL3=SLI-w34~(W39/Q38) #u35
RSLI=zRSL1=(W39/038)*Q37~-@33/DSR
BL3ZoL]=W36=(W39/038)¢035-03]
LIF (51.3-M59.3 33143904390
STRESS CALCULATIONS CONDITION 3
390 SH3S(BL3®H2+SLINPHIFPLIHA+TLINHG) / (L¥GLaw2¥% (BeGD))
SRS I= (HSLIMXT/2,) /(LeGlee20(BeGO))
SPRIZMPI/(LP0)eu2a(geG0))
sB3I=y,
SHA3=F A3 /AN
SCEH3=0.
SChag=r3
BRIZMO3% (1 e 3334XTOLCEN] ¢) /7 (LEXTS2208 (BeGO) )
STIZMO3e (Y/ (XTeo2a8))=Z#SRI
FSS3=HLI/ (TOD®PI®XT)
SSCI=SLI/(((Be2.,¢TA)@n2wpeaR) 0P /4,)
pl1s5d=zeL3/(8TA () *BN)
IF(B7S3enY/F52)2346,2346,416
416 IF(4001=0N1)23644,2344,313
2344 IF(SRI=FY/FS51)2315e23159302
2319 LF(DT3-FY/FS)1)23164231649302
2316 LF(FSSA«FSU/FS]) 231742317302
2317 1F{55C3=SCY/FS])})233002330+623
623 PRINT 624
624 FORMAT(INIOH SSC3 EXCEEDS LIMIY)
2330 Xai1==SH3+sn3esPr3asPAleSRSI
AAZ=-SCEL 3SR
XA3I3ST 3
NAL=S«5r3=5H3+SPR3I+SPAI+SRS)
NAZ==SChAa3esSK]

NA2=CT 3§
’ EXA3S. 0711 HUIXAL=XAR) P92+ (XAZ=NAZ) #0206 (XAJ=XAL)*®2) 0w ¢
ENA3= L /OTLILI®UIN 1-NA2IW®24 (NAP=NAJ) #0226 {NAS=«NA])®*8D) 00 5
EAhz=AMAX]L (ABS(Exr3) AHS(ENAD) )
Ib{eA-FY/FES51)2363,3020302
2363 XBlIS5H e I=SPRI+SPATI-SRST
AB2z-5Ctd5+5R3
AHIEST 4
NB]ISHI~SBA=SPR2«SPAI~SRS
NH2Z=SCE 3o SKS
NB3I=gT 3
ExBIs, /071126 {a8l-XE82)0682s{RHE2=XR3]®*n2¢(XAI~ABl)®D)»s, 5
ENBI2. 707110 LINBLI-NE2) P92+ {NU2-NBI) 222+ {nNBI-NUL) B82) 08 . §

is

o A L




c
23713

417

4344

5390

418
53446
5315
546
S317/

625

626
$330

EowAMAXR] (AWS (12XB3) yABS (ENB3))
P (ER~FY/8S))2373,3025302
LOAU CALCULATIONS CONDITION &
PaxPy

FAGEP4® (PL/4,)® (BWe2)
FPLARPA® (P ]/4,) e (S0Da"2 Brel)
TLenb A6

BLoe=mFPLG+F A4

STRESS CALCULATIUN FOR CONDIYION ¢
BISa=uL4/ (BTA(L) #»BN)
IFiDTS4~HU/FS2)%384947364,4]7
JF(s00)-sNT)43464,4344,313
LOAU CALCULATION CONDITION S
PSR I M

FASSPS® (P1/4,e)® (Bue2)
FRLY=PS® (PI/7%,) % (S0Dse2.ganl)
ILSSF AL

MPSs ((LOMUCGORB2uFE) /(,9)8V) ) # (C,2B0n200AMHMARPS/ (XT® (XToe24C24GE+6

1AMMA Y })
U518=rPL5=TLS
0523 =FPLO*HG=MPSs (PSEP]oReSX) #XT/2,=TL5#HS

WSz (POCH® (HBeTA) ) /(S RTARSEE) = (PS®BS( (A¢B)/24))/ (4% (A=B)/2+)%

1Ft)

W54z=Q51*0HA/ (DBA=DSA)
USS=UFas L (DBA=DSA)® (H2+HI) )
UbesH2#EH ] +05€

WS T7z-DF REXT/ (2,0USR)

ubﬂ"l.‘uS?’ (XT/ZQ)'st“ “1?.’”3)

W59%= (WG J/DSR) # (XT/2.) +@56+0594% (H2¢N3)
MOS=M01 -ub9 /028

SLO2ML 1 -056=(059,058) #0585

RSLS=KRSL 1= (059/058) *Q%7=053/DSR
Bl.S3bL 1 =S~ (059 /058) #055-Q5]

IF (SLS=MSL)331,5390¢53%0

SHS X (Bl S*H2¢SLSOHIsFRLO®HA«TLE®MHE) / (LGl ea28 (BaGO))
SKS3=({RSLO®RT/2,)/ (LeG)®®2®(BaG0))
SPROEMPS/ (L®Gl#e2s {BeGD))

SES=20,

SPAYzF AS /AN

SCE"R:Oo

SCEAS=PS

SRES=MOS® (1 ,3330xTelLCEelo) /iL®XT ™22 (8+GD))
STSsMOSR Y/ (RTee2eB))-205RS
FSSHaul 5/ (TQnepPI#xT)

SSCHaSLES/ (((Be2 , 9TA)Re2.B222] 6P /8,)
BYSS=spLS/(H8TAL]) %pN)

I (BT195=8YR/FSCIH344,5344,418

1F (oD 1-BNI)15364,53446,313

IF (SRS=FYKR/FS1)593159%531%: 302

IF (DTS- YH/FES) 153169531 £,302

TF (FSS5LFSUZFSTIL3LT4531T74302

1P (55CH=SCYR/FS135330,53304625

PRINT 626

FOAMAT (3IX,19M SSCS EXCEEDS LIMIT)
SHl oK

SRS 1z4xS




5602

5601

5603
%352

815
817
Hls

819
8le

5350
5351

7004
700%

5363

SPR1=0.

Sul=u,

sPal#g,

SCEHIs(}o

SR} 8SR

STi=>T

SCeAa =0,
KAl3=5Nn5e5H89«SPR5+SPA5¢SRSS
KAZ2==SCEAL +SRY

XA3=EGQTY

NA)LZ=SH1=S8) +SPR1+SPAL «SRS]
NAZ2==SLEA) +SR]

NA33ST1

EXADZ, 7107112 ((XALl=XAZ) #9220 (XAR=XA3) #6234 (XAJeoXAL) ROQ) 00 g
ENADZ, 707119 (INAL-MAR)} #0824 (NA2-NA3) #62¢ (NAZ=NAL)#®2) 84 &
IF (ABS (XAl ) =AHS (NA1) )5602,::602,5601
CMAXSA=NAL

CMINSA=XAL

60 TO »o03

CMAXSA=xA]

CMINSA=NAL
EAzAMAKy (ABS (EXAG) ¢ ABS (ENAS))

IF (Ea=F YR/FS1)5352,5352,302

CALTSA= (CMAXSA-CMINSA) /72,

CMNSA= (CMAXSA+CMINSA) /2,
FALTSA=CALTHA

SALTsAzF ALTHA

SMNSA=CMNSA

SCHKYAZABS (SMNSA«SALTGA)

IF (SCHKSA LGT, FUR)AS0,815

IF ASCHRSL=FYR)B16.8164817

iIF (ABS(SALTHA)-FY)}B818:818.819
SMNSAzF YR=SALTSA

G0 T0 816

SMNbYAzY,

SMAXDAZSMNSA+SALTSA
SMINSAZSMNSASALTSA
RCI=SMINSA/SMAXSGA

M=)

MzM»

IF (RUL=H(M))535),700445350

PRECORE ((RIM)=RC1) Z(R(M) =R (M=1)})®(FF (M) wFF (Mwl} ) ¢FF (Ma])
60 To 1005

BFCOanbF (M)

CUNTLINUE

It (ABS (SMAXSA) -FFCSA)5363,4%363,8%0
XpH]2+S5HS+SHH=SPRS ¢ SPAS=-SRSS
XB2x=SCLu5+SR5

X 48Ty

NB1Z*SH]=5K] -SHR] «SPA] =SRS]
NH2s=-SCEB] »SR)

NH32gT ]

EXHOT TOTL1¥{(XB]=aXB2) @82 (XBP-XB3) *#2¢ (XB3=XB])#*2) %0 g
ENHOE, /07112 (INBl=NB2)®02¢ INEZ-NBI) *22+ (NBI=NBLl)*"2) % K
thz=aMAL]l (AHS(EXRY) ¢ ABSLENBS) )

1F (En=~F YR/FS1)T72)e7210302

ISR




T21 TP (ABLIXEI Y ~ABS (NB1))D605:5608,5604
5605 CMAXHHaNS]
CMINSHaIXH)
GL To ss62
5606 CHAASH=YB]
CHMInDU=NBL
9362 CALTSH= (CMAXSH=CMING®E) /2,
CHMNOEs (LMAXSHeCMINSH: 72,
FALTSBaCAL TYHH
SALToBsk ALTHSHYKTF
SMMNOEZUMNSB*K TF
SUHRALH=ASS (SMNSR«SALTHH)
IF (SCHASE 26T. FUR)IB50,820
H#20 1P (SCHRSU=FYK)B2],821+822
B2e 1P (ABS(SALTHH)=FYRIB23I,E23+826
823 SMNDbzbh YR=SALTSp
GU T HZ21
#2646 SMNSo=0,
B21 SMaXHB=SMMSB+SAL T8
SMINDHISMNSB=SAL TsH
RCZESMINSH/SMAXSE
M= 0
5360 MzMs])
IF (RCZ2<R{M))IEI6)19T7006:5360
S361 PFCOBB((H(M)~RCRI/(R{M) =R ({M=1)))B{FF iM)=FF (Mul})oFF (Ma})
60 To /007
7006 P CobzrF (M)
70607 CONTINUE
IP (ABS (SMAXSH) =FFCSB)IH¢03:5403,850
C LOAY CALCULATIONS CONDITION 6 COLD.
5403 Pb=P¥
FAGSPE®IPL/4,) #(Bavy)
FPILOzPhe (P]l/4, )@ (S0Lwe2-Bawnd)
1L6ZFAGs .S THY®AT
MPES ( (LeHO2O0#®R28FE) /{,9192V} 1 # (ClOelee2aBAMMARPE/ (XTH (KTSe0C20GE 6%
1AMMAa)))
MLaaM( 2
MUTORZ (PL/3e)® (Boa21a (RETA®02) 0 { (FEOTWO®3) /(12,0 () ~FMUs82) ) ) WFTES
TLDTCIY* (LlesLETARKT)
MHTGOEZ (PL/3, )% (Bee2) # {HETARO2) @ {{FERTWO®D) ¢ (12,00 ) qoFMy@ag))) »¥ TEe
1UTALY e ()l 4+ BETA®XT)
MHTUOHZ~-MHTGO
THINI=TMIN
TMINZ=ITMINeDTC]
TMINGaTMIN«DTC2+DTCH
TMARLI=IMAX
TMAAZ=TMAR=DTH]
IMAX Sz | MAK«DTHZ=DTHI
wblizwlyhetPL6
V62U (PR PIRNRSH) 0XT /2, «FRLo*H4=MPHeME 6o MCTEE-TLHVYHS
GOAI=(POUBL (HeTA) ) /{8 ,eTRYSEE )~ (PORYS { (AR} 78137 (N, 2 (A=B)/2.)%FE
1) =F Ve o (TMING=T0, 01 (BeTA) /2, +STER (TMINL-TO, 010 (BeTR)/2,
WH4LZ ( (= dB]CUOBLY /7 (UBADSA } + (RERO (KT eRX) oBYER{TMINI=TO(0) ®{She T)
1«STEeS A8 (TMINYI«TO,0)»FTEOXTO {THMINR=TD.0) 1 7(DBA-DSAR)
WBS5CaUr A/ ( (M2 eH3) 2 {UBADSA)}
WeAC=H2oub L +062C




6390

WOETLz=UFMN®RT /(2. 2*DSR)

WOBLE] . eWOTCH (AT /2,.) «065CH (HRH2)

QOICrw (QEIC/DOR) # (KT /2,) +Q65CeQAAL® (H24H3)
MOBEMO L =069 /W6AC

SLEZSLI=W660-(Q69CL06BC) #QAOSC

RSLO=RSIL I~ (Q69C/068C) #Q6TC~063C/08R

BL6=0L 1=uwb4(~(Q6YC/QABBC) #Q6SC~QA61C

IF {5L6=MSL}33196390+:6390

ROICN==TLh-FPLE

BOEPLHs {PO?PIeRaS ) OXT /2 o =oFPLOCHG=MPEeMTTGH=TLHEMHS

GOILNS (POERH (B TAY )/ Lo PTARSEF) «(Po®E2 {(A28)/72,) )/ 4, *{{(a=B)s2,)*F
1R) =P HEC(TMINZ=T0,0) % (BeTR) /2. +STES(TMINL=T0.,0} e (BeoTA) /2,
WOGUN={ (=io JCN#DBA) Z/ (DBA-NSA) )¢ (BTE® (TMIN3=T0e0) ® (SHeXAT)nSTERSX®(T
IMINL=Tu,0) =FTEoXTo (TMIN2=70,0)) /{DRA=DSA}

QOSUNZUFAY ((H2eH3) @ (DBA=DSA) )

WOECN2ZM2¥R@EICN+QE2CN

QOETCN==PDFHEXT/ (2 4#ISR}

WEBUNE | (tUOETONS (XT7/P4) »QESCN® (H2 oM 3)

WOYCNZ = {WOICN/DERY B (XY /20) *QBO6CN+QOGCN® (HP4H3)
MOGUN=MULl=G69UN/Qe8CN

SLECNSSL 1 =064 CN- (G6YCN/QEBCN) #QOSCN

HSLO(N=RDL 1= (QEICN/QE6BCN) #WaTCN=-Q&E3ICN/DSR

Blelhznl 1 ~WU66UN={Q6F9CN/Q6BCN) ¥Qe5CN=Q61CM

C STRESS CALCULATION CONDITION & COLD

41y
H ik
Gl
HB3ibh
sy
& o’
[
LREN

&36;:

SHEUN= (BLOCK*H2«SLOCNSYHI+FPLOYH4+ TLO®HE) / (L2GI292% (Be(0) )
SRSOUNS (HOLOIN#XT /L) 7 (LEG)IPR28 (He(0))
HSPROCN=MPH/ (LPGLee 20 tReGO))
SCGOLNEMLTGOH/ (Lo 1ee2% (BeG0) )
SHACINT S TueM/ Zid

SPAGCNZF A6/ AN

SCEHLC=0.

SLEAGG=FE

BIGEWEMUBINY (Y ((Toepug) ) «L8SRECN
FSSOEN=BLOCN/ (TGhePlaXT)
SHCOUN=ILECNS LI (Be2o0TA) *02-HouR2) P /4,)
BYSOUN=HLOCN/ (BTAGL ) oBN)

TP (BTSOUN“BYC/FS316344:56344+419

PP (s 00)l=pNI)H344,6384:313

18 (PO UN=FYC/F51)6315,63154302

I (STHUN=FY(/FS1)16316:06316+302

L (P OSHON=FSU/FS))6I1Tv033 70302

I (95CHUN-SCYC/F21163306633048627

FPRINT &S24

FORMAT (3Ahe2)1H SSCAHON EXCEEDS LIMIT)

K 1T =S CHeSBOCN+SPRECH v SPAGINSSRSOUN-S5CG6CN
Kaes -SCERAGC«SRHECN

K& 3IsnTolN

EXAGLAEFOT 181 {XAY-XA2) 90 2e (XAZ~XKAZ)®RZe (XAZmXh)Y)ne: on &
[ YN -E Y

I F YU /PS1)638346363,307

AR L2 e snO N SHOCN-SHFREIN*SPABCN=SRSCON+STGHON
ABPE=STE LT SRECN

K5 355§ (N

EXBOUNC FOTIIO (AR “XHZ) e le (XH2~XHI) 282 (XBI-28)) 0821 00, %
Brizb apegM




C
6371

IF (e YL/FS))6371463T719302

LOAU CALCULATIONS CONUDIYION & HOTY

WolHnes=TL6=-FFL6

QE2N=(PEUP e PSX) #XT /2 o =FPLO*HA=MPE=MCE*MMTGOE=TLH?HE

WEIAZ(ro®u? (BeTA) ) 714, #TASSEE )= (PH2H#® ((ASB) /201 ) /(4 # {LA=B) /2.)"FE
1)FTER{TMAXP=70,0)2{BeTA)/2,+STE® (TMAX1=T0,0)®(BeTA}/2,

Wo4N= ((=QO61IHCDBA) /(UBA=DSA) ) ¢ (BCR® {XTeSH) oBTE# (TMAXI=T,0)®{SXeXT)
1=STERSAS (TMAXI=T70,0)~FTESXTE®(TMAX2=T0,0))/(DBA=DSA}

WoSNePF A/ L (H2oH3) # LUBALDSA))

WOHENEH /W06 He 62

WHTHz=UF R XY/ (2, 5DSR)

SHAE] L eWOTHS® (KT /2,) ~WQ65H* (HZeH3)

Wi 1ze (UAIN/USR) B (XT/72.) ¢+Q66HeQO4H® {H2+HI)

MOEREMO L =UBYH/ Q68K

AHE5| ) «lebH= (WaGH/068H) 0@ K

K OH=ROSL) = (WO9H/Q68H) #Q6TH-Q63H/USRK

BLEMSOL ] ~WO4H=- ((E9H/QLBH) tQOSH~QOIH

£ (SL6H=MLEL) 33]1,82390,68390

. nNz=lLb=FPL6

Qoo INT(PERPIVBaSX)#RT /2, =FPLOWHA-MPEsMHTGE-TLO®NHS

WOARNT (PoHE® (BaTA)) /(4. *TARSEE I » (PEPRB((AeB) /2,) )7 (6.5 (A=B)/2,)®F
IL) aF TE® (IMAXZ2~T0.0)®(BeTA)/72,¢STEP (TMAX]=T0,0)0(BeTA) /2,

WoarN=( (~W6L1HNODBA) Z/ (DBA=DSA) ) ¢ (BTE®(TMAX3=T0s0) ®(SXoXT)=STE@SX® (T
IMAX1=70,0)=FTEeXT#(TMAX2=70.,0} )/ (DBA=DSA)
WOSHNzUF A/ ((H2+HI)* {DBA=DSA})

lJbeN:HE'UblHNoubQHN

QO THN==DFReXT/ (2, 40SR)

WoBHNT) ( sWETHNS {XT/2,) ~QESCN® (H2eHI)

W6SHNZ= (OIAN/DSRI® (KT /2,) *WO6O6HNNCQOGKNY (H24H3I)
MOSHRNEM) ]l ~QO69HN/Q&ANN

SLONNzOSL 1=Wb4HN= (Q6FHN/Q6BHN) #Q65SHN

HSLOMN=ZHOL 1 = (U6IHN/Q6BHN) vQ6THN=Q63HN/DSR

HBLORANZO| 1 =Q64HN- (QEFHN/QHAMHN) *Q65HN~Q6 ] MN

£ STRESS CALULATION CONDITION & HOT

420
Bieh
KH3ln
Ril6
831/

629

630
8330

SHENNZ (RLOHMNTHZ « SLOHANSHI+FPLEPHOE ¢ TLOOHE) / (LPG)#*2% (Bo(0) )
SHSENNE (ROLOHNeX1/2,) / (LeGl#eCe (BeGO) )
SHGOCNZMHTOL/ (LG #®28 (ReGO) )

SPROHNZMPE/ (LOGloe2® (ReGD))

SHOrNz 5o THM/ /K

SPAGMN=F AL /AN

SCEd6n=0,

SCEAbH=Fo
SHOENNZMOOHN® {1, 3338XT@ L Clel )/ (LPKT®*2,%{B+G0))
STHEANZHMQONNY (Y/ (XTeele) ) =L *SREHN
FSSORN=LOMN/Z (TODePLeXT)
SHCONMN=DLOHN/ (( (Be2e#TA) a2 u)epP]/4,)
BISOMN=SLANN/ (B TA(]) 2BH)

1P {BTSonN~BY/FSI)RIG6+834646:420
IF{.00l=pN]1)BI64,KI44,4313

I (OR6NMN-FY/FSTIIHILIDH8315,302

LF (STENnN=-FY/FS1)8316,83164,302

LFE (F5SHrN-FSU/FS1I1R31T+83174302

IF (OSConN=SCY/F5118330H330+,629

FRINT &30

FORAAT (3Re21H SSCH6MN EXCEEDS LIMIT)

AR T=SNAHNCSEPHN SPROHNSSPAOBHNSRSOHN-SHGOCN




B363

8371

LAY

873
H712

871

1000
1001l
333
Tel
128

2HOO

XA2==SCEAOM+SREMN

XA 3=oThrHNI
tKAoHN:.iOIll”((AAI-KAZ)“r2‘(KAE-XA3)“°20(Kl3wxﬁ1!"2)“e5
EAzb XAnHN

IF (LA=-F Y/FS]L)BIBI 3020302
AB12¢SHOHNsSBOHN=SPRLHN -+ SPAGHN-SRS6RNSHESCN

A= =50LBoH+SREHN

X 32§ ToHN

EXBONNT « TO711# ((ARLI=XBR2) 202+ (XBP=XB3)e#2s (XBI=XB1)0#32) 20,5
LSt XBOHN

IF (E=-rY/FS1)18371,4302: 302

LOAY CALCULATION CONMOEITION 7

Piz(e

FAT=V,

FPL =V

TL7Z e THBS®AT

WT12 (DFR/USRY® (XT/72,)0(XT/2,)

W72=tOFA) /7 DBA=DSA)
W73=TL/4UHAY (H2+H3) /(DBA=DSA) =TLT6H2=TLT #H5
MOT7=MUL~-W/3/{].=W71=Q72}
HSL]:HhLl-(MOI-MUI)'DFR“(XYDIZ.'DSR
5L?=bLi-TL7“DHA/(UBAoDSA)—‘MOl«MOT)“DFA/((N20H3)'(DBA-DSA))
BL7=BLLI=-SLI+SLT«TL7

LF (0,001 =BN{)BTL+8704870

BTSCHRSMAALF (HTS2P+BTS39BTSHMN)

IF (BISCHK LT, 0.83%8Y/FS2)873,871

IF (BTS5e «LTe 0.,832BU/FS2)872+871

HN]1 = (BNoTSCHROFS2) 7 (0,834BY)

BUNZ2= (P 12BCU) /(2.4 {BS(])eXT)) 22,

BN=MAXLF (N1 sBN2)

NBz=BiN/ 2,

N=2%NH

BiN=lv

BNI=ZUN

11=1

BCL1l=6CD

GO Tu 1la

CONTINUE

T1zPLl/a,®1QLe82

BlzPl/4 . 2(TODe2 . #punl)es?
w07=e.~(Pl/«.*(A»oaurcnvuz-ﬁNoaH(1;ooz)'xT)OFRHOoa.OBNOPI/t.-(BS(I
13““8)“(5K01102.’85(I))“HRHO#Z.“BN’NNY(I)ézoﬂH0FRHO"1./3.'(81‘710(
lulellj e, =T1) =2, 8P /4,2 (S00ve2=-TOD®#2)® 0254FRHO-PI/4,#{SQD%e2~-(
1827,0TA)S#02) S LFGaTAN(PL/9,) oFRHO

TREZ(BLLIBS (1)) /7 (BN®S,)

IF (PI#HCU/HN=2, % (BS(1)eXT1)333,333,1000

PiRING J001

f OKMAT (3uH MAXIMUM SPACING NOT SATISFIED!

CONTINtIE

PHRINT T2t

FOQRMAT (I )

FRINT 728

FORMAT (29X 14H DESIGN OUTPUT///)

PRINT 2800

FORMAT (1 X« 2OHBENDING MOMENT AND STRESS)

PRINT AHO01

H-31




B ke

2801

2803

3001}

3002

30023

3004

3205

3006

joor

3008

3009

3010

3011

301¢

3013

3014

1 0%

91 0%

3015

3016

PORMAT (66X 3NTHM, TX ¢ INTHS )

PRINT 9020 TBM, THS

PRINI c8ud

FURMAT (7RyANTRHOS

FPRINT 9020sTRY

PRINT 3001

FORMAT (25H LOADS FOR ALL CONDITIONS)

PHRINT 300<

FORMAT (BA,IMMOL o 7TX e IMBL Ly TXe3HSL 16Xy 4HRSL L)

PRINT 90 0eMOL o8 1 o SL)Y¢RSL]

MRINI 3003

FORMAT (GReIHNMOZ2 ¢ TX e 3HBL2 ¢+ TXoIRSL2vE6XoAHRSL29TXoINMC2 9 TX o INMPZ)
PRINT 90209M02 ¢sHL22SL2¢RSL2/MC2 e MPE

PRINT 300

FURMAT (S5Xy8HMOZP X, oHBL2P 86X o 4HSL2ZP 5K o SHRSL2P)
PRINT 9020eMO2P,BL2P,SL.2P+RSL2P

PRINT 3009

FURMAT (DXo4HMOZM, 86X, AHBL2MoEX s 4HSL2M6X ¢ SHRSL2M)
PHRINT 9020¢MO2M, BL2M,SL2M,RSL2M

PRINI 3006

FORMAT (OXs3HMO3 7% e 3HHBLI s FXe IHSLIOXp4HRSLI; TX03HMPYI)
PRINT $5020sM03,8L3+sSL3sRSLIIMPI

PRINT 3007

FORMAT (5Xe3HBLS)

PRINT 9020.8L%

PRINI 3008

FORMAT (6Xy3HMOS 47X 3IHHLG s TXo INSLS +16Xs 4HRS| 547Xy IHMPS)
PRINT v020sM054BLS o SLSWRSLYWMPS

PRINI 3009

FORMAT (6Xe3rMO6o TXsINBLO s 7Xo3HSLOsOX s 4HRSLE s TX 9 3HMCE s TX 9 IHMPE)
PHRINT 9020 MO6+BLEsSLOEIRSLEWMEHYMPS

PRINT 3010

FORMAT (9K ¢OSHMCTG6 95X ¢ SHMHTGE)

PRINT Y020 MCTGEsMRTGE

PRINT 3011

PORMAT (59X s SHMOOCH s HX o SHBLOCN 5 X s SHSLBCN 4 X ¢ 6HRSLECN)
PRINT $020sMOBCNsBLOCNSLOCNIRSLECN

PRIN 3012

FORMAT (95Xs@HMOOH ,EXe GHBLOH 16X o 4HSLOM SR SHRSLEN)
PHINT 9020,MO6H BL6HsSLOHRSLEH

PRINY 3013

FORMAT (5K )9MMOGHN: DX s SHBLOMN s SX e SHSLEN 4 X 9 6HRSLOMN)
PRINT 9020 sMO6HNyBLOHN; SLEHNy RSLEMN

PRINI 3014

FORMAT (O6AsIHMOT o TX s IHBLT o TAe INSLT 16X 4HRSLT?

PRINT 9020.M07T4BLTe3LT9RSLT

PrRINE 9104

FURMAT (1A 2 THSTRESS CONCENTRATION FACTOR)

PRINT 9105

FORMAT {6Xe 3HKTF)

FRINT D021 eKTF

PHINT 3015

$ORMAT (¢BH STRESSES FOR ALL CONDITIONS)

PRINT 3Vle

FORMAT (6Xy IREXATX:IHENA, TR e IHEXBy T X4 3HENB)

PRINT 902UsEXAsENAsEXBIENS



PRINT 3014/
3017 FURMAT (SAAMEXAZ ,8X c 6HENA2 9 OX s 4MEXBZ s 6 X c 4 HENBZ)
PHINT 9020 eEXAZ oENAZSERB2 ENKD
PRINT 301y
3010 FORMAT (4o 6HUMAX2A 44X o 6HSMINAsSK e SHFFC2ZA 04X ) BHSMAKRB s A X s OHSHINZB
19X OHFFC2R)
PRINT Y020 SMAXIA SMINZAJFFC2A,SMAX2H . SMIN2AFFC208
PRINT &2
T22 FORMATISKr4HSHRP ySX ) SHORSZP v EX 9 4HSH2M e SK ¢ SHSRS2M e O X p AHSPR2, TX ¢ 3KSH
12 hAeeHSPAL)
PRINT ‘90609SHk_’,pgSRSZ‘VQSHZM.SRS?NQSPNZOSUEQSP‘?
HPRINL J23
T3 FURMAT (9K 9 4HSHZ2P 6 X s o HSH2M o OX 4 HST2P26R e 4HST2M)
PRINT 9020 eSRZPySR2M¢STEP ¢S TEM
PRINY 3401y
BOYY FORMAY (bx.4HtXA3.6Xo#HENAJoqu&HExH3a6l.bHEN33)
PRINT 93200 EXA3,ENAILEXBILENBD
PRINI 3020
3020 FORMAT (9As4HEXAS 6 X AHENAS 08X 4HEABS 6 X ¢ AHENSS)
PRINT 9020eEXASENADsEXHS sENGS
PRINT 3021
3021 FORMAT (AXe GHSMAXSA 94X 9 OHSMINSAsSX s SHFFCS5A 46X o GHSMAXEE 4 X 9 SXSMINSH o
1944 5HFFCo8)
Pr N 0209 SMAXSA SMINSAVFFCHSA,SMAXSBoSMINSB¢FFCSH
FRINT (24
T24 FORMAT (K9 3HSHD ¢ 6X 9 4HSRSS 4 TA s INSBS 16X s 4HEPAS o TX o IHSRE 4 TX s IHS TSy
16Xy 4HSHPRS)
PRINT 902Ua3HS,SRS59SBY 2SPASySRE,5T5,SPRg
PRINT 125
729 FORMAT (OXs 3HSH] 96X o 4HSRS] o TH s IHSBLeOX g 4HSPAL TX o INSRI 9 TX s IMST o
160X, *HSPRL)
RPHINT 9020.0H1,SHS]+sSBY (SPAL1sSR1ST1,45PR)
PRINT 3022
3022 FORMAT (SAs6HEXAGCNISX s 6HEXBOCNISX e OHEXAGHN e B X s 6HE XBEMHN)
PRINT Y020t XAOGCNGEXBOCNIEXAOGHNEXBOHN
PRINT 4ne29
3020 FURMAT (AAWIHBTS oS5XsSHETSPPo6X s 4HBTSIo6X o 4HBTS4 26X o4 MBTSS 94X
1O TSOUN»4 X yHRETSHHN)
FRIND 902048T5,8TS2PRTS3,b754,BTSS,BTS6CNBTSENN
PRINT 30¢3
3023 FORMAT (11 DIMENSIONS)
PRINT Zq0¢
28072 FOUORMAT (9A3IMH 64 o HHUS] ,8X o 2HGY 48X, 2HFR)
PHRINT «021erisHUBI 4Gl oFR
PRINT 3024
3024 FORMAT (ORe2HT W Tx o IMNTED)
PRINT JpeloiWe TON
PrING 40
302 FORMAT (OX ) IHA,IX, JHB 4 BR y2HRXT , TX o 348CD)
PRINT 902ledoneX1,8CU
PRINT 3026
3076 FURAAT (AR o3HSOy TX e IHSTD o TX o IHSEL s BK e 2HTASXSHELEGT)
PRINT 3021 e20UsSIDvSEL» TALSLEGY
PRINT do27
3027 FURMAT (bXeOHBS (1) 25K +SHBH (L) 4R ybHBTA L) saxsOHBWC (1) s6 X4 2HBN}
FHINT 9021 eHB5 () oBHELIWBTA(L) 4BWC (") +BN

B-33




joen

9103

994

PRINT 30¢b8
FORMAT (6A,3IHWGT)
PRINT 9021eWGT
PRIND 9103

FURMAT (IH])

GO T 9y
CALL EALY
r.ND)

1334




C

C

[}

PROGHA | RENP (TNPYT«OUTPUT . TAPESORINPUT) o
TYRF KEAL | TeMGL Kol CHaLCD ol ¢yMP2oMC2 eMOY pNAT JNAZ4NAD
TYPE WEAL NK] 4NH2yAHI9MO2 ¢MOPP gMOZHM e MP I MO s MP S e MOS s MO6C 4y MCO)y
TMCTGReMETNA W MOACN g MNAHIMOAHN ¢MOT o MH o MP 6
TYPF HE A KR
[YPE RFEAL MP] ¢MRP sMR2P sMRDM 4, MR3 9 MRE ¢ MRE(C ¢ MROECN s MRBH ¢ MROHN s MR T
TYFE Ke AL pwT
TYPE HEAL KTF
TYPF KEAL MSHLY
NIMENSTON ROLI)YoFF(11)sBH(15) sBNC(15) 4RG(16) oBTA(IS) sNUT (15)
NIMENSTOM DAF (15)
MNNZ A
TURE LOAG=TNPIL)Y ~
949 REAU 1070 ¢ TAMY
TF(ENk y6n) 09,997
TURF GEQWE TRY
97 REAN 1021 «eTONWTW]
1720 FORMAT (IF)1 04N
1021 FORMAT (HF10,4)
1022 FORMAT (MF10,9)
1023 FORMAT (21100
TURE MATERTAl PROPFRTIES
QEAD 1020 TUsTYeTFsTReTFRN
FlLANGE GFUMFTRY
LEAD) JO2YeATrlAT]
READ 1021 e510TWY
READ 1021 4FRT4FSFI
FLLANGE MATERT AL PRNPERTIFS
READ 1020eFUR
READ 102N 4F1jaFy sFSUsKFCYsFEsFGeFYOFYR

PEARD U2 or TV oFOYA B} . L

RE LD 1022 4FQHNFMUFTEFCR
READ Y021 e (R(NN)yNN=1v8)
READ 1021 e (R{NRN) gNN=Gsl])
READ 10Pne (FF (NN} ¢NN=]1¢R)
READ TUFi ¢ (FF(NN) «NN=9e11)
SFal GEOMETRY .
READ 1021 e8NNT¢STULsSELIsT .TeTACTWSLEGRTY
SFAL LOanS=iniyT
QEAD 1620 4RG.T4SSL TyMSLY
SFAL MATERTAY PROGFRTIES
READ 102N4SCYaSEFISCYCISCYRySYR
RFAD 1022 48TF
HOLT GLOMITRY
PEAD 10214 (RWW(NN) gNN=198)
RF A 10214 (RHINN) ¢NN2Q9]5)
READ 10Z ) o (RWC (NN) gNN=148)
READ 1021 ¢ (RWCINN) yMNEDy 1 8)
READ 10214 (RS(RN) ¢NN=] e B)
READ 10271 4 (RS (NN) yNN=Z9915)
RF AN 102) ¢ (RIA(HNN) gRNNEL$R)
REA 1021« (RTAINN) ¢NN2Ge 1K)
READ J02) ¢ (MNT (NN) oNNE1yA)
QEAD JO2) e (NaTINKM) JNN=F4]15)
LEAD 10Z2) 6 (DAF (NN) gNN=14H)
BFAD 1U2) o (DAF (NN) yNN=29615)

e et o s YT s+ =D




van T

MO T

RING

SYSTY

124

2020

2121

2nnn

2901

AN

20073

gi04

2009

An0

2037

2UMA

KO

2107
1

27460

Iyl
READ) 172 41 TeTnmAX
QF ab lhﬂﬂ‘ﬂw'
MATEM AL DPOPERTITFS
READ L1720 407 o0F ¢ Rl yAYC o HYR
QEAD L0227 ¢HCReBRRHO
GEOME TY AND DROPERTIES
DEAD 1Pty
QEAYD 100 D g QY gRSUIRCY SRF4RGHyRYCIRYR
NEAD 192N kCYCWROYR
READ [ N2P4RTF sRCR¢RRHO
FM PRESSUIRE ANMD TEMPFRATURE
REDB) Liop PP PHiPTMeTMAX TMIN
REAND LUZ2040 TICDT2CeNTICeNTIHAUT2HDTIAN
READ 1021 4FS1eFSP29FSI
NRINT /26
FORMAT (25X Y3HINPUT TO THE NESIGN///)
PRINY 2020
FORMAT (1A THiaF LOAN=INPUT)
PRINT 200
FORAAT (I g4RTiMY)
PRINT Y0 2) ¢ TdMY
PDRENT 20NN
FORMAY (14% THAF OGEOMETRY)
PHINMY 2001
FORMAT (AR IHTANGTX s INTW])
PRINT 96219700, Twl
PRINT 0P
FORMAT (250 T1F MATFRIAL PROPERTIES)
PRINT A0NnY
FORMAT (TX ¢PHTUeAKg2HTY ¢HX gPHTF 9 HX 9 2HTR(RX g4 HTFRO)
PHINT 4020 T e TY o TFeTReTFRO
PR{NT 2004
FOMAAT (1A FILANGE GFUMETRY)
PRINT 2005
FOURMAT 1T x4 294A T (S X9 GHMIIKTT)
PDHINT 9027 g AT 4wiial 1
PRINT 40D
FORMAT(3IXY a4 1NnTwWI)
PHINT 902y 4)NTW]
DRINT 2naYy
FORMAT (KX  IHF QT g AR 4HFSF T
EHINT Y0/ oFRT4FSF ]
PHINT 2004k
FORMAT (7 7m FILANGE MATERTAL PRUOPFERTIFS)
PHRINT ~NY
FORMA I (A Ko IHFIIR)
PHINT 9020 4F1Q
PRINT 2tny .
FORMAAT (7X g 2mF 1 g A ¢ 2HFY a TX o IHFSU e TX o JHFCY s RX ¢ 2HFE 9 BX ¢ 2HF G o TX g
JHEYC e I K g INFYR)
PRINT 0PN F 1 ¢FY b SUGFCYFEWFGeFYCsFYR
PRINT 2440
FORMAT (A X 44HFCYCebXeaHFCYR)
PRINT G2 FCYCFLYR
PRINT ¢#0rR

B-36




AUOR FORMAT (SX ¢ 4HERHNgSX o IRFMU G T 3 INFTE y TX o INFCR)

Q020 FORMAT (9F 10, 0)

9921 FOHANT (FF 10 ,4)

Qupp FORMAAT (HF) 0, H)

Q23 s0ORMAT (2110)
DHINT Y022 FHHNGFMIIWETE oFCH
PRINT ¢nrQ

2003 FORMAT (S g 4HR (1Y 96XeAHR(P) e AX 14K (3) oAU ¢ 4HR(4) 9 GX o HR {D) 96Xy
14HR(A) sEX yGHIR (T) sbX9aHKR{H))
PRINT HOP14R(1)aR (2 aR(3)gR(4)9R(S) «R{A} R(TI IR (B)
PRINT 2014

PHLO FORMAT (85X 4 6HRIQ) s SXeBDHKR(10) ¢ S5XeGHR(11))
PRIIT Y021 ,R(Q)4R(10)eRELT)
PRINT 201

P01 FORMAT (AX qQHFF (1) oSN oDHFF (D) 45X eSHFF {3) o SX o SHFF (4) 15X e SHFF (S) 95X e
1SHEF (H) s QX SHFF (7) «SXsSHFF (R} )
PRINT G0POGFF (1) oFF(P)9FF (3) sFrFLO) 2 FF (S)oFF(6) oFF () 4FF (8)
BRINY 2012

2NN 2 FOHMAT (4X (SHFF(GQ) «4XsbHIF ()
RPRIMT 9020 ,FF (Q) +FF(10)eFF (1
PRINT 20113

2013 FORMAL (14 SFAL OGFEOMETRY)
PRINT 2014

2014 FUOHMAT (S%4RSOANT 96X o4HSTIN] 4AX v GHSELT 06X o IHTAT aSXySHTAOY W4 Y ;6HSLE
1:71)
PHINMT G021 S0NTaSIDT«SELTIoTALSTAOTWASLEART]
PRENT 2019

2915 FORMAT (1AW SFaAL LOADS INPUTS)
BRINT 2614

2716 FORMATISAGAHOS) T44Xs4HSSLT ea4XsAHMSLT)
PRINT 9020,ASL TeSSLTeMSL]
PHRINT 2037

2017 FORAAT (P8p SFAL MATERIAL PROPERTIES)
PRINT 2014

ZH1A FORMAT (7L 43HSPY aTXes IHSEFE ¢ 6X s 4HSCYC 16X o 4HSCYR 9 TX ¢ IHSYR)
PHINT 9n2N ,SCY 4 SEEsSCYCeSCYRLSYR
PRINT 2019

2019 FORMAT (3X43IHSTE)
PRINT 9622,807F
PRINT 2027

222 FORMAT (14k HO T GFOMETRY)
PRINT 2023

P23 FORMAT (64X GHA(]) 9OX9HHRH(2) 45X SHBH{3) ySXsSHHH (4) sSX e SHBH(S) 95X
1GHBH(6) ¢ SX 4 &HRW(T) ¢ SN s 9HBH(R) )
PRINT 9021 gk (1) sdH(2) 9BHII) e RH{4) ¢ BRH(S) yRH(E) s BH{T) «BHI(R)
PRINT 7024

21246 FORMAT (44X oSHAH(Q) o4 X sbHBHe10) 94X eOHRLLT]) o8N e6HBHI12) o4 X s 6HBH (]13)
Ve XoRMBHI14) o4 o AHRHIL1D))
PHRINT SO0P)1eRA(Q) 4BH{10) oBH(11) +BHI12)+BH(13) +BH(16) yBH(15)
PRINT 2105

Po2g FORMAT (46X o RHAWC L) 94X o6HBWC (2) 94X s EHBWE (3) s 4 X o 6HBWC (&) 94X 2 6HBWC (S
1Y 04X e0H GO (A) 44X 90 HRWC (T) 46X e6HRWC (R) )
ORINT 902) 4HaC 1)) sBWE(2) yRWC () yRWC(4) RWC (D) ¢HBWC(6) yBWC(7) oBWC(R)
BRINT 2024

226 FORMAT (4X o AHRWC(I) v IXNsTHARWC (10) ¢ 3X s THRWEC (1)) s 3IX s THBWC (12) 93X,
T7HBYC O] 1) o 3X s 7HRWC (14) 93X« THRAWC (15))

0) 94Xy OHFT (11))
1)




PhEINT S9N21,Haf{9) sHWC (10} sHWC(11) oBWC (12) vBAWC (13) sBWC(14) +BWC(15)
PREMT 2027

NPT FORMAT (SX485HAG (1) g BRX1SHAR(P) s SX e SHRS () (5X e SHRS (4) s 5N ¢ SHRS{5) 5%
TEHPSIA) §RX G 3HAG (7)) ¢ SAWSRIEIS(AY
BHINT 9021 4RSS (1) 4HS(?) 9sBS(3) RS (&) yHS{5) ¢BS(6) 1BS(T) 4BS(B)
BRINT 2028

N2k FOrMAT (9X 4B ARS () 44X sOHBS(10) v X9 6HPG {1 1) 14X 16HBS(12) 16X 6MBS13)
Ve ReANNSI16) 04X yAHAS(]9))
PHINT 9021 4RS(Q) ¢BSL10)133S(11)9B5(12) 3RS (13)4KS{16)4RS(1S)
PBRINT 2029

2029 FORMAT (6% 3AHRTA(]1) o4X ebHHTA(2) y4X s BHRATA () 16 XsOHRTA (&) 14X o OHBTA (S
V) 28X ebHRTA(R) y4Xs6HATA(T) 4K &HHTA(RY)
BRINT 9021 ,RTA(1) sRTA(2) eRTA(3)9yRTA(4)RTA(S) +RTA(O) ¢BTA(T) yBTA(B)
PRINT 20730

2030 FORMAT (4X 4 AHRTA(Y) o IXe THRTA(I0) ¢ IX e THATAIT]) o3XsTHBTA(12) 93Xy THBY
VAL 03X, 7HRTA()14) 9 3Xe THATA(1S))
ORINT 9021 HTA(9)9BTA(LI0) yRTA(LL} oBTA{12)yRTA(1I3)sBTA(14)4BTA(]S)
PRINT 20873

2053 FORMAT (4X 4 AHNWT (1) s 4XI6HNWT (2) 94X 9 6HNWT () 96X s GHNWT (4) 04 X9 OHNWT (5
1) X OHNWT (R) g AX g OHNWT (T) 44X o &HNWT (B))
PRINT 902] yNWT (1) gNWT{2) sNWT () oNWT (46) sMWT (S5) sNWT (E) ¢dNWT (7) sNWT (8)
PRINT 2054

2084 FORMAT (46X eAHNWT(9) o IN o THANWT (10) s IX o 7THNWT (1)) o 3X o THNWT (12) #3X 9 THNW
YTOE3) s 3X e 7HNNT E16) o 3IX e THNWT {15))
PRINT 9021 MWT (9) oNWT(10) sNWT (11) oNWT (12) o NWT (L13) oNWT (14) oNWT (15)
PRINT 20738

209 FORMAT (4X o AHDAF (1) 94X e OHDAF (2) 94X 6HDAF () 94X s 6HOAF (4) 94X o 6HDAF (S)
Yol XoAHUAF (A) o4 X o AHDAF (T) o 4 X o AHDAF (8))
PRINT 2021,NAF (1) oDAF(2) oNAF (3) o DAF (4) ¢NAF (5) +DAF (6) yDAF (T7) +DAF (8)
PHINT 20139

2139 FOKMATL4X 36HNAF (9) 93Xy THDAF (10) ¢ IX9 THDAF (11) 33X s THOAF (12) 93Xy THUAF
V(131 e3Xe7THNAF (14) 9 3XsTHDAF (15))
DRINT 90214NAF (9) «DAF {103 sDAF (11)eDAF () 2)sDAF(13)9DAF (14) +sDAF(15)
ORINT 2080

2080 FORMAT (11w OOLT INPUT)
eRINT 208

AO81 FUMMAT (MAL2HTT¢3XeGHIMAX)
PRINT 9023,77,IMAX
pRINT 2N5p

2082 FORMAT (AX,3IHARNT)
PRINT 9021 ,KNT
PRINT 20131

2031 FORAAT (285K BOLT MATERIAL PROPERTIES . .
PRINT 2037

2032 FORMAT (WX, 2HRY ¢AX ¢ 2HHE ¢ BX 9 PHRU 9 TX s JHRYC o TX ¢ IHBYR)
PRINT B3020,R2Y,RF ,BUsHYCyRYR
PRINT #0133

29373 FOHMAT (AX4IRATE» IX e IMBCR46X s 4HBRHO)
PHINTY YNP2,RTF HCHyRANO
PHINT 2085

2085 FORMAT {3%,29H4 RING GEOMETRY AND PROPERTIES) -
PRINT 2054

2086 FORAAT (AY (4HRCDT)
PRINT S(21.M4CNY
PRINT 2047 AU S, L

POST FORMAT (77U 4214 RX g 2HRY ¢ TX e JHRSUyTX 9 IHRCY 9 AX ¢ 2HRE 4 BX 4 2HRG s TX ¢ IHRYC
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9110
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27
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Ve TAIHRYR) B

PRINT 9020 4R GRY ¢NSIUWRCYGRE 4yRGIRYCHRYRA

PEINT 0S8R

FURMAT (SX44rRCYCobXa4NRCYRY)

RFRINT 3020 RCYC+RCYR

PHRINT 2084

FORMAT (AXqANATE g TX 9 IHRCR ¢ 6X o 6 HRRHNG) . IO
PRINT Y077 yRTF ¢RCH ¢ HRHO

PklNT fﬁ‘{)“‘“

FORMAT (320 SYSTFM PRESSURE AND TEMPERATURF)

PRINT 2034 .

FURMAL (I g 1HP 9X ¢ 2HPP ¢ BX 4 2HPR g TX s IHP TM 6 X g bHTMAX 06X o 4HTMIN)

PRINT S020P P aPHePIMaTMAK:TMIN o . i e
PEINT Y081

FORAAT  (AX g4HNT1C 96X 44 HDTIC o AX g4RDTIC 46X o 4HUTIH 96X 94HDT2H 46X 96 HDTI
1)

PRINT 9020,NTICeDTI2CyDTICHOTIHIDTZH DTN

PRINY 2036

FORMAT (7Y g IHFS Ly (X0 INFS2 TR AINFSIY
PRINTY G0P1,FS1.FS24FS3

CONTTNUE

K OUNT=Q

TUHE CALCULATIONS TURE WALL 2TUBE RENDING MOMENT s TUBE BENDING STRESS
TWCS1 o 1%PPaTNN/ (P22 TY® o B&PP)

TW32] 1 #PRETON/ (20T U+ 8%PH) - R
TEFITFRO FBe N,0) GO TO 16

TWES | 1#PTMETNN/ (2.8 TFRO* ASPTM)

a0 10 V7

TwasTw]i

CONT ITNUF

TFLa 00U =Tw]l)1y)92 o e et e
Tw=lwl

0 To 3 - o

TWEMAXIF (Tw2eTw3eTuwé)
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TFITRMY ,FR, 0,0N1)544
THM=ThMY

O TH &

THMZ2=w® ahaTHTY
THMIAzWE (B TR

THMy=we ,SuTF
TREHS=MINTIF(TRMP s TEBM3 e THMG)
THMA=0D 4 (TNN+3, ) ®#3
THMaMINIF (THME , TRMG)
TES=THM/W . ) .
TMUSTUD=Tw

PI=3,.141¢ L.
TFITOB=3,0)2A426427

ALUZ SR TRGEP TS (TND=TW) #TW# (( 5+ .54 (TOD/3,))
c0 Tn 33

RLOZ , SUTRSeP T4 (TOD-TW)PTW . L
RLISMAXIFIHLO,SSI_I®*PT#TOD)

RNP 2/, e o } o o
1FITOD=3,0)16N0460,461

=1 e e i

RO T B2

B-39
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TOR
Foo
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1nR
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YT 4w

LT=P %iw

(0§

TE Lo =ip T 1) A4 e 639/
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N Ty Ky

GlsTwe=umTy
KETON=Y o YW

TR (o0til =k R1)y7TON,T0) o201
Fr=kl

o TN 10>
TRATOD=4 ) 703,7039704
FREN, 129

GN T (a2

TEALTOU=A,) 73547154706
PR gIRTR

nG T oo0p
TFLTOn=12 )y T0T4TaT4 708
ER=0,7%

"0 T Tog

FR=), 3178

CONT TNUF

QLbvuzuelenN ,ni2aTnY
STUS(THD=2,8T74)+2405 EG®Q, 15 . . e,
TA=TAUTWOT 4

SOJI=S[ue2 ,0TAe2 o5 EG

N3=STI+2,4T)

SLCOTI=RSLT#{SAN/1N3)/SCYR

SLEuaTE=N  Aae (000 ereed,g2100) /120

SLEITEVMDXIFISLFAT] 4SLEGT2) e
YARS XHSL T (SNN/NI)=SCTRG(SONSSON=DINNZ)y#SLEGT/ (S00#S00D)
SELER 4RSI T/ (SEYR®ALNGIDI/ZSTINY)
SXISFL/2,.N

LT=SFL/TA

TP (4,0=.T)Y19¢1947

TA=TA®H 098

O Tn 1S

T (e DNI=QNNT) ID4I2e 2R

CYCIVE ANV B

slu=sing

SELISKEL]

TA=TAl

SLEGT=ESLFENATY

SXISFL/Z

{ QA CALMYLATIANS

MSL=dL [ePTuSNN

PRELTAINARY WA T CALCULATION
A=daN

MU T =0l=T 4

ALFA=aTA (AT /(2.0 (RRGO) 08 5) )
NE(FR=FRaSTy (A FR))RTAN(ALFA)

Dlu=TaDed ,a(riiQl=y)

A1 (Re¥R DY/ {PTRFCY)+(RINeaD) ) #e 5

APESOU*2 4@ ((SLFEGT#RO*RSILI*FS1/FY)®®,8) . I
A3 SNU*? B (RS|_TeFS5]1/FSU)
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11¢
113
107
1009
1019

114

202

ASZSNINe 2 v (N, NARANTONR,00TS)
Az AAXIE (M) 4 2P 4 AF9ASs A}
Tk (-“‘nl"li‘)‘lnv‘lovll:;
axal
G0 I 10y
ARAG
TF(T=lran) 1154100991009
RRINT 101D
FORAAT (3K, 36HAN T REQUIRED NOT AVATLARLE IN TABLE)
AN TN 49
aCulsd+esH(T)
uCh2eluNe? ariafegdwC(l)
BCLI=MAXLF (RCDY 4ECD2)
YF i enO)1=COTI1150119s1l14
wCw=rCol
RN:HM[
1=11
O 1N 117
rRCusACLD . .
RUIESACDUPT /0 C (1)
ANEERMNZe o
f\jzzﬂl\lh
ahi=nN
gMI)=iael A
C=(2. %L+ Ny /3, . . U e
RCUERCNeP 6Bk ()
HE=0, 9% (C=(8*R)/2)
H3=0 D% ((AeR) /2, =SMD)
WAZ((8+R) 74,0 e (1,761 8 (SONRE2+50N*HeR#E) /(S0DH)
HOS( e O% (RCN~)
wo=((A=R) /4, )={Tw+rUBTI) /2, ) . B,
FLANGE ST7F CAf CHLATTON
H=EZ,NR{(Rann)ee §
K=A/R
TS ((RPK) 4 (] ¢0+R55266%ALOGBIN(K) 1 =1402/((1408720¢]),544800K0K)®(K=1],
V))
2 ((KPK) & (1 ,04R,5526698L0G10(K))=14)/(]1.36]136%(Ke0#2m],)*(K=1,))
YE(1oe/ (Ke] o)) (h6BEH*S, T TR ((KEK)SALOGIN(K) /(K¥@2=],)))
77 (KeKel,) /(row=]),)
Ze 909 =N 3]0 (G1/6021,4)~s16058(G]/GO=1,)00,5
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| Cox (/Y)Y ruNBGARe 2
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Cl=(Fost8 Sya (2 «FHI)/(4RFFO (1 ,~FMij#82),
r25(3a/(le=fFmlan2))ee 0 e e e e
FIS(10e (] (=F 4ijad)) 0826
COz{ (1248 (1 a=F)eaD) )82 ,26)/(2,%(] ,~FM)na2))
AF TA= (3@ (1lamFMjaa2) /(1 ((TON/2e)+GE=GO)nu2)® (GE)NN2) )08,25
HMOPS(HR*GF) a0,
GAMANS (GEG (FMaZ) # (1 ,¢CI8XT/HOP) )/ (1a+(CanReGER®I® (FMyel) 7/ (HOPEXT
1e3) ¢ (2+CAXT /HOP) ) ) e e
NTSFReoE e/ (1749 (] a=FMUBR2))




NEEFE AT aa /{1248 {a=FAlyital))
(BT 00 eb ) 27 () P M) ) RRKBEDs o) 8R) / ((kU0DPo] )8 (1eeFMi))@2,90})
AT=(01/a ) e (Taealdeapjttel)
JHEP LT a2 46062, 4G])804m (TON=2 , 2T W) a04) /(32,8 (TON«2.0G0+2,9%6G1)
11
AHZE (LT ONN=D 4042, 0(1) 482 (THN=2 ,#G0)) Ra28ep]/4,)
NEFrLECTINY RATFS
NSAS= (XY /(SEFFePT® (HeTA)®TA)
NORE= (HeTA) /(D 4R ]aSFLHTARSEF)
ANY MRAZ((SKexXT) 27 (AF@P(RAS([)I8R2/4,) )+ (RT+RZIT)/2,)/(RECRTA(T))
NHAZI)A /13y
NERS (a9 8y 2 (LaHNRGORR28FF)
NF ATl FHS (2843 0020 { ) o/ (P, aPTHFGRXT) YA OG{C/SMD)
1=(ATY /(I /4,)a(ARRP=RBeD)8FF)
NFEHZA/{DTORFa(RT®2TICALOGIRON/KID))
NHAZALURRE (HER8D ) w (1 o/ (2,9PT0QGORT) I ®ALOG(RCD/C)
1=(HIY)ZU(RT /4418 (RCHPE2=RINGD) #RE)
C RING CALCUI_ATTANS
KREIND/AT . - .
YRZI{] e/ {K2a) 1) (4AARED*S, P1 T2 ((KRUKR) BALNGLIO(KR) /(KRE#2=1,)))
RATIN=A/700
TE(RATTIO o1LF. 1107110712

711 <TFR2nel79@ ((INN/FH)IB®,5)e,914
GU TN MK

712 THARATIO (LE, 14227135714

T1Y RIF3N 2028 ( (TOAN/FR)#B,.9) + RE
GO T 1R

716 THFARATIO L1 Fe 1.5)71S0716

TI1v KTF=0e/338 ((TON/FR)®®,5H) 4,79
A0 T 714

T1A “TF2ne 2424 ((TON/FRIAB,3) 4,69

1R rONTINGF

C LOAD CALCHIATTIANS CONDITION 1 AND 2
pi=0.
pw2ap
THMI =0,
THM2= T4 e
MP2= ((LRHNaROaR8FE) /(«G18V) 1 (C1RBR8280AMMARPD / (XT& (XTH#2e(28GE®G
1AMMAY )
cAl=".
FAZRAMIOT /n,)a(Rue?)
FRLI=0,
FPL2=F2e(P1/4,) 8 (SONe®2=Resz)
RSLIsKHSLT#pT#50D

111 SL1l=wltd
MOL==RSLIEXT/2, R 19H2+SLT#HI
MCEsAINTF (1514828 (ReTH)#FESFCR) 9 (MO1@FERFCR/FYR))
A =R | 2wy

C STAFSS CALCUIATION CONDITION } R

310 SHE((L1eH2+8) 1aHI)/(LRG1#%28 (B+G0)))

311 SRS (RS 18XT/2,)/(L2G1282%(A+G0)))
QRN @ {1,333 Ta Ca+le)/ (LaXTRU2(B+G0Y)
STSANIW (Y / (XTee2py) ) =29SRKR
Sk=N,

SPIEN. ) ) o
SPA=A.

O




122
129
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4013
N3

Ile
315
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hAD
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40
AOP
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HO4

in/2
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1204

K50
Ak 1)
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i3n

SCrhax=ty,

Slehzl,

FSSZALIZ(TonapexT)

SSC=SLI/Z({(Rep 0TA)R®R=REaP) WP ]/4,)

RTS=RLIZ (AN®HTAL(T]))

SEHZ4 e 1 /(P (A#2«R[DO0N2))

STRz (MK sYQy/z(QTe*2eQ10)

RYS=HLI/Z(AspTaaT)

THASFH=FCYR/2,) 12121210122
TF{e01=8T1T)12141P1e120

Azhe NS

RO In 114k

TE(RTS=RYR/FS2)314¢3140903

T (D= l1)3iae3IL 2311

T=1+)

GO T 107

TFISReFYQR/FSIII1S¢3150307

IF(ST=FYLU/FS)) 3163169302

V6 (FSS=~FSU/FS))31T4317+302 Lo
(F(SSC=SCYR/FS)) 31892184619

PRINT nh?20)

FORMAT (I 414 SSC EXCEEDS LIMITH
TFISTH=RYIR/FSY) 319e3199307

THF (RS3-2SU/FS1) 3304330303

TEAHIBIT JLTe 0a0UL)R024302

TF(OLOTYT 1T, N,U01YBO&.R03

GLUTYEO6] /Ty

TFIG1OTW (GTe GINTWII3I024804

Gl=G1+2, 008

(T2XT=0.040

GO T 108

XT=XT+e 015

F(XT=2.4T0ON) 2021003410073

RN 1004

FORMAT (IX43VHFLANGE THICKNFSS EXCEENDS ¢ IMIT )
0 Tn 999

RT=RT+O1NH

TFIRT=2,2TAN) 2034100541005

PRINT 1996

FURMAT (I 4294RING THICKNFSS FXCEEDS 2,4700)
a0 TO Y99

XT=4T*+.015

KOUNTSROINT S

TE(KOUNT 1 F, G)RRN202

TE(G) 2GT, 1.,750Tw) 331202

l=a6H1w0,008

G0 T 100

XA SadHeSH e PRESPA+SRS

XAZ2z=5CF AeSR L _
xA3z=s1

NALlZaSH=CH +SPReIPA+SRS

A Z2SeSCF Ve Q0

f\‘Aqur

EXAT, /071180 ( AL =XAR) 8024 (XAP-XATJ) 80 (YA3=XA]l)WS82)00,5
EMAZ 707110 ((Na]=NAR) #2224+ (NA2-NAJ)R®24 (NAJ=NA])®#02)ta G
FA ALK (ARG (FYXA) sARSI(ENA))
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TE(Ea=tYN/e51) 3452493024302
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TI 22F A ¢TRSuAT

NP LZab P PeT| ?

D222l ) 2aha+ (PROPTHRBS) B (XT /2, ) =MP2aMC2=T2%H6

HP23Za (PPHHO ((A6R)/24)) /(4,2 ((A=R)/2,)4FF) e (P2RAR#SMD) /(4 TA®SFE)
N4 (HCR® (IX+XT+RTI)IZ(DBA=DRA)

REDIZNF A/ ( (2 e @ (NNA=DIRANGA))

REOHZ (AN A} 8 (R24=R2]1)/(NFA=DRA=NSA)

RETZRZHR (14D e 143) e Q21 HH2= (RPIEXT)/Z/ (NSR®D ) +R2?

REZBT (] am (Rp5R (2 eHI) )= (DFREXTHE2) /(DSR4 ,) )
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IS0 TH(RSSZ=PSHI/FS1) 15103919303
5] KAlZ=SHRB ISR +GPRZ+IPAZ+SRS2P
XAPZ=SCEAP +SR2D
XA 3=qT2p
MALZT=aSHR e GRP +SPR2ZSSPAZSSRSAM
NAPZS=SCFE AP o SHDM
N R e
FXAP2e (OT) 14 ( (XAl =XAZ2)RA24 (XA2=XATF) R824 (XAJ=XAL) N2} 00,5
FNA2za {07112 ( (NAL1=NAZ2 w82 (NAP=NATI)H6D0 (NAJ=NA]) #82) 0e,5
XAl=AAY-sDAD
MALE G AL WGP AD
TF AR (XA ) =ARG(NAL) 3 602¢6074601
HNP CMAXDASNA)
CMINpazxA]
r0O T AOR
K0Y ChAXDARX A
ML aPASNAY
ANY FAsA4AX] (ARG (FYA?) yARSTENAR)Y)
TFAEA=FY/FS1) 138241352307
1352 CALT a2 (CMAXPACMINZAY LD,
CMNAAS(CHAXDherMINPAY /2 , . U
FALTAAZCALTA00FSF ]




RS
“07
HOR

LI
YNA

1380
11351

7000
7001

1363

120
ADY
A

1362

M1
A1z
R13

Ale
Hl1

1360

SALT 2e=zFA_T20

SMNZA=CAMD A

SERHKPAZARS (SMUDPASSAL TRPA)
TEAISCHK2A 6T, FiI1)402480%

1F (SCHRPAFYIRNALBOKHROT
TF(ARS(SALT?PA)«FY)RORIBOBWRNO
SMNZAZFY=SALT?2A

GO T "ok

CSMNZA=,

SMAXDASSMMDPASRAL T2A
SMIIPAZSMANDA=SALT2A
QCLl2GMINPA/SAY DA

MmO

MZMe )

TEAREL=R(M)) (3814700941350
FEC2A2( (R (M) =RE1) /7 (R(M)=R(Me])) )R {FF (M) =FF (M=]1))eFF (M=1)
GO T a0

FFCPASFF (M)

CONTINUF

1F LARS(SAAY 201 =FFCPAI 1363413039402
XHIZCH2ZP 2 SPRP=S0HP¢SPAP=SRS2P
XHEZT@SCFH2 43K20

xR3isegT 2P
NH]1ZEHPM=SP=SDRP+SPAP=SRE2M
NHES=SCER2+SR2M

3z T oM

FXH22e TN /118 ((XRI=XHR)#a2s (XHR=XRI) #8224+ (XBI=XB])®92)an,5
ENBP=e 707118 ((MR]=NRP) #2204 (NRP=NKI) ##2 0 (ABI=NH]) @42) 08 5
FRSAMAX ] (AKS (FYRP) 4 AHS (ENRZ))
xBlsxpl=5pap

INZR EINL R AN Y-
TF(ER=FY/FS1)72Nne 1204302

TF (AR5 (XHYT)=A3Q (NKH]1)) A0S1A0S A0
CHMAXDd=aNR ]

CMINPHa XK

0O To 13r2

CMAXPHIXR)

CMINPRSNE
CALTPHAS(CVMAYZR<CMINPRY /2.
CMNPRZ(CAAXPHerMTINZR) /2,
FALTPRZCALT2H8FSF]
SALTRPHIFALT?2RaKTF
SMN2RECMN2QeKTF

QCHKINZANRS (SMNZRSALTZH)
TF(SCHR23,6T, F1})6024810
TH(STHKPH=FY)AYT e8] ]1eB12
TF(AAS(SAL TP ) FY)A]1T9H8]134R14
SMNARSEF Y=-SAL T2

GU Tn mly

GMN 2 S0,

SMAX PSS yP+SAL_T2R
SMINPH=SMNDR-SAL TZR
RC2=SMINPR/SAXDR

M=)

MzMe
THIQee=~ () )1 34) 4700241360

.




394

124
?314
923
7344
2315
2314
2317
621
n24
233
2331
2332

> FFCPREFF (1)

FFC2R2((R(M)=062) / (RIM)=R(M=1) ) ® (FF (M) =FF (M=1)) ¢FF (M=1))
G0 Tn 70073

CONTINUE

TFARS(SYAXPH)-FFC2R) 38043804402
LOAN CALCULAYINNS CONDITION 3
pP3=pPp

TBMBBO.

FA3SPIR(PT /4,10 (HReD)

FPLIZP 38 (P1/4,18(S0NeR2-Ro#D)
Ti.3=FA3
MPJ-((l0H0»Pﬂ~~2~FF)/(.91*V))“(CI“B'OZ'GAMMﬁOPB/(xYO(X1*020CZOGE¢G
1 AMMAG ) )
O3lz2=FPLY=Ty 3
H323=FPL30H4+ (PI#PIRQAUSK) # (XT/2,)=MPI=T| JOH6

R33==(P34R# ({A+R)/24))1 /(4P ((A=B) /2. )*Fr)o(Pa'B*SMD)/(4.‘TA*SEE)
R34,

RIG2NDFA/ ((HP+4F) # (NBA-DRA-DSA))
RIB=(UHA=NRA) @ (134~R3I1)/(DBA-DRA=DSA)
RITERIAG (P e HA) ¢RI F# 2= {RIZLXT)I/ (DSR*2,)eR32
RIB={le=(RAGD (H2+HI) )= (DFREXTH®2) / (DSR#4,})
MO3=MO]1=R3I7/RIN

Gl 3=SL 1=RITHRIS/R3IR=R36

RSL 3= HSL\¢(937¢0FR¢KT)/(R?BO?.'DSR)-R33IDSR
RL3=RL]I=R3I1=RIg=RITH*RIS/RI8

MR3IzRL 3a kS
TFUSL3-MSI)33),3904390

STRESS CaALCHLATIONS CONDITIONM 3
SH3= (ML 3urD S IrH3+FPLI®HA+TLI®HE) / (LHG) e (BeG())
SRS3= (RS 34XT/2,)/ (L8G1¥¥#28 (ReGO))
SPRI=MP 3/ (| 4G e#2% (R+GO))

cR3=n,
SPA3=F AI/AN
SCtRI=0,.
qCEA3=P3
SR32MOIRN (1 1A XTHLCESLe) 7{LEXTH##24 (BeGA))
§T3IZmMUIS (Y / (XTa#28R)Y=.®#SR3

FSS3zHLAIZ(THDaP TeXT)
GSCI=SLI/(((HeP 2TA) 48 2«RaaD) 0P /4,)
RTS3I=HLI/Z(RTA(T)=BN)
SFHIizg.#HLJ/ (PTR (ARR2«RIDW®D))

§TRIZ (MRIBYR) / (RTH#920R1D)

RSS3=HL3I/ (A#P[aRT)
1IF(S¥B3=FrY/2.)2314+2314,126
TFLeN01=AT)231442314,120
TF(HTS3=BY/FS2)234442344,923
TF(N=11) 7234443139313
TF(SR3=FY/FS51)231%9423159302
[FLSTI=FY/FS1)23164,23160302 -

TF(FSS3=FSH/FS1)231742317,302
TF{SSC3-SCY/FS5112330+23300623
PRINT &4

FORSAT(3X,19+ §5C3 EXCEENS 1LIMIT)
TF(STRI-NY/FS132331.7221,5303
TF(RSS3I=0811/F61) 2332423324303

XALIZaHH 32810V 5PRIESPAIISR]

e




23613

2373

EER

4344

S139¢

XA22«5CEN3I0SKA

XA328T 3

MAL2=S513=SH3+SPRI+SPAI+SRST

NAAZ=SUEAReSQY

NAJxqT 3

FXAI=e 70711 (IXAY=XAP) B2+ (XAP=XAT) 0020 (XAY=XA))@R2) 0,6

FMAImo 70/ 110 ((NAY=NA2)®824 (NA2=NAJ) ®#24 (NAI=NAL)W®2)0e .5 =
FASAMAX Y {ARS(FXATY) sARS(ENAT))

IV Fa-bY ea1123824203, 302

XH]=2GHI+IGRJ=SDR I+ SPAI=SRS Y

XNP22=S5CE2348RT

xH3=<1 4

NHI2SH 3=CRI=SIPJeSPAI=SRS] SR
NHZ22=5CFa34,8u17

N 32gT 3

FXBI=ze TOTI1 14 ((XR1=XHP) #0224 (XRP=XAT) 002+ (XBRI=XHB])®82) a8 ,§

FAH3=e FO71 12 ((NHL1=NH2) #8224 (NH2=NRI) 902+ (NBI=NH])##2) 80,5
FHEAMAK] (ARS(FYA3) 4 AKS(  RTI))

TH(ER=~FY/F31)23739302930¢ e e e e
tLOAN Calt i ATIONS CONDITION &

Pe=PYy

FAGSP4® (DT /4 )8 (HE8D)

FPLes=PO# (P /4 18 (SQNBR2=R3002)

TL43F AS

RL4=FPL4+Fa4 e e e e e
STRESYS CALCUIATION FOR CONDITTION 6
ATS4=L 4/ (RTA(T) *EN)
TF(HTS+=111/F52)4344+43444533
1F(N=11)143444313+313

LOAD Calc  ATINN COMNITION &

PR=P 14

FAL=PL# (P]/4,) 8 (Re8D)
FPLOZVOR (P /4,18 (SOLev2=Bes?)
TLO9=FAS

MPYE ({LoHNaGOReP8FE) /(«914V))#(C1YB222aAMMARPS/ (XT2 (AT#02¢C24GE*G .
1AMMAYY)

RS i==FPLS=TLY A e e e —_

ROPZwF PS¢ 14s (PEREPTHRESX) R (AT /2,) =MPS=T| S#nb
RS3Z«(PS836 ((A+H)I /243 )/ (4,9((A=B)/2,)8FF) + (PSoR®SMD) / (4,9TA®SEE)
n54=n,

REHENF A/ ((H2+HI) 2 (DRA-DRA=NSA)) . O
K503 (UhA=NRA)# (RS54=RS1) /(DBA=DRA=DSA)

RSHT3RHE® (HPeY) e RG] #=2=(RSI®XT) /(0SP®2,1+RE2 ——

QSHE (]l = (RESH (A HI) ) =(DEREXTHR2) / ([ISR#4,))

MOS=MD 1 =57 /RS e
SLY=SL1=RE74HSE/R58=R%H

RSLO=HYSL 1+ (RS ToNFR*XT) /{REH® S, *DSR)=RSIA/NSR . . _ . ..
ALYZEHL |=RG )1 «RGA=-RHTERGS/RSA
MRS=ZAL HOME

TFISLO=MSL) 3314539N5390
GHOZ (BLEGHD +SLERNI+FPLSPHACTLS®HA) /(L 2G1w22%(B+G0)) .
GHSSz (RS BaXT /2,17 (L2G1o2D8 (R¢G0))

SPRY2MPG/ (| #610824 (Ren0) ) , S
THH=0e

SPAS=F AS /A ] e
CChiia=m ),




125
5316
943
5344
5315
5316
5317
526
26
S33n
5331
5332

AN

Sa4n]
560713

%1352

215
A7
“1A

SCLAG=rS

SROZMUNS (] (JIIXTELCFe1.) /() eXTHOI8 (HoGA))
CQTOTu(aR (Y /(XTosP#R) )=70850%
FSSHHMLR/(TNB@DTeXT)
SSCHESLE/(((Hep,uTA)H42wR082 18P /4,)
RTSH2AL B/ (TA(T) #3N)

SFHOz4. 00 e/ (PIa(ARR=R[NOND))
STHRzZ (MRSEYR) / (RTHADHATD)
RSSS=HLB/ (PT#ASRT)

TF (SFHR«FCYR/2,1531445314.125
TF(e001=a1)183146¢531644120

TR AT« YR/FSDIH344 45744 4967
TF(N=11)934447313,313

TF(SPL=F YR/FS)115315¢593154302
IF(STO=FYR/FS1)5316953164302
TEAFSHYH=FSLj/FS118317,5317,4307

TF (SSCH=SCYR/FG1)8330419330462%
PRINT A26A

FORMAT (3¢ ,19H SSCS EXCEEDS LIMIT)
TF(STRO=RYR/FS1)533165331303
IFARSSH=RSH/FS51)5332y5332,.303
SH1l=5H

SRS 1=28RS

%PH1=“-

SKL=n,

SPAl=,

SCkr1=0,

SRl=qgk

ST1=4T

qCEAY =0,
XAl2=5r854535+50RG+SPASeSRSS
YAP3<5CFAS+S0G

XxA3zTH
NAlZeSH]=SHY+SPRY+SPAL+SRS]
NAZ=aSCEALLSHY

MA3=2GT)

FXASze TOT) 1 #{(YA]=XA2) %824 (XAR=XAJ)®#2s (XA3=XA])#02) 00,5
ﬁNAS=.70711o((NAI-NA?)#°2¢(NA?-NA3)¢02¢(NA3-NA1)'*2)0“.%
TFARS(XAYL)=AKRS(MAL))D602,5602+5601
CMAXGAZNA ]

cMINGA=XA]

e Tn S603

cMAtg A= XA

CMINGASNA])
FAZAMAXY (AW (FYAS) s ARSIENAS))
TF(EA=FYDR/FS]1)K3I52,53524302
CALTSAS (CMAXSACMINSA) /2,
CMNSAS(CMAXSACrMINSAY /2,
FALTSA=CALTSA

SAL fnA=zfF a) TRA

SMNSA=ZCMNG A

SCHKRATARS (SWNRA+SALTSA)

TF(SCHKSA [T, FIR)HBS5N,818

1F (SCHRRRA=FYR)IATAIBLAWR]1T
IF(ARS(SALTSA)-FY)BlReB1B,819
SMNSASFYReGAl TGA




R19
14

5350
5481

1006
T00%

53613

2
Y6404
QKNG

5362

R20
R?22
823

HP4
a2

5340
5361
7004
a7

San3

A0 TN “1A

QMM AE 1,

AMAXGAZSMARA $GALTHA
GMINGA=ZSUNGA =T A] THA
RCIISAINLA/ S+ AXKA

vzl

MIMe )

TFLRCL-R(M)) NIRRT INNG5350

FFCHARE (R (m) =) /(RIM) =R (Ma]) )} ) #(FF{M)aFF (M=])) ¢FF (M=)
GO [N 7908

FFCHAXRFF (M)

CONT T UF

TFUALSIS A Gu)=FFCRA)S363:536 1RKY
YHIZ e 9NN+ SNRaSPR5+5PAS=5RSS
YHZZ=SCFHTeSHS

xr3zqly

NH 36911 =SR] =SPR1+SP AT =SR]
MHETeHCERY o Qi)

NLCRELS R
F!d%:oIn7]}a((xﬁ\cxﬂ?}°¢?¢(!R?-XRR)*O?O(X93-XHI)"2)9“05
qus:.70711«((mﬂl-NR?)"'20(Na?-NR3)“°?¢(NH3-Nb1)~02)0°.5
FHEAMAK] {ARS (FYRG) 4 AHS (ENHS) )
TF(ER=FYD/FS1) 72147219302

TF (ARG (XN YY) =ARS(Md]) 156054560595604
CMALGHENH]

cMINGHE XY

a0 To 8362

CMAXKE=XHY

cMINGHENK ]

CALTRER (CMAXSRaCMINGR) /2,

CMNSAZ (CMAXGReCUMTNSR) /2,
FALTRH=CaL TSR

SALTSHUSFAL TEHOKTF

CMNGUICMMNERBKTF
GCHKGHEARS (S¥NER S SALTHE)

1F (SCHKSR AT, FIIRYBS0 4320

1F (SCHKSH=FYR) 2] +R2) 0 822
IF(ARS{SALTAR) -FYR)H23+8234R24
GMNSHZF YR=SA| TRR

0 Tn »2)

SMNGR= 0,

QMAXGHESMNEH e Al TSR
SMINGH=SMAGIl-SA_ TSR
QC2=2S1INRR/SYAXSA

ME ()

MEMS Y

TF(RC2=R(M))IG3A] 470065360
FFCSH=((R(V)-DC?)/(P(M)-Q(M-l)))'(FF(M)-FF(MOI))OFF(M-I)
RO To Ton?

FFCORSFF (M)

CONT INUF

IF(ARS (SMAXGH) «FFCBR)S5403.54034850
LOAN CALCULATTANS CONDITION 6 COLD.
pesP

FAGSDAY (DT/4,) a8 (RWe2)
FPLAZPOR (DT /4,18 (SODeR2=B8#2)




7TrNQ

7008
7o1n

6390

TLO3F ARG ,GuTHGuAT o e
MPOZ ((LOHNBGIRDaFE) 7/ (49]18V) ) # (CIPHE#20AMMA®PE/ (XTH (XT®a26C24GE®G
1AMMAY ) ) .
MCh=ul?

NTCl=siT ¢

NTC2=2012¢

DIC33LT3C L U
NTHL=2=0T 14y

NTH2=z=0T2H

NTHIz=)T I

TMINISTMIN

TMINZZETMINGNTEY

TMINAZTMINGOTC240TC] i — _ —
TMINGZTminmen1CashHiCe«NDTCL

TMAX = TMAX

TMAXPETMAX ST HY

TMAXIZSTMAX eNTHIeNTHI] . e
TMAXGETMAXNTHIeNTHZ2+DTHY

MCTGAS(PT/3,) 8 (Rew2) e (HETARRD)® ((FESTW®e3) /(12,%(1a=FMUP®D) ) )aFTE®
VDTCH) ¥ ) g sRETARXT)

TF(OTLL JFQR, 0,.N0)YT00R47009

MHTGAEMCTGARNTHYIZDTC)

GO To 7m0 e
MRTHASMCTGA

CONT INUE o i e o
R6ELC2~FPLA=TL A

NROE2C==FPI AaH4+ (PARPIHHRSX) 8 (XT/2¢) "MPA=MCOESMCTGO=TL 646
RAIC=(POEBRUSMND) /{4 #TARSEF )= (PHRR® ( (AR /2, 1)/ tao®((A=R) /2, ) FE)
1=FTES(TMTINZeT0,0)8SMD/24¢STE® (TMINL=T0. ) *SMD/2a
ub4C=(4C9¢(§X¢¥T*HT)OHTEO(TMIN6-7O 0)6(:xoxToRT)—STE¢(TMtNl-7o 0)®
1SX=FTESXT# ([MIN2=T0,N)=RTE*RT® (TMINI=70,0)17 (DBA=DRA) —
RASC=DFA/( (HP+HY) (DB A=DRA«DSA) )

N66Cz (NRA=NRAY 4 (R64C=R61C)/ (DRA=DRA=DSA)
ROE/C2RABCH(HP+HT) *RELCHHPw (REICEXT) /(NSNE2, )ORbZC
PHBC=(],=(RADCH(H24HI) )= (DFREXT*%2)/ (DSO*E,))

MO6C=M0] -R67C/REAC

SLO6C=SL | =RaTCHRO6SC/RABC-RE6C . . e -
RSLACSHSI 1+ (RATCR#OFR#XT) / (REACH2,#DSR) =R63IC/DSR
LO6C=AL1=RAIC-DREC=RATCHROSC /REBC o

MRECZHLACBMG

TF(SL6C-MSL ) 3319639046390

ROEICMNES=FPLA=TLA

Q62CNE=FP Atkgs (POERPTRAESX)® (XT/2,)=MPHIMCTGH=TL 6#HE

REICMZ (PRGROSMI) /(4 TARSFE) = (PH®R® ( (AsR) /P4)) /7 i4e®( (A=B)/72.) %FE)
1=FTER(TMINZ=T0, . 0)¥SMD/Z2,*STF(TMIN]=T0,0) ¥SMD/2, )
ROGCNE(RTF o (TMING=T0,0) @ (SX¢XT*RT)«STER® (TMIN]1=70, O)'

1SX=FTE®XTO® (TMINZ=T0¢0)=RTE*RTH(TMIN3=70,0))7(DBA=DRA) . L
REHCNZTUF A/ ((H2eHI) # (NDRA=DRA=NSA))

ROE6CN= (URANRA) # (REICN=REICN)/ (DRA-DRA-DNSA)
R6ETCNIHARCKE (MP+H3) +RELCN®H2= (R6ICN®XT) / (NSR®2.) RO62CN

PHHCAE (] = (RAGEN® (H2+HI) )= (NFREXT®22) /7 (NGR*4,)) = = R
MOGCAEMOT=-RATCN/RBACN

SLOCMNESL 1= 7CHERO6SCN/REBCN=ROEOCN o S
WSL6CN=P§L1¢(RA?FNODFR'XT)/(QﬁRCNOZ.‘DQQ)-P63CN/DSR

ALOCNZHL 1=RAICH=REKCN=RETCN®RESCN/ROBCN
MROECHZHLEC IS




«

C

6371 .

STRESS CALCULATTON CONNITION 6 COLD

1246
6314
9483
6344
6315
6314
6317
627
628
6330
h331
6332

6363

SHOCME () ACNPHI e SLACNBHIGFPL A8HG+TLOBHA) / (LHG1##28(BeGO))

SKHSACHR (NG ACN#AT/241 /7 (L RG10028(QeG0))

SPKRACHNSMPA ) (LLni1aeze (ReGO))

SCOGOECNSMCTGR/Z (| HG1a*24 (BeGN))

SHROCNR SO TRM/ 2K

SPAACKRF AR /AN

SCERAL=EN0,

SCEARCEPA

SROECNBMOACN® (), FFI8XTHLCE+) )/ (LaXTHD , 2 (Re50))

STOCNSADACKe (Y/ (XTaw248) ) «7#SRECN

FSSACHN=HI ACN/ITADRPTHXT)

SSCACNESLOCN/(((R+2,%TA)O#DRORD 0Py fGgy  _  _

RIS6CN=ZRLACN/(NTALT)#RAN)

STRACNZ (MRArNOYR) /(RTH®28QTD)

RSSHECN=RLACM/ (a9P]aRT)

SFBACNZG4 4K ACN/(PI# (A%R2.RINGE2Y )

TH (SFROCN=FCYC/2:)631406314,9126

IF(eQ01=nT1)631446314.120 e e

TF(RTSHCH=RYC/FS3) 6344963444953

1F(0=-111A3444313+313

TF(SR6CN=FYC/FS1)16315+63154+302

IF(STOCN=FYC/FS1)6316463164302

TF(FSSOCM=FSULI/FS1)6317+6317+302

1F (SSCO6CN=SCYC/FS1)633006330+627 . _ —

PRINT 628

FORMAT (3% 4214 SSCHCN FXCEENS LIMIT) , . S .

TF(STR6CN=RYC/FS1)633146331,4303

JF{RGS6CN=RSII/FS]1)A3IP296332,303 e o

XALZaSHECNSSREANGSPROACNSSPAKCNSSHSECN=SCGOEN

XA2=«SCFARC+SRACN

XA32STACH

EXABENZ Q707119 ( (XAl =XA2) R8¢ (XAZ=XA3) 4024 (XAJ=XA])OND) s 5

FA=E XAARCH

1F(EA=FYC/FS1)8363963H639302

XH1BeSHOECNGSRACN-SPRACN+SPASKCN=SRSECN+SCGOHCN

XH2=aSCFRACLSRACN

xB3xsToCN

FXBOCNZ 4 7NT1 10 ( (XB1=XH2) #4242+ (XB2=XRI)#n2e (XBI=XB]) Re2) 80 §

FR=E (HACH

TF(ER=FYC/FS1)RIT)¢A3714302

.0AD CALCHLATINNSG CONDITION & HOT

R6LHz=FPLE6=-T| &

ROE2HE=FPLAeHGs (PREPTHHISX) # (XT/2, )-MP&-mceoMHTG6-TL6¢H6

R6E3HE (PHERASHI) / (4 OTARSEE )= (P69B® ((A+R) /2,) )/ (4:,%((A=B) /2,)%FE) _ _

1=FTER (TMAXP=TN ,N)RSMN/2,+STES (TMAX]1=T0,0) #SM0D/2,

REGHR(HCR® (SXeXT4+RT) ¢RTES (TMAXG=TN, Q) # (Sx¢XT+RT)=STE®(TMAX]1=T70,0)*

1SX=FTE®XT# (THAX?2=T0.N)=RTIFORTH® (TMAX3=70,0))7 (DRA=DRA)

RAESHBDF A/ ((H2e13) # (DRA-DRA=DSA) )
be:(DBA-nRA)o(n&kH-RélH)/(DRA-DRA-DSA)

RETHSHOLHS (14241 ) *RELH¥HR= (REIN®XT )} /(NSA®R, ) +RE62H
Q0BHR (]l o= (PASKHO (H2eHI) )= (DFREXT®®2) / (NSA*4,) )

MOOHEMO 1 =R4TH/QARH ke

SLOHEOL 1-RATHIQESH/REBH=REEH

ASLONBRSL 1+ (PSTHEOFR®XT) /(REAH®2 _#NSR) =R IN/DSR . _—
RLOHEOL 1 =QA 1 H=RAAH=RETHORASH /RO68BH




MROH 2R AH# NG
TF(SI_6H=MS| ) 337 ,A39N,R390
RI1G) RELIHMNT=FPLh=T g
ROZHNZ=FP|_ Q84 e (PORPTRBESX) O (XT/2,) =MPHsMHTGA=TLH®HE
ROIHNS(PRAH#SMI)) /(4o *TARSEE) = (PO®B* ((A0R) /24107 (4" ({A=B)/20)#FE)
1=FTE4 (TMAXP=T70,0)#SMN/2,¢STF# {TMAX]1=T0,n)®SMD/ 2,
ROGLHNZI(HTES (TUAXG=TO0 0} *® (SXeXT+RT)=STES (TMAX]I=T0.0)®
1SX=F TEeeXTR (TMAXP«T0o0) =RTIE®RT® (TMAKI=[O 0 )7/ {DBA=OURA)
ROSHNBDF A/ ((H2+H3)# (NRA=DRA=NSA))
DAHOHNZ(DRA=NRAY ® (REGHN=RALIHN) / (DRA=NRA«NSA)
RETHNZROEHHNS (K2 +HI) +RALHNAH2= (REIHN®XT) 7 (DSR*2,) *RE2HN
ROEBHNZ (], = (RASHNS (H29H3) )= (DIFROXTO#2) /(NSRE4,))
MOOHNZM0] =9k THN/RQAHN
SLONNZSL 1 =RATHNHRESHN/REBHN=ROEHN
RSLEHNERSL 1« (RATHNEDFR¥XT) / (REBHN®2,4NGR) «REINN/DSR
BLOHMERI 1=K I HN=Q65HN=RETHN®RESHN/REAHN
MHROMNZHL AHN*HE
C STRFSS CALULATION fONDITINON 6 HOT
SHOHN= (R GHNHHR2 ¢ SLEAHNPHI+FPL6OHESTL AOHA) / (LOG]#*2% (ReGD))
SRSEHNZ (RS AHNSXT/26) /7 (LHG1%42% (ReGO) )
SHGECN=MHTGR/ (L#Glae2e (BeGD) )
SPRAHNIMPL/ (| oG] a%2% (R+GDY)
SHOHNZ QUTREM/ 7 H
SPAGHN=F AR /AR
SCEHEH=O0,
QCEARH=PA
SROHNIMOAHNS® (1 ,3330XTHLCES] o)/ (LOXTR2,0(R4GO))
STHEANSMOARNS (Y/ (XT##2¢8) ) =285REHN
FSSOMNSHL AHN/ (TONBPT#XT)
SSCOHHNESLAKN/ ({ (R+2.#TA)#22aRee2 8P /4,)
RTSAHHNZH| GHN/ (RTA(T)#HAN)
STROHNZ (MREHN®YR) / (RTE#24R1D)
RSSAHNZRL AHN/ (A®PT#RT)
SFHOHNZG ;o R AHM/ (PI# (A®92-RIN®®2))
1F(SFBOHN=FCY/2,)8314483144127
177 TF(«NO1=8T)R3144R314,120
R314 TF(HTSOHN=RY/FS3)H344¢83644963
963 1F(0-11)YR34443134313
A344 TF (SROHN-FY/FS]1)1RILISRIALS,302
B315 TF (STHHN=FY/FG1)R31HA4RI1H,4302
R316 [F (FSSAHN=FS!HI/FS1)RI1T7+831742302
RB317 1F (SGCHHN=SCY/FS1)4330:83304629
629 PRINT 63n
530 FORMAT (IX 421K SSChHHN EXCFENS LIMIT)
8330 IF(STRO6HN=RY/FS1)8331,8331+303
R3] [F (HSSHHN=RSLI/FS1)B833298332,303
B332 XALl==SHAHN+SHAWN+SPRAHN® SPAGHN® SRSOHN=GRGACN
XA2Z=SCF ARH+SRAHN
YA3=zsTaHN
FXAARHNS s 707110 ((XA1=XA2) #0826 (XA2=XA3) G882+ (XAI=XA])Pu2)s §
FASEXAGHN
TF(EA=FY/FS1)R3IA3T93IN2+ 302
A363 XBRIZ+SHEHN+SAHN=SPRERNSSPASHN=SRSOHN ¢ SHGECN
XB22=SCERANHTSRAHN
XH3xS TR
FAHAHN o T0 2112 ((XB1~XB2)®%824 (XB2=XB3) %624 (XB3=XB]l)®a2)we g




Al

R A

1000
1001
133

118

35
119
127

7128

2300

FH=E xHAaRHN
TF(EUu=~FY/FQ1)RIT1sIN24302

ILOAY CALCULATION CONOITION 7
CRETIN

FAT=n.

FPLT=20

TL7=2,9@TRG2AY

RT1z==TL7

R72==TL T4Hg

RTI=\,

RT4=N,

RIS=ENF A/ ((HP2+HT) # (NBA=DRA=NSA))
R762 (UHA=NRA)# (RT4=R7])/(DRA=DRA=DSA) e e e
RIT=RTOS (WP ek \»n71»u9-(973¢KT)/(DSR~?.\097?
RIBZ(le=(HPE® (H2+HI) )= (DFREXT®2) / (DSReg,))

MOT=SMOLl=HRIT/HTHA

SLT=SL1-2T774x 18 /RT8

RSL72RSL)« (A7 74NFR*XT)I/ (RIR4?,9NSR)=RT7I/NHSKA
RLT=RLI=RT1=HT6=RTTORIS/RTA

MR T=RLToNHS

TF DO eHdNT)IRTI-NTOWHTO
ATSCHREMAXIF (KHTS2P yBTS3eHTSHHN)

IF (RTSCHK LT, N,83I*RY/FS2)IRTIART]
TH(HTSG ,LT. 0,R34%BU/FS2)RT2.R71
BNL1ZS (NS RTSCrHKeFS2Y/ (0eB83QBY) o e
N2 (PI®REN) /7 (2,8 (RS(T)+XT)) 2,

RNZEMAR]F (HN] e HND)
NB=6N/2.

NEZ®NEB

ANSN

ANI=AN

11=1i

ACL1=HCH

a0 7o 117
CONTINUF
T1=2P1/4e2TON®ED
RISPI/4,8(T0D+?,4HUR]) #e2 S

whT=p,%P1/4, 0((Aooz-YOP'“?)ﬁXT'FPHO¢(Rnndé?-QID’ﬁz RN“BH(I)"?)“RT
10RHH00HNuR§(])oag'(SXoXToRToz..RS(I))“HRHO)OZ.OBN'NNT(I)oZ.'H“FRHO
10(1e/3e8 (R1+T 1o (R1BTIIHE,5)aT])n2,4P]/4,6(S0N®R2=-TODO2)a ,0254FRHO
1=P1/4R(SONR®2= (Re2,4TA)#a2) #SLEGRTAN{PT/9,) ®FRHO

TRUS (HL12AS(T)) /(BN®S,)

IF(PI®HCN/BN=2,%(B8S(T)*XT)) 33333321000 _ o
pRINT 1001

FORMAT (30K MAYIMUM SPACING NOT SATISFIfED)
CONT [ NUF

1F ((RCU=RID)/2,=RH(1))118+119+119

RHINT 3%

FORMAT (33X 44]HDIFFERENCE IN BCD AND RIN _{ESS THEN BH(ID)
CONTTHNUE

PRINY 127

FORMAT{1H )

PRINT /7R

FORAT (285X ¢14H NFSIGN QUTPUT///)

PHRINT PHAn

FORMAT (1 X4 25HAFNNING MOMENT AND STRFSS)




PRINT ~2Hn)
PHNY FORAAT (AX 4 ImTlivg PX o 3MNTHS)
PHINT Q020 ,THMTHS
PRINT 2RN1
2803 FORMAT (7%, 3 TR0}
PRINT 9020,TR}
PRINT 300
3IN0Y FORMAT (28K 1 0ANS FOT AL CONDITIONS)
BRINT 3002
3002 FUORMAT (AX e 3RMNT o TH o 3HBL L o TX o 3HSL 196X 4HRSL])
PHINT 902041071 48L 1o SLIWRSL)
PRINT 30073
3IN03 FORMAT (AXe3HMN2e TX e IMHL 20 TXeSHSL2 90X+ RSL2e TRy IHMC 22 TA L IHMP2)
PRINT 96G204MN2 ¢RLEsSL2IRSL2 M2 eMPY
PRINT 30n4
IN04 FORMAT (5X 441+ 4N2P 4 A X o 4HBL2P e HX94HSL2P 4GS ,SHRSL2P)
PRINT 90020 ,MOPP4RL2PISL2PWRSL2P
PRINT 3005
3N05 FORMAT (KX 4HMNZMe6X ¢ GHRL2My QX9 4HSL2Ma6XSHRSNZM) .
PRINT 9N20,MO2M4RL2M«SL2MyRSLPM
PRINT 3006
ANNA FORMAT (AX o 3RUNI o TX e INHL 397X e 3HSL 306X 44 RS, 3¢ T7X 9 INMPI)
PRINT 9620,M0OIGRLIoSLIWRSLIyMPI
PRINT 3007
3007 FORMAT (46X 43181 4) _ e
PRINT 9020,RL4%
ORINT 3i0n8
3008 FORMAT (AKX 43RMNS e 7X s 3HBLS ¢ 7TX e IHSLS o6 X ¢ 4HRSLS 2 TX 3 IHMPS)
PRINT 9020 4MNK4RLYySLOSIRSLH¢MPS
PRINT 3009
30090 FORAT (GX44HMNAC 16X 3 4HBLOC 96X 9 6HGLOC SN 1 SHHSLOECI6X 9o IHMCEH T Xy IHMPS
1)
PRINT G020 MOAF4RLECISLOECyRSLO6CyMCEMPY,
PRINT 3010
3010 FORMAT (§X45H4CTGH1SX s SHMHTGEH)
PRINT 9020 ,MCTRAMHTAR
PRINT 301] e
3011 FORMAT (EX5HMNRACNySX s SHRLOCN DX e SHSILACH 4 4 X9 AHRSLOCN)
PRINT 9020 MOKCNGBLACNISI_ACNGRSL 4CN
PRINT 3INY}p
3012 FORMAT (SX4HMNAHy6X ¢ 4HBL 6H e AX 94 HSLEMH S s SHRSL6H)
PRINT Q020 MOAI4aRLEHISLAHIRSLEH
) PRINT 3013 o e
3013 FORMAT (RX ¢GHMAKRHN 9 SX s SHRILAHN ¢ SX o SHSLAMA 44 X ¢ GHRS| 6HN}
PRINT 9020 ,MOAHNBLOHNISLEHNRSLEHN
PRINT 3014
3014 FORMAT (AX g WHANT o IX e IHBLT o TX g IHSL To6X g 44ASLT)
PRINT 9N25,MCTanRLTySLTsRSIT7
PRINT 9l1ng o R .
G104 FORMAT{]1Xa27HSTRFSS CONCENTRATION FACTOR)
PRINT 910§
9105 FORMAT (A 4 IHKTF)
PRINT G