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1. INTRODUCTION

Purpose and Scope

The ASME Boiler and Pressure Vessel Codel gives rules for designing
bolted flange connections with ring-type gaskets based on a stress
analysis developed by Waters et al.? These rules give formulas and
graphs for calculating stresses due to a moment applied to the flange
ring. The Code rules, however, do not require that stresses due to
internal pressure be taken into account, although Ref. 2 briefly dis-
cusses such stresses.

The computer program FLANGE was written to calculate not only the
stresses due to moment loads on the flange ring but also stresses due to
internal pressure; stresses due to a temperature difference between the
hub and ring; and stresses due to the variations in bolt load that
result from pressure, hub-ring temperature gradient, and/or bolt-ring
temperature difference. The program FLANGE is applicable to tapered-
hub, straight, and blind flanges. The analysis method is based on the
differential equations for thin plates and shells rather than on the
strain-energy method used by Waters et al.? The stresses due to moment
loading calculated by the two methods are essentially identical for
identical boundary conditions. The analysis provided herein also in-
cludes a different, and perhaps more realistic, set of boundary con-
ditions than those used in Ref. 2.

The nomenclature used in this report is identified in the remainder
of this chapter. In Chapter 2 a description of the general model of
flanges used in the theoretical development of the computer code is
provided. The actual mathematical expressions for calculating stresses
and displacements due to moment and pressure loads are derived in
Chapters 3, 4, and 5 for tapered-hub, straight hub, and blind flanges,
respectively. In Chapters 6 and 7, these expressions are extended to
include the effects of thermal gradients and variations in bolt loads.
The computer program FLANGE is described in the last chapter of this
report. Example calculations, listings, and flowcharts of the program

and its subroutines are included as appendices.
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Nomenclature

outside radius of ring

2a = outside diameter of ring

cross-sectional bolt area

gasket area

inside radius of ring and mean radius of pipe
2b = inside diameter of ring

Bessel function of n

bolt-circle radius

2c¢ = bolt-circle diameter

constant of integration

Ci/b

Et3/12(1 - v?)

constants of integration (blind-flange analysis)
Ef = modulus of elasticity of flange material
modulus of elasticity of bolt material
modulus of elasticity of gasket material

ASME Code design parameter

ASME Code design parameter

wall thickness of pipe

wall thickness of hub at intersection with ring
gasket centerline radius

Z2g = gasket centerline diameter

length of tapered-wall hub

a/b = A/B

bolt length

total moment applied to ring, in.-1b

or Mij = moment resultants, in.-1b/in.

1}

internal pressure

shear resultants, 1b/in.

[1 - (v/2)]bp
goE

= nondimensional pressure parameter

radial coordinate, ring



> 2 ™ L -

Q T M < 3 T rh e

ring thickness

hub thickness

radial displacement, hub

radial displacement, pipe

radial displacement, ring

ASME Code design parameter

undeformed gasket thickness

axial displacement, ring

initial bolt load, 1b

residual bolt load, 1b

axial coordinate, hub

axial coordinate, pipe

(g1 - g0)/g0 = ¢ - 1 = nondimensional wall-thickness parameter
[3(1 - vz)/bzg%]l/” = dimensional parameter used in the analysis
[12(1 - v2)/b2g%]1/“(h) = dimensional parameter used in the analysis
temperature difference between hub/pipe and ring

axial displacement of ring

coefficient of thermal expansion, flange material

coefficient of thermal expansion, bolt material

coefficient of thermal expansion, gasket material

ZY(w/a)l/Z = nondimensional argument of the modified Bessel functions
Poisson's ratio (0.3 used herein) '

x/h = nondimensional distance parameter

g,/g, = nondimensional wall-thickness parameter

stress, with subscripts:

%2 = longitudinal (pipe or hub)

¢ = circumferential (pipe or hub)

t = tangential (ring)
r = radial (ring)
b = bending

m = membrane
o = outside surface of the pipe or hub on the hub side of ring
i = inside surface of the pipe or hub on the gasket-face side of ring

¢ + (1/0) = nondimensional parameter
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2. GENERAL DESCRIPTION OF THE ANALYSIS

The model used for the analysis of tapered-hub flanges is shown in
Fig. 1. The three parts involved are the pipe, hub, and ring, respec-
tively. The analysis presented here is based on the theory of thin
plates and shells. The pipe is considered to be a uniform-wall-thickness
cylindrical shell with midsurface radius b. The hub is considered to be
a linearly variable-wall-thickness cylindrical shell with midsurface
radius b. The ring is considered to be a flat annular plate with con-
stant thickness t, inside radius b, and outside radius a. The effects
of the bolt holes are neglected.

Three different types of loadings on bolted flanges are considered:

1. Bolt load, represented by W in Fig. 1. In application, the
moment M applied to the flange ring is converted into an equivalent bolt
load by the relationship W(a - b) = M. This is the same approach used
in the ASME Code calculation method. !

2. Internal pressure, acting radially on the pipe, hub, and ring
and axially on an (assumed remote) end closure on the pipe.

3. A temperature difference between the pipe and the ring. The
pipe and the hub are assumed to be at the same uniform temperature. The
ring is also assumed to be at a uniform temperature, which may be
different from that of the pipe or hub.

Upon integration of the shell and plate differential equations,
algebraic equations in terms of dimensions, materials properties and
loadings, and 12 integration constants are obtained, 4 for each part.
These constants are evaluated by the usual discontinuity analysis method
of writing continuity equations at the junctures of the parts and at the
boundaries. After numerical values are determined for the constants,
the algebraic equations provide the means for computing the stresses and
deflections. In the development of the equations for stresses, the
assumption is made that the bolt load W does not change with pressure or
temperature. Later the analysis is modified to include changes in W as
a function of these loadings. Because the relations are linear, it is

possible to determine the stresses (or stress range) due to combinations
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Fig. 1. Analysis model of a tapered-hub flange.



of initial bolt loading, pressure, and temperature change. The model
used for straight-hub flanges is a simplification of the tapered-hub
case in that only two parts are involved, the pipe and the ring.

In common with all shell-type analyses, the analysis gives anomalous
results at points of abrupt thickness change or meridional direction
change. In particular, the stresses at the juncture of the hub to the
ring represent only the gross loading effect; detailed local stresses
are not determined by the theory. Displacements, however, are represented

fairly accurately.



3. FLANGE WITH A TAPERED-WALL HUB

The first step in deriving the stress equations is to state the
basic shell/plate equations for the ring, the hub, and the pipe. We
then inspect the boundary conditions, compute the constants, and calcu-

late the stresses and displacements.

Equations for the Annular Ring

The basic differential equation for the displacement w of a circular

plate given by Timoshenko3 is

1,9{ d 1_d<r9z>?}_
rdr Y dr | T adr dr B

where the coordinate r and displacement w are illustrated in Fig. 1 and

HE— |

&, (1)

q = a uniformly distributed lateral load on the plate, D = Et3/12(1 -
2
ve)

the flange material, t = plate thickness, and v = Poisson's ratio.

the flexural rigidity of the plate, E = modulus of elasticity of

Equation (1) can be integrated to give a relation for the displacement

in terms of arbitrary constants:

"
W=C7r2Qnr+C8r2+C92nr+C10+£‘£, (2)

where numerical values for the constants C7, ..., Cjy are established
from boundary conditions. Derivatives of w, required in the subsequent

analysis, are:

3

dw Cog 1r7q
g = C7(@2renr + 1) + g + — + 775, (3)
d?w Cq 3r?q
—— =Cy(2 8n 1 + 3) + 20g - — + , (4)

dr? r? 16D



and

d3w / 2 2Cg  3rq
+ + . (5)

__=C7 —_
dr3 \\r r3 8D

In the subsequent analysis the distributed load q is taken as zero.

The radial and tangential moments are given® by the equations:

2 \
dr2 r dr/
and
2
Mt=-o<£d_w+v9l). (7)
r dr dr? /

Using Eqs. (3) and (4), these moments can be expressed as

Mr = -D {;C7[2(1 +v) an 1T+ (3 + v)] + Cg[2(1 + v)]

1 - v
- C . ‘ (8)
k <\ rz./}

and

Mt = -D <{C7[2(1 +v) 2n 1T + (1 + 3v)] + Cgf[2(1 + v)]
1 -
Cq (\ r2,>} . (9)

Equations for the Tapered Hub

The basic differential equation for the radial displacement u of a
cylindrical shell with a linearly variable wall thickness tX is given by

Timoshenko? as



d? J' dzu‘\ 12(1 - Vz)txu 12(1 - v3)[1 - (v/2)]p
2 \ dxz/v b2 ) E -
(10)
The solution of Eq. (10) can be shown* to be:
U= —2 (Ciby + Cpby + Csby + Cuby) + —225 (11)
l1)1/2 1 + af

where P* = [1 - (v/2)]bp/gyE. Derivatives of u, required in the subse-

quent analysis, are

du b baP*

u' = = = ———— (Cybs + Cybg + C3by + Cybg) - —— , (12)
dx  293/2hn h(l + ag)?
o, d%u b
u'' = T (Cibg + Cybyg + C3byy + Cybyp)
X Y
2p*
2ba“P ’ (13)
h2(1 + ag)?®
and
d3 b
u'tt o= ; ? = i (Cybyg * Cobyy + Cgbys + Cubig)
X 1
2p*
_ _braP* (14)
h3(1 + ag)"

The bn’s used in Eqs. (11) through (14) are modified Bessel functiors
of argument n = 2y(w/u)1/2 defined in Table 1, which gives equations for

n = 1 through 20; ¢, «, and £ are defined in the nomenclature.

*

A solution to an equation that is essentially the same as Eq. (10)
is given by Timoshenko,3 who credits the original solution to G. Kirchoff
in 1879.
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Table 1. Modified Bessel functions of argument na

by = ber' n

b, = bei' n

b3 = ker' n

by = kei' n

bs = -n bei n - 2 ber' n

bg = n ber n - 2 bei' n

by = -n kei n - 2 ker' n

bg = n ker n - 2 kei' n

bg = 4n bei n + 8 ber' n - n2 bei' n
bijg = -4n ber n + 8 bei' n + n? ber' n

4n kei n + 8 ker' n - n? kei' n

=n
—
et
1}

-4n ker n + 8 kei' n + n? ker' n

o
—
N

I}

byz = -n® ber n - 24n bei n - 48 ber' n + 8n2 bei' n

byy = -nd bei n + 24n ber n - 48 bei' n - 812 ber' n
bis = -n® ker n - 24n kei n - 48 ker' n + 8n2 kei! n
big = -n3 kei n + 24n ker n - 48 kei' n - 8n2 ker' n
by7 = -n ber n + 2 bei' n
big = -n bei n - 2 ber' n
byg = -n ker n + 2 kei' n
bog = -n kei n - 2 ker' n

UThe argument n = Zy(w/a)l/z, where vy = [12(1 - Vz)/bzgoz]l/q(h):
=28+ (1/a), £ = x/h, and a = (g - g4)/g-
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Equations for the Pipe

The basic differential equation for the radial displacement u; of a

cylindrical shell with uniform wall thickness is:

; d*u;, 1201 - v¥)g, 12(1 - v [1 - (v/2)]p
go + u; - =0 . (15)
dx? b? E

The solution of Eq. (15) is:

_Bxl
u; = e (Cy3 sin Bxy; + Cyp cos Bxy)

BX1
+ e (Cs sin Bx, + Cg cos Bx,) + bP* . (16)

For large negative values of x;, u; = bP*. Hence, C;; = Cy, = 0.

Derivatives of u; needed in the subsequent analysis are

duy Bx,
ul = — = pe [C5 (sin B8xy + cos BXxj)
1
+ Cg (cos Bx; - sin Bx3)] , (17)
- 2 ]
ui' = = 2B<e [Cs cos Bx; - Cg sin Bx;] , (18)
dxf
and
d3U1 Bxl
artt = = -2p3% [Cs (sin Bxj - cos gx7)
1 dx3
1
+ C6 (Sjn BXl + COS BXl)] . (19)

Boundary Conditions

The equations listed above involve ten unknown constants: Cy,

Co, ..., Clp- These can be determined from the ten boundary-condition
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equations shown in Table 2 [Eq. (20)]. The ASME Code stress-calculation
method! is based on the assumption that the radial displacement at the
hub-to-ring juncture is zero. A more realistic assumption (particularly
for internal pressure loading) is that the displacement of the hub
equals the displacement of the surface of the ring where it joins the
hub. Boundary-condition equations for both of these alternatives are
provided in Table 2. [See Eqs. (20-5).] 1In Eq. (20-5b) a positive
dw/dr gives a negative radial displacement at the surface of the ring
adjacent to the hub. Also in Eq. (20-5b), u, is the radial expansion of

the ring due to internal pressure as given by Lame's equation:

b {‘(1+v)k2+ (1 -] Py
u_ = — L i p - — (21)
3 p JA
R L K2 -1 J t /
where k = a/b. In this expression, it is assumed that in addition to

internal pressure p, the shear resultant P, is uniformly distributed

around the inner edge of the ring.

Boundary Equations

When the equations in Table 2 are satisfied simultaneously, they
establish the values of the ten constants (Cy, Cs, ..., Cig) in terms of
the dimensions, Poisson's ratio, and the loads (total bolt load W and
internal pressure p). After algebraic manipulation, the equations are
reduced to the forms shown in Table 3. This table provides the elements
for the matrix equation [A]]C] + |B| = 0, where the terms in the coeffi-
cient matrix [A] are given under the headings of the corresponding
constants in the cclumn matrix [C|. The loading parameters constitute
the column matrix |B].

To derive numerical values for the constants, three items should be
noted.

1. It is convenient to define two new constants, Ci{ = Cs/b and

Cé = Cg/b.

2. The radial expansion of the ring u, is defined in Eq. (21).



Table 2. Equations for the boundary conditions for a tapered-hub flange
- T - —_— T —
Hub-to—pipe juncture Hub—to—ring juncture Ring

Equation Eq. No. Equation Eq. No. Equation Eq. No.
. a _ - - =
Displacements (u)x=O = (ul)x1=0 (20-1) (u)xzh =0 (20-5a) (w)r=b =0 (20-8)
(Footnote p)
t dw
(U)X=h = (ur - ? E) (20-5b)
r=b
R dw
' -~ i - = =X -
Rotations W) W), (20-2) W), <dr)r=b (20-6)
¢ " = fr - = o l - = -
Moments (u )x=0 = (u1 )X1=0 (20-3) Mhl Mrl + 5 Pt (20-7) Mr2 0 (20~9)
(Footnote o)
3 dM Mt - Mr W
Rl T [ = [} 20 = . = —_ -
Shears < F U tu >x=0 (ui )x1=0 (20-4) Q &t PrsS (20-10)

bSetting (w)r_b equal to zero provides a reference point for all other axial displacements.,
ey . N
Radial for ring.

dThe assumption is that the shear P, of the hub on the ring produces ap additional moment on the ring.

€T



Table 3. Matrix coefficients of the discontinuity equations? for a flange with a tapered-wall hub
q g P

Loading

Y1

Eq. No. C1 Gy Cq Cy Cé Ce ¢, Cq Cq Cio parameters
b 0 0 0 0 1/2
(20-1) by ¢ by b, 0 ¥ 0 0 0 0 0
1/2 1/2
n.Y¥ N
(20-2) b by b) by MY 070 0 0 0 0 -2}/ %o
Vv 2 V2
) 0 0 0 0 21/2 1/2
(20-3) by b b, by, 5% 0 0 0 0 0 8o, P
1/2 1/2
Al ur
(20-4) b)) bYy bYy v, .o s 0 o 0 0 0
N vz V7
<) 1/2
(20-5a) b! b b! b 0 0 0 0 0 0 (0% mPE/p)
i 2 3 4 1
(20-5) b1 s Ul - bL e UD! - bI+Ubl- bl+UDb- 0 0 0 0 0 0 ) e -
170 2" %P 3 *UPy 4" Y10 P Y o
. . ,
UUshis UUsbis UpUsbig UyUsbag Usp + Uy
_ ' ' ' 5372 Cau32 5 3/2 .2 1/2
(20-6) b! by by by 0 0 247" x 497 "n e V1 0 -2y, P/
(2 &nb + 1)
d a-.uh 172
R 1 i v ' ' ' 1 ] _ = }
(20-7) by + Ugbl,  biy * Ubly bl + Ubly b, * Ubh 0 0 Ugl2h + ) an b+ U200+ w1 -Ug 2 0 8, Pr/o
3+ V)
(20-8) 0 0 0 0 0 0 b2 2n b b2 ¢n b 1.0 0
(20-9) 0 0 0 0 0 0 2(1 - v) noa + 2(1 + v) -(1 - v)/a2 0 0
3+ V)
2
(20-10) 0 0 0 0 0 0 1.0 0 0 0 R LUTL)’L
25it”(a - b)
%These equations are in the form [A}|C| + |B] = 0, where [A] is the coefficient matrix, [C| is the column matrix of unknown constants, and |B| is

the column matrix of loading parameters

bA superscript "0" on the b's indicates that the Bessel function is to be evaluated at x = 0, n = 2y/a.

°A prime (') on the b's indicates that the Bessel function is to be evaluated at x = h, n = ZYQI/Z/a.

(1+\))KZ+ (1 - v)
2

2. 3 33 2 2 2
dUl = t/4\blh; U2 = nlEgl/96twlh {1 -v7); UZ = (b/E) ]t = ] , where K = a/b; U4 = thaP*/2h(1 + o)7; US = y“t/ha;

. ,5/2,23, 3
U, = -4vy ot /bgy.
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3. The ASME Code stress-calculation method uses a moment M, applied
to the flange ring, rather than a bolt load W, where the cor-
relation between M and W is M = W(a - b). In the present
analysis, however, Eq. (20-10) from Table 2 is used with the

loading parameter M, rather than W.

Stresses

After having solved the set of equations in Table 3 for the con-
stants C;, ..., Cyg, the stresses can be obtained anywhere in the
structure. The equations for these stresses, used in other reports” s>
in this series, are given in Table 4 [Eqs. (22)—(45)] for the same
locations as those given by the ASME Code stress-~calculation method;
these are (1) at the hub-to-pipe juncture, (2) in the hub at the hub-to-

ring juncture, and (3) at the inside edge of the ring (r = b).

Displacements

In Chapter 7 the displacements w of the flange ring are used. The
equations for these displacements (with w arbitrarily set to zero at

r = b) are:

W, Cyg” tn g + Cgg? + Cqg n g + Cyy (46)

at the gasket centerline radius, g = G/2; and
W, = Csc? tn ¢ + Cge? + Cq n ¢ + Cig (47)

at the bolt-circle radius, ¢ = C/2.



Table 4. Equations for the stresses in a tapered-hul flange

H_‘MN
Hub-to-pipe-juncture,

longitudinal and Hub-to-ring Jjuncture, longitudinal

Type circumferential and circumferential
Eq.

Eq.
Equation No. Equation No.
Longitudinal or
tangential . Ego ot Eg] - o)
Bending g =t 2B84)C!b (22) (o), =% —— | (Clhé + C,bl, 30
b 2(1 - 2 > £b 200 - v2) | 4y/2m2
. 2ba?p*
+ C,}bl'1 + Lubi") +
BRI SIS ER
Membrane (Gz)m = pb/ZgO (23) (Ui)m = ph/Zgl (31)
Outside (o0, = pb/2g, - 1.816C; (24) ), = pb/2e, - CON (32)
Inside (Gﬂ,)i = pb/2g, + 1.816C) (25) (ol).l = pb/Zgl + (cg)b (33)
Circumferential
or radial
Bending 1(UC)b = iv(ck)b (26) t(cc)b = :(Uz)b (34)
_ d _ e
Membrane (crc)m = (Euo/b) + v(pb/ZgO) (273 (GCJm = (Euh/b) + v(pb/Zgl) (35)
OQutside (crc)o = (Euo/b) + V(UQ)D (28) (cc)0 = (Euh/b) + V(UEJO (36)

Inside (6 ). = (Euo/b) + v(oll)i (29) (0 ). = (Euh/b) + V(Ul)i

c’i c’i
3 2
Eg1 br]1

aHere, K = a/b, and s = -

—_ + C
t (1 - v2) gn3y]/2

bt

€11, + Cyb 19 * Cubjy).

'
lg 3

bHub—side surface of ring.
clGasket—sir:le surface of ring.
Uy = b(C + P¥).

¢ b
s L EhL e by oy by g,

(37)

Inside edges of ring, tangential

and radial
Eq.
Equation No.
Oy = £/t (M) = £ [Ee/2(1 - v2)] x (38)
[C (2.6 anb + 1.9) + 2.6Cy + 0.7C4/b?]
(G P
1 a
@), = () + (o) (10)®
to t'm t'hb
(o = (0, - (o, n®
6Mrll Et
(Ur)b =+ —2 - . X (42)
t? 2(1 - v2)
[C,(2.6 an b + 3,3) + 2.6, - 0.7C,/b?]
oy =P +P /¢ (43)
opdy = (o), * (o) (a4y”
Gy = 0, - (o), 45)°

—

91
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4. FLANGE WITH A STRAIGHT HUB

Although the mathematical expressions for the straight hub can be
obtained by letting gg = g1, this would result in indeterminate quantities
in the computer program. Therefore, the direct solution to the ring
with a straight hub was obtained by using the previously given basic
equations for only the pipe and the ring. There are six constants of
integration to be established; the boundary-condition equations are
displayed in Table 5 [Eq. (48)].

After algebraic manipulation, the equations displayed in Table 5
are reduced to the matrix-equation form [A]|C| + |B| = 0, where the
terms in the coefficient matrix [A] are given in Table 6 under the
headings of the corresponding constants in the column matrix [Cl.
Solving this set of equations for the six constants (C}, Cé, C7, C8, Cg,
and C;,) allows calculation of the stresses in the structure. The
equations for the stresses in the pipe at the pipe-to-ring juncture and
in the ring at the inner edge (r = b) are analogous to those previously
derived for the flange with a tapered hub (see Table 4).

One can calculate the displacements wg and W for a straight-hub
flange from Eqs. (46) and (47), respectively, using the constants
Cy, ..., Cyp, identified in Table 6.



Table 5. Equations for the boundary conditions for a straight-hub flange

Hub-to-ring juncture Ring
Equation Eq. No. Equation Eq. No.
Displacements (up) =0 (48—1a)a’b (w) =0 (48—4)0
x1=0 r=b
_ t dw) a,b
(ul)x1=0 - <ur T2 dr =D (48-1b)
Rotations (ul) = <d~w> (48-2)
17x,.=0 dr
1 r=b
Moments M., =-M <+ l-P t (48-3) M ., =0 (48-5)d
rl ho 20 T2
Shear along er Mt - Mr W
radius r Q= - el T = 57 (48-6)

a

bFor an ASME-type calculation, Eq. (48-la) is used.

Radial displacements.

“Axial displacements; (w)r=b = 0 is the reference point for all other axial displacements.

Radial moment at outside edge of ring (r = a).

8T



Table 6. Matrix coefficients of the discontinuity equationsa for a flange with a straight hub

Coefficients of Cn

Loading
Eq. No. Cé Cé Cy Cg Cq Cyg parameters
(48-1a) 0 1.0 0 0 0 0 bP* + beos - Ugp
b
(48—1b) qu - U33 1+ U3u + U33 0 0 0 0 0
(48-2) g 8 -(2b 2n b + b) -2b 0 0
(48-3) 282 + 283t/2 -2eft/z -(2.6 4n'b + 3.3) x (t/gy)3 -2.6(t/gg) 3 (0.7/b2) (t/gy)3 0 0
(48-4) 0 0 b? n b b? 2n b 1.0 0
(48-5) 0 0 2.6 ¢n a + 3.3 2.6 -0.7/a2 0 0
-3(1 - vOM

(48-6) 0 0 1.0 0 0 0 — Y

27 Eti(a - b)

“These equations are in the form [a]lC] + IB] = 0, where [A] is the coefficient matrix, ICl is the column matrix of unknown

constants, ]Bf is the column matrix of loading parameters.
(1 + WK2 + (1 - ) 2U4Egdg’

» where K = a/b; U33 = —— . Uy = tB/2.
12(1 - vt

b

Uz = (b/E) [
K2 -1

61
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5. BLIND FLANGES

Analysis Method

Blind flanges (or flat heads) are modeled as shown in Fig. 2. The

general

w:

dw
dr

d%w

dr?

and

d3w
dr3

The
by

and

and the

equations for a circular flat plate are:?

Dir? an 1 + Dyr? + D3 &n v + Dy + r'*p/64D , (49)
=D;(2r gn r + 1) + Dy(2r) + D3/ + r3p/16D , (50)
=Dy(2 fn T + 3) + Dy(2) - D3/v? + 3r?p/16D , (51)
= Dy(2/r) + D3(2/r3) + 3rp/8D . (52)

radial and tangential moments Mr and Mt (see Fig. 2) are given

2
o[ LWL,y 9i> (53)
dr? r dr

2
__D<.££1_V£+vd_i> : (54)
r dr dr?
shear is given by
er Mt - Mr
i - . (55)
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Fig. 2. Flat-plate analysis model of a blind flange or cover plate.

The moments and shears, in terms of the integration constants D; through

D,, are:

Moo= -D{D1[2(1 + v) #nx + (3 + v)}] + Dp2(1 + v)] - D3[(1 - v)/r2}}

- r2p/16(3 + v) ,  (56)
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Mt = -D{Dy[2(1 + v) an 1 + (L + 3v)] + Do{2(1 + v)] + D3[(1 - v)/r2]}

- r2p/16(1 + 3v) ,  (57)

and

/4D1\ rp
=05/ "2 (58)

For analysis, the plate is divided into three parts as shown in
Fig. 2. There are four integration constants for each segment. The
boundary-condition equations used to evaluate these constants are shown
in Table 7. These boundary conditions show that 3 of the 12 constants
are zero. The set of simultaneous equations to be solved to establish
the remaining 9 constants is shown in Table 8. Again, this table presents

the elements of the matrix equation [A]|C| + |B| = 0.

Table 7. Boundary condition equations used for blind-flange analysis

Equation
No. Boundary condition
1 21rQ = nr?p for all of Part I. This gives Dy = 0.
2 (dw/dr)I = 0at r = 0. This gives D;3 = 0.
3 (w)I = 0atr=g
4 (dw/dr)I = (dw/dr)II at v = g
5 (Q)II = (W/2wr) - (mg?p/2mg) at r = g. This gives
Dy, = W/81D - g2p/8D.
(For pressure loading, W = wg?p; hence Dy; = 0.)
6 (w)II =0atr-=g
7 mrh,:(MﬁIIatr =g
8 (dw/dr)I = (dw/dr)II at r = g
9 (Q)III = 0. This gives D3; = 0.
10 (Mr)II = (Mr)III at r = ¢
11 (Mr)III =0atr=a
12 (w)H = (w)III at r = ¢




Table 8. Boundary equationsa for a blind flange

Coefficients of Dij

b Loading
No. Dyo D1y Doy Dyo Dog Doy D3p Dy3 D3y parameter
3 g? 1.0 0 0 0 0 0 0 0 gp/64D
4 -2g 0 2g 4n g + g 2g 1/g 0 0 0 0 -g3p/16D
5 0 0 1.0 0 0 0 0 0 0 -W/8nD
6 0 0 g2 n g g2 &n g 1.0 0 0 0 0
7 -2.6 0 2.6 4n g + 3.3 2.6 -0.7/g? 0 0 0 0 -3.3g%p/16D
8 0 0 2c n ¢ + C 2¢c 1/c 0 -2¢ -1/¢ 0 0
10 0 0 2.6 an c + 3.3 2.6 -0.7/c? 0 -2.6 0.7/c? 0 0
11 0 0 0 0 0 0 2.6 -0.7/a% 0 0
12 0 0 c? an ¢ c? n ¢ 1.0 -c? -4n ¢ -1.0 0
“These equations are in the form [A]l|C] + |B| = 0, where [A] is the coefficient matrix, |C| is the

column matrix of unknown constants, and [Bi is the column matrix of loading parameters.

bBoundary condition number from Table 4.

€c



24
Stresses

After having established values for the integration constants, the
stresses at any point in the blind flange can be readily obtained.
Equations for stresses at the center of the flange and at r = g and

T = c are given by

o, = t6Mt/t2 tEtM /[2(1 - v2) D (59a)

and

[t}

o = iéMr/tZ sEtM_/[2(1 - v2)ID . (59b)

At the center of the flange (r = 0),

M, =M= -D{D;p[2(1 + W)]) . (60)

At the gasket (r = g),

M, = -D{Dyp[2(1 + v)] + g?p(3 + v)/16D} , (61)
and

M, = -D{Dy5[2(1 + v)] + g”p(1 + 3v)/16D} . (62)
At the bolt circle (r = ¢),

M, = -D{D3p[2(1 + V)T - D33(1 - v)/c?} (63)
and

M, = -DD3,[2(1 + v)] + D33(1 - v)/c?} . (64)

In all of the above, a positive moment produces a tensile stress on

the back of the flange (positive w side of Fig. 2).
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Displacements

In the third and sixth boundary conditions listed in Table 7, the
axial displacement at the gasket has been arbitrarily set equal to zero.

The relative displacement of the bolt circle to the gasket is therefore

w, = D3sc? + D33 &n ¢ + Day . (65)
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6. THERMAL GRADIENTS

Two kinds of thermal gradients are included in the analysis: (1) a
constant temperature in the pipe and hub that may be different from the
assumed constant temperature in the ring and (2) a constant temperature
in the bolts that may be different from the assumed constant temperature
in the ring.

The significance of the bolt-to-ring thermal gradients is dependent
upon the dimensional and material characteristics of the flanged joint
and is covered later in Chapter 7.

The pipe/hub-to-ring temperature gradient is included in the
analysis by an appropriate change in the ''loading parameters' shown in
Table 3. We define A as the difference in temperature between the
pipe/hub and the ring; A is positive if the pipe/hub is hotter than the
ring. The radial expansion of the tapered hub at its juncture with the

ring is then:

b
v

c
i}

(Ciby + Cyby + Cgby + Cyb)) + beod (66)

£

where b is the pipe radius; bi terms are the Bessel functions defined in
Table 1 evaluated at x = h, n = 2yp1/2/u, as indicated in footnote ¢ of

Table 3; and e_ is the coefficient of thermal expansion of the flange

f
material.

The effects of such a thermal gradient are taken into account by
adding G¢h537b)(befA) to the existing terms in the loading-parameter
column in Table 3 [Eqs. (20-5a) and (20-5b)]. The analogous term is

already included in Table 6.
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7. CHANGE IN BOLT LOAD WITH PRESSURE, TEMPERATURE,
AND EXTERNAL MOMENTS

A flanged joint is a statically indeterminate structure. Thus, in
order to determine the residual bolt load in the joint, it is necessary
to calculate the relative displacements of the parts when the joint is
subjected to (1) initial bolt loading, (2) moment loading, (3) internal
pressure, and (4) thermal gradients.

The object of the analysis is to determine the residual bolt load
Wy in terms of (1) the loadings Wi, p, A, and A'; (2) the component
temperatures Tb’ Tg’ Tf, and T%; (3) the flanged-joint dimensions; and
(4) the material properties.

The basic analysis is given by Wesstrom and Bergh,® and we follow
their nomenclature, with additions as necessary. Reference 6 covers
only the effect of initial bolt loading and part of the influence of
internal pressure; the remaining influence from the internal pressure is
discussed by Rodabaugh.’ The extension of the analysis to cover thermal
gradients is relatively simple and is covered below.

The nomenclature used in this development is:

= cross-sectional area of bolts or gasket
inside diameter of ring

= bolt-circle diameter

m O wm
u

= modulus of elasticity

go = wall thickness of pipe

op]
i}

gasket centerline diameter

2 = bolt length

p = internal pressure
p* = equivalent pressure for external moment loading

q = elastic deformation coefficients

t = ring thickness

T = final-state temperature (initial-state temperature is defined as

zero)
v = gasket thickness
W = bolt load
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§ = relative axial displacement between the gasket centerline and
the bolt circle
e = coefficient of thermal expansion

A = temperature between hub/pipe and ring

The subscripts 0, 1, and 2 refer to the undeformed, initial deformed,

and final deformed states, respectively; subscripts b, g, and f refer to
the bolts, gasket, and flange, respectively. Quantities with a prime (')
are for one of the flanges in a pair (e.g., T% refers to the temperature
of the right-hand flange in Fig. 3); quantities without a prime are for

the other flange.

Analysis

Figure 3 shows a schematic illustration of the general case of two
dissimilar flanges and their mode of deformation. When the bolts are
initially tightened to make up the joint, the resulting initial deformed

bolt length is

£1=V1+t1+ti~51—6;. (67)

ORNL-DWG 75- 4297

BOLT
CIRCLE

Fig. 3. General case of two dissimilar flanges and their mode
of deformation.
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After application of loadings, the bolt length becomes

Q2=V2+t2+té—62—6é. (68)
The basic displacement relationship is thus
Lo =~ %1 = (vp - vi) + (tp - t1) + (t) - t])
- (62 - 61) - (85 - 61) . (69)

We also use the following relationships:

= s a
o= 8, Tbeb%o + qb2W2 (a)

= - - - H 3 b
v vy Tgsgvo qu(W2 Hp, Tz) (b)

2

t2 =t + Tfefto s {¢c)

t; =t + T%e%té , (d)

62 = quMth + qpth + thhg s (e)

8, = ag Mhg *+ apphg + qpathg (£)

R W (g) (70)
VoSV qglw1 , (h)

to=t, (i)

to=t (3)

6, = dgMihg (k)

t = q! 9
61 qf1M1hG ’ (2)
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The elastic deformation coefficients S qgl’ U, > and qu in
Egs. (70a—) are further defined as

Lo
A, = 77 (71a)
b1 AbLbl
i (71b)
9, " A E_
Bl Rgbgy
L0
q = s (71c)
b2 AbEbz
Vo
e T (71d)
g g2

In Egs. (70a—L)}, the term Ay is a rotation of the flange due to a
unit moment load, qp is a rotation of the flange due to a unit internal

pressure, and 4t is a rotation of the flange due to a unit temperature

gradient between the hub and the ring. The quantities Qg o qp, and 9
are obtained from the functional expression
-w (L) +w (L)
a(l) = —————2—, (72)

G

where hG = (C - G)/2, C is the bolt-circle diameter, and G is the gasket-
centerline diameter. Values for the displacements wC(L) and wg(L) are
obtained from Eqs. (46) and (47) with the appropriate unit values for
the loads A, P, and M.

For Ay the modulus of elasticity used is that for the initial
condition. For qp and Qs the moduli used are those for the final

condition. The term g, is obtained from 9, and the ratio of the

initial and final elastic moduli; thus:

e, = 9y Ez"
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The moments and loads are defined by Eqs. (73a-n}. The nomenclature
used in these equations is analogous to that used in the ASME Code.!
The symbol H represents a load, h represents a lever arm, and M repre-
sents a moment. The term HD is the hydrostatic end force (in pounds) on

the area inside the flange, H. is the gasket load in pounds, H, is the

difference between the total gydrostatic end force and the hydzostatic
end force on the area inside the flange, hD is the radial distance in
inches from the bolt circle to the circle on which HD acts (as pre-
scribed in Table UA-50 of the Code), hG is the radial distance in inches
from the gasket-load reaction to the bolt circle, and hT is the radial
distance in inches from the bolt circle to the circle on which HT acts
(as prescribed in Table UA-50). Symbols, C, B, G, gy and p are defined
earlier in this chapter. Again, a subscript 1 refers to the initlal
deformed state, a subscript 2 refers to the final deformed state, and

primed quantities refer to the mating flange.

n, = (C-B-g)/2, (a)
hy = (C-B' -gl)/2, (b)
hp = [C - (G +B)/2]/2 , (e)
hi = [C- (G +BY)/2]/2, (d)
hg = (C - G)/2, (e)
Hy, = %sz , ()
Hy, = 7 ()7, (g) (73)
Hp, = 7 (6% - B%)p , (h)
Hy, = 3 (62 - (B)%]p (1)
Hgy = Wo = Hy, = By, Q)
Héz - Wz - Hbz - H%z ’ (k)



32

Al —_
| = Whe =Hoheo, (2)

=
i

, = Hp,hp *+ Hpphy # Ho b (m)

=
1l

and

My = Hp,hp + Hp hp Hyhg (n)

Substituting Eqs. (70a—2) into Eq. (69) gives

Tpepto * ApWy = ApMy = TgegVy — 9, W, - My, - Hp))

Vatet -
+ qglw1 + Tee .t + Tle tO hG(quM2 + qpp + th qflMl)

- hglag M)+ qy

At _
bt amst - apMp) L (74)

In order to eliminate M1 and M, from Eq. (74), Egqs. (73% and m) are
used; the sixth term on the right-hand side of Eq. (74) then becomes

-helag, lHp,hy + Hyhy + (0 - Hyp - By Jhel +ap + qb - ag Wohet

The last term in Eq. (74) is treated similarly. Collecting terms containing

W, on the left gives:

2 2, _ 2
*hgdg, * hgag)W, = () +q  * hgde, * thfl)Wl

(qb2 4 g1

g2

[ IPA I B
+ Tgegvo + ngfto + TfeftO Tbebl + q HTz

hgag, (Hy, (yy = he) + Hp (hp - he)]
hgag, (Hy, (hy - he) + Hp (hy - ho)]

- hG(qp + qﬁ)p - holqd + qpa') . (75)
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Defining

and

and using the given definitions of HD’ H!

W2 =

+

condi

From

1!

2 2,
Ql 9p T qgl ¥ thfl ¥ thf1

_ 2 2
Q =4, * qg, * hgdp, * B,

D> HT’ and H%, Eq. (75) becomes

Q, 1
_ _— P
q, W1 + Q, (Tgagvo + TfeftO + TfeftO Tbebzo)
mh I q -
G £2 _ - _ ' 2
1, {l‘ he A 7 g - agp(hy - hgd - g, (- hg) G

- lag,B%(hy - hp) + ap, (B2 (h) - h+)1} p

hG hG
- = +q')p - 5 A+ qlaty . (76)
q, (a, + a))p q, (g8 + qpa")
In order to compute the flange stresses under the various loading
tions, it is necessary to compute the flange moment M2 or M;.

Eq. (73m) and the definitions in Egs. (73a-k),

- 2 2 _ n2 2
M, = 7 p[B?hy + (G B®)hy - G*hgl + Woh, . (77a)

2

And similarly for the mating flange,

=3P {(B')zhﬁ + [G? - (B")?]h) - G®h, }+ Wohe (77b)

The computer program was written to separately evaluate the various

effects involved in bolt-load changes. The residual bolt load due to



34

temperature differences that produce differential axial strain is

(78)

- _l totget
W = W+ (TgegvO + Te t, + Thelt Tbebio)

2a 1 Q1 £f7£70 f°f o

The residual bolt load, after internal pressure (acting in an axial
direction) has transferred the bolt load on the gasket to a tensile load

on the attached pipes due to a shift in lever arms, 1s given by:

‘,_g_l__ - _ ' | 2
1{~ hg Ay (hp = hg) - ag, (hy hG)} 6

- [ag,B?(hy - hy) + ap (B2(hy - hf)]} p. (79

The total effect of internal pressure due to both the shift in the
lever arms and the radial effect of pressure acting on the integral

fiange(s) and/or on the inside surface of a blind flange is given by:

h

- G
Woe " Wop - Q, (qp

+ g . (80
qp)p )
The residual bolt load due to a temperature difference between the hub
and the ring is given by:
hG
= - —— 1 1

W2d W1 Q, (th + th ). (81)

A slight modification of the above is required for the case of a
blind flange. If we designate the blind flange as that with the "primed"
nomenclature, then all* of Eqs. (70a—%) are valid except Egs. (70f

and &) for §; and §,.

*
For v, it should be noted that H 5 "~ HTZ = ﬂGzp/4; hence, this
equation is valid for blind flanges.
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For blind flanges, W is used rather than M as the loading parameter
because the relationship M = W(a - b) is not valid for the blind-flange
analysis. For blind-flange analysis, Eq. (65) gives a value of w3 here
W is the equivalent of W wg in Eg. (72) because Wg = 0 in the

blind-flange analysis. For blind flanges we define

) ﬁ-wC)W

g (82)

2 >
hG

where (—wc)w is the axial displacement per unit total bolt load W. The

equation for W, for a blind flanged joint is then:

Q; 1
o . LIPS S
W2 = q, W, + 3, (TgsgvO + Tfefto + Tfefto Tbeblo)
7 h —q
.G 82 3 2 2 _
'7q, {k e g, (hy - hg)  GF - qg BT (hy, hT)} 3
h h
G G
- +q! - =— q,A . (83)

Q, (qp qp)p 0 a.

In Eq. (83) the primed values refer to properties of the blind flange.
After the internal pressure has transferred the bolt load on the

gasket to a tensile load on the attached pipe due to a shift in the

lever arms, the residual bolt load for the case where a blind flange is

used 1is

—

gl_ B Z_ 2 ~
{ Thy gy (hp = hg) 67 - qg B"(hy hT)}'p : (84)

4
Ql

|

W =W
2b 1+

It should be noted that q%A' does not exist for an integral flange mated

to a blind flange.
The combined effect of all of the above is also obtained from the

computer program by calculating W, from Eqs. (76) and (83).
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External Moment Loading

Up to this point, all loads considered have been axisymmetric. For
flanged joints in pipe lines, there is one other significant loading;
that is, the bending moment imposed on the flanged joint by the attached
pipe. To distinguish this from the local moments applied to the flange
ring, the bending moment will be designated as an '"external'' moment.

The external moment can be represented by a distributed axial edge force

acting on the attached pipe:

FM(e) = F_cos ¢, (85)

where 6 = angle around the circumference (6 = 0 at the point of maximum
tensile stress in the pipe due to the external moment). Since this
report deals only with cases in which all contact occurs within the
bolt-hole circle, a reasonably good first approximation for the effects
of the external moment loading can be obtained by replacing the dis-
tributed axial force FM(S) with the axisymmetric tensile force Fm =
FM(max). Then, since Fm is axisymmetric, there is some pressure p* that
will produce the same axial force in the pipe; or alternately, there is
an equivalent pressure p* that will produce an axial stress in the pipe
which is equal to the maximum tensile stress Sb produced by an external

moment. The relation between p* and S, is given by

b

* -

where Sb is the bending stress in the attached pipe due to the external

moment. The change in bolt load W2 is then obtained by replacing p

b
with p + p* in Eqs. (79) and (84). It should be noted that this equiv-
alent pressure is included only in Egqs. (79) and (84) and not in Eg.

(80).
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8. COMPUTER PROGRAM

A Fortran computer program named FLANGE has been written to carry
out the calculations according to the analyses described in this report.
The program calculates appropriate loads, stresses, and displacements
for the flanges, bolts, and gaskets when the flanged joint is subjected
to internal pressure, moment, and/or thermal gradient loadings; thus,
the program is much more general than that needed only to determine
compliance with the ASME Boiler and Pressure Vessel Code. The program
also has the advantage of internally computing the values of the Code
variables F, V, and f that must otherwise be extracted manually from the
curves given in Code Figs. UA-51.2, UA-51.3, and UA-51.6. Loose hubbed
flanges, which are covered by the Code, however, are not covered by the
computer program.

The main function of this chapter is to describe the input and
output for the various computational options available to the user. For
more detailed information, the reader is urged to carefully study the
examples given in Appendix A where a flanged joint, selected from API
Standard 605 (Ref. 8), is analyzed. Several sample problems are worked,
and the data input and program output are given for the various program
options along with a discussion of the results. Flowcharts and listings
of the program and its subroutines are given in Appendix B. In the
following sections, the input data for option control and the input data
and program output for Code compliance calculations and for more general

calculations are discussed.

Option Control Data Card

The first card of each data set, herein called the option control
card, contains control information for execution of the various program
options. It contains information specifying the type of flange being
analyzed, the boundary condition placed on the displacement (ur)x=h’
the stresses and other variables to be calculated, and the joint con-
figuration and which flange (of the pair) is to be analyzed. These

specifications are under control of the four variables ITYPE, IB@ND,
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IC@DE, and MATE. The admissible values and their significance are as

follows.

ITYPE (indicates the type of flange being analyzed)
1 for a tapered-hub flange
2 for a straight-hub flange
3 for a blind hub
IBPND (specifies the displacement u, at x = h)
0 for (ur)X=h = 0 to conform with the ASME Code basis
1 (see footnote)*
2 for (ur)X:h # 0 [see Eq. (20-6) of this report]
ICPDE (controls the amount of output data)
0 for a wide variety of stresses, moments, and loads for specified
moment, pressure, and AT
1 (see footnote)*
2 for a select list for checking Code compliance in accordance
with Section VIII, Div. 1 of the ASME Code
MATE (specifies the joint configuration and the flange to be analyzed)
1 for only one flange to be analyzed (This is the situation for

ASME-Code related calculations.)

3]

for two identical flanges mated together

3 for the first of two flanges that are not identical, neither of

which is a blind flange

4 for the second of two flanges that are not identical, neither

of which is a blind flange
5 for a blind flange
6 for a flange that is mated with a blind flange.

The data card with the above information is followed by other data cards
containing physical-property data, etc., for the particular flange being

analyzed. Since the program can be used to analyze any number of flanges

*

In the original conception of the program, IB@ND and IC@DE were
envisioned as controlling additional calculations that were not imple-
mented in the present version. As it is now written, the program does
not distinghish between values of 0 or 1 nor between 2 and numbers
greater than 2 for either IB@ND or IC@DE.
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or flanged joints sequentially (as done in the examples of Appendix A),
the data card set for each flange must start with an option-control data
card.

Different types of flanges and different types of calculations have
different input data requirements. These data and their formats are

discussed in the following sections.

Input for Code-Compliance Calculations

Since the ASME Code calculation procedures consider only one flange
at a time, the input data requirements for the computer program are
quite simple and straightforward. Input data are completely prescribed
by the three data cards illustrated in Table 9. The nomenclature is the
same as that used in the Code.

The first card is the option control card discussed in the previous
sections. The first variable ITYPE may be equal to 1, 2, or 3, de-
pending on the type of flange being analyzed. The next variable IB@ND
will always be 0, in which case the displacement u will be equal to zero
at x = h, as specified by the Code. The third variable IC@DE will
always be 2 and will therefore cause the program to compute the stresses
in accordance with Code paragraph UA-50 for straight or tapered-hub
flanges or paragraph UG-34(c)(2) for blind flanges. The last variable
MATE will always be 1 for Code-compliance calculations. This variable
essentially controls the bolt-load-change calculations made by the
program. Since the ASME Code does not consider bolt-load changes in
determining compliance, when MATE = 1 these calculations are not per-
formed.

The second card in the data set enters the physical dimensions of
the flange being analyzed, as shown in Table 9. These dimensions are
the outside and inside diameters of the flange ring A and B, the ring
thickness t, the pipe-wall thickness g, the hub thickness at the hub-
to-ring juncture g,> the hub length h, the bolt-circle diameter C, and
the internal pressure. All dimensions are expressed in inches; the

pressure is in pounds per square inch.



Table 9.

in ASME Code, Section VIII, Division 1, Appendix II

[nput data for ASME bolt and flange stress calculation, using symbols defined

Option-Control Card (Read-in in FLANGE)

Column number 5 10 15 20
Variable 1TYPE? IBAND ICPDE MATE
Value 1, 2, or 3 0 2 1
Second Card (Read-in in TAPHUB, STHUB, or BLIND)??¢
Column number 0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80
Flange Flange
Quantit outer inner Ring Pipe-wall Hub Hub Bolt-circle
y diameter diameter thickness thickness thickness length diameter Pressure
A B t g5 £, h c p
Variable XA XB TH GO Gl HL C PRESS
Third Card (Read-in in ASMEIN)d
d e d d
Column number 0-10 11-20 21-30 31-40 41-50 51-60 61-70 72 73-80
Minimum Allowable Allowable Basic
design Gasket Gasket bolt stress bolt stress Bolt gasket
Quantity Gasket seating outer inner at design at atmospheric cross-sectional seat
factor stress diameter diameter temperature temperature area Option width
m y G G. S S Ab I b
o i a o
Variable | XM Y GOUT GIN SB SA AB INBO BO
“When ITYPE = 2 for a ring flange, 8,y on the second card, should be a suitably small value, but not zero (e.g., 0.01).
bSubroutines TAPHUB and STHUB call both ASMEIN and FLGDW; BLIND calls ASMEIN.
®For ITYPE = 2, go must be entered; g, and h are not used. For ITYPE = 3, B, go, gl, and h are not used.
d

Columns 73-80 may then be left blank.

In this case, the value of G.1 is not used and thus columns 31-40 may be left blank.

€Column 71 is blank.

If I (Column 72) is 0, the program computes b, bo’ and G for the particular case of b0 =

in Table UA-49.2 sketches (l1a) and (1b) of the Code.

N/2 = I/Z(GO - Gi)/2 as defined

For other values of bo, enter I

= 2.

0y
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The third card inputs other physical data, including the gasket
factor m, the minimum-design seating stress y, the outside diameter of
the gasket Go’ the inside diameter of the gasket Gi’ the allowable bolt

stress at design temperature S, , the allowable bolt stress at ambient

b’

temperature Sa’ the total cross-sectional area of the bolts A , an

b’
option-selecting variable I, and the basic gasket-seating width bo' The

option variable I controls the calculation of b and G.

Output for Code-Compliance Calculations

For Code-compliance calculations, all of the output for each flange
being analyzed is printed on a single page (e.g., see examples 1 and 2
of Appendix A). The program prints the input data followed by the
effective gasket secating width bO and the loads, bolt stresses, and
moments identified under the headings shown in Table 10. For compliance
with Code criteria, the value of SB1 must not exceed the allowable bolt
stress at design temperature, and the value of SB2 must not exceed the
allowable bolt stress at atmospheric* temperature.

Immediately below, the program prints the flange stresses needed
for comparison with the ASME Code criteria. For tapered-hub and straight-
hub flanges (ITYPE = 1 or 2), the program prints five stresses under the
two headings ''ASME FLANGE STRESSES AT OPERATING MOMENT, MOP'" and "ASME
FLANGE STRESSES AT GASKET SEATING MOMENT.'' The stresses are identified

as follows:

i

2/3(SH) two-thirds of the longitudinal stress on the outside
surface at the small end of the hub,
ST = the tangential stress on the hub side of the ring,
SR = the radial stress on the hub side of the ring,
(SH + ST)/2

(SR + ST)/2

the average of SH and ST, and

f

1

the average of SR and ST.

*
Although "ambient" would probably be a better term here, the word
"atmospheric'" is used as it is used in the Code.
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Table 10. Output data identification, IC@DE = 2,
(ASME Code stresses)

ASME Code Program
symbol® symbol Description®
bO BO See ASME Code, Table UA-49.2.
(This will be input data for I = 2.)b
H WM11 nG2p/4
WM 12 2mbGmp
W wM1 7G2p/4 + 2wbGmp
SB1 Bolt stress, Wm1/Ab
W WM2 TbGy
SB2 Bolt stress, sz/Ab
() MOP Hohg + Hpho + Hohy
(d) MGS [(Am + Ab)Sa/Z] x [(C - G)/2] Except for
ITYPE = 3
(Blind
flanges)
MGS1 W x [(C- G)/2]

m2

A11 symbols are defined in the ASME Boiler Code, Section VIII,
Div. 1 (1971), Appendix II.

bSee Footnote d of Table 9.
°MOP is the operating moment as defined by the ASME Code.
dMGS is the gasket seating moment as defined by the ASME Code.

For compliance with the Code Criteria, each of the above values printed
under the first heading must not exceed the allowable stress for the
flange material at the design temperature. The values printed under the
second heading must not exceed the allowable stress for the flange
material at atmospheric temperature.

For blind flanges (ITYPE = 3), the program prints the following
five quantities under the heading "ASME CODE STRESSES FOR BLIND FLANGE":

SP
SW1

the stress due to pressure loading only,

the stress due to the bolt load Wml only, where Wm1 =
nG%p/4 + 2wbCmp,
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SOP = the stress at operating conditions,
SW2 = the stress due to the bolt load sz’ where sz = nbGy, and
SGS = the stress at gasket-seating conditions.

For Code compliance, SOP must not exceed the allowable stress for the
flange material at design temperature, and SGS must not exceed the

allowable stress at atmospheric temperature.

Input for General Purpose Calculations

When the computer program is used for general purpose calculations,
(i.e., when 1t is used for calculating displacements and stresses other
than those needed specifically for checking Code compliance), the user
may select almost any combination of admissible values for the four
variables ITYPE, IBPND, IC@PDE, and MATE coded in the option control data
card. The only specific requirement is that the variable ICPDE must be
less than two for other than Code-compliance calculations. In this case
the input data are structured somewhat differently than those described
in the previous section.

When ICPDE = 0 and MATE = 1, (i.e., only one flange is to be
analyzed and the user does not wish to obtain bolt load changes), three
data cards are needed as shown in Table 11. These are the option-control
card (for which ITYPE may be 1, 2, or 3 and IBPND may be 0 or 2) and two
physical-property data cards.

When IC@DE = 0 and MATE = 2, 3, ... 6, the program will analyze a

pair of flanges mated together and give bolt load changes. If MATE = 2,
the program performs the calculations for a pair of identical flanges
mated together. The input data requirements include the data cards
shown in Table 11 plus the three cards shown in Table 12. These last
three cards contain data on the physical properties of the bolts and
gasket, supplemental data on the initial and final state of the flange,
and other conditions. For this case, the six cards listed below com-

plete the input data set when MATE = 2.



Table 11.

and partial data for paired flanges

Input data for the general purpose analysis of a single flange

Option-Control Card:

[FORMAT (415) read-in in FLANGE]

Column number 5 10 15 20
. a,b e
Variable ITYPE IB@ND ICPDE MATE
Value 1, 2, or 3 0 to 2 0 1 or (2)
Second Card: [F@RMAT (8E10.5); read-in in TAPHUB, STHUB, or BLIND]
Column number 0-10 11-20 21-30 31-40 41~50 51-60 61-70 71-80
Flange Flange
Quantit outer inner Ring Pipe-wall Hub Hub Bolt-circle
y diameter diameter thickness thickness thickness length diameter Pressure
A B t h C
g, g, p
Variable XA xe? TH Go%? S HL % C PRESS
Third Card: ({F@RMAT (5E10.5); read-in in TAPHUB, STHUB, or BLIND]
Column number 0-10 11-20 21-30 31-40 41-50
Thermal
Quantit Moment Coefficient gradient Modulus of Gasket
Y applied to of thermal pipe or hub elasticity centerline
flange ring expansion to ring flange diameter
M ¢ E 2g
Variable XMOAb EFb DELTAb YM G

“When ITYPE = 2, GO must be entered; Gl and HL are not used.

b

When ITYPE = 3, XB, GO, Gl, HL, EF, and DELTA are not used; the value for XMOA is the total bolt load W.

“When MATE = 2, additional data as described in Table 12 are also required.

vy



Table 12.

Last three input data cards for the general purpose analysis of

paired flanges

Card No. 4 or 7:¢

[FORMAT (7E10.5); read-in in FLGDW]

Column number 0-10 11-20 21-30 31-40 41-50 51-60 61-70
Bolt
Initial state; coefficient Final state; Cross-sectional
Quantity Nominal bolt modulus of thermal bolt Outside Inside root area
bolt of elasticity expansion temperature diameter diameter of all
diameter Eb £ Tb of gasket of gasket bolts
o b e a
Variable BSIZE YB EB TB XGO XG1 AB
Card No. 5 or 8:¢ [FORMAT (6E10.5); read-in in FLGDW]
Column number 0-10 11-20 21-30 31-40 41-50 51-60
Initial state; Gasket Equivalent
gasket coefficient Final state; A free pressure
Quantity Gasket modulus of of thermal gasket bolt see Eq. (86)
thickness elasticity expansion temperature length of text
v E € T variable p*
0 g g g
. . d b
Variable Vo YG EG TG FACE PBE
Card No. 6 or 9:% [FORMAT (7E10.5); read-in in FLGDW]
Column number 0-10 11-20 21-30 31-40 41-50 51-60 61-70
Final state Final state Final state Final state Final state
Initial temperature temperature flange modulus flange modulus Final state gasket
Quantity bolt of flange, of flange, of elasticity, of elasticity, bolt modulus modulus of
load side one side two side one side two of elasticity elasticity
\ '
Wl sz sz Efz Efz Ebz Egz
Variable W1 TFd TFPd YF2 YFP2 YB2 YG2
a

b

“Values for G1 and Ag are calculated using input variables XGO and XGI.

dlnitial-state temperatures are defined as zero.

First card number applies when MATE = 2; second number applies when MATE = 3 and 4 or 5 and 6.
The effective bolt load is calculated as L, % XLB = TH + THP + VO + BSIZE + FACE.

Sy
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Card No. Identification
1 Option control card with MATE = 2
2 Data cards per Table 11
3
4
5 Data cards per Table 12
6

When ICPDE = 0 and MATE = 3, the program performs the calculations
for a pair of nonidentical flanges, neither of which, however, is
blind (i.e., ITYPE = 1 or 2 # 3 on the option-control card}. Data for
the first flange of the pair follows the option-control card. Data for
the second flange in the pair will follow an option-control card with
MATE = 4. The three cards described in Table 12 will then complete the
data requirements. The complete input data set for analyzing a pair of
nonidentical flanges (neither of which is blind) consists of the follow-

ing nine cards.

Card No. Identification
1 Option-control card, ITYPE # 3, IC@DE = 0, MATE = 3
i}» Data cards per Table 11 for first flange of pair
4 Option-control card, ITYPE # 3, IC@DE = O, MATE = 4
5}. Data cards per Table 11 for second flange of pair
6
7
8 Data cards per Table 12
9

When ICPDE = 0 and MATE = 5, the program performs the calculations
for a flanged joint that is closed with a blind flange. For this option,
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the blind flange is designated as the first flange and the mating flange
is designated as the second with MATE = 6. As before, the input data
set is completed by using the data cards described in Table 12. The

complete input data set for this case consists of the following nine

cards.
Card No. Identification
1 Option-control card, ITYPE = 3, IC@DE = 0, MATE = 5
2:} Data cards per Table 11 for blind flange
3
4 Option-control card, ITYPE = 1 or 2, IC@DE = 0, MATE = 6
5;} Data cards per Table 11 for second flange
6
7
8 Data cards per Table 12
9

OQutput from General Purpose Calculations

The amount and format of the data printed out are determined pre-
dominantly by the number and types of flanges being analyzed, which in
turn are determined by the value of the option-control variable MATE.
When MATE = 1, the output consists of one page of printout, which gives
(1) the input data; (2) the three sets of stresses for moment loading
only (the bolt load for blind flanges), pressure loading only, and
temperature-gradient (hub to ring) loading only (except for blind
flanges); and (3) the displacements produced by the calculated stresses.
The symbols used on the printout are explained in Tables 13 and 14.

When MATE = 2, the output consists of three pages of printout. The
first page gives (1) the input data and (2) the parameters involved in
the bolt-load-change calculations. The second page gives (1) the
loadings, (2) the residual bolt loads, and (3) the initial and residual
moments. The symbols used in the first and second page of printout are

explained in Tables 15 and 16. The third page gives the stresses and
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Table 13. Output data identification, stresses,
displacements, and rotation

Theory Program
Symbol symbol Description
(02)0 sLso? Stress, longitudinal, small end of hub,
outside surface
(01)' sLs1? Stress longitudinal, small end of hub, inside
t surface
(oc)o scso? Stress, circumferential, small end of hub,
outside surface
(Gc)i scs1? Stress, circumferential, small end of hub,
inside surface
(02)0 SLLO Stress, longitudinal, large end of hub,
outside surface
(Ol)i SLLI Stress, longitudinal, large end of hub, inside
surface
(cc)o SCLO Stress, circumferential, large end of hub,
outside surface
(oc)i SCL1 Stress, circumferential, large end of hub,
inside surface
(ot)o STH Stress, tangential, hub side of ring, at v = b
(ot).1 STF Stress, tangential, face side of ring, at r = b
(or)o SRH Stress, radial, hub side of ring, at r = b
(cr)i SRF Stress, radial, face side of ring, at r = b
§ ZG Axial displacement at r = g
g (§ =0atr =bh)
dc ZC Axial displacement at r = C
aghg QFHG S+ 8,
Yo YO Radial displacement, small end of hub
Y, Y1 Radial displacement, large end of hub
THETA Rotation of ring at r = b
For blind flangesb
O O T = o SORT Stress, r = o, radial and tangential
0., T =8 SGR Stress, r = g radial
T T =g SGT Stress, r = g, tangential
T Tr=2cC SCR Stress, r = ¢, radial
Ou» T = c SCT Stress, r = ¢, tangential
g, T =a SAT Stress, r = a, tangential
GC ZC Axial displacement at T =c (§ = 0 at r = g)

%Eor "Straight Hub Flange," these are at juncture of hub with ring.

bAll stresses are for the side of the flange opposite the pressure-

bearing side. Stresses on the pressurized side of the flange have
reversed signs.
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Table 14. Output data identification when MATE = 2, 3 and 4,
or 5 and 6

Theory Program ,
symbol symbol Description
qfth QFHG Axial displacement from C to G, unit moment load
g h QPHG Axial displacement from C to G, unit pressure
P1 G
load
qtth QTHGa Axial displacement from C to G, unit DELTA
a,b . .
2b XB Inside diameter
a,b . .
g, GO Pipe wall thickness
t TH Ring thickness
Efl YMb Modulus of elasticity of flange material, initial
state
Ef2 YE2© Modulus of elasticity of flange material, final
state
¢ EFb Coefficient of thermal expansion of flange
material
() ( )P The above nine symbols with a prime mark (') on

the theory symbols are for the mating flange.
The program symbol has the added final letter
HP.H

“for blind flanges, these values are not significant; an artificial
value of -1.0000 is printed out.

bThese values are input data for flange side one, input cards 2 and
3 (see Table 11). For MATE = 2, these values, along with calculated
values of QFHG, QPHG, and QTHG, are used for side one and side two (i.e.,
an identical pair). If MATE = 3 or 5, the primed values are stored; the
unprimed values are read in by input cards 5 and 6, and values of QFHGP,
QPHGP, and QTHGP are calculated.

cInput from card 6 for MATE = 2, card 9 for MATE = 3 and 4 or 5
and 6 (see Table 11).
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Table 15. Output data identification, MATE = 2, 3 and 4,
or 5 and 6, bolts, gasket, and loadings data

Theory Program 4
symbol symbol Description
2 XLB Effective bolt length
Ab AB Cross-sectional root area of all bolts
C C Bolt-circle diameter
Eb1 YB Modulus of elasticity, bolts, initial state
Eb2 YB2 Modulus of elasticity, bolts, final state
£ EB Coefficient of thermal expansion, bolts
') VO Gasket thickness
XGO Qutside diameter of gasket
XGI Inside diameter of gasket
Egl YG Modulus of elasticity of gasket, initial state
Egz YG2 Modulus of elasticity of gasket, final state
Eg EG Coefficient of thermal expansion, gaskets
W1 Wl Initial total bolt load
Tb TB Temperature of bolts, final state
sz TF Temperature of flange ring, side one, final state
T%Z TFP Temperature of flange ring, side two, final state
Tg TG Temperature of gasket, final state
A DELTA Thermal gradient, pipe/hub to ring, side one
Al DELTAP Thermal gradient, pipe/hub to ring, side two
P PRESS Internal pressure

“All values are input data, except XLB which is calculated by the
equation: XLB = TH + THP + VO + BSIZE + FACE.
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Table 16. Output data identification, MATE 2, 3 and 4,
or 5 and 6, residual bolt loads and moments

a
Theory Program
symbol symbol Effect included
wza W2A Relative change in temperature of bolts, gasket,
flange (AXIAL THERMAL)
W2b W2B Change in moment arms (MOMENT SHIFT)
W2C W2C Total pressure
W2d W2D Thermal gradient, pipe/hub to ring (DELTA
THERMAL)
W, W2 All of the above, plus change in modulus of

elasticity (COMBINED)

“The change in bolt load (e.g., W1 - W2A) and ratio of residual to
initial bolt load (e.g., W2A/W1) are also printed out, along with the
corresponding values of the initial moment (M1) and residual moments,
M2A, ..., M2P. The residual moment identifiers with final letter P (for
prime) are for the first entered of a pair of nonidentical flanges. If
the pair of flanges are identical, then M2B = M2BP, etc. The residual
moment values are not significant for blind flanges, ITYPE = 3; there-
fore, residual bolt loads are used for blind flanges.

displacements as for the case when MATE = 1 plus the stresses and dis-
placements for combined loading. The heading includes the value of the
residual moments M2 = M2P used for the combined-loading calculations.
When MATE = 3 and 4 or 5 and 6, the output consists of four pages
of printout. The first two pages have the same format as for the case
when MATE = 2, except input data for both of the (nonidentical) flanges
are printed. The residual moments on the last line of page 2 apply to
flange one; those on the preceding line apply to flange two. The last
two pages of printout are for flange one and flange two, respectively,
and are identical in format to the third page of the printout for the

case when MATE = 2,
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APPENDIX A

EXAMPLES OF APPLICATION OF COMPUTER PROGRAM FLANGE
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INTRODUCTION

Several examples have been selected to illustrate the input/output
data of the computer program FLANGE and the significance of the results.
The flange selected for analysis is one included in API Standard 605.%*
The particular size and rating selected was the 60-in., 300-1b tapered-
hub flange. This particular flange represents a design in which the
bolt stresses and flange stresses are close to the upper limits set in
API-605.

Six examples are included:

1. A Code stress calculation is performed for a tapered-hub flange at
its rated pressure of 720 psi at 100°F. The results show that this
particular flange does indeed meet the criteria given in API-605 at
720 psi and 100°F.

2. A Code stress calculation is performed for a blind flange to match
the 60-in., 300-1b API-605 tapered-hub flange. The thickness of the
blind flange was selected so that its maximum stress was the allow-
able flange stress of 17,500 psi used in API-605.

3. A blind flange bolted to a tapered-hub flange under pressure loading
only is analyzed.

(a) For an initial bolt stress equal to the API-605 allowable
stress for the bolting material of 20,000 psi, the results
indicate that the flanged joint will probably leak at its
rated pressure of 720 psi at 100°F.

{b) For an initial bolt stress of 44,300 psi, the results indicate
that the flanged joint will pass a hydrostatic test of 1.5 x
720 psi at ambient temperature.

4. A tapered-hub flange bolted to an identical tapered-hub flange with

an initial bolt stress of 46,100 psi is analyzed.

*

Large-Diameter Carbon Steel Flanges (Size: 26 Inches to 30 Inches,
Inclusive, Nominal Pressure Rating: 75, 150, and 300 lb), API Standard
605, 1st Ed., American Petroleum Inst., New York, 1967.
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For pressure loading only, the results indicate that the
flanged joint will hold a hydrostatic test pressure of

1.5 x 720 psi.

For pressure loading of 300 psi (API-605 rated pressure at
850°F) plus an external bending moment that produces an axial
stress in the attached pipe of 7500 psi, the results indicate
that the flanged joint is adequate to carry these loads.
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DETAILS OF THE FLANGE USED IN THE EXAMPLES

A sketch of the tapered-hub flange is shown in Fig. A.1. The
dimensions are as specified in API-605. The inside diameter and dimen-
sions B (and therefore g0 and gl) are not specified in API-605. For the
purpose of checking ratings, the following equation given in API-605

was used to establish B:

B = DO - 2tp s (A.1)
where
DO = nominal outside diameter of pipe, in.;
tp = p1D0/2(0.875)S (but not less than 0.25), in.;

p, = rated pressure at 100°F, psi;
0.875 = assumed pipe-wall tolerance; and

S = 20,000 psi, the allowable stress at 100°F.

The definition of tp, with DO = 60 in. and p1 = 720 psi, leads to tp =
g, = 1.2343 in. Equation (A.1l) gives B = 57.5314 in. and g, = (X-B)/2 =
2.7030 in.
For the purpose of checking ratings, the hub length h was calculated
by the equation given in API-605:

h=Y-1t+ 0.176g, + 0.469 .
Dimensions Y and t are shown in Fig. A.1. For this flange:
h = 10.6875 - 5.9375 + 0.176{(1.2343) + 0.469 = 5.4362 in.

The API-605 standard states that flange ratings were based on use
of a 1/16-in.-thick, compressed-asbestos, flat ring-shaped gasket, with
an inside diameter 1/4 in. larger than the outside diameter of the pipe
and with an outside diameter equal to the raised-face diameter. For the

60-in., 300-1b flange, the gasket inside diameter is 60.25 in.; its
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DIMENSIONS IN INCHES

Fig. A.1. Dimensions (in inches) of 60-in., 300-1b API-605 tapered-

hub flange. The terms B, R, C, Do’ X, and A are diameters expressed in
inches.
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outside diameter is 65 in. According to the ASME Code, for a 1/16-in.-
thick asbestos gasket, m = 2.75, and y = 3700 psi.

The 60-in., 300-1b flange has forty 2-1/4-in.-diam. bolts. For an
8-pitch thread, the root area per bolt is 3.423 in.?, giving a total
bolt root area of 136.92 in.2.
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ASME CODE CALCULATIONS, EXAMPLES 1 AND 2

The input data for examples 1 and 2 are shown in Table A.1. The
source of all input for Cards 2 and 3 are contained in the previous
section on flange details, except that the thickness of the blind flange
was selected* so that the controlling flange stress is 17,500 psi. Note
that Card 2 is identical for examples 1 and 2 except for the value of t;
however, B, 8,0 8> and h are not used for example 2 (blind flange), and
any number (including zero) can be entered for these dimensions.

Example 1 is a Code stress calculation for the 60-in., 300-1b
API-605 tapered-hub flange at its rated pressure of 720 psi at 100°F.
The output data are shown in Table A.2. The value of SBl = 20,033 psi
is the controlling bolt stress, which essentially meets the API criterion
value of a bolt stress not greater than 20,000 psi. The value of
(SH + ST)/2 = 17,293 psi under the heading "ASME FLANGE STRESSES AT
OPERATING MOMENT, MOP" is the controlling flange stress and meets the
API-605 criterion of a controlling flange stress not greater than
17,500 psi. The results, therefore, confirm that the 60-in., 300-1b
API-605 tapered-hub flange meets the stated criteria.

The reader who is accustomed to using hand calculations for checking
flange designs according to Code rules will note that the program input
does not require either the factors T, U, Y, Z from Code Fig. UA-31.1,
or F, V, and f from Code Figs. UA-51.2, UA-51.3, and UA-51.6, respec-
tively. These factors are calculated by the computer program. In
addition to simplifying the input, the program accurately calculates F,
V, and f values for any values of h/hO and gl/go, including those beyond
the range of the Code figures.

Example 2 is a Code stress calculation for a blind flange to match
the 60-in., 300-1b API-605 tapered-hub flange. The calculation method
is that given in UG-34 [Eq. (2)], with C = 0.3. The output data are
shown in Table A.3. The controlling flange stress is SOP = 17,500 psi;

*
API-605 does not give blind-flange thicknesses.



Table A1, Input data for ASME Code stress calculations, examples 1 and 2
First card
tooot card

Column number
Variable
Example 1

~

Example 2

Second card
Column number
Variable
Example 1

Example 2

Third card
200 tdara

Column number

Variable
Example |
Example 2

aNot used in calculations for a blind flange.

Column 71 is blank.

€9



Table A.2. Output data for example 1, ASME Code analysis of a tapered-hub flange
FLANGE FLANGE FLANGE PIPE HUB AT HUB ECLT PRESSURE,
0.D.,A I.p0.,B THICK.,T WALL,GO BASE,G? LENGTH,H CIKCLE,C P
73.93750 57.53140 5.93750 1.23430 2.70300 5.43620 69.43750 720.000
M Y GOUT GIN SB SA AB
2.75000 3700.00000 65.00000 60.25000 20000.00000 20000.00000 136.92000
BO ULAR! wH12 w1 SB1 wM2 SB2
1.1875p 00 2.3097D 06 4.3322D0 05 2.7430D 06 2.0033D 0Ou 4.0477D 0S 2.9563D 03
Mop NGS MGS1
1.1719Dp 07 7.5742D 06 1.1186D 06
ASME FLANGE STRESSES AT OPERATING MOMENT, MOP
(2/3)*SH= 1.%608D O4 ST = 1,1174D O4 SR = B.,U4B42D 03 (SH+ST ),/2= 1.7293Dp 04 (SH+SR )/2= 1.5928D O
ASME FLANGE STRESSES AT GASKET SEATING MOMENT, MGS
(2/3) *SH= 1.0087D 04 ST = 7.2216D 03 SR = 5.4576D 03 (SH+ST )/2= 1.1176D 04 (SH#SR )/2= 1.02940 04

%9



Table A.3. Output data for example 2, ASME Code analysis of a blind flange

FLANGE FLANGE FLANGE PIPE HUB AT HUB BCLT PRESSURE,
0.D.,A I.D.,B THICK.,T WALL,GO BASE,G1 LENGTH,H CIRCLE,C P
73.93750 0.0 7.90440 0.0 0.0 0.0 69.43750 720.000
M Y GouT GIN SB SA AB
2.75000 3700.00000 65.00000 60.25000 20000.00000 20000.00000 136.92000
BO L AR wM12 WM SB 1 wM2 SB2
1.1875D 00 2.3097D 06 4.3322D 0S5 2.7430D 06 2.0033D 04 4.0477D 05 2.9563D 03

ASME CODE STRESSES FOR BLIND FLANGE

SP | SW1 SQOP SW2 SGS
1.4121D 08 3.3792p 03 1.7500D 04 4.9865D 02 3.3763D 03
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the flange thickness of 7.9044 in. was selected to obtain this result.
This example was included to illustrate that a blind flange may have to
be considerably thicker than a mating flange in order for both to meet

the Code stress limitations.
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BLIND-TO-TAPERED-HUB FLANGED JOINT, EXAMPLES 3(a) AND 3(b)

InEut Data

The input data for examples 3(a) and 3(b) are shown in Table A.4.
In addition to the basic purpose of illustrating input/output data for
the program FLANGE, this pair of examples was selected to show howvthe
program can be used to estimate required initial bolt stresses. In
addition, example 3(a) shows how the general purpose option (ICODE # 2)
gives stresses as obtained from Code calculations plus deformation data
and additonal stresses.

Examples 3(a) and (b) do not involve temperature gradients or
temperatures other than ambient; hence, the modulus of elasticity is the
same for the initial and final states. Values of temperatures for the
flanges, bolts, and gaskets in the final state have been entered as
zero. The initial-state reference temperature is zero; hence, a zero in
the final state denotes a zero thermal gradient. However, the value of
DELTA (the hub-to-ring thermal gradient) cannot be entered as zero
without causing a divide-check error, so a value of 0.01 was used. A
smaller value could be used (e.g., 0.001 or 0.0001), but the output data
shows that DELTA = 0.01 is sufficiently small so that its influence is
negligible. A coefficient of thermal expansion of 6 x 10"% has been
entered but is not significant in these examples.

The value of FACE, which is intended to permit use of a bolt length
other than 20 = TH + THP + VO + BSIZE, was entered as zero. The modulus
of elasticity for both the flanges and the bolts was assumed to be
3 x 107 psi. The modulus of elasticity for the 1/16-in.-thick asbestos
gasket was assumed to be 3 x 10° psi.

Some comments on the use of a modulus of elasticity of 3 x 10° for
a 1/16-in. asbestos gasket may be appropriate. The stress-strain re-
lationship for such a gasket, which is confined between the two rigid
flange faces, 1s highly nonlinear and both time and history dependent.
Starting out with a new gasket, the first increment of bolt stress to

produce a gasket stress of 1000 psi might decrease the gasket thickness
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Table A.4. Input data for blind-to-tapered-hub flanged joint, examplesa 3a and 3b

Card Read
No. Variables and numerical values format
1 ITYPE IBOND ICODE MATE
3 0 0 5 415
2 A B t g0 g1 h C p
73.9375 57.5314 7.9044 1.2343 2.7030 5.4362 69.4375 720. 8E10.5
(1080.)
3 xMOAP EF DELTA® YM G
2,.7430D+6 6. D-6 .01 3. D+7 62.625 S5E10.5

(6.0656D+6)

4 ITYPE IBOND ICODE  MATE
1 0 0 6 415
5 A B t 20 g1 h C p
73.9375 57.5314  5.9375 1.2343  2.7030 5.4362  69.4375 720. 8E10.5
(1080.)
6 XMOA EF DELTAS YM G
1.1719D+7 6. D-6 .01 3. D+7 62.625 5E10.5
(2.0661D+7)
7 BSIZE YB EB TB XGO XGI AB
2.25 3. D+7 6. D-6 0 65. 60.25 136.92 7E10.5
8 Vo YG EG e FACE PBE
.0625 3. D+6 6. D-6 0 0 0 6E10.5
9 w1 TF TEB YF2 YEP2 YB2 YG2
2.7430D+6 0 0 3. D+7 3. D+7 3. D+7 3. D+6 7E10.5

(6.0656D+6)

%alues in parentheses are for example 3b.
bInitial bolt load is used here since ITYPE = 3; see footnote b to Table 11 in the text.

®Since DELTA cannot be entered as zero, 0.01 was used as a satisfactorily small value.
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by 20%, so that the modulus would be 1000/(0.2 x 0.0625) = 8 x 10% psi.
Crude observations indicate that, at a bolt stress that produces a
gasket stress of 40,000 psi, the gasket thickness is about one-half of
its original thickness, so that the average modulus up to this stress is
40,000/0.03125 = 1,28 x 10% psi. These numbers are dependent upon the
ratio of width to thickness of the gasket and the time under stress,
particularly for low gasket stress. However, for the flanged-joint
analysis, we are not interested in the gasket stress-strain character-
istics when the bolt load is applied but rather in the gasket stress-
strain characteristics when the gasket stress is decreased after the
gasket has been under bolt load for several days or many months. No
data on the "spring-back' of asbestos gaskets are available, but in most
flanged joints using 1/16-in.-thick asbestos gaskets, the assumed
modulus of elasticity of the gasket is not very significant provided it
is not unrealistically low. This can be shown for example 3 by noting
that the change in the bolt load depends upon the sum of the load-
displacement characteristics of the bolts, the flanges, and the gasket.

The displacements for a unit bolt load are —

%0 16.15
for bolts: = = 3.93 x 1079 ,

7
AbEb 136.92 x 3 x 10

for flanges: 2 x QFHG = 2(1.197 x 10°9) = 2.40 x 1079 ,

and

v 0.0625 1.34 x 1o~*"

0
for gasket: = =
AGEG 467.26 x EG E

G

As EG varies from 10° to 107, the sum of these three displacements

varies as follows:
Eg 10° 3 x 10° 106 3 x 108 107

Sum of displace- 7.67 6.78 6.46 6.37 6.34
ments (x109 in.)
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From the above, it can be seen that changing the gasket modulus by two
orders of magnitude changes the sum of the displacement by only 17%.

The initial bolt stress used in example 3(a) is 20,033 psi, giving
an initial bolt load of W1 = SbAb = 20,033 x 136.92 = 2.743 x 106 1b;
W1 is entered in place of XMOA on card 6 (see footnote b to Table 11 of
text). The initial moment, XMOA, used in example 3(a) is 1.1719 x 107
in.-1b. The initial bolt stress used in example 3(b) is 44,300 psi,
giving an initial bolt load of W1 = 6.0656 x 106 1b. The initial moment,
XMOA, used in example 3(b) is 2.0661 x 107 in.-1b. The reasons for
using these particular values of W1 and XMOA are discussed in connection

with the output data for these examples.

Qutput Data

Residual Bolt Loads

The output data for example 3(a) are shown in Table A.5. The
output starts with a printout of all input data on the first page
(Table A.5a).* The parameters involved in the bolt-load-change calcu-
lations are then printed, followed by residual bolt loads and moments,
all on the second page (Table A.5b). The initial bolt load under
"LOADINGS'" is 2.743 x 10% 1b; the residual bolt load after application
of the pressure of 720 psi is given following '"COMBINED'" as W2 = 1.0948 x
10% 1b. The loss in bolt load is given by Wl - W2 = 1.6482 x 10° 1b,
and the ratio of residual to initial bolt load is given by W2/W1 =
0.39911. Calcukated stresses for the blind flange and for the tapered-
hub flange are printed on the third and fourth pages (Tables A.5c and

A.5d, respectively). These are discussed later.

*
For convenience in referring to specific pages of multipage tables,

we have used alphabetic suffixes on table numbers. For example, the
first page of Table A.5 is designated Table A.5a; the second page is
Table A.5b, the third is Table A.5c, etc.



Table A.5a.

tapered-hub flange, with initial bolt stress = 20,033 psi*

Output data for example 3(a), blind flange bolted to a

QF HG=

QFHG=

BOLT LENGTH=

FLANGE FLANGE F
0.D.,A 1.0.,B TH
73.93750 57.53140
BOLT COEFF. OF D
LOAD THERMAL EXP.
2.743D 06 6.000D-06 1.
FLANGE FLANGE F
0.D.,A I.D.,BE TH
73.93750 57.%53140

MOMENT COEFEF. OF D

THERMAL EXP.

1.172D 07 6.0C0DP-06 1.

BSIZE

2.2500D 0OC 3.0
Vo

6.2500D~02 3.0
W1

2.7430D 0OF€ 0.0

FLANGE JCINT BOLT

FLANGE JOINT SI

9.4994D-10 QP
YM = 3.0000D ©

FLANGE JOINT SI

1.1968D~09 QP
YM = 3.0000D O

BOLTING

1.6154D
YB = 3.0000D 0

GASKET

VO = 6.2500C-02
¥YG = 3.0000D O

LANGE PIPE HUB AT HUB BCLT PRESSURE,
ICK.,T WALL,GO BASE,G1 LENGTH,H CIFCLE,C P
7.90440 1.23430 2.70300 5.43620 69.43750 720.000
ELTA MOD. OF MEAN GASKET ITYPE IECKND ICODE MATE
ELASTICITY DIAMETER
000D-02 3.000D 07 6.263D 01 3 0 0 5
LANGE PIPE HUB AT HUB BCLT PRESSURE,
ICK.,T WALL,GO BASE,G1 LENGTIH,H CIRCLE,C P
5.93750 1.23430 2.70300 5.43620 69.43750 720.000
ELTA MOD. OF MEAN GASKET ITYFE IBCND ICODE MATE
FLASTICITY DIAMETER
000p-02 3.000D 07 6.263D 01 1 0 0 6
YB EB T8 XGO XGI
000D 07 6.0000D-06 0.0 6.5000D 01 6.0250D 01
Y6 EG TG FACE PBE
000D 0¢€ €.0000D-06 0.0 0.0 0.0
TF TFP YF2 YFP2 ¥YB2
0.0 3.0000D 07 3.0000D Q7 3.0000D 07

LOAD CHANGE DUE TO APPLIED LOADS, BLIND TC INTEGER PAIR

DE ONE (PRIMED QUANTITIES)

HG= 6.5350D-06 QTHG= -1.£000D 00 XB = -1.0000D 00
7 YF2 = 3.0000D 07 EF = 6.0000D-06

DE TWO (UNPRIMED QUANTITIES)

HG= 8.,0422D-06 QTHG= 9.5590D-05 XB = 5.7531D 01 GO= 1,2343D 00
7 YF2 = 3.0000D 07 EF = 6.0000D-06
01 BCLT AREA= 1.3692D 02 BOLT CIRCLE= 6.9438D 01
7 ¥B2 = 3.0000p 07 EE = 6.000CD-06
XG0 = 6.5000D 01 XGI = 6.0250D O1
6 Y62 = 3.0000D C6 EG = 6.000CD-06

GO= -1.0000D 00

1.3692D 02

3.0000p 06

TH

TH

n

7.90u4tDp 00

5.9375D 00

*For the convenience of the user, the first page of Table A.5 is designated Table A.5a, the second page
This convention is also used in the following tables.

is Table A.5b, th

e third is Table A.5c, etc.

1L



Table A.5b (continued)

LOADINGS
INITIAL BOLT LOAD= 2,7430D 06 BOLT TEMP.= 0.0 FLANGE ONE TEMP.= 0.0 FLANGE TWO TEMP.=
GASKET TEMP.= 0.0 DELTA= 1.0000D-02 DELTAF= 1.00C0D-02 PRESSURE= 7.2000D 02

RESIDUAL BOLT LOADS AFTER THERMAL-PRESSURE LOADS
AXIAL THERMAL,W2A= 2.,7430D 06 MOMENT SHIFT,W2E= 2.2294D 06
TOTAL PRESSURE,W2C= 1.0949T 06 DELTA THERMAL,W2D= 2.7429D 06

COMBINED,W2= 1.09u48D 06

Wi-W2a= 0.0 Wi-W2B= 5.1359D 05 W1-®2C= 1.6481D 06 W1-W2D= 1.0333Dp 02 wl1-u2= 1.6482D 06

W2A/W 1= 1,00000 00 W2B/W1= 8,1276D-01 W2C/W1= 3.9915D-01 W2D/W1= 9.9996D-01 W2/Wl= 3.9911D-01

INITIAL AND RESIDUAL MOMENTS APTER THERMAL FRESSURE LOADS.

M1= 9.3433D 06 M2A= 9.3433D 06 M2B= 1.1646D 07 M2C= 7.7818D 06 mM2D= 9.,3430D 06 M2= 7.7814D 06

M2BP= 4.2880D 07 mM2CP= 3.9015D 07 M2P= 3.9C15D 07

0.0

[44



Table A.5c¢ (continued)

BLIND FLANGE

CALCULATICNS FOR BOLT LOADING

SORT= 4.0213D 03 SGR= 4.0213p 03 SGT= 4.0213D 03 SCR= -1.6157D 02 SCT= 2.5764D 03 SAT= 2.4148Dp 03

ZC= -2.6C%7D-03

CALCULATIONS FOR PRESSURE LOADING

SORT= 1.3144D 04 SGR= -8.3815D 02 SGT= 5.0937D 03 SCR= -2.8472D 02 SCT= 4.5403D 03 SAT= 4.2555C 03

ZC= -4.7C52D-03

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FCR ITYPE=1 OR 2, W2 FOR ITYPE=3, = 1.0948D 06

SORT= 1.4749D Ou SGR= 7.6681D 02 SGT= 6.6987D 03 SCR= -3.4921D 02 SCT= 5.5685D 03 SAT= 5.2193D 03

2C= -5.7452D-03

€L



Table A.5d (continued)

TAPERED HUB FLANGE

CALCULATICNS FOR MOMENT LOADING

SLSO= 2.3042D 04 SLSI= -2.3042D O4 SCSO= 1.9763D 04 sSCSI= 5.9379D 03
SLLO= 2.3411D 04 SLLI= -2.3411D 04 SCLO= 7.0234D 03 SCLI= -7.0234D 03
STH= 1.1173D 04 STF= -1.8482D 04 SRH= 8.4441 03 SRF= -6.6480D 03
ZG= -1,0421D-02 2ZC= =-2.4446D-02 (QFHG= 1,4026D-02 YO0= 1.,232zD-02 Y11= 1.0058D-18 THETA= -4.0579D-03

CALCULATICNS FOR PRESSURE LOADING

SLSO= 1.419u4p 08 SLSI= 2.5863D 03 SCSO= 1.4398D 04 sSCSI= 1.0915D Ou4
SLLO= 1.864F5D 03 SLLI= 5.7979D 03 SCLO= 5.%935D 02 SCLI= 1.7394D 03
STH= 9.3311D 03 STF= -1.1002D 03 SRH= -2.2932D 03 SRF= 2.7038D 02
Z6= -4.5114D-03 2C= -1.0302D-02 QFHG= 5,7904p-03 YO0= 9.7224D-03 YI1= 6.0715D-18 THETA= -1.8088D-03

CALCULATIONS FOR TEMPERATURE LOADING

SLSO= 1.2228D 00 SLSI= -1.2228D 00 SCSO= 1.0649D-01 SCSI= -6.2722D-01
SLLO= -1.39770-01 SLLI= 1.3977p-01 SCLO= -1.8419D 00 SCLI= -1.7581D 00
STH= 1.1087D CO STF= -6.1330D-01 SRH= -2.7247D-01 SRF= 1.5072D-01
726= -7.4476D~-07 ZC= -1,7007D-06 QFHG= 9.5590D-07 YO= -2.4965D-07 Y1= -1.7259D-06 THETA= -2.9860D-07

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FCR ITYPE=1 OR 2, W2 FOR ITYPE=3, = 7.7814D 06

SLSsO= 3.3385D C4 SLSI= -1.,6605D 04 SCSO= 3.0857D 04 SCSI= 1.5860D 04
SLLO= 2.1362D 04 SLLI= -1.3700D 04 SCLO= 6.4068D 03 SCLI= -4.1117D 03
STH= 1.8638D Ou4 STP= -1.6493D 04 SRH= 4.7391D 03 SRF= -5.2€61D 03

Z26= -1,3191p-02 2C= -3.0663D-02 QFHG= 1.7472D-02 YO= 1.9984D-02 YI1= -1.7259D-06 THETA= -5.1886D-03

kZA
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To avoid leakage,* the residual bolt load must not be less than the
critical value WC, which may be obtained from simple equilibrium consid-

erations; thus,

- T 2
W.o=7Gp, (A.2)
where
WC = "critical" bolt load,
0 " outside diameter of gasket (65 in. in this example), and
P = pressure (720 psi in this example).

In this example, the value of WC is

W, o= T % 652 x 720 = 2.389 x 10 1b .

~

Because WC is significantly greater than W2 = 1.0948 x 10® 1b, the
results for example 3(a) indicate that the joint will leak at the rated
pressure with the initial bolt stress of 20,033 psi. The results illus-
trate an aspect of ASME-designed flanges that is well known to many
users; that is, the joints often cannot be made leaktight (especially in
order to pass the hydrostatic test) by applying an initial bolt stress
equal to the Code-allowable bolt stress.

The output data for example 3(b) are shown in Table A.6. Example
3(b) is the same as 3(a), except that the initial bolt stress has been
increased from 20,033 psi to 44,300 psi (W1 input under XMOA increased
to 2.0661 x 107); the initial moment has been correspondingly increased;
and the pressure has been increased from 720 psi to 1080 psi, the latter
being the hydrostatic-test pressure of 1.5 times the cold rating pressure.

It can be seen in Table A.6 (on the second page, Table A.6b) that the

*
Leakage is defined as the gross type of leakage that occurs when
the load on the gasket is reduced to zero. Slow, diffusion-type leakage
may occur at lower pressures.



Table A.6a. Output data for example 3(b), blind flange bolted to a
tapered-hub flange, with initial bolt stress = 44,300 psi
FLANGE PLANGE FLANGE PIPE HUB AT HUB BCLT PRESSURE,
0.D.,A I.D.,B THICK.,T WALL,GO BASE,G1 LENGTH,H CIRCLE,C P
73.93750 57.53140  7.90440  1.23430 2.70300 5.43620 69.43750 1080.000
BOLT COEFF. OF  DELTA MOD. OF MEAN GASKET ITYPE IBOND ICCDE MATE
LOAD THERMAL EXP. ELASTICITY DIAMETER
6.066D 06 6.000D-06 1.000D-02 3.000D 07 6.263D 01 3 0 0 5
FLANGE FLANGE FLANGE PIPE HUB AT HUB BOLT PRESSURE,
0.D.,a 1.0.,8 THICK.,T WALL,GO BASE,G1 LENGTH,H CIRCLE,C P
73.93750 57.53140  5.93750  1.23430 2.70300 5.43620 69.43750 1080.000
MOMENT COEFF. OF DELTA MOD. OF MEAN GASKET ITYEE IEOND ICODE MATE
THERMAL EXP. ELASTICITY DIAMETER
2.066D 07 6.000D-06 1.000D-02 3.000D 07 6.263D 01 1 0 0 6
BSIZE 4 4: EB TB XG0 XGI AB
2.2500D 00 3.0000D 07 6.0000D-06 0.0 6.5000D 01 6.0250D 01 1.3692D 02
Vo G EG 16 FACE PBE
6.2500D-02 3.0000D 06 6.0000D-06 0.0 0.0 0.0
Wl TF TFP YF2 YFP2 Y82 162
6.0656D 06 0.0 0.0 3.0000C 07 3.0000D 07 3.0000D 07 3.0000D 06
FLANGE JCINT BOLT LOAD CHANGE DUE TO APPLIED LOADS, BLIND IC INTEGER PAIR
FLANGE JOINT SIDF ONE (PRIMED QUANTITIES)
QFHG= 9.4994D-10 QPHG= 6.5350D-06 QTHG= -1.0000D 00 XB = -1.0000D 00 G0= -1.0000D 00 TH = 7.9044D 00
YM = 3.0000D 07 YF2 = 3.0000D C7 EF = 6.0000D-06
FLANGE JOINT SIDE TWO (UNPRIMED QUANTITIES)
QFHG= 1.1968D-09 OQPHG= 8.0422D-06 QTHG= 9.5590D-05 XB = 5.7531D 01 Go= 1.2343D 00 TH = 5.9375D 00
YN = 3.0000D 07 YF2 = 3.0000D 07 EF = 6.0000D-06
BOLT ING
BOLT LENGTH= 1.6154D 01 BOLT AREA= 1.3692D0 02 BOLT CIRCLE= 6.9438D 01
YB = 3.0000D 07 YB2 = 3.0000D 07 EB = 6.0000C-06
GASKET
VO = 6.2500D-02 XGO = 6.5000D 01 XGI = 6.0250D 01
¥G = 3.0000D 06 Y62 = 3.0000D 06 EG = 6.00CCD-06
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Table A.6b (continued)

LOADINGS
INITIAL BOLT LOAD= 6.0656D 06 BOLT TEMP.= 0.0 FLANGE ONE TEMP.= 0.0 FLANGE TWO TEMP.=
GASKET TEMP.= 0.0 DELTA= 1.0000D-02 DELTAP= 1.0000D-02 PRESSURE= 1.0800D 03

RESIDUAL BOLT LOQADS AFTER THERMAL~PRESSURE LOADS
AXIAL THERMAL,W2A= 6.0656D 06 MOMENT SHIFT,W2E= 5.2952D 06
TOTAL PRESSURE,W2C= 3.5934r 06 DELTA THERMAL,W2D= 6.0655D (6

COMBINED,W2= 3.5933D @6

Wi-w2a= 0.0 W1-W2B= 7.7038D 05 W1-W2C= 2.4722D 06 Wl1-W2D= 1,0333D 02 W1l-W2= 2.4723D 06

wW2asui1= 1,0000D 00 W®W2B/WY= 8.7299D-01 W2C/W1= 5.9242D-01 W2D/Wl= 9,9998D-01 W2/Wl= 5.9240D-01

INITIAL AND RESIDUAL MOMENTS AFTER THERMAL ERESSURE LOADS.

Mi= 2.0661D 07 M23A= 2.0661D 07 M2B= 2.4115D 07 M2Cc= 1.8319D 07 M2D= 2.0661D 07 M2= 1.8318D 07

M2BP= 7.0966D 07 m®M2CP= 6.5169D 07 M2P= 6.5168D 07

0.0

LL



Table A.6cC (continued)

BLIND FLANGE

CALCULATIONS FOR BOLT LOADING

SORT= 8.8924Dp 03 SGR= 8.8924D 03 SGT= B8.8924D 03 SCR= -3.5727D 02 SCT= 5.697tD 03 SAT= 5.3399p 03

ZC= -5.7620D-03

CALCULATICNS FOR PRESSURE LOADING

SORT= 1.9716D 04 SGR= -1.2572D 03 SGT= 7.6405D 03 SCR= -4.2709D 02 SCT= 6.8104D 03 SAT= 6.3833D 03

ZC= -7,.0%78D-03

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FOR ITYPE=1 OR 2, W2 FOR ITYPE=3, = 3,5933Dp 06

SORT= 2.498u4D 04 SGR= 4.0107D 03 SGT= 1.2908D 04 SCR= -6.3873D 02 ScT= 1.0185D 04 SAT= 9.5467D 03

ZC= -1.0471D-02
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Table A.6d (continued)

TAPERED HUB PLANGE

CALCULATICNS FOR MOMENT LQADING

SLSO= 4.0624D 04 SLSI= -4.0624D 04 SCSO= 3.4843D 04 SCSI= 1,08469D Ou
SLLO= 4.1275D Ot SLLI= -4.1275D 04 SCLO= 1.2382D 04 SCLI= -1.2382D 04

STH= 1.9699D 04 STF= -3,2584D OH SRH= 1.4887D 04 SRF= ~-1,1721D 04

Z6= -1,8372p-02 2zC= -4.3100D-02 QFHG= 2,4728D-02 YO= 2.,1724D~02 Y1= 2,1553D-19 THETA= -7.1542D-03

CALCULATIONS FOR PRESSURE LOADING

SLsO= 2.1290D 04 sSLSI= 3.8794D 03 SCSO= 2,1596D 04 sSCSI= 1.6373D 04
SLLO= 2.7967D 03 SLLI= 8.6968D 03 SCLO= 8.3902D 02 SCLI= 2.6090D 03

STH= 1.3997D 04 STF= ~1.6503D 03 SRH= -3.4397D 03 SRF= 4.0556D 02

26= -6.7671D-03 2C= -1,5453D-02 QFHG= B8.6856D-03 Y0= 1,4584D-02 Yi= 6.,0715D~-18 THETA= -2.7132D-03

CALCULATICNS FOR TEMPERATURE LOADING

SLSO= 1/2228D 00 SLSI= -1.2228D 00 SCSO= 1.0649D-01 SCSI= -6.2722D-01
SLLO= -1.3977D-01 SLLI= 1.3977D-01 SCLC= -1,8419D 0C SCLI= -1.7581D 00

STH= 1.1087D 00 STF= -6.1330D-01 SRH= -2.7247D-01 SRF= 1.5072D-01

ZG= -7,4476D-07 ZC= -1.7007D-06 QFHG= 9.5590D-07 YO0= -2.4965D-07 Y1= -1,7259D-06 1THETA= -2.9860D-07

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FOR ITYPF=1 OR 2, W2 FOR ITYPE=3,

SLSO= 5.7309D 04 SLSI= -3.2139D 04 SCSO= 5.2489D 04 sSCSI= 2.5654D 04
SLLO= 3.9392D 04 SLLI= -2.7898D 04 sScrLo= 1.1816D 04 SCLI= -8.3712D 03

STH= 3.1463D 04 STP= -3.0541D 04 SRH= 9.7592D 03 SRF= -9.9860D 03

= 1.8318D 07

ZG6= ~2.3057D-02 2C= -5.3667D-02 QFHG= 3.0610D-02 7YO= 3.3844D-02 VYI1= -1,7259D~-06 THETA= -9.0565D-03

6L
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residual bolt load after application of a pressure of 1080 psi is
W2 = 3.5933 x 10° 1b. The value of the critical bolt load to prevent

gross leakage is

W, =-% 652 x 1080 = 3.584 x 10° 1b

With an initial bolt stress of 44,300 psi, the residual bolt load is now
greater than WC. Accordingly, the results of example 3(b) indicate that
an initial bolt stress of 44,300 psi is sufficient for the joint to pass
a hydrostatic test to 1080 psi, albeit with no margin of safety. As

the reader may have surmised, the initial bolt stress of 44,300 psi was
preselected for example 3(b) to achieve this final result. It is
pertinent to note that, because of the linear nature of the calculations,
it is not necessary to iterate in order to find a value for the initial
bolt stress that would make W2 = W_. Note that (Wl - W2) = 1.648 x 10°
in example 3(a) and that (Wl - W2} varies linearly with pressure. To
find the required value of W1 to make W2 = WC at an arbitrary pres-

sure p, we need only solve the equation:

= 2 _b_ 6
Wl Gy P+ 555 (1.648 x 10°) . (A.3)

il
4
For p = 1080, Eq. (A.3) gives Wl = 6.056 x 10%, and the corresponding
initial bolt stress is Wl/Ab = 6.056 x 10%/136.92 = 44,228 psi, which
was rounded off to 44,300 psi for Example 3(b).

Blind Flange Stresses, Example 3(a)

Example 3(a) was run with an initial bolt stress of 20,033 psi to
permit direct comparison of the blind-flange stresses with the stresses
calculated in example 2, where the controlling bolt stress was SBl =
20,033 psi.

Stresses for the blind flange are shown in Table A.S5c. The maximum
stress due to initial bolt loading only is SORT = 4021.3 psi. A com-
parable stress from the Code calculation (Table A.3), is SGS = 3376.3 psi.
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This also represents a stress at the center of the blind flange due to
bolt loading only. The maximum stress due to pressure loading only of
the blind flange (Table A.5c¢c) is SORT = 13,144 psi. A Comparable stress
from the Code calculation (Table A.3) is SP = 14,121 psi.

The maximum stress due to combined bolt loading and pressure
loading (Table A.5c) is SORT = 14,749 psi. Note that this combined
stress is not the sum of the stress due to the initial bolt load and the
stress due to pressure. Rather, the program recognizes that the pressure
changes the bolt load — in this example, from 2.743 x 10°® 1b down to
1.0948 x 10° (Table A.5b). Stresses for combined loadings are related
to stresses for initial bolt loading only and pressure only by the

equation

c=o-‘12—+o, (A.4)

where o, = combined stress, 0 = stress due to initial bolt load only,

it

WZ = bolt load at pressure, Wl initial bolt load, and Op = stress due
to pressure only.

The Code equation for combined stresses [i.e., S = (d/t)2(0.3p +
l.78WhG) from paragraph UG-34 and Figs. UG-34 (j) and (k)] can be de-
rived by assuming that the blind flange is a flat circular plate of
outside diameter equal to the effective gasket diameter d. The metal
outside the diameter d is ignored. The plate is simply supported along

d and loaded by edge moment Wh. and pressure p. WhG is either the

operating moment or the gasket?seating moment, as obtained in Appendix 11
of the Code. The method used in this report is theoretically more
accurate than that used in the Code, and the relatively good agreement
between stresses in Table A.5c and those in Table A.3 is, in part,
coincidental. Large differences can exist, particularly when there is a

significant amount of flange material outside the gasket diameter d.

Tapered-Hub Flange Stresses, Example 3(a)

Example 3(a) was run with an initial moment of 1.1719 x 107 in.-1b

to permit direct comparison with the stresses given for example 1 in
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Table A.2 under the heading '"ASME FLANGE STRESSES AT OPERATING MOMENT,
MOP." 1In example 1, the value for MOP was determined to be 1.1719 X 107
in.-1b. To be consistent with the Code calculations in this example
[3(a)], we chose IBPND = O.

Calculated stresses for the tapered-hub flange are shown in Table
A.5d. The Code method covers only moment loading. The stresses in
Table A.5d for initial moment loading only are the same as those in

Table A.2 for operating moment, MOP:

Stress values from Table A.5d Stress values from Table A.2
SLLO = 23,411 psi SH = 23,412 psi
STH = 11,173 psi ST = 11,174 psi
SRH = 8,444 psi SR = 8,444 psi

The Code method gives stresses at the small end of the hub if the Code
factor f is greater than 1.0; otherwise, it gives stresses for the large
end of the hub. The Code method calculates radial and tangential
stresses on the hub side of the flange only. Usually these are higher
than the corresponding stresses on the face side of the flange, but in
this example, STH = 11,173 psi is less than STF = -18,482 psi in absolute
magnitude. The Code method does not give circumferential stresses in
the hub.

Stresses for pressure loading only, temperature loading only, and
combined loadings are shown as the 2nd, 3rd, and 4th groups of stresses
in Table A.5d. The small values under the heading "CALCULATIONS FOR
TEMPERATURE LOADINGS" come from using DELTA = 0.01, since DELTA = 0 is
not a permissible input value.

Combined stresses are not the sum of the stresses due to the three
individual loads. Rather, the program recognizes that pressure and
temperature change the moment from M1 = 9,3433 x 10° in.-1b to M2 =
7.7814 x 10° in.-1b in this example* (Table A.5b). The maximum stress

*
It should be noted that M1 is not the same as the input moment
XMOA. The program will accept any value for calculating stresses but,
for calculating bolt load changes, it assumes that the moment is equal
to W(C-G)/2.
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under combined loads (in this example, residual moment and pressure) is
SLSO
SLLO

33,385 psi. Under initial moment only, the maximum stress is

23,411 psi.

Blind and Tapered-Hub Flange Stresses, Example 3(b)

Stresses are shown in Table A.6c and A.6d for blind and tapered-hub
flanges, respectively. It can be seen that maximum stresses are quite
high for the realistic initial bolt stress of 44,300 psi needed to pass
the hydrostatic test pressure of 1080 psi [i.e., SORT = 24,984 psi for
the blind flange (Table A.6c¢) and SLSO = 57,309 psi for the tapered-hub
flange (Table A.6d]. Comments on the significance of these high cal-
cuilated stresses are included later in the discussion of examples 4a and

4b.

Displacements

Tables A.5 and A.6 include, along with stresses, the displacements
ZC for the blind flange or ZG, ZC, QFHG, YO, Y1, and THETA for the
tapered-hub flange. One potential application for these displacements

is discussed later in connection with examples 4(a) and 4(b).
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IDENTICAL PAIR OF TAPERED-HUB FLANGES, EXAMPLES 4(a) AND 4(b)

InEut Data

The input data for Examples 4(a) and 4(b) are shown in Table A.7.
The initial bolt stress of 46,100 psi and corresponding W1 = 6.312 x
10° 1b were selected by a preliminary calculation so that W2 would equal
WC at the hydrostatic-test pressure of 1080 psi. The value of Wl =
6.312 x 10% 1b leads to initial moment XMOA = W1(C-G)/2 = 2.1500 x
107 in.-1b. Example 4(a) is for hydrostatic test conditions at atmo-
spheric temperature. Example 4(b) is for steady-state operating con-
ditions at the rated pressure of 300 psi and corresponding API-605
temperature of 850°F.

The modulus of elasticity of the flange, bolt, and gasket materials
was assumed to be 2.25 x 107 psi at 800°F, as compared with 3.0 x 107
at atmospheric temperature. It is assumed that at steady-state operating
conditions there is an external bending moment such that the axial
stress in the attached pipe is 7500 psi. This axial stress gives

617 psi as the input value for PBE for example 4(b), as shown below:

PBE = 4 SbgO/D0 = 4 x 7500 x 1.2343/60 = 617 psi

Qutput Data

Residual Bolt Loads

The output data for example 4(a) are shown in Table A.8. The
output data starts with a printout of all input data. The parameters
involved in the bolt-load-change calculations are then printed, followed
by residual bolt loads and moments (Table A.8b).

The residual bolt load is given by W2 = 3.585 x 10° 1b. The crit-
ical bolt load, derived from Eq. (A.2), is W_ = ﬂG% p/4 = 3.584 x
10 1b. Accordingly, the results of example 4(a) indicate that an
initial bolt stress of 46,100 psi is sufficient for the joint to pass a

hydrostatic test to 1080 psi, albeit with no margin of safety.



Table A.7. Input data for tapered-hub-to-tapered-hub flanged joint, examplesa 4a and 4b
Card Read
No. Variables and numerical values format
1 ITYPE IBOND ICODE MATE
1 0 0 2 415
2 A B t go g1 h C P
73.9375 57.5314  5,9375 1.2343 2.7030 5.4362 69.4375 1080. 8E10.5
(300.)
3 XMOA EF DELTAb ™M G
2.1500D+7 6. D-6 .01 3. D+7 62.625 5E10.5
4 BSIZE YB EB TB XGO XGI AB
2.25 3. D+7 6. D-6 0 65. 60.25 136.92 7E10.5
5 VO YG EG TG FACE PBE
L0625 3. D+6 6. D-6 0 0 0 6E10.5
(617.)
6 W1 TF TFP YF2 YFP2 YB2 YG2
6.3120D+6 0 0 3. D+7 3. D+7 3, D+7 3. D+6 7E10.5

(2.25D+7)  (2.25D+7)  (2.25D+7)  (2.25D+6)

%Walues in parentheses are for example 4b.

bSince DELTA cannot be entered as zero, 0.01 was used as a satisfactorily small value.
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Table A.8a.
flanges, with initial bolt stress of 46,100 psi

Output data for example 4(a), identical pair of tapered-hub

FPLANGE FLANGE FLANGE PIPE HUB AT HUB BCLT PRESSURE,
0.D.,A I.p.,8B THICK.,T WALL,GO BASE,G1 LENGTH,H CIRCLE,C P
73.93750 57.53140 5.93750 1.23430 2.70300 5.43620 69.4375¢C 1080.000
MOMENT COEFF. QF DELTA ¥O0D. OF MEAN GASKET ITYPE IBOND ICODE MATE
THERMAL EXP. ELASTICITY DIAMETER
2.150D 07 6.000D-06 1.000D-02 3.000D 07 6.263D 01 1 ¢ 0 2
BSIZE YB EB TB XGO XGI
2.2500D 00 3.0000D 07 6.0000D-06 0.0 6.5000D 01 6.0250D 01
vo YG EG TG FACE PBE
6.2500D-02 3.0000D 06 6.0000D-06 0.0 0.0 0.0
W1 TF TFP IF2 YFP2 YB2
6.3120D 06 0.0 0.0 3.0000D 07 3.0000D 07 3.0000D 07

FLANGE JOINT BOLT LOAD CHANGE DUE TO APPLIED LOADS, IDENTICAL PAIR

FLANGE JOINT SIDE ONE (PRIMED QUANTITIES)

QFHG= 1,1968D-09 (QPHG= 8.0422D-06 QTHG= 9.5590D-05 XB = 5.7%31D 01 GO= 1,2343D 00
Ys = 3.0000D 07 YF2 = 3.0000D 07 EF = 6.0000D-06
FLANGE JOINT SIDE TWO (UNPRIMED QUANTITIES)
QFHG= 1.1968D-09 QPHG= 8.0422D~06 QTHG= $.5590D-0F% XB = 5.7531D 01 GO= 1.2343D 00
M = 3.0000D0 07 YF2 = 3.0000D Q7 EF = 6.0000D-06
BOLT ING
BOLT LENGTH= 1.4188D 0! BOLT AREA= 1.3692D 02 BOLT CIRCLE= 6.9438D 01
YB = 3.0000D 07 ¥YB2 = 3.0000D Q7 EB = 6.0000D-06
GASKET
Vo = 6.25000-02 XGO = 6.5000D 01 XGI = 6.0250D 01
Y6 = 3.0000D 06 Y62 = 3.0000D 06 EG = 6.0000C-06

AB
1.3692D 02

¥G2
3.0000D 06

TH

TH

5.9375D 00

5.9375p 00
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Table A.8b (continued)

LOADINGS
INITIAL BOLT LOAD= 6.3120D 06 BOLT TEMP.= 0.0 FLANGE ONE TEMP.= 0.0 FLANGE TWO TEMP.= 0.0
GASKET TEMP.= 0.0 DELTA= 1.0000D-02 DELTAP= 1.0000D-02 PRESSURE= 1.0800D 03

RESIDUAL BOLT LOADS AFTER THERMAL-PRESSURE LCADS
AXIAL THERMAL,W2R= 6.3120D 06 MOMENT SHIFT,W2B= 5.0760D 06
TOTAL PRESSURF,W2C= 3.5852r 06 DELTA THERMAL,W2D= €.3118D 06

COMBINED,W2= 3.5850D 06

Wi-W2a= 0.0 W1-W2B= 1.2360D 06 W1-W2C= 2.7268D 06 W1-W2D= 1.6408D 02 W1-W2= 2.7270D 06

W2A/W 1= 1.0000D 00 W2B/W1= 8.0818D-01 W2C/®1= 5.6799D-01 W2D/Wi= 9.9997D-01 W2/W1= 5.6796D-0t1

INITIAL AND RESIDUAL MOMENTS AFTER THERMAL ERESSURE LOADS.

M1=  2,.1500D 07 M2A= 2.1500D 07 M2B= 2.3369D 07 M2C= 1.8291D 07 M2D= 2.1500D 07 M2= 1.8290D 07

M2BP= 2.3369D 07 M2CcP= 1,8291p 07 M2p= 1.8290D 07
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Table A.8c (continued)

TAPERED HUB FLANGE

CALCULATIONS FOR MOMENT LOADING

SLSO= 4,2273D 04 SLSI= -4.2273D 04 SCSO= 3.6258D 04 SCSI= 1.0894D 04
SLLO= 4.2951D 04 SLLI= -4.2951D 04 SCLO= 1.2885D 04 SCLI= -1,2885D 04

STH= 2.0499D 04 STF= -3.3907D 04 SRH= 1.5492D 04 SRF= -1.2197D 04

2G6= -1.9118D-02 2ZC= -4.u4850D-02 QFHG= 2.5732p-02 VYO0= 2.2606D-02 Y1= 1.6524D-18 THETA= -7.4448D-03

CALCULATICNS FOR PRESSURE LOADING

SLSO= 2.1290D 04 SLSI= 3.,8794D 03 SCSO= 2.1596D 04 SCSI= 1.6373D 04
SLLO= 2.7967D 03 SLLI= 8.6968D 03 SCLO= &.3902D 02 SCLI= 2,6090D 03

STH= 1.3997D 04 STF= -1.6503D 03 SRH= -3.4397D 03 SRF= U4.0556D 02

26= -6.7671D-03 2zZC= -1.5453D-02 QFHG= 8.6856D-03 YO0= 1,4584D-02 Y11= 6.0715D-18 THETA= -2,7132Dp-03

CALCULATICNS FOR TEMPERATURE LOADING

SLSO=" 1,2228D 00 SLSI= -1.2228D 00 SCSO= 1.0649D-01 SCSI= -6,2722D-01
SLLO= ~1.3977D~01 SLLI= 1.3977D-01 SCLO= -1.8419D 00 SCLI= -1.7581D 00

STH= 1.1087D 00 STP= -6.1330D-01 SRA= -2.7247D-01 SRF= 1.5072D-01

2G= -7.4476D-07 ZC= -1.7007D-06 QFHG= 9.5590D-07 YO= ~-2,4965D-07 Y1= -1.7259D-06 THETA= -2.9860D-07

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FOR ITYPE=1 OR 2, W2 FOR ITYPE=3, = 1.8290D 07

SLSO= 5.7253D 04 SLSI= -3.2083D 04 SCSO= 5.2441D 04 SCSI= 2.5640D 04
SLLO= 3.9335D 04 SLLI= -2,7841D 04 SCLO= 1,1799D 04 SCLI= -8.3541D 03

STH= 3.1436D 04 STF= -3.0496D 04 SRH= 9.7386D 03 SRF= -9.9698D Q3

26= -2,3032D-02 2ZC= -5.3608D-02 QPHG= 3,0576D-02 YO0= 3.3814D-02 Y11= -1,7259D-06 THETA= -9.0466D-03
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The output data for example 4(b) are shown in Table A.9, which is
identical in format to Table A.8 for example 4(a). The residual bolt
load for example 4(b) is given by W2 = 3.2718 x 10° 1b. The pressure is
lower in example 4(b) than in 4{(a)}, but there is a modulus-of-elasticity
decrease which, by itself, makes W2 = W1 x 2.25 x 107/(3 x 107) and
makes the effect of the equivalent pressure correspond to the external
moment PBE. We can check to see if the residual bolt load is sufficient
to prevent leakage by an extension of the concept of the initial bolt
load WC, which was discussed in the previous section. We made the
conservative assumption that the maximum tensile stress due to the
external bending moment (which exists only at one point on the pipe
circumference) acts around the complete circumference of the pipe. The
value of WC, the critical bolt load to prevent gross leakage, is then

the sum of Eq. (A.2) and the axial load due to the bending moment; thus

=T g2
WC =7 G0 p + Apr s (A.5)
where
Ap = m(B + go) g = cross-sectional area of attached pipe, and
Sb = axial stress in attached pipe due to an external moment.

For example 4(b), Eq. (A.5) gives:

/

W =i x 652 x 300) + (m x 58.7657 x 1.2343 x 7500)

= 2.7045 x 10° 1b .

Because W2 = 3.2718 x 10°® 1b is greater than WC = 2.7045 x 10° 1b, the
results indicate that the flanged joint with an initial bolt stress of
46,100 psi can carry, at least for a short time at 850°F, an external
moment giving both an axial bending stress of 7500 psi in the attached
pipe of 1.2343-in. wall thickness and an internal pressure of 300 psi.
At 850°F, the carbon-steel flanges and bolts would be expected to

undergo significant relaxation due to creep in the flanges and bolts,



Table A.9a.

Output data for example 4(b), identical pair of tapered-hub

flanges, steady-state operation at 300 psi and 850°F

FLANGE FLANGE FLANGE PIPE HUB AT HUB BCLT PRESSURE,
0.D.,A I.D0.,B THICK.,T WALL,GO BASE,G1 LENGTH,H CIRCLE,C P
73.93750 57.53140 5.93750 1.23430 2.70300 5.43620 69.43750 300.000
MOMENT COEFF. OF DELTA MOD. OF MEAN GASKET ITYFPE IEOND ICODE
THERMAL EXP. ELASTICITY DIAMETER
2.150D 07 6.000D-06 1.000D-02 3.000D 07 6.263D 01 1 0 0
BSIZE YB EB TB XGO
2.2500D 00 3.0000D 07 6.0000D-06 0.0 6.5000D 01
vo Y6 EG TG FACE
6.2500D-02 3.0000D 06 6.0000D-06 0.0 0.0
W1 TF TFP YF2 YFP2
6.3120D 06 0.0 0.0 2.2500D 07 2.2500D 07

FLANGE JOINT BOLT LOAD CHANGE DUE TO APPLIED LOADS, IDENTICAL PAIR

FLANGE JOINT SIDE ONEP (PRIMED QUANTITIES)

QFHG= 1.1968D-09 QPHG= 8.0422D-06 QTHG= 9.5590D-05 XB = 5.7531D 01
M = 3.0000D 07 YP2 = 2.2500D0 07 EF = 6.00C0D-06
FLANGE JOINT SIDE TWO (UNPRIMED QUANTITIES)

QFHG= 1.,1968D-09 QPHG= 8.0422D-06 QTHG= 9.5590D-05 XB = 5.7531D 01
Y®m = 3.0000D 07 YP2 = 2.2500D 07 EF = 6.0000D-06

BOLTING
BOLT LENGTH= 1.4188D 01 BOLT AREA= 1.3692D 02 BOLT CIRCLE= 6.9438D 01
YB = 3.0000p 07 ¥B2 = 2.2500D 07 EB = 6.0000D-06
GASKET
VO = 6.285000-02 XGO = 6.5000D O1 XGI = 6.0250D 01
Y = 3.0000D 06 Y62 = 2.2500D 07 EG = 6.0000D-06

MATE
2
XGI AB
6.0250D Ot 1.3692D 02
PBE
6.1700D 02
¥YB2 162
2.2500D 07 2.2500D0 07
GO= 1,2343D 00 IH
GOo= 1.,2343Dp 00 T8

n

5.9375D 00

5.9375p 00

06



Table A.9b (continued)

LOADINGS
INITIAL BOLT LOAD= 6.3120D 06 BOLT TEMP.= 0.0 FLANGE ONE TEMP.= 0.0 PLANGE TWO TEMP.= 0.0
GASKET TEMP.= 0.0 DELTA= 1.0006GD-02 DELTAE= 1.00€0D-02 PRESSURE= 3.0000D 02

RESIDUAL BOLT LOADS AFTER THERMAL-PRESSURE LOADS
AXTAL THERMAL,W2A= 6,3120D 06 MOMENT SHIFT,W2B= 5.2625D 06
TOT AL PRESSURE,W2C= 4.8u84LC 06 DELTA THERMAL,W2D= 6.3118D 06

COMBINED,W2= 3.2718D 06

Wi-w2a= 0.0 W1-W2B= 1.0495D 06 W1-W2C= 1.4636D 06 W1-W2D= 1,6408D 02 Wl-Hu2= 3.0402D 06

W2A/W1= 1.0000D 00 W%2B/W1= 8.3374D-01 W2C/W1= 7.6813D-01 W2D/W1= 9.99397D-01 W2/W1= 5.1835D-01

INITIAL AND RESTIDUAL MOMENTS AFTER THERMAL FRESSURE LOADS.

Mi= 2.1500D 07 M2A= 2.1500D 07 M2B= 1.9614D 07 M2c= 1.8203D 07 M2D= 2.1500D 07 M2= 1.2833D 07

M2BP= 1.9614r 07 M2CP= 1.8203D 07 M2P= 1.2833D 07

I6



Table A.9c

(continued)

TAPERED HUB FLANGE

CALCULATICNS FOR MOMENT LOADING

SLSO= 4,2273D 04 SLST= =-4,2273D 04 SCSO= 3.6258D
SLLO= 4.2951D 04 SLLI= -4.,2951D 04 SCLO= 1,288°5D
STH= 2.0499D 04 STF= -3.3907D 04 SRA= 1.85492D
ZG= -1.9118D-02 2ZC= -4.4850D-02 QFHG= 2.5732p-02

CALCULATIONS FOR PRESSURE LOADING

SLSO= 5.9140D 03 SLSI= 1.0776D 03 SCSO0= 5.9990D

SLLO= 7.7687D 02 SLLI= 2.4158D 03 SCLO= 2.3306D

STH= 3.8880D 03 STF= -4.5841D 02 SRH= -9.5549D

Z26= -1.8798D-03 7ZC= -4,2924D-03 QPFHG= 2.4127D-03

CALCULATIONS FOR TEMPERATURE LOADING

SLSO= 1.2228D 00 SLSI= -1.2228D 00 SCSO= 1.0649D

SLLO= -1.3977D~-C? SLLI= 1.3977D-01 SCLO= -1.8419D

STH= 1.1087D 00

26= -7.4476D-07 2C= -1.7007D-06 QFHG= 9.5590D-07

STF= -6.1330D-01 SRH= -2.7247D-01 SRF=

04 sCsI= 1.0894D 04
04 sSCLI= -1,2885D 04
[+} SRF= -1.2197D 04
Y0= 2.2606D-02 Y11= 1.6524D-18
03 SCsSI= 4.5481D 03
02 SCLI= 7.2473D 02
02 SRF= 1.1266D 02
Y0= 4.0510D-03 Y1!'= 8.6736D-19

-01 SCSI= -6.2722D-01

00 sSCLI= -1.7581D 00
1.5072p-01

Y0= -2.4965D-07 Y11= -1.7259D-06

CALCULATIONS FOR COMBINED LOADING,M2 OR M2P FOR ITYPE=Y OR 2, %2 POR ITYPE=3, =

SLSO= 3.1147D Q4 SLSI= -2.4156D 04 SCSO= 2.7641D

SLLO= 2.6413D 04 SLLI= -2.3221D 04 SCLO= 7.9222D
STH= 1.6125D 04 STF= -2.0698D 04 SRH= 8.2910D

26= -1.3292D-02 12ZC= -3.1064D~02 QFHG= 1.7772D-02

04 sSCsi= 1.1050D 04
03 sCLI= -6.9680D 03
03 SRF= -7.1671D 03

Y0= 1.7544Dp-02 Y11= -1,7259D-06

THETA=

THETA=

THETA=

1.2833D

THETA=

-7.4448D-03

~7.5365D-0u4

-2.9860D-07

07

-5.1976D-03

Z6
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particularly with the high bolt stresses and flange stresses involved in
example 4(b). For long-term service (many years) at 850°F, one might
expect the flanges and/or bolts to creep so that a residual bolt stress
of around 20,000 psi would exist, at which time W2 = 2000 x 136.92 =
2.7384 x 10% 1b. Because this is larger than W, = 2.7045 x 106 1b
obtained from Eq. (A.5), indications are that the flanged joint could
still carry the external moment and pressure, albeit with almost no
margin of safety.

It should be noted that, if bolts relax in high-temperature service,
then the bolt load does not return to its initial value upon returning
to initial conditions. The permanent loss in bolt load would be W2 -
SbrAb’ where Sbr = relaxed bolt stress, assumed here to be 20,000 psi.
The permanent loss in bolt load, in this example, is 3.2718 x 106 -
20,000 x 136.92 = 533,400 1b. The load is theoretically not sufficient
to pass a hydrotest of 1080 psi, but it is extremely unlikely such a
hydrotest would be required for a system operating at 300 psi and 850°F.

Flange Stresses

Tables A.8c and A.9c show the flange stresses for examples 4(a) and
4(b), respectively. The maximum calculated stress occurs in example
4(a) where SLSO = 57,253 psi for combined loadings. Note that this is
not the sum of the stresses due to initial moment loading only plus
pressure loading only (first two groups of stresses), but rather it 1is
the stress due to the moment as changed by pressure, M2 = M2P = 1.829 x
107 in.-1b, plus the stress due to pressure only.

The question arises as to whether the flanges in the flanged joint
are strong enough to pass the hydrostatic test. To pursue this question,
it is appropriate to tabulate the tangential and radial stresses at

initial and pressurized conditions:

Condition STH STF SRH SRF

Initial 20,499 -33,907 15,492 -12,197
Pressurized 31,436 -30,496 9,739 -9,970
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It should be noted that the stresses are, in large part, bending stresses.
Before large plastic deformations occur, these stresses must reach about
1.SSy, where Sy is the yield strength of the flange material. Further,
high stresses in the hub will not lead to large plastic deformations if
there is reserve strength in the flange ring as indicated by relatively
low tangential and radial stresses. If the capability for calculating
these stresses has been attained, the next logical step is to conduct an
extensive study to develop suitable design criteria for stress limits in
flanged joints., Until such a study is conducted, however, the following
limits are suggested as appropriate for stresses under hydrostatic test

conditions:

Stress Limit
Longitudinal hub stresses fl.SSy
Radial stress or tangential stress <S
Averages of radial or tangential <S
stress and longitudinal hub

stress

The above criterion makes the average of SLSO and STH under pressurized
conditions [i.e., 1/2(5.7253 x 10% + 3.1436 x 10%) = 44,344 psi] the
controlling stress and infers that the flanged joint is acceptable,

provided the flange-material yield strength is not less than 44,344 psi.

Displacements

In tightening the bolts to 46,100 psi, the question arises as to
whether the flanges will rotate so that contact occurs on the outer
edge. Table A.8c shows values of THETA, the rotation of the ring at the
mean radius of the pipe wall. An estimate* of the displacement of the

ring edge with respect to the gasket centerline can be obtained by

*
The deformation of the ring is not exactly linear across the ring,

but in this example it is sufficiently close to linear.
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multiplying THETA by (A-G)/2, the radial distance between the ring edge
and gasket centerline. In example 4(a), A = 73,9375, G = 62.625, and
THETA = -9.0466 x 107% under combined loading; the minus sign means that
the rotation is such that clearance is reduced at the outer edge. The
displacement of A with respect to C is 9.0466 x 1073 x (73.9375 -
62.625)/2 = 0.0512 in. Because API-605 flanges have 1/16-in. raised
faces, the outer edges of the flanges will not contact each other. The
clearance will then be (0.0625 - 0.0512) x 2 = 0.0056 in. plus the
thickness of the gasket.
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COMPUTER TIME

The six examples discussed in this appendix were run on Battelle's
CDC 6400 computer and also on ORNL's IBM 360/91. The IBM FORTRAN source
deck (converted to double precision for use on the IBM machine) has 1583
cards. The total length of the program is 80K bytes (10,240 actual
words), and it needs no auxiliary storage devices except standard read
and write units. The program requires 270K bytes for compilation and
has a compilation time of 19.4 sec. The total execution time for the

six examples was 1.15 sec.
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APPENDIX B

FLOWCHARTS AND LISTING OF COMPUTER PROGRAM FLANGE
AND ATTENDANT SUBROUTINES
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( START }

x Read ITYPE, IBOND,

Call TAPHUB

\ ICODE, MATE

Yes

ORNL-DWG 75-4300

>{ STOP )

> Call BLIND

Call STHUB

=1.2.4.6

-

Relabels calculated data to
identify it as belonging to

first of pair of flanges.
First flange is not a blind flange.

Fig. B.1. Program FLANGE.

Relabels calculated data to
identify it as belonging to
first of pair of flanges.
First flange is a blind flange.
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ORNL~DWG 75-4301R
START

Read XA XBUVHL GUL G,
HL. C.PRESS

l

Print XA XBUTH, GO, G
HL. C.PRESS

1CODE
Gt 2
)

Yes {ICODE = 2

No (1CODLE = 0)

Read XMOA. EF. DELTA, YM. G

“eulate part of the coelficients
l of the unknowns in the

sinultaneous equation set

Print XMOA. EF DELTA, YM. G,
ITYPE.IBOND 1CODE. MATE

Is
( IBOND Yes Caleulare U1, U203, U,

G2 , and US aceardingly

Caleulate rest of the coefticients
of the ten unknowns n the

simultaneous equation set

IN
ICODE
Lk

Yes (ICODE =0y

No (1ICODE = 24

Culeutate constans tor

moment loading

Call LIN2

®

Fig. B.2. Subroutine TAPHUB (Part 1).
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ORNL-DWG 75-4302R

L Caleulate P1 accordingly J

r Calculate P1 accordingly J

Caleulate T1. Y0, Y1 l

e
l

Calculate stresses and displacements
for moment loading

Yes (ICODE =2}

r 1
Calculate ASME-Code stresses r

1

Print: “ASME FLANGE STRESSES No (ICODE =0)
AT OPERATING MOMENT, MOP™

Call STORE »
Print SLM, STH, SRH, COT, I
COR, at operating moment —
Calculate constanis for
l pressure toading

Multiply stresses by ROG ] 1

1 Call LIN 2 1
Print: “"ASME FLANGE STRESSES AT L
GASKET SEATING MOMENT, MGS™

Calculate stresses and displacements
for pressure joading

Print SLM. STH, SRH, COT, COR
at gasket-seating moment
Csll STORE

(o ) |

Calculate constants for thermal-
gradient losding

|

Call LIN2

|

Calculate stresses and displacements
for thermal-gradient Joading

Fig. B.2. Subroutine TAPHUB (Part 2).
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ORNL-DWG 75-4303R

Call STORE

~»  Call FLDGW

Yes

= Call COMBIN

(e

Fig. B.2. Subroutine TAPHUB (Part 3).
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ORNL-DWG 75-4304

START

Read XA, XB, TH, GO,
G1,HL, C, PRESS

Print XA, XB, TH, GO,
G1, HL, C, PRESS

Is Yes (ICODE =2)
ICODE
GE 2?

No (ICODE = 0)

Read XMOA, EF,
DELTA,YM.G

Print XMOA, EF, DELTA, YM, G,
ITYPE, iBOND, ICODE, MATE

N

IBOND Calculate U3, U33, U34 accordingly J
GE 2?

No

U3, U33,U34=0

Calculate the coefficients of
the six unknowns in the
simultaneous equation set

Yes (ICODE = 0)

No (ICODE = 2)

Call ASMEIN

Fig. B.3. Subroutine STHUB (Part 1).



Calculate constants for

moment loading

Call LIN2

for manent loading

Calculate stiesses and displacements.

Yes (ICODE = 2) i
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ORNL-DWG 75-4305R

No (HODE = 0)

Call STORE

Caleulate constants for
pressure loading

Call LINY

Caluulate stresses and displacements
tor pressure loading

Call STORE

Caleulate constants for
thermal-gradient loading

Call LINY

Cualculate stresses and displacements
for thermal-pradient loading

!

Call STORE

Fig. B.3.

i Caleulate ASME-Code stresses ‘l

|
'

Print: “ASME FLANGE STRESS
AT OPERATING MOMENT, MO;

i

Print SIM_STH, SRH. COT.
COR at operating moment

Multiply stresses by ROG

LPnnl “ASME FLANGE STRESSES AT ]

GASKET SEATING MOMENT, MGS™

1

Print SLM,STH. SRH. COT. COR
at gasket-seating moment

Print stresses and ZG, ZC. QFHG.
YO, THETA . combined louding

Call COMBIN

No
RETURN

Subroutine STHUB (Part 2).
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ORNL- DWG 75-4306R

START

Read XA, XB.TH.GO.G1.
HL C.PRESS

|

Print XA, XB. TH. G0. G,
HL.C, PRESS

Yes (ICODE = 2)

Call ASMEIN
RETURN

No (ICODE = 0)

Read XMOA  EF.
DELTA.YM. G

Print XMOA EF. DELTA. YM. G. Call LIN2
ITYPE. IBOND, ICODE, MATE

l l

Calculate stresses and displacements
for pressure loading

Calculate values of D, XA,

C.and G
Calculate coefficients of the ‘ Call STORE

nine unknowns in the
simultaneous equation set

l

Calculate constants tor
moment loading

Call COMBIN

1

Call LIN2

Calculate stresses and displacements

for moment loading

ICODE

Call ASMEIN

LE1?

I

Call STORE

l

Calculate constants for
pressure loading

(ICODE = 2)

RETURN

Fig. B.4. Subroutine BLIND.
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START

Read XM. Y, GOUT, GIN,
SB. SA. AB. INBO, BO

Print XM. Y. GOUT,
GIN.SB.SA. AB

ORNL-DWG 75-4307

Yes (I1=0)

BO =(GOUT GIN)/4T

Use input BO

Set D (gasket diameter)
and B accordingly

l

Set D (gasket diameter)
and B accordingly

, Calculate ASME-Code stresses Wl-‘;
Print out BO, WM11, WM 12,
WM1, SBI. WM2 SB2

Yes (ITYPE = 1, 2)

A}

Print MOP, MGS. and MGS1

N\

/

For Blind Flange

Calculate SP, SW1, SOP, SW2, SGS‘I

!

RETURN

Fig. B.5. Subroutine ASMEIN.
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ORNL-DWG 75- 4308R

START

Read BSIZE. YB. EB. TB. XGO,
XGl, AB. VO, YG, EG. TG.
FACE.PBE, W1, TF, TFP.

YF2, YFP2, YB2, YG2

|

Print BSIZE, YB. EB. TB. XGO.
XGl, AB. VO, YG . EG. TG,
FACE, PBE, WI. TF. TFP.

YF2, YFP2 YB2, YG2

Calculate unprimed values and set
primed values equal 1o unprimed
values (e QFHG = QFHGP, QPHG =

Yes (identical pair) QPHGP. QTHG = QTHGP)

No (nonidentical pair)

Calculate unprimed values (e g
QFHG  QPHG. QTHG tfor second Harge s
(Primed values are obluned from
preceding runs of TAPHUB or STHUB
with MATE =3.0r 5 )

Yes (MATE = 2 ur 4)

Calvalate QFPTW OB W2 W 2 Lecandimgly

No (MATE = 61

Calculate QFP1. W2B. W2D. W2 accordinghy

Calculate residual bolt loads

N Nor N o I Yer Pimt “FLANGE JOINT BOLT LOAD
MATF = MATL MATE = CHANGE DUF TO APPLIED LOADS
. 1 BLIND TO INTEGER PAIR™
Yes Yoy
Print “FLANGE JOINT BOLT | OAD Prine “ELANGE JOINT BOL L LOAD \ RETURN
CHANGE DUE TO APPLIED LOADS, CHANGE DUE 10 APPUITD E OADS \\
IDENTICAL PAIR™ INFLGER TO INTEGER PAIR

A

Fig. B.6. Subroutine FLGDW (Part 1).



Print: “FLANGE JOINT SIDE ONE
(PRIMED QUANTITIES),” QFHGP, QPHGP
QTHGP, BP, GOP, THP, YFP, YFP2, EFP

Y

Print: “FLANGE JOINT SIDE TWO
(UNPRIMED QUANTITIES),” QFHG,
QPHG, QTHG, B, GO, TH, YF, YF2, EF

A

Print: “BOLTING,” XLB,
AB,C, YB, YB2, EB

1

Prine. “GASKET,” VO, XGO,
XGI, YG, YG2,EG

Y

Print: “LOADINGS,” W1, TB, TF,
TFP, TG, DELTA, DELTAP, P

P P
SR NN BN

) J

Print: “RESIDUAL BOLT LOADS
AFTER THERMAL-PRESSURE LOADS,”
W2A, W2B, W2C, W2D, W2

d

Fig. B.é6.
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ORNL-DWG 75-4309R

Calculate change in bolt loads

Y

Print change in bolt loads W1 — W2A, W1-W2B,
WI-W2C, W1 —W2D, W]l — W2

\

Calculate ratios of final
to initial bolt loads

Y

Print ratios of final to initial bolt loads W2A/W1,
W2B/W1, W2C/WI1, W2D/W1, W2/WI

Y

Calculate residual moments for
second side of flanged joint

Print residual moments for second side of
flanged joint M1, M2A, M2B, M2C, M2D, M2

Y

Calculate residual moments for
first side of ftanged joint

Y

Print residual moments for first side
of flanged joint M2BP, M2CP, M2P

i

{ RETURN )

Subroutine FLGDW (Part 2).



Store appropriate stresses
for tapered-hub flange

Store appropriate stresses
for straight-hub flange

ORNL-DWG 75- 14884

Store appropriate stresses
for blind flange

RETURN

Fig, B.7. Subroutine STORE.
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1IC=9
c B
Yes 1c 1/ avpe= N\ 3
RETURN CT2 IC=1C+ 1 L aes IC=1C+ 1
9 "
No A 2
IC=1C+ 1
MATE \ Yes Page
GT 1 change
No Ic Yes
GT2 RETURN
9
No
Print: “TAPERED
HUB FLANGE™
MATE Yes Page
GT 1 change
9
Print: "CALCULATIONS
FOR MOMENT LOADING™ No

Print: “STRAIGHT
HUB FLANGE™

Print SLSO, SLSI, SCSO, SCSt,
STH, STF, SRH, SRF, ZG, ZC,
QFHG, YO, THETA (from STORE)

Print SLSO, SLSI, SCSO, SCSI, l

SLLO, SLLI, SCLO, SCLI, STH, o

STF, SRH, SRF, ZG, ZC, QFHG., Prine: “CALCULATIONS FOR
Y0, Y1, THETA (from STORE) PRESSURE LOADING

Print SLSO, SLSI, $CS0, SCS,

SLLO, SLLI, SCLO, SCLI, STH,
STF, SRH, SRF, ZG, ZC, QFHG,
YO, Y1, THETA (from STORE)

Print: 'CALCULATIONS
FOR PRESSURE LOADING™

Print: “CALCULATIONS Print SLSO, SLSI, SCSO, SCSI,
FOR TEMPERATURE LOADING STH, STF, SRH, SRF. ZG, ZC, ’

QFHG, YO. THETA (from STORE
Print SLSO, SLSI, 5CS0, SCSI, ‘
SLLO, SLL, SCLO, SCLI, STH, Print: “"CALCULATIONS FOR
STF, SRH, SRF, ZG, ZC, QFHG, TEMPERATURE LOADING™
YO0, Y1, THETA (from STORE) ‘
Print SLSO, SLSI, SCSO, SCSI,
STH, STF, SRH, SRF, ZG, ZC,
No ° QFHG, Y0, THETA (from STORE}

Yes
RETURN

ORNL-DWG 75-14885

MATE N\ Y | Page
GT 1 change

No

Print: “BLIND
FLANGE™

Print: “CALCULATIONS
FOR BOLT LOADING”

Print SORT, SGR, SGT.
SCR, SCT, SAT, ZC

!

Print: “CALCULATIONS
FOR PRESSURE LOADING™

Print SORT, SGR, SGT,
SCR, SCT, SAT, ZC

RETURN

Calculate combined-loading
stresses and displacement

Use primed Use unprimed
values values

j__l

Fig. B.8. Subroutine COMBIN (Part 1).



Caleulate combined-foading
stresses and displacements

Use unprimed
values

Use primed
values

Print: "CALCULATIONS FOR
COMBINED LOADING, M2 OR
M2P FORITYPE=10R 2.
W2ITYPE=3= "

l

Print SLSO. SLSI. SCSO. SCSI,
SLLO, SLLI, SCLO. SCLL STH,
STF. SRH. SRF. ZG. ZC. QFHG.

Y0.Y!. THETA

RETURN

Calculate combined-loading
stresses and displacements

Use unprimed

Use primed
values values

!

Print: "CALCULATIONS FOR
COMBINED LOADING, M2 OR
M2PFORITYPE =1 OR 2.
W2TYPE=3= "

Print SLSO, SLSI, 8CSO, SCSI
STH, STF, SRH. SRF, ZG. Z(
QFHG. YO, THETA

RETURN

ORNL - DWG 75-14883

Print: “CALCULATIONS FO
COMBINED LOADING, M2 OR
M2P FOR ITYPE = | OR 2

W2 FORITYPE=3=

Print SORT, SGR, SGT,
SCR, SCT, SAT, ZC

\

RETURN

€Tt
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LISTING OF PROGRAM FLANGE AND ATTENDANT SUBROUTINES

JELIONG = Npvl= !‘AIN,OET'—’JZ,L:NEC,’\TZE;O,SIZE=OOOOK,
SCHaCFE, SBCLIC, oL :S'I,.‘Wf).;(,r(,;kiAD,l’fAP,NOEDIF,NQLD,NOth.F
PPOGEAY FLANGE (I MNEDIT O UL i‘”T,T,&PlSC:LNZ’UT)
FEVISIL A/Z1/7
2 T3 /3T ANCARL INPUD = 5, OUIPUT = o.

TC LIANK COMMUN, U/2-19-75,
GO FLAKGE 2:0G6aals3, ($-17-75,

TrD Toal4y (P-R,C~2)
SITENSION A (10,10), 3{10), L2zZ¥P (10), TPa (10}, LRC(19y, AL(T10,10 Fia
JIATNSION S2{€,18),3C(1¢) FLA
BECA R1oEY ITYEE,IBCN[,LCCSL,EATI,XA,XE,b,Q,PE~SS,XGS,AJP,S1,UC,TH,YM,FLA
AB,)FHF(“),AL,DELIA,XﬁO,XAJA,Q?FGP,Q:HGP,kTﬂGP,bk,JJP,InR.YF?,SFP,FLA
DELTAR ,50UT ,GIN,nCs fla
,SLSQ,SLSI,jCSO,SCSI,SLLU,SLLI,ssLU,SCLI,S;H FLA
,SIF, 8% _rF,ZG,ZC,QFHG,Yu,Yl,T1,Tﬁz:A,Su?r,sch,sc‘,dua,sc;,3Ar FLA
,H2,N1,53,YA,II,XP1,XMZ,XNQP,ITQ F LA
L1YP2 =11 TAFEZRED HUB 7 LA
ITYFL = 2 SIKAICGHT nUB rLA
ITYPE = 3 51IMND Fla
LBUND = 0 BOUNTAEY Pra ASwME CODuy Y (X=H) ZGUAL Z Euu .
2 BOUNLLEY Y (X=H) uOT{ IQNAL TO ZFEO FLA
3 LNCLUDZS ZFEFECT CF OJiW A<D SAPLE, TAFEF L ilUo FLidGe FLa
O CALCULATES 35TirSSES Foa TuPUT »ca, FEESS, Doilh AND COFLA
CALCUL2TLS SIZESSES FOL Asur OUPL2ETINS JOAENT FLa
2088 NCT CAICULATE 104D CHANG 5 FLa

CALCULATES LOAD CHANGLS FOR IDLNTICAL PALk
CRLCULATES LOAD CHANGLS FOR INTEGEn TO I47.Gel
CALCULAIES LOAD CHANGZES FOr INTEGEX 7O INToGhn
; CALCULATES LOAD CHANGI S FOW BLIND IC INTZGhx
MAITT = 6 CALCULATES LUAD CHANGES FOR SLIND T0 INTuGza

1
Ze ITYLE, Thun Do iU, MATE
F,ou) 10, 2

D{ 5,02, SAL=10 ) IIYPI, IBOND,ICODD ,MATE
IF (I7YPu-=2) 3,4,5
o T

CELL Sinug

GG T e

CALL BLIND

33U TU 6

GO I0 (7,7,5,7,9,7), HatT-
30 I 1
DFHGE=(FEL (1) /X4D
QPHGEELPHE (2) s it
CTHSP=OREE (3) oo
dP=X 5% 2,

S0P=30

IHP =TH

YFo=YM

LFP

,
&
55
-5

POy

sal

JFED (1) /X0 Ch
SJOFHI (2) /P35S

FlA

FLA

1
2

J1-22-75

TLANGE

U1-28-75

FLA

7 LA

FLA
FLa

FLA

FLA

FhA
FL&
o

P LA
FLA
FLA
FLA
FLA
FLa
F LA
FLA
FLa
F LA

i La

3
34

49
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DELTAP=DILTA FLA 51
IT = ITYPE FLA  51A
50 TO 1 . FLE 52
RETURN 01-27-75

FIA 54
FORMAT (1H1) FLA 55
FORMAT (415) FLL 56
END FLA 57
SUBROUTINE TAFHUB TAP 2
THIS CALCULATION IS FOR ITYFE = 1, TaPcRED HUB FLANGES TAp b
INPLICIT REAL*8 (B-%H,C-2) 61-28-75
DINENSION &(10,10), B(1C), LTEMP(10), LP&(10) , LPC( 10}, ad(10,10) Thp o
DIMENSION SB(€,18),SC(1¢) AP 7a
SOMWMON ITYPT,IBCNT,ICCDE,¥ATE,XA,XB,G,C, PRESS,KGS,402,G 1,60, h, {4, TAP 8

1AB, CFHA (4) o AL , DEL Tk, XMO , XMOA, QFHG P, JPHG P, CTHG P, B (502 ,TdP,YF2,EFP, TAR 10

2DELTAP,GOUT,GIN,R (G Tap 12
3,SLSO,51SI,5CSC,SCSI,SLI0,S1LI,SCLY,5CLL, STH TAP  7A

4, STF,SPk SEF, ZG,2C,QFHG,Y0,Y1,T1, TH2Ta,SORT ,S6K ,SGi ,5CK,5C0,54T [ 4P 75
S, W2 ,41,58 ,8A,IT,XH1 ,X42 ,XE2E AP 7C
DATA B/100%0./, B/ 10%0./,LTEMP /10%C/,LPE /1CR0/ ,LEC /1U®0/ ,a ¥/ 100 0. /

READ U8, XA,XE,TH,GO,G1,HL,C,PRESS TP 14
PEINT 49 TAP 16
PRINT 50, XA,XE,TE,60,G1,H1,C,PRESS TP 18
G=1. TP 20
Yu=1. TAP 22
IP (ICUDE.GE.Z) GG TO 2 TR 20
AEAD 51, XMOA,SF, LELTA, 4,6 IAP 26

PRINT 52 TAP 28
AL=EF T 30
ZRIXT 53, XMOA,LF,DELTA,YH,G,ITYPE, IEONL, ICODE, MA T TAP 32
HHO = HL/DSORT (XB*GO) TAP  34A
X A=XA/2. IA 36
XE=XB /2. TAP 38
6=6/2. T 40
c=c/2. TP 42
KH0 =G 1,60 TAP 44
ALPHA= RED -1 TaP 46
GAMMA = (10.92%%0.25) *41/D5CRT (X B=G0) rAP 43 A
PHIO=1./ALEHA TAP 50
24I1=KEG/LLPH A AP 52
ETA0=2.#3A¥MA /ALPHA TAP 54
ETA1= (FHO** .5 )% ET A TAP 56
XK=Xh/XD Tap 58
J=1 rap 60
X=ETA0 TAR 62
P 5= (.B54X8/ (Y¥AGU)) #DPFESS TAP 64
CONTINGE TAP 06
IF (X-10.0) 4,4,5 TAP 68
£=%,10.0 rag 70
C3 = DLuG (X/2.0) TAP  72A
T2=T7e7 T AP Tu
T3=12%7 a2 T6
TusT vt Tae 78
Ta=Td» T4 Sar 80
T12=THATY Tar 82
T16=T 1287 4 RS TR
T.0=T169 T TAP 36
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T24=T20%T4 TAP 88
T28=T24*T4 T AP 90
132=T28*T4 TAP 92

C *= CORR. TO CARDS TAPS4-149 OF SUBR. TAPHUB, 02-27-75.
BERX=.9999999999974D0-156.2499999995701D0*T4+678. 168402766303 1D0TT AP 944
18-470.5502795889968D0*T12+93. 8596692971726D0*T16~7. 2422567275200 OTAP  96A
2%T204.2597773C007EG*T 24-. CC48987125727D 0% 128+ ,006 0516070465DU«T32 T AP 98 A
BEL X=~T2% (24 .9999999999998 [0 +434.027777777748D0* T4-678.1684027769TAP 1004
1807 DO®T8+260. 2807 S49442574DC* T12-28.9690338786499Du*T16+1.496 334277 AP 102A
249742DC*T20-,03864 288282 7340C*T204+.0005444243175D0%T28-.449130-5%T3T AP 104 A
42) TAP 105h
DBERK=T 3% (-62.4995999S99999D0+542.534722222214700%24-505. 1403356477 AP 106 4
19486D 0% T84150.175471843227800 ¢T12-14. 484516949840 3ID0*T16+.6 2347 263TAP 1C8A
248243D0*T20-.0137.4603619DC*T24+,1701453451D~3%T2 6-. 12506046D-5+T3T2P 1104
32) TAP 1114
DBEIX=-T* (-4,9999999999993L0+260, 4166666665533D0%Tu-678. 168402774 TTAP 1124
1539 D0*T8+336. 293056S023€51D0% T12-52.14426C8975905DU*T16+3.<91935217 4P 1144
208579DC*T20~. 0999 14706493 2C0%T24+.0016331100837D0#T28-.00001522698TAP 1164
384D0*T32) TAP 117a
RIX=T2%(24.99999959995930C~795.7175925924 666D (* T4 +1544.484519673097 AP 1184
192D 0% T8~623.01367 17405201 L0 *T 12¢81.952477 1606 200* T1o-4. 51874591326TAP 1201
239DO*T 20+, 1222087382192D0% 124~ .00 1806 4777860D0*T28+. 15835 3047D—U4* TAP 122A
3732) TAP 1234
R2X=TU* (2364.375-1412,8508391203636D0%T4+1153. 828185281456 1D 0« T8-25TAP 1244
15.097 17427104 79D0*T 1242 1. 212345166023 10 0% 116~ 8061529027876 DO*T20+T AP 126 a
2.0159380149705D0% 124,000 179762798600%T28+4.000001216110900«T32) T[AP 1284
DRI X=T* (4.99999999999375L0 -477.43055555515 26 D0%T 4+ 1543. 83451966 5203TAP 1304
1500%T8-872. 219140 3672455D C¥T12+147.5144585913337D0*T16-9. 94 1240320T AP 1324
29725D0%T20+.31774 18434686 COMT 24 -, 00 54 168556 40 8D0* T 28+.000 05232943 1TAP 1344
34 D0*T32) TaP 135A
DR2X=T3%(93.74599S9999958D(~1130.2806712562694D0% T4+1384.593822337T AP 136 A
12452D 0% T8-408 .1554788292578 L0 #4T12+4 2. 424690313108 8D0*T10- 1. 934766 9TAP 138A
2229237D0%T20+.044626386214500%T24-.00C5752042283D0%T28+.0000C43682T AP 1404

3053Dp0*132) TAP 141A
CEIX= =-.,78539816439745D0% BERX+ R1X~ (.5772156649D0+C3) *BLEIX TAP 142A
CERX= +,78539E1€439745DC* BEIX- R2X- (.5772156649D0+C3) *BERX TAP 1444
DKERX=+,78539816439745D0*CBEIX-DR2K~ (EERX /X )= (5772156549 D0 +C3)*DBTAP 146 A
1ERX TAP 147A
DEKEIX=-,7853%€164 2974 SD(*DBERX+4DR 1X~- (BEIX/X)- (.5772156649DJ+C3) *DBT AP 148 A
1EIX TAP 1497
GO TO 6 TAP 150
5 T=10.0/X TAP 152
Z1 = (DEXP(+#X/1.414213562371D0) /LSQRT (6. 2831€503718D0% X)) TAP 154B
C2 = (DEXP(-X/1.4142135€2371D0) *DSQRTI(1.5707%63267900/X)) TAP 156B
SIN1 = DSIN{{X/1.414213562371D0) +(.392699G81699D0)) TAP 1588
SIN2 = DSIN({X/1.41421356237100)~(.392699C81699D0)) TAP 160B
COS1 = DCOS((X/1.L14213562371D0Q) +(.392699C81699D0)) I AP 1628
C0S2 = DCOS({X/1.41421356237100) - (- 392699081699D0)) TAP 164B
I 2=T*T TAP 166
T3=T2%T TAP 168
T4=T3*7 TAP 170
I5=T4*T ) TAP 172
T6=T5*1T TAP 174
T7=T6*T TAP 176
28=T7%T TAP 178
S=1.+.0088383346D0*T+.7D~-94%T2-, 0000517869 L0*T3~.000011220700«T4~.0TAP 180A
1000016192D0*T5+.135D-3%T6 +. 14 52D-6*TT+.U492D-7%*T8 TAP 182a
IT=~,0088388340D0*T-.C0C7031241D0*2-.0C0C518006DC%¥T3~.72D~6%T4+, 1T AP 184 A
164310D=5%T5+.5929L~6*T6+,750D~T7*T7~, 243C~7*T8 TAP 186A
J7=1.-.0265165C40DC* T~ 8D 9*T2+.725024D-4*T 3+, 144255D-4*T 4+, 19780D-T AP 18824
15%T 5= . 147D~T7*T€-, 16710~ 6*T7-.563D-7%18 TAP 190 A
V=4¢.0265165034D0% T+.00117 18740D0*T2+.725179D-U4%*T3 4, 79D~ 8« Ty~. 20042TAP 192A
1D-5*T5-,6992D~6%T €~ ,8E3D- 6%17+,269D-8%T8 TAP 1944
BERX=C1*({(S*CCSz) -(TT*SINZ)} TAP 196
BEIX=C1% ((TT*#C0S2)+ (S*SINZ)) AP 198
DBEZRX=C 1% ( (U*COS1) =~ (V*SINY)) AP 20
DBEIX=C1% ((VXCCS1)+ (U*SIN1)) TAP 202
T=-7 TAP 204
T2=T%7 TAP 206

T3=T2%*1 TAP 208
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T4=13%7 T ap
TS=TU™T Tap
T6=15%T TAP
TT=T6*T T AP
T8=T7*1 TAP
5=1.+,0088388346D(*T+,.7D~9%T2-.517869D-4*T3-.112207D-4*{4~, 16192D~T AP
15%T5+ .135D-8%T6+, 14532 0~6%T7+.492D~7*T8 TAP
TI=-.8838834D=-2*7-,7031241D-3%T2~,518006C-4*T 3-.7 ZD-8*T 4+.16431D- 5TAP
1754, 5929D~6%T6+. 75CD~T7%T07- .243D~-7%18 T AP
U=1.-.0265165C4 DO *T~,8D=9 #T2+.725024 D=4 ¥T 3+, TUL255D-U4*T 4+ ,14978D-5%TAP
175~.147D-7%T6~, 16 71D~ €% T7- .56 3D-7* 18 7 AP
V=4.0.65165034D0% T+, 11718 74D- 2%T2+,725179D-4* 13+, 79D-3% D=, 2004 2D~T AP
15%T5- ,6992D-6*T6~.883C-6%TT7+, 269D~8%T8 TAP
CERX=C2* ((S*COS1) +(TT*SIN 1)) T AP
CFIX=C28((TT*CCS1)~-(S*SIN1)) TAP
DKERX==C2* ((U*COSZ) +(VESIN2)) TAP
DKIIX=-CZ*((V*COS )~ (U*SIN2Z)) T AP
CONTINLE TAP
IF 3-m 7,7,8 T AP
PO=(1./(kHO=1.)) *%.5 T AP
J=J+1 TAP
4(1,1)=DBERX T 4P
A(1,2)=DBEIX TAP
A(1,3)=DKERX TAP
A (1,4)=DKEIX AP
A{1,5)=0. TAP
4(1,6)=-PO T AP
A (1,7)=0. T 4P
A(1,8)=C. TAP
A(1,9)=0. T AP
A(1,10)=0. TAP
A(2,1)=-X¥BLiX~2.*DBEFX AP
A(2,2)=X=BERX-2.*IBEIX T AP
A(2,3)=~X*CE X=-2, *DKFEX TAP
A(2,8)=X"CERX-2.%*TKEFIX T AP
A (2,5)=~(X*PO/ (2. %%.5)) T AP
a(2,6)=A(2,5) TAP
K{2,7)=0. I &P
3 (2,8)=0. IapP
4(2,9)=0. TAP
4(2,10)=0. T AP
A (3,1)=4.*X*BEELX+8. #DEERX-X*X*D3EIX TAP
B(3,2)=-U.*X*EEFA +48 ., ¥ CBELIX+X* X*DBEKX T AP
B (3,3)=U4.*X*CEIX+ E.*DKERX-X*X*DKEIX T AP
4 (3,4)=-4 .2 A*CESX+8.,* LKEI X +X* X* DK E’X TAP
A(3,5)=-X*X*PO T AP
A(3,6)=C. TAP
2(3,7)=0. TAP
2(3,8)=0. T AP
A (3,9)=0C. Tap
a(3,10)=0. T AP
A{4,1)=(-X*BrEX+2 . ¥DBEIX) 2P
A (4,2)=(-X*BELX=2.*DBERX) IAP
A(4,3)=(-X*CERX+2 .*xDKEIX) TAP
L(4,4)=(-X*CEIX~2.*DKZRX) T AP
A (4,5)=r(2,5) TaP
A(4,6)=-21(2,5} TAP
A(4,7)=0. T AP
A {(4,3)=0. I AP
A (4,9)=0. TAP
A(4,10)=0. AP
X=X®¥3HCx* 5 TAP
GO T0 3 TaP
PO= (RHO/(RKHO-1.)) #=.5 I AP
IF (IBOXND-1) 9,10,10 TAP
11=0, T Ap
U2=0. I AP
U3=0, TAP
Ju=0, T AP

u5=0. TAP

210
212
214
216
218
2204
222A
2244
226 A
2284
230A
2324
2342
236
238
240
242
244
246
248
250
252
254
256
258
260
262
26 4
266
268
270
272
274
2760
278
280
282
284
286
288

292
294
296
298
300
302
304
306
308
310
312
314
316
318
320
322
324
326
328
330
332
334
336
338
340
342
344
340
349
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GO TO 11
PHI 1= PO%PO

P=PRESS

XK2=XK*XK

U1=TH /(4. *PHI 1*HL)

U2=X* X% YM*G1%x%3 /(87 .36% TH* (EHI1*HL)** 3)
U3= (XB/YM)* ({ 1. I%XK2+.7) / {XR2-1.))
Ul=~TH*XB*ALPHA*ES/ (2. %HL¥ (1. +ALPHA) *+2)
US5=ALPHA*GOXX E¥P/ (4. * EL*TH)
AA11=DEERX

AA12=DBEIX

AA13= DKERX

AAT4=DKELX
AA21=-X*BEIX-2.%DEERX
AA22=X*BERX-2.*LBEIX

AA23=- X*CEIX-2.#*D KERX
AA24=X*CERX~2 .* LK FIX

AA4 1= (~X*EERX +2.*[BEIX)

ARU2= (~X*BEI X-2.%LBERX)

AA43= (-X*CERX 42.* [KEIX)

AA4U= (~X*CEIX-2.*CKERX)

A {(5,1)=2A11+01%ARZT~U2%U3% 2241
A(5,2)=AA1Z40 AR ZZ-UZSU3*ARG2
A (5,3) =AA13+UTXAA23 ~U2#U3 #2A43
A(5,4) =AAT4 +UTRAAZ4~U2% U3 AD4G
A (5,5) =0.

A (5,6)=0.

A(5,7)=0.

A (5,8)=0.

A (5,9) =0.

A(5,10)=0.

4 (6,1) =—X*BEI X-2. *DBEFX

4 (6,2) =X* BERX-2.% [BEIX

A (6,3) =—X*CEIX-Z. 4DKERX

A(6,4) =X*CZRK=-2.*LKEIX
A(6,5)=0.

A (6,6) =0.

A(b,7) = -2.0*PHI 1**1.5%HL* (2.0%¥DLOG(XB) +1.0)

A(6,8) =—U.*PHI1** 1, SxH],
A{6,9)==-2.*¥PHIT**1.5% HL/ (XB*XB)
A(6,10)=0.

TAP
I AP
TAP
T AP
T AP
TaP
T AP
TAP
Tap
T ap
TAP
T AP
T ap
TAP
T AP
TAP
TAP
T AP
TAP
T 4P
T AP
TAP
T AP
TAP
TAP
I AP
TAP
T AP
T AP
TAP
T AP
TAP
TAP
T AP
TAP
T AP
T AP
TAP
T AP
TAP
TAP

A{7,1)=U.*X*BEIX+B.*¥DBE KX -X*X*DBEIX+ ( (GAMMA®* 2, *T H) /(HL *ALr HA) ) *(-TAP

1X* 3ERX +2. *DBEIX)

I AP

4 (7,2)=-U . %X*BERX+8, *DBEI X+X*X*DBLRX ¢ ((GAMMA**2.* TH) / (HL¥ALPHA) )% (TAP

1-X*EEIX-2.*DBERX)

T AP

R (7,3)=U.%X*CEIX+ €. *DKERX-X*X*DKEIX+ ( (GAMMA*®*2_ *TH)/ (HL*aLPHA) )* (~T AP

1X*CERX+2.*DKEIX)

TAP

A(7,4)=~U,*X* CERX +8.*DKEIX+X* X*DKER X+ ((GAMMA**2 . *TH) / (HL*ALPHA) ) * (T AP

1- X*CEI X~2 . *DKERX)
A(7,5)=0.
A(7,6)=0.

TEMP==U4 ., *PHI1#%2 . S*HL*H I*TH#**3,/ ((G1*%3,) *X B)

A(7.7) = TEHP* (2. €%DLOG (XB) +3.3)
A(7,8)=TEME*2,6
A(7,9)=-TEMP* 0.7/ (XB* XB)
A(7,10)=0.

A (8,1)=0.

a(8,2)=0.

A(8,3)=0.

A (8,4)=0.

A(8,5)=0.

A (8,6) =C.

A (8,7) = XB*XB*DL(G (XE)
A(8,8) =XB*X3

A(8,9) = DLOG (XB)
A(3,10)=1.0

A(9,1) =0.

A(9,2)=0

A {9,3)=0

A (9,4) =0

rar
TAP
T AP
TAP
T AP
T ap
TAP
T AP
TAP
TAP
T AP
TAP
T AP
T AP
TAP
T AP
TAP
TAap

TaAp
T AP
T AP

350
352
354
356
358
360
362
364
366
368
370
372
374
376
378
380
382
384
386
388
390
392
394
396
398
400
402
404
406
408
410
412
414
416
418
420
422
4243
426
428
430
432
434
436
438
440
442
444
446
44 8
450
452
4542
456
458
460
462
464
466
468
470
472
4742
476
4784
480
482
484
486
488
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A (9,5)=0 TAP 4930
A(9,6)=0 TAP 492
A(9,7) = 2.6%DLCG (XA) +3.3 TAP u494A
A(9,8)=2.6 TAP 496
A2(9,9)==0.7/{Xh*X4) TAP 498
A(9,10)=0. TAP 500

a(10, 1) =C. TAP 502
A(10,2)=0. TAP 504
a(10,3)=0. TAP 506
4(10,4)=0. TAP 508

A (10,5)=0. TAP 510

A (10,6)=0. TAP 512
A(10,7)=1.0 TAP 514
1(10,8)=0. TAP 516

A (10, 9)=0. T 518

A {10, 10)=0. TAP 520

o PRINT 3,3(1), B{2), B{3), EW), B(5), B(6),B(T),B(8),B(9 ,3(10) TaP 522
po 13 1=1,10 TAP 524

DO 12 J3=1,10 L AP 526
AM(I,J)=A2(I,J) TAP 528

12 CONTINUE Tap 530

13 CONTINUE TAP 532

C CALCULATIONS FOR MOMENT LOADING, TAPELKRED HUB Iap 534
p=0. Tap 536

pS=0. TAP 538
DELT=0. TAP 540

IF (ICODs-1) 14,1L,15 L ap 542

14 XMO=XMOA TAP 544

30 TO 16 TBAP 546

15 CALL ASMEIN TAP 548
XMO=X 0P IAp 550
3=(GOUTI+GIN) /2. TAP 552

C 16 PRINT 54 TAP S554A
16 CONTINUE T AP 55u4B

DO 17 I=1,10 TAP 556
B(I)=0. TAP 558

17 CONTINOF TAP 560
B(10) == (2.73/ (6.2832% YN®TH**3 % (XA-XB)) ) *XMO TAP 562

CALL LIN2 (A, 10,1¢(,0.,8,1,1C,LTESP,ILRR,DET,NPIV,PLV,LP&,LPC) TAP 564
B17=(-X*BERX¢2,*DEEIX) TAP 566
B18=(-X*BEIX-~2.*DEERX) TAP 568
B19=(-X*¥CEKX+Z, ¥DKEIX) TAP 570
B20=(~X*CEI X~2. *D KERX) TAP 572

P1= (~YM*G1** 3 % XB*ETA 1¢%2 ./ (87.36*%PHI 1**3.5%H 1**3,)) *(317*B (1) +B18TAP 574

1%E (2) +B19%B (3) +B2C(*B(4)) IAP 576
B9=U4,.*X*BEI X+ 8., *DELRX-X*X* CEEIX TAP 578
B10=-4.*X*BEi X+8.*CBEIX+X* X*DBERX TaP 580

B11=U4 ,*X*CEIX+8 ,*LCKERX-X*X*LKEIX TAP 58 2
B12=-4.*X*CERX+8, *DKEIX +X* X*DKERX TAP 584
A1=(1./ (4. %PHI1¥% ., 5) ) #(BS*B(1) +B10%B (2) +B11#¥B (3) +B12%B (4))+2.* ALPT AP 586
1HA**2*PS/ ((1.+ALPHA) *23) TAP 588

T1 = B{(7)*(2.0%«XB*DLOG(XB) +XB)+2.0%3 (8) *XB+B(9) /XB TAP 5904
P1A1=P1/A1 TAP 592

COF=- (IM*GO*H [* FH(X*3,) / (X B*2.73%%, 25%GAMMA** 3,) TAP 594
F=P1A1/COF TAP 596
T1A1=T1,A1 TAP 598

COV= (XB*2,73%% 25%RHO** 3.}/ (HL*GAMMA) TAP 600

V=T 1A1/COV TAP 602

o e R e bt bbb 01-17-75
c IF (IBOND-1) 18,1€,19 DAP 604
C 18 CONTLINUE TAP 606
o T ettt cmemcnmo—a £1-17-75
19 Ip=0 TAP 608
MA=1 TAP 610

20 SLBS=1.816%Y%*B (5) TAP 612

iF (IBOND=~2) 21,21,22 TAP 614

21 P1=(~YM*31*%3%XB* ETAT#* 2/ (87. 36 %PHI1*%3.5%HL*#3)) *(517¢8( 1) +s 18%8 (TAP 616
12) +B19% P (3) 4+B20*B (4)) TAP 618

50 T0 23 TAP 620

22 P1=(~YMXG1*%3*XB& ETAT** 2/ (87, 36* PHI 1% %3, 5%HL**3)) *(u17*«B( ) +818*8 (TAP 622
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12) #E19*E({3) +b20%5 (4) ) +ALP HARGCx XB* 2 / (4. 11 1) B2 24
23 71 = B(7)*(2.0%XB*DLOG(XB) +XB) +2. 0*5(8) *X £+B () /K E TAP 626A
YO=XB*{B(6) +FS) JAP o028
Y1=(XB/FPO)» (DEERX*B (1) +DBLIX*B(Z) +DKIRX*B (3)+ DKEI X*n (4) )+ Xo*k>/ RHOT AP 630
SLSO==SLES+ P* ¥B/ (2. ¥G0}) TAP 632
SLSI=SLUS+P*XE/ (2.*G0) TAP 634
SCSO=, 3*S LSO+ YA*Y (/X8 TA 630
SCSI=.3*"SLSI+ YM*Y0/XB TAP 638
SLBL= (YN*G1/1.82) *» ((XE/ (4. *PHI1* =2 S*HL*liL) )= (BY*B(1) +010%3(c) #+B110 40 640
T¥B(3) #3123 (4)) +2.3XBPALEHA®® 245/ (HL*EL* (1. +ALPHA)**3) ) JAP 642
SLLO=-SLBL+P* XE/ (2.*G1) LAP 044
SLLI=SLBL+P*XE/(<.%*31) D22 6ub
SCLO=.3%*SLLO+ YM*Y1/X3 TAP o438
SCLI=.,3*SLLI+YN*Y1/XE IAP 650
STB = - (YU*TH/1.82) *((2.0*DLOG(X5) +1.9) =b (7)+2.6*3(3)+ (U.7/ (Kb* Xp)I ADP 6524
1) *6 (9)) TAP ©54A
SITM= ({(XK*¥XR+ 14) /(AK*XX-1.)) *(P-P1/TH) TAP 650
STH=S1I8+S1T™ TAr 6538
STF=-STE+SIY AP 600
SRB = ~(YM*TH,/1.82) *{(2.0*DLOG(XE) +3.3)*3(7)+2.6%b(d)~0.7%5 (9)/ (XBTAD 6024
1*XB)) TAP ot4a
SEd=3RE-P+r 1/ TH I AP 606
SEF =-SLB-P+P1/TH TAP 66 8
Fr=SLSO/SLu0O T AP 670
ZG = B(7) *G*G¥DLOG(G) +3(8) *G*G+B(9) *DLUG (C) +b (10) JAP 6724
ZC = E(7) *C*C*DLOC(C) +B {8)*C*C+2 (9) *DLUG (C) +E (10) T AP o074l
OFHG==-2C+ 2G T AP 676
CFHR(MA)=QFHG TAP 6748
1F (ICOZE-2) 24,2°%,25 T 2P 680
24 CALL SIOREZ AP 68B1A
24 PRINT 55, LTC,:IC. TAP bE2A
1,ETC, Erd. T AP o84A
30 70 26 TAP? 636
25 SL¥AX = DMaX1( LAES(SLSOY,DABS(SLLL) ) TAP 6834
SIM=,60067*SLFAX 2 AP 690
COT=(SLxk X+5TH) /2 rap o092
COR=(SLMAX+SRH) /2. T AP 694
DPRINT 56 TAP 096
PEINT? 57, SLY,57#,5r#,C0T, 0k TA 0938
?RINT 5& I ap 700
SL¥M=SLM=E0G TAP 702
STH=STH*ROG TAP 704
SEH =SkH*RCG TAP 706
COT=COT*ROG TAP 708
COr=CUs*z0G TAP 710
PRINT 57, SLM,31d,5x1,CCT,CCx DAP 712
PRINT b2 TAP Ti4
30 70 47 T AP 716
b IP=IP+1 TAP 718
GO TO( (7,36, 40,44 ), 1P TAP 7204
50 TO{ 27,36,40 ) JIP T AP 721A
CALCUILAIICHK FCR PIESSUxz ICADING, DAPERED HUR TAP 722
27 X M0=0, AP 724
P=PREES TAP 726
DELT=0. TAP 728
PS= (. 85*X5/ (Y¥*GC)) #& Tap 730
PaINT »Y JAP 732A
LC 28 I=1,10 AP 734
5(I)=0. 2aP 73e
28 CCUTINUE JAP 738
FO= (1. /(rB0=-1,))*», 3 TAP 740
£ (L) =-2.%¥F0*PS§ TAP 742
b(3}=8.*:C*P3 TAP  Tu4
----------------------------------------------------------------------- 21-17-715
*e Tdebe TWO STATEMZNIS NC LOMGER COMNzNLYS, (9-17-765.
IF¥( IEBOND-2Z2 ) 39, 20,29 I AP 7U4oA
23 3 (4) = ~1.94u e ¥y T AP 7484
----------------------------------------------------------------------- 01-17-75
50 LU= oo/ nlu=1a)) A0S TAP 750
I7 (Tauni-<) 31,351,322 AP 752
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31 B(5)= (PO/XB)* ((XB*L'S/ (1. +ALPHA) ) -U3*P+U 4+ XS*AL*DELY)
B(7)=8.%20%25 s (KHC)
30 0 33
32 B{5)=(£0/XB) * ((XB*PS/ (1.+aLPHA) ) -U3*P+0ke UIXUS+ XB *A L* 0L LT)
B(7)=8.%PO* DS/ (EHC) =5 .4 6% TH*H [* P/ (GU* GO*RFO*% , 5% kLo HA%* 1, 5¥YH)
33 B(6)==-2.¥FO*PS/ (1.+ALPHA)
o 35 I=1,10
DO 34 J=1,10
A(T,d)=84(I,J)
34 CONTINUE
35 CONTINDT
CALL LIN2 (A,10,1¢,0.,3,1,1C,LTEMF,IER:,DET,NEIV,PIV,Lia, LEC)
HA=2
GO TO 20
CALCULATICN FCR DELIA TEMEEFATURE, TAPEREL HUE
3o P=0.
Ps=0.
DELT=DELTA
PRINT 60
90 37 I=1,10
B8 (I)=0.
37 CONTINUT
3 (5)=(20/X%b)* (XB*AL*DsLT4)
DO 39 1=1,10
50 38 J=1,10
A ,0)=RN(T,d)
33 CONTINUE
39 CONTINCE
CRLL LIN2 (k,10,1¢,0.,8,1,10,LTEMP,I:Ka, DE,NFIV,EIV,LPxa, LES)
Mh=3
30 TO 20
*» CKEDS TAP816-864 DELETED 0G-19-75.
4y PRIND 62
40 ZONTINUE
GO 70 (4uv, 45, 46,45,46,45), MAiL
45 CALL FLGDW
46 CONTINGE
G0 TH( 70,70,71,7(,71,7C ) MATE
70 CALL COMBIN
71 CONTINUE
47 RETURN

48 FORMAT (8510.5)

49 FOaMAT (B4H FLANCE FLANGE FLALGE PIPEL dUD aa.
18 BOLT PIESSUKE, /841 O.L.,4A I.D0. 48 THICK., T
2LL, GO BAS E, G1 LENGTIH, B CIRCLZ,C F )

50 TORMAI (TF10.5,1F10.3/)
S1 FORMAT (5E10.5)

52 FORYAT (98H MOMENT C(OLFF. OF Do lTh MOD. OF doalN GadKbd
11PE L1 BOND ICCDE MATE /51 TookMal
2X k. EZLASTICLTY DZAMETER )

53 FORX4T (1P551C. 3, 16,311C//)

S4 POLMAT (5¢1 CALCUIATICNS FCF MOMEN. LCALING, TAPEERZD ulbo FuAMGE/

S5 FOaMAT (7H SLSU=PElz.4, 7H SLSI=212.4,7H SCSO=El..4,7d SCSI=
12.4//74 SLLO=212.4,7H SILI=#12.4,7H SCLO=E1Z.4,7a SCuizglz.d
2TH  STH=L12.4,7H  STF=£12.4,7H  3cb=b1z.4, JaF=i1Z.4//5H
33=F12.4,5H £C=¥1Z.4, 74 GFHG=Elc.4,51 Y¥C=812.4,54 Y1=ilc.4,3H
4THETA=E12.4/)

56 FORMAT (49H  ASME FLabGZ STRESSZS AT

S7 FOKMAT (114 (2/3)%SiH=, 1FE12. 4,04 SI =,E12.4,00 osa =,21404,13H
1(SH4ST )/2=,E12.4 ,131l (SH#SR )/2=,E12.4///)

56 TORMAT (5S5H  LSME FLANGL STFES5S:S AT GASKEIT SEATING AUME WD, MGS
1

59 éééHAT (348 CILCULATIONS FOR PEZSSURE LCALDING//)

€0 POZMaT (37h CALCUIADICNS FCH TEMPERATUART LOALING//)

61 FOEMAT (34H CILCUI2TIONS FOR CO4ABINLL LOALING//)

62 FGRMAT (14 1)
3D

OPLFATI NG MCuoND, MOP //)

TAP
T &P
TAP
T pP
TAP
I 2p
TAP
TAP
I AP
TAP
T AP

TAP

TAP

TAP

T AP

T &P
TAP

T AP
TAP
TAP

T &P
TAP
TAP

i AP
TAP
TAP

T AP
TAP

I AP
JAP
TAP
HUT AP
WATAP
L AP
2AP
TaP
ITI AP
ETAP
T AP

I AP
/) {AP
E1Q AP
//TAP
4TAP
I BP
TAP

I AP
TAP
TAP

T AP
TAP

T AP
TAP

T Ap
AP
JAD

754
756
758
760
762
76 4
766
768
770
772
774
776
778
730
782
784
786
788
7904
792
794
796
798
800
80 2
804
806
808
810
812
814
B66A
866 B
866C
863
870
8§72
8734
8738
873C
374
876
878
880
882
88 4
836
888
390
892

916
918
920
322
924
426
G528
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SUBROUIINE SIHUB , S TH 2
7HIS CALCULATION 1S FPOR ITYPE = 2, STRAIGHT FUB FlaNsis S IH 4
IMPLICIT FEAL®8 (2-H,C-2) 31-28-75
DIMENSION A{10,70), B(10), ITEMP(10), LPR(10), LEC(10}, a#(10,10) S 6
DIMENSION SB(€,18),SC{18 STH 6A
ZOMMON ITYrE,IBCNI,ICCDE,MATE,XA,XB,G,C,PRESS,XGS,X0P,s1,Gd,TH, I4,STH 8
15B, QFHR (4), AL, CEL 15, X¥0 , XMOA,QFHGP, QPHG P, CTHGP,BE,50r , THP ,Y PP, EFP,5 TH 10

2DFLTAE, GOUT, G IN,RCG STH 12

3,5L50,5151,5¢5¢,5¢51,51Li0,51LI,5CLY,SCLI,STH 3TH BA

4,5TF,SAK,SIF, 26,2(,QFHG,YC,Y1,T1, T45TA, SOFT,SGE,S5GT,3CR ,5CL .S 4T STH 3B

S, %2 ,41,S3,Mh,1T,XM ,X¥2,X¥F2F S TH 8C
DATE A/100%0./,E/10%0./,LTIEMP 10% 0/ ,LPE s1C* 0/ ,LEC /10%U/ ,a M/ 100 *0. /

REAT 32, Xk,XE,TH,60,G1,HL,C,PR2ESS STH 14

PFINT 33 574 16
PXINT 34, XA, X8,TF,G60,G1,HL,C,PRESS STH 18
s=1. $TH 20
Y¥=1. STH 22
IF (ICODZ.GE.2) GO T0 2 STH 24
#ZAD 35, XMOA,CF,ILLTA,YM,G S TH 26
PZINT 36 STd 28
AL=EF S TH 30
PRINT 37, X¥OA,EF,DELTA,YM,G,ITYPE,IBONL, ICODE,MATE S TH 32
XA=XA/2. STH 34
XB=XB/2. S TH 36
XK=& /XB STH 38
XK2=X K*XK STH 490
5=6/2. 37 42
C=C/2. 5TH 44
RET2 = 2.73%%(.25/D5Q4T (XB*GO) STH 46A
IF (IBOKD-1) 3,4,u 5TH 48
U3=0. 514 50
133=Q, STH 52
U3u=0,. 5TH 54
GO TO 5 51H 56
U3=(XB/YM)*#(( 1. 3%3K2¢.7) / (XK2~1.)) 5 TH 58
U33=2.%03%YM* (GO* EETA)**3/ (TH*10.92) STH 60
U3U=TH*EETA/2. 5Th 62
XT1=0364-U33 STH 606
XT2=1.4034 4033 S 1d 66
PS= (. 85*XB/ (YM*C0)) *PRESS STH 68
A(1,1)=XT1 S TH 70
A{1,2)=X72 STH 72
a(1,3)=0. STH 74
A(1,4)=0. STH 76
E{1,5)=0. STH 78
A(1,6)=0. 5 TH 80
4(2,1)=LETA STd 82
L (2,2)=BEThA 5 TH 84
A(2,3) = -{2.0%XB*DLOG (XB) +XB) STH 864
A(2,4)=-2.7XB STH 88
A(2,5)=-1./XB STH 90
a4 (2,6)=C. S1Id 92
R{3,1)=2.*%BETA¥*24 (1. +BETA*TH /2.) STH 94
A (3,2)=-2.%BEZTA%*3*TH/2. STH 96
A(3,3) = -(2.6*DLGG {XB) +3.3)*% (TH/GD)**3 SIH  98a
A(3,4)=-2.6%(1H/GC) *=3 STH 100
A(3,5)=(-7/(XE%XB))* (TH/GO)**3 STH 102
1 (3,6)=0. STH 104
A (4,1)=0. STH 106
A(4,2)=0C STH 108
A (4,3) = XB#XB*DL(G(XE) STH 1104
A (U,4)=XB=XE ST 112
A(4,5) = DLUG(XZ) STH 11424
A (4,0)=1. STH 116
a(5,1)=0. STH 118
L (5,2)=0. STH 120
A(5,3) = 2.6#DLCG (XA)+3.3 STH 122a
A(5,8)=2.6 STH 124
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A(5,5)=-.7/(XA*XA)

A(5,6)=0.
A(6,1)=0.
& (6,2) =0.
A(6,3)=1.
Afo,4) =C.
A (6,5)=0.
A(6,6)=C.

DO 7 I=1,6

DL & J=1,06

AM(I,0)=4(1,d)

CONTINUZ

CUONTINULZ

CALUULATIONS FOE MCHWENT LOADING, SIRAIGHT HUB
P=0.

PS=0.

DulI=0,

IF (ICOrE=-1) 8,8,9Y

XMO=XMOL

50 10 10

CARLL AOMLIN

XMO=XO0P

SRINT 38

CONTINUE

po 11 1=1,6

B(I)=0.

CONTINUE
8(6)=‘Z.73‘XHC/(6.2832‘YH‘TH*‘3’(XA’XE))
CALL Lin2 (A,E,‘0,0.,E,1,1C,LTEMP,IiAR,D:T,NPIV,PIV,LPR,LPC)

IP=C

¥ h=1

C5=E(1)

Z6=3(2)

D1=5(3)

D2=% (4)

D3=3(5)

D= L{6)

THEZ TA=BLTE* (C S+I6)

THETAT = T1& (2.0% xB*LOG(XE)+45) +2.0* [2¥X £+D3/XB

X HO=Y M* (50m*3)* (BETa?»*2)*CE/5.00
PO=YMRGO* €328 FTA®#3*(~C5+(b)/5.U0b
YO=C6 +X 3*¥PS

SLEB3=6,*XHS/(GU*G()
5LSO=-SLES+ b= %3/ (2. #50)
SLSI=SLES+P*XE/ (2.*G0)
5C30=.3*SLSO+IM*Y0/ X2

C3I=. 34305 T+YM*Y (/XB

)]

STM= ( (KK*XK +1.)/ (XK*XK-1.) )= (P-PO/TH)
STH=5Tu+3T™
STP=-S$Tn+ 3TN

SES = ~{(YM® U/ Ved2)% (c.c*D2-0.7*D 3/ (XB* Xb) +D 1% (2. 6%3uis (LKD) +3.3))

SEA=SEa-F4PC/Ti

SEF==530=1¢PC/TH

G D2*G*G el 3= CLUG(G) +D4+D 1% (3X3*DLIG(G) )
[2¥C*C+D3*DLIG () +DU+D 1% (C¥CHILUG(L) )

™~

o

e
QFHG==2C+2G

OFH= {Mh) =0 FHS

IF (ICCLu=2) 13,114,114

PRINT 39, BiC, FETC.

SSCxT

10 15

st A Te 5L S0

LEU+LIH) /2s

SLSU+STH)Y /2.

4

41, Sili,oTH ,Scid ,JC0,C0x
4z

SLY*.On

H=2TH® s

PO e
<3 (el
1l T
o

o

Y
i

(%)

it

O

[
It
L BT N

bt
ERV A

1}

Gt e o o G U G O

B R e

STR = = (YM*TH/1.82) 2 (2.0%L2+3.T*D3/ (XEXE) +C1#% (La 6XLLIG (X8} +1.9))

T m

STH
5 TH
STH
STH
S1d
STH
S1IH
5TH
5 TH

-
oo n

N P

VULV L Uy DU Vi in U v v Gy
oo

1R P e Hd s ks Rd e H3
ol e ool Sl Sie sl bie Sy SRS S = o

126
128
130
132
134
136
138
140
1u 2
Tew
146
ICX)
1590
152
154
1506
158
lov
1o 2
o4
166
168
1704A
170 &

2004

2424
2428
244
240
2438
259
232
254
2506
58
260
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S RH=S RH*ROG STH
COT=COT*ROG STH
COR=COR*ROG STH.
PRINT 41, SLM,STH,SRH,COT,COR STH
PRINT 46 STH
GO TO 31 STH

15 IP=<Ip+1 STH

C 50 TO( 16,20,24,28 ),IP STH
GO TO( 16,20, z4 )., 1P STR

c CALCULATIONS FCE ERESSURE ICALING, STRAIGET HUB STH

16 XMO=0. STH
DELT=0. STH
P=PKESS STH
PS= (. 85%X B/ (1M* G0 ))*P STH

c PRINT 43 STH
Do 17 I=1,6 STH
B(I)=0. STH

17 CONTINCE STH
B(1)= +XF*PS+X F*AL*DEL T- U3*PRESS STH
DO 19 I=1,6 STH
DO 18 J=1,6 STH
A(I,J3)=AM(I,J) STH

18 CONTINUE STH

19 CONTINUE STH
CALL LIN2 (A,6,10,0.,8,1,10,LTEMP,IERR,DET,NPIV,PIV,LPs,LPC) STH
MA=2 STH
GO TO 12 SIH

o CALCULATIONS FOR [ELTA TEMPERATURE LOADING, STRAIGHT HUB STH

20 p=0. STH
PS=0. STH
DELT=DELTA STH

C PRINT u4 STH
DO 21 I=1,6 STH
B(I)=0. STH

21 CONTINUE STH
B (1) =XB*A L*DE IT SIH
DO 23 1=1,6 STH
DO 22 J=1,6 STH
A(I,J3)=AM(1,d) STH

22 CONTINUE SIH

23 CONTINUE STH
CALL LIN2 (A,6,10,0.,8,1,1C,LTIENP,IERK,DET,NPIV,PIV,LP&,LPC) STH
MA=3 S1TH
GO TOo 12 STH

C *%* DELETED CARDS STH348-384 OF SUBR. STHUE 09-19-75.

C 28 PRINT 46 STH

24 CONTINUE STH
50 10 (30,29,30,29,30,29), MATE STH

29 CALL FLGDW STH

30 CONTINUE S TH
G0 TO( 70,70,71,7C,71,70 ),MATE S1d

70 CALL COMBIN STH

71 SONTINUE STH

31 RETURN STH

o STH

32 FORMAT (8E10.5) S TH

33 FORMAT (84H FLANCE FLANGE FLANGE PIPE HUB Al HUS TH
18 BOLT PIESSURE, /84H 0.L.,A I.D.,3 THICK.,T WASTH

2LL, GO BASE, G1 LENGTH,H CIRCLE,C P ) S TH

34 FORMAT (7F10.5,1P10.3,) STH

35 FORMAT (5E10.5) STH

36 FPORMAT (98H MOMENT COEFF. OF DELTA MOD. OF MEAN GASKET ITSTH
1YPE IBOND ICODE MATE /5 1H THERMAL ESTH

2XP. ELASTICITY DIAMETER ) S TH

37 FORMAT (1PSE1C. 3, 16,311C//) STH

38 FORMAT (53H CALCUIATICNS FCF MOMENT LOALDING, STRAIGHT HUS FLANGE//STH

1)

STH

39 FORMAT (7H SLSO=1PE1c.4, 7H SLSI=E12.4,7H SCSO=E12.4,7H SCSI=E1STH
12.4//7H STH=E12 .4 ,74 STF=EF12.4,7H SEH=E12.4,7H SRF=E12.4//STH
45H ZG=E12.4,%5H 2ZC=E12.4,7H QPHG=E12.4,5H YO=E12.4,3H THETA=EISTH

262
2064
266
268
270
272
274
276A
276 B
278
2890
282
284

288 A
290
292
294
296

300
302
04
306
308
310
312
314
316
318
320
3222
324
326
328
330
332
334
336
338
340
342
3a4
346

386A

i 3868

388
390
392
3923
3928
392C
394
396
398
400
402
404
406
408
410
412
414
416
418
420
422
424
426
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STH 428
(+ 9H ASMI FLANGE STZESSES AT OPLEATING MO4 I, 43¢ //) STH 430
(114 (2/3)*Sti=, wE£12.4,6H ST =,E12.4,06H 3o =,812.4,138 STH 432
y/2=,212.4 ,134 (SH+SR )/2=,E12.4///) STH 434

FGaMaT (55 LSME FLANGZ STRISSLZS AT GASKET Schllis MUMESNT, MGS S1TH 436
1//) STH 438
FORXAT (344 CAICUIATICNS FCF ERESSURE LOALING//) STH 440
FORMAT (37H CMCUIATIONS FOR 1TEMPERATIURL L1OADING/ /) STH 442
FORMAT (34 CRLCUIARTICNS FCh COMBINEL LOALING//) STH Wby
FORMAT (1H1) STH 446
END STH 448
SUGEFQUTINE BLINLC B LI 2
THIS CALCULAYICN IS FCE ITYEE = 3, S3LINLC EFLANCGES B5LI 4
IMPLICIT KEAL#*8 (&-H,0~17) U1-28-75
DIMENSICN K (10,10), 3(1Q0), TEMP(10), LPR(10), LPC{I1V), ~d(10,10) BII 6
NDIMENSION SB(6,18),5C(18) B LI 6A
COMMON i7YPL, IEONL, ICODE,da T2, XA, XB,5,C ,FEESS ,XGS ,K0P,51,60,T1, YM,BLI 8
1AB,QFHP(D),AL,DELTA,XHO,XPCA,CFHGP,Q?EGP,QTHGP,BP,due,;HP,YFk,EFP,BLI 10
2DELTAP,50U0T7,GIN, (G 3 LI 12
J,SLSO,SLSI,SCSU,SCSI,SLLU,SLLI,SCLO,SCLL,STH o LI 124
4,STF,S4H,557,25,2C,QF G ,¥Y0,Y1,T1,THITA, SOFT, 568, SGL,5Cx ,3CT 04T B1I 12B
5, W2 ,W1,5B,%4,1T,XM ,XM2 ,X¥2F BLI 12C
DATA A/100'O./,B/10‘0./,LTEMP/1u*O/,LPS/10'O/,LPC/IU'J/,nM/?JO‘0./
“EALC 17, Xh,XE,TH,G0,G1,HL,C,28u5S 31T T4
PRINT 18 8 LI 16
PrINT 19, XA,X¥s,Tt,60,51,HL,C,PRESS 2L 18
G=1. 81l 20
YyM=1. 5 LI 2
I¥ (ICCDE.GZ.z2) GO 70 1% BLI 24
25LAD 20, XMCA,EF,LELTA,YIM,G BLI 206
PrINT 21 B LI 28
AL=EF B1I 30
PLINT 22, XMOA,EF ,DELTA,YM™,G,ITYPE, I20NL, ICOUE, HAT2 3 LT 32
D=YM*THE**3/10.92 3LI 34
XL=XA/2. BLI 30
C=C /2. 5wl 38
G=G/2. BsLI 40
A(1,1)=67G BLI 42
A(1,2)=1. LI Q4
a(1,3)y=0. 8Ll 46
B (1,4)=0. 8 LI 438
A(1,5) =C. bBLI ?0
A (1,6)=0. BLI 52
A(1,7)=0C. B LI 54
A(1,8)=C. 31Z 56
A(1,9)=0C. LI 58
A(2,1)==2.%G BLI 60
A(2,2)=0. 311 o2
4(2,3) = 2.0%G=LL(G{G)+C 3LI  o4A
A(2,4)=2.%G 811 66
A(2,5)=1./G Ky B¢ 08
A(2,6)=C. 3LI 70
A(2,7)=c. BLi 72
A (2,3)=0. REWe 74
A(2,9) =0 BLZ 76
& (3,1)=0. i3 1x T3

A(3,2) =0C. 3 LI 30



A(3,3)=1.
A(3,4)=0.
h(3,5)=0.

A (3,6)=0.
A(3,7)=0.
A(3,8)=U.

A (3,9)=C.
A(4,1)=0C.

A (4,2) =0,

A(4,3) = G=G*LLCG (G)
B{4,u)=G*G
A{(4,5) = DLOG (G)
A(4,6)=1,
A(4,7)=0.

A (4,8) =0.
A(4,9)=0.
A(5,1)=-2.0
A(5,2)=C.

A(5,3) = Z.6¥LLOG(G) +:.

A(5,4)=2.6
A(5,5)=-.7/(G*G)
A (5,6)=U.
A(5,7)=0.
5(5,8)=C.

A (5,9)=0C.
A{6,1)=C.
A(6,2)=0.

3

A(6,3) = 2.0%C*DL(G(C)+C

a(6,0)=2.%C

A (6,5)=1./C

A (6,6)=0.
A(6,7)=-2.%C

A (6,8) ==1.,C
A(7,4)=2.6
2(7,8)=.7/(C*Q)
B (6,9) =C.
A{7,1)=0.

A (7,2)=0.

A(7,3) = 2.6%CLCG (C) +3.

A(7,5)=-.7/(C*C)
A (7,6)=0.
A(7,7)=-2.6
A(7,9)=0.

R (8,1)=0.
A(8,2)=C.

A (8,3)=0.

A (8,4)=0,

R {8,5)=0.

A (8,6)=0.
A(8,7)=2.6
A(B,8) ==, 7/ (X h*Xa)
4 (3,9)=0.
A(Y,1)=0.

R (9,2)=0.

2(3,3) = C*C*DICG (C)
A(9,4)=CxC

£{9,5) = DLCG (C)
2(9,6)=1.

2(9,7) =-C*C

A (Y,8) -DLCG (C)

’
r
AM(1,J)=A
CONTINUTD
CONTTINUE
CALCULATION FCi MCMENT
44 = 1
=0,
W=XMOA

1i,J)

3

LOADING,
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BLINL FLANGES

BLI
3LI
BII

BLI
3LI
311
B LI
BILI
LI
BLI
BIl
3 LI
BII
B LI
BLI
31T
BLI
BLI
BLI
3LI
BII

BLI
BLI
BLI
BLI
BII
BLI
BLlI
311
B LI
BLI
B LI
BLI
BLI
BLI
BII
B LI
BLI
BLI

B LI

118A

1364

1544

17 2
174
176
178
180
18 2
134
186
188
1907
192
194 A
196
198
2004
202
204
206
208
210
212
214
2152
216
218
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PRINT 2
DO 4 I=
B(I)=0.

4 CONTINUE
B(3)=-%/(25.1328% 1)
CALL LIN2 (A,9,10,0.,E, 1, 1C,LTENP, IExk,D3T,NPIV,PIV,LEh,uLPl)
Ip=0

5 Z2C = C~CxB(7) +CLOG{C) B (8) +E(9)
QFUR (IP+1)=2C
SORT== (YM*TH/1.82)%2.6%B(1)
SGR== (YM*TH/1.32) *(2. €¥B( 1) +G4G*P*3.3/(16.#D) )
SGT== (YM=TH/1.82) *(2.6%E(1) +G*G*1.4*F/(lo.*L))
SCR=- (YM*TH/1.82)* (2. €xB(7)=-.7%3 (58)/(C*C))
SCT== (YXXTH/1.8Z) %{2. €%B(7) +. 7*B(8) / {C*C))
SAT=- (IM* TH/1.82)% (2. 6% E(7) +. T*B(P)/ (Xa*X 3))
PRINI 24, }TC, FTC.
IP=IP+1
CALL STICFET
50 T0( 6, 1C, 14 ), 1P
30 T0{ 6,10 ), IE
CALCULATION FOR PRESSURE LOADING, BLIND FLANGES

6 P=PRESS
MA = 2
W=0.

PRINT 25
DC 7 I=1,9
B({I)=0.

7 CONTINUE

B(1)=G**4 %P/ (E4.* )

B [2)=-G**3%xp/ (16, *D)

B (5)=~G*32P%3.3/ (16.*1L)

DO 9 I=1,9

no 8 J=1,9

A(I,J)=AM(I,J)

CONIINUZ

9 ZONTINLE
CALL LIN2 (A,9,10,0.,B,1,1C,LTEMP ,IERR,DLT,NPIV,FIV,LPE,LEC)
50 T0 5

3
1,9

@

** DELETED ChRDS ELIZ290-322 OF SUBR. ELINL, (9-19-75.

14 CONTINUE
10 CONTINUE
IF( MATE.EQ.1 ) CALL COMEIN
IF{ CODE-1) 16,1¢,15
15 2=C/2.
CALL ASKEIN
FLGDW IS CALLED THERU TAEHUE OR STHUB, 2NC TINE THRU
PRINT 27
16 CONTINUE

RETOURN

17 FOKMAT (BE10.5)

15 FOPMAT (844 ELAN CE FLANGE FLANGT PIPE HUB &T
18 BOLT PEESSUKE, sB4H  0.D.,A I.D. .,  1dICK.,I
2LL,G0  BASE,G1 LENGTH,H CIRCLE,C P )

19 FORMAT (7F10.%,1F10,3))
20 FOGRMAT {5E10.5)

21 FORMAT (98H EOL1 COEFF. OF DLLIA MOD. OF MEAN GASKET
1YPE IBOND 1CCDE MATE /
pA 51% LOGAD THERMAL EXP. ELASTICITY DIAMETER

22 FORMAT (1P5:£1C.3,16,31I1C//)

23 FOG™AT {46H CALCUIATICNS FCF BOLT LOATING, ELINL FLaNGE//)

24 FORMAT (7H SORT=WE1z.4, 74  SGA=E12.4,7H  SGT=E12.4,7d
12.4,7d SCT=E12.4,7H  SAT=E1Z.4,/94 2C=E12.4//)

25 FORMAT (34H CALCUIATICNS FCEF ERESSUREZ LOALING//)

26 FPORMAT (34H CALCUIATIONS FOR COMBIWED LOADING//)

27 FORMAT (VH1)
END

31T
8 LI
BLI
3 LI
3LI
BLI
BLI
BLI
3 LI
3LI
oLl
g LI
BLI
bll
3LI
311
BLI
3 LI
BLI
6 LI
BLI
BLI
3 LI
BLL
3 LI
5 LI
BLI
3 LI
BLI
B1I
8 LI
BLI
B LI
BLI
BLI
3LI
BLL
311

BLI
BLI
BLI
BLI
BLI
BLI

B LI
BLI
BLI

B LI
BLI

3 LI
HUBLI
WABLI
B LI
B1lI
3LI
ITBILI
8 LI

) BLI
BLI

B LI

SCR=E1BLI

B LI
3 LI
BL1lI
3 LI
BLI

2204
222
224
226
228
230
232

2347
236
238
240
242
244
246
248

250A
252

2542

254 B

254C
256
258

259A
260

2624
264
266
268
270
272
274
276
278
280
282
284
286
288

3244
3248
32uc
326A
328
330
332
334A
334B
336
338
340
342
344
346
3u8
350
352
354
356
358
360

364
360
368
370
372
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SUBROUTINE ASREIN
TMPLICIT REAL*R (A-H,0-2)
DIMENSION S3(€,18),5I(18)

COMMON ITYPE,IBCNIL[,ICCDE,¥ATE,X4,X3,G5,C, PEsSS,XGY,402,061, GO, T, Y& ,A SM
1AE, QOFHg(4) , AL ,DEL TA, XMO, XX0A, QFHGP,UPHGFE,QTHGE ,BF ,90P , P, YF2,EFP, aS4

20ELTAP,500T,GIN,ER(G
3,35LSC,5L51,35C80,5(CS1, SLLO, SLh:,SuLd,SCL:,STH

4,S{¥,84,8FF,26,2C,QFHG,Y0,Y1,T1, TAySOBFY ,,5GF, 560,580,001 ,04A7

5,42,81,55,M4, IT,XM1,XM2,XM2D

AC 10, Xu,Y,GOU1,GiIN,SB8,SA,aB,INBO,BO
INT 11

PRINT 13, X4,Y,GOLT,GIN,SB,SA ,ab
XA=XA*2.

X B=XB%®2,

-=Cx*x2.

IF (INBO~1) 1,1,2

30= (GOUT=-GIN) s4.

IF (BO-.25) 3,3,

D = GASKET DIAMETER IN THIS SUBROUIINE
D= (GOUT +GIN) / 2.

5

.785u%D®CRE
WH12=6.2832 % BRDRY pa2
WMi=, TBSUSDADAD+6 283 IXBED A XN *P
SB1=WM1/AB
WM2=3. 1476 pr LxY
SB2=WM2/A5
AMT=WM1/SE
AM2=WM2/S &
AM = DMaX1(aM1,a02)
WGS=(RM+AB)*SA/2.
XGS=WGS*(C-D) /2.
XGS1=WHZ% (C=D) /2.
R= (C-XE)/2.~G1
H=wM11
HD=.7854%x XB*XB®E
HT=H-HE
HG=WM1-H
XD= (R+.52G1)*ED
XT= ((R¢G 1+ (C~T) y2.) 2.) *HT
XG=((C=D) /2.) *HG
XOP=K L ¢XT ¢XG
=XG S/XO0P
DLINT 14
PRIST 15, BO,W111,WH1Z, w4 1,S31,8M2,532
IF (ITYPE-2) 6,6,7
PELNT 16
PEINT 17, XOP,XGS,XG51
IN PIIM GUT, MCP=XO0P, PGS=XGS, MG31=XGS1
IF (ITYTE-2) 9,59, ¢
SP=((D/iH)®»2 )% (. 3*F)
SWI=((L/TH) ¥*#2) #( 1. 78%WM 19 (C-D) /2./(D**3}))
SOP=SP+ SW1
SH2= ((D/TH)** )% (1. T80 dNLs (C-D) /2 ./ (D*%3))
Su3=((D/“H)'*2)‘(1.78‘HGS'(C-C)/2./(D"3))
EINT 18
PALAT 19
PRINT 20, SP,SW)1,S0F,5W2,5GS
XA=XA/2.
xs-xv/z.

FORMAT (TE1G.5,14%2,1E3.5)

§ sM 2
01-28-75
ASM 34

4

(3
A SM 8
L5M 3A
A sM 3B
ASH 8C
AS™ 10
LY, | 12
A M 14
ASM 16
| 18
A SM 20
ASH 22
5S4 24
ASHM 26
ASH 28
A SM 30
ASM 32
A SM 34
ASH 36
LSH 384
A SM 40
ASM 42
454 44
h SM 4o
ASM 48
A SM 50
A SNM 52
ASY 54
A SM 56
ASM 58
ASM 60A
A SM 62
ASM 64
A SM 66
L SM 68
ASM 70
A S 72
%1 74
A SM 76
A s 76
LSM 80
1 SM 82
AsSM g4
ASM 36
a SM 38
ASHM 90
i SM 92
4 SM g4
RSM 96
A SM 98
ASH 100
ASM 102
ASM 04
A SM 106
ASM 108
ASM 110
ASM 112
ASM 114
asSM 1o
asSM 18
ASM 120
ASM 122
ASM 124
ASM 126
ASM 128
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11 FORKAT (1HO) ASM 130
12 FOLMAT (108H M Y SOUT AsH 132
1 GIV S3 St aB ) asM 134
13 FORMAT (TF15.5//) ASM 136
14 FOFMAT (110H BC WH11 WH1e WA SM 139
141 SB 1 WM 2 SBZ ) ASM 140
15 FORMAT (1P7215.4/) ASM 42
16 FGF“AT (50H MOE M6S MsS1 ) ASM 14y
17 FORXAT (1P3E1E5.4/ ) ASM 146
18 POXMAT (474 ASMZ CCDE STHESSES FCR BLIND FuAkGi //) ASH 148
19 FORMAT (100H sp SW 1 50P SASM 150
1w 2 363 ) ASM 152
20 FORMAT (1P5Z15.4/) ASM 154
END ASM 156
SU3TOUTLNZ FLGDW FLG 2
THIS SUBROUTINE IS CALLED CNLY IF HA4TE = 2,4,6 716 4
IMPLICIT &GZAL?8 (R-H,C-2) 01-28-75
DIMENSION SRB(6,18),5C (19) FLS  U4A
CO%4¥ON ITYPR, IEONT, ICODZ, HATE , XA, XB 46 ,C 4PRIS> ,XGS ,£0P 01,60 ,IH, YM,FLG 6
1Ab,QFHP (4) ,AL,DEL1A,XM40,XMCA, CFHGE, QS LGE, (T HGP, BF , 0P, T d2,Y ¥, SFP ,FLS 8
2DELTAP, GOUT, GIN,RCG FIG 10A
3,SL50,SL5I,SCS0,SCs1,SL16,S1LI,SCLO,SCLi, STH FI3 1B
4, STF,SihH,SKF,2¢,2C,LFFG,Y0,¥Y1,71,THETA, SOF?,SGh,S 62, 5Ck,3CT, 344 FLG  10C
5,%2,41,58,14, 1T, XK1, XM2, XM 2P FIG 10D
RFAD 21, E5IZE,YB,cd,1B,XGO,XGI,AB,Vd,Y6,56,16,FAC:,P35,#1,0F,7FP,FIG 12
1YF2 ,YFF<,¥B2,¥G2 £ 13 14
PRINT 22 FLS 16
PXINT 25, BSIZE,YE,:cb,T3, XG0, XGI, k3 PIG 18
PRINT 23 FL3 20
PRINT 26, VO,Y¥G,EC,TG,Falf,P3E FLG 22
PRINT 24 FLG 24
?INT 27, %1,1F,TF¥E,YF2,YFE2,Y¥B2,YG2 FL 26
C=2,%C FIG 28
50 0 (1,1,20,2,2C0,2) , FaTE FI13 30

1 QFHE(1)=QFH& (1) /X ¥CA FL3 32
QFHF (2) =QFHk (2) /FEESS FLG 34
QFHR (3) =QFHR{3) /DELTA FL3 36
OFHGP=CFHR (1) P L3 38
QFtiG= QFHG P FIG 40
OPHGP=QFH & (2) FLZ 42
QLHG=CLHGP FIG 44
JTHGP=QFH R (3) FL: 46
QTHG=QTHGP FL3 48
BP=XE*Z. FIG 50
B=3¢ FL3 52
GUP=G0 FLG 54
THP=TH FIG 50
{FP=YN FL3 58
YE=YFP FIG 60
EF2=AL FL3 62
cF=EFP FLG 64
DLLTaP=DILTA FLG 66
XLB=2 .,*TH+ VC+ FACL+BST 22 FLS 53
TFP=IF FIG 70
YFP2=YF2 FL3 72

GO TO 3 FLG 74

2 OFHSG=QFHR (1) /XMCA FIG 76
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UPUG=QFH? (2) /ERES S FLS
JTHG=QFHBER(3) /LELTA FLG
5=XRY2, FL3

Y F=Y¥ FLG
iF=2 . FLG
Yo =THE+TH+ VC+FACT+BSIZE F L3

3 P=prLss FLG
0B81=XLRB/{AB*YE) FLG
JE2=XLE/ (A2*Y E2) FL3
3= (X304X51) /2. FILG
AG= (XGO-X31)*1.57(C8*G FL3
QC1=VO/(AG'YG) FLG
0G2=VO/ (AG*YG2) FLS
HG= (C-€C) / 2. FLG
DF1=QFHG /HG FLS
QFZ2=QF 1» (YF/Y E2) FLG
IF (MATZ=5) 5,%,4 F1G

4 QFP1=QFH3 / (HG*HG) PL3
GO TO 6 F1G

5 QFP1=QFHGP/HG FLs
6 QFP.=QFr1=(YFE/YFE2) FLS
Q1=CB14+QGI+5GYHGX (UF14QFP 1) FLG
D2=0B2+UG2+HG *HG* (CF2+(CFP2) F LS
HT= (C- (G*+EB)Y/2.) /2. FLG
HIP=(C~(5+BP) s.) /2. F LG
HD=(C=-B-G0) /2. FLS
HDP=(C~EP~-GGT) /2. FLG
COFAL=.7354 %G/ (1 F L3
W2L=W1+(1./01 )% (—1B*EE* XLBE+TG*¥LG=VC+IF* FF*T H+ TFP* EFP*TdP) F L3
IF (MATE-5) 8,8,7 F1IG

7T W25 =WI1+COFAL* ((CG1/HG=CF1® (HI =HG) ) *G*CG~QF1*B* B* (HL-4T)) *P FLG
GO TO 9 FLG

8 W23=W1+COFAL* (((G 1/HG=QF1* (HT~HG) ~yFP1*» (HIP-HG) )*G*u~ (UF1*B* % (HD~FLG
THT) +QF L1« 3DPxBE* (HIE-HTEF)) )*® (P+PEE) FLS
3 WeCl=W2P-(QPHG/HCE+CP EGP/HG) *P* HG /01 FLG
IF (MATEZ-5) 11,11,10 F L3
10 W2D=W1- (QTHG/HG)® LELT A* HG/ (1 FLS
GO T0 1& FLG
11 W2D=W1~ (QTHG=DILT A+ CTHGE#LZLTAP) /C1 F LG
12 IF (MATE-5) 14,14,13 .FLG

13 WZ‘(Q1/¢2)*H10(1./Q2)'(—TB*EB*XLB*IG*EG'VC*TF*EF'IH#TFP'EFP*THP)*(FLG
101/02) *COFAL® ((LGz/HG=CF2% (BT =HG) ) *G*¥G-LF2#E¥B* (aL~HT)} 2= ( (¢PHG/HF L3
25)* (Y F/YF2) + (QEFGE/HG)* (YFP/YFP2) ) *P=UG /92~ (QIHG/Hs) *(YF/ YF &) *DELTFLG
UG /2 FLG

GG TO 15 PL3

14 42=(01/02) *W14(1.,02) *(~Tb*EB*XLB+IG*EG» VC+ TF *EF* TH+ IFF«SFEP*IHP) + (FLG
101/Q2) *COFALY ((CGZ/HG=QF2% (HT -Hg) ~gFP2* (HTDP~HG) )* Ge - (J FE2*o*E* (HD-F LG
ZHT) QFE2* EP«BP* (HIE-HTIP)) )* (P+PBE) - ( (oPHG /HG) *(YF /Y F2) + (JPHGP /HG) *F L3
3(YFE/YFEZ2)) *P *HG/ (2~ (QTHGADELTA* (YP/YF2) + CTHGE®DE LTaP* (YFE/YFP2)) /P LG

402 FL3
15 G0 TO («0,16,20,17,2C,18), MAIE FLG
16 PRINT 28 ?1G

50 10 19 FL3
17 PRINT 29 FLG

30 10 19 F 13
18 PKINT 30 FL3
19 PRINT 21 FLG

PRINT 32, QPHGE,CIHGE, o IHGE,BP,G0F, THE, YFE, YFP2, EF FL3

PRINT 33 FLG
PRINI 32, OFiG,{EkG,QTHG, B,G0,TH, YF, IF2,EF FIG
PEINT 34 FL3
PRINT 35, XLB,AR,C,YB,YE2,EB F1G
PEINT 36 F 13
PRINT 37, VO,XGO,3GI,Y¥G,YG2,5G F1L3
PEINT 4¢ FLG
PHINT 38 FL3
PRINT 3%, W1, IB,TF, IFP,T16,DELIA,DELTI&P,P FLG
PEINT 4y FIG
PRINT 47, W2h ,WZ2B3 ,W2C,W2D,W2 FLS

DWA=W 1-W24 F1G

144
146

204A

210

212

214
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DNB=W1-W2 B FLSG
DRC=W 1-w2C F1G
DWD=W1=-w2D F LS
DHCO=WI-W2 FLG
PrIMNT 42, DWA,LWB,DWC,DWD,LWCO PLG
Ra=wZA /W1 FLS
RE=WJIE/W1 FILG
EC=W2C /W1 F 13
RD=w2 D/ W1l FL3
HCO=W 2/ 1 PLG
PRINT 43, a4,FE,a(,RD,RCC F L3
PEINT 47 F16

47 FORMAT(//6X,"INITIAL AND FESILUAL MOMENTS AFTER TESadan PabL350REY,P LG
F,' LOALS.' /) FL3
XM1=w 1 }lG FI16
KM2A=W2A*HG FLG
AM2U=W2E*HG +, 7854 @P® (B g% LiD ¢ (GAG-BA 1) %iT-G* GO HG) FLG
XM2C=H2C'HG+.7854'P*(B*B*HD*(G*G—B*B)‘HI—G*G‘EG) FLG
AMZD=W2D*HG FLG
XM2=W 2% HG +, TQ S4*P»* (3% B¥ HD + (G¥*G-B*B) *li 1-G* G*HG) PLG
PRINT 44, XM1,XM2Z,XMZB,X¥2C, XM2D, N2 FLG
XM2EP=W2B¥HG+. 785U E* (BP* BP*HLP+ (G*G~EP*EE) *ETP~Gru*iuy) FLS
XMZCP=HZC*HG¢.785L*P*(BP‘BP*HDP*(G*U-U?‘BP)'HTP-G*G‘HG) FIG
XM2z=W2*HG+ . 7854* I*» (EEFEE*HIP+(GXG-EBP*EP) * TP ~GRG*13) F L3
PRINT 45, XM2EP,XM2CP,XNM2P P L3
PeINT30,0E%,Q82,5,4G,061,062, H6,QF1,QF2 ,QFF1,¢FP2 ,u1,02, F1G

1 8T, H#?P, 4L, HTE, CCFAL F LS

30 FORMAT (//10E1z.4/,/ EE1Z.4) F1G

20 PRINT 46 F LG
20 CONTINUE FLS
RETURN F1G
PLS

<1 FORMAT (TE10.5/€E10.5/7E1C(.5) FLG
<2 FORMAT (106d BESIZE Y3 Eo TFLG
1B XGG XGI Ab ) FLG
23 FURMAT (1C6H VO YG EG TFPLG
15 FACE EBE ) FLS
24 FORMAT (1064 Wil TF TFP YFFLG
12 YFP 2 B2 ¥G2 ) FLG
25 FORMAT (1P7E15.4) FL3
26 FORMARID (IEE€Z1Z.4) ) F1G
27 PORMAT (1P7:815.4/)) F IG
28 FORJNAT (BOH FLANGE JCIMN bOLT LOAD CEANGE DUE Tu APPLIzD LOADFPLS
15, IDENTICAL PAIR 7/ FLG
29 FOrMAT (824 FLANGZ JCIN BOLT LOAT CEANGE DUE TJ sPPLi12D LOADPL3
15, INTEGER TO INTEGER PAIR /) FLG
30 FORMAT (804 FLASGE JOINT BOLT LOAD CHBANGE DUE 10 aAPPLIED LOADFILG
1S, BLIND 1C INTEGSER PAL b //) FLG
31 FORMAT (5U4H FLANGE JOINT SIDE ONE (PRIMFD JUaNIITILES) /F1G
1) FL3
32 FORAAT (7H QFiG=1PEIZ.4,7H ePAG=212.4,7H QTHG=ETca 4, 74 b =ETPLS
12.4,98 GO=EV1z. 4, 12H TH =R 12.4,128 Y4 =E1c4.4,10HPLG

2 YF2 =E12 .4 ,3H EF =E12.4/) P LG
33 FORMAT (54H FLANGE JOINT SIDLE 1TWQ (UNPRIMED QUANIITLI ES) /FLG
1) FIG
34 FORMAT (17H ECLTING/) FLS
35 FOIMAT (144 EOLT LENGTH=1PE12.4,1.H S0LT LrEBa=£l12.4,14d BULl CIFIG
IWCLE=ETZ. 4 /121 YB =E12.4,134 YE2 =R1l.4,3hH wb =E1F LG
Z2.4/) FLG
36 FOAMAT (164 GASKET ) FILG
37 PORMAT (9d VG =1PE1<. 4,78 XGO =E1z.4,7H XG6I =nlc.4/1cd FLS
1 YG =i12.4,13H Yoe =E12.4,8H LG =Elc.by) FLG
38 PORMAET (18H ICADINGS /) FLS

39 FORMAT (20h INITIAIL BGIT LCAD=1PE12.4, 13F BOLT TZM2.=ulZ2.4,40H FL3
1 FLANG: UNE TEMP.=E12.4,2(H8  FLANGP TWO 1ZMP.=£12.4/15H GaSKLT TFLG
22%P.=E12.4,9H  UELTA=E92.4,10#  DILTAT=F12.4, 114 caiSsUac=s12.4FL3
3/) FLG

40 FORMAD (534 FESIDUAL BOLT LOALS AFTEF THE RMAL-2abSs5UxE LOADS/)FLG

41 FORNMAT (20H AXIAT THEkMAL,W2A=1PE12.4, 15t MOAINT SulFI, Win=E12,4F L3
1//21H  TOTAL PRESSURc,WeC=E12.4,274  DELTh 1HEKMAL,W2D=£12.4//14HFILG

216
218
220
222
224
220
228
230
232
234
236
230A
236 B
236C
238
240
262
244
246
248
250
252
254
256
258
260
262
264
266 A
2668
268
270
272
274
276
278
280
282
284
286
288
290
292
294
296
298
300
302
04
306
308
310
312
314
316
318
320
322
324
326
328
330
332
334
330
338
340
342
344
346
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2 COMBINED,WZ=E12.4)

FL5 348

42 FORMAT (//9H A1-%2A=1PE12.4,9H WI-W2B=F12.4,9H W 1-W2C=E12.4,94 FLG 350

1 ¥1-W2L0=E12.4,9F Wi-W2= £12.4)
43 FORPMAT (/9H WZA/W1=1EE12.4,9H d2B/W1=ET1c. 4, 98 Woel/A1=E12.4,9H
19 2D/W1=EF12. 4, ,6F W2/W1=E12.4)

PLG 352
PLS 354
F1G 356

44 FORMAT (/54 ¥1=11512.4,6H M2A=E12.4,6H M2B=E1Z.4,6id A2C=nlc.4,FLS 358

16H M20=E12.4,5H M2=E12.4)
45 FORMAT (/7H MZBP=1PE12.4,7H MN2CP=E12.04,6H MIP=El..4)
46 FORMAT (1H1)

END

SUBROUTINE LINZ(A,N,¥N,EPS,B,4,44,LTEMP ,TERK,DET, NPLV,PIV,LPR,
1 LIC)

IMPLICIT REAL*8 (Z-H,0~Z)

DIMENSION A(NK,N) ,B(MH,¥)

DIMINSLCN LTEME(1),LEE(1),LEC (1)

SUBROUTINE IIN2
CECK 8O0u6A

SUBROUTINES CAILELC -~ MNE

FL5G 360
FLG 362
FLZ 364
FLS 366

30464001
8C046A002
LINZ2 022
3046 A003
8C4oa COU
804624005
30464006
8 C46A007
304614008
8C46A009
30464010

THI S ROUTINE SOLVES TEE MATRIX EQUATION AX+8=C OVERWRIIJING B WLIIH THE 3046A011

SCLUTION MATRIX X. A PUST BE SQUARE AND NON-SINGULAR. s MUST
HAVE THEZ SAME NUMBER CF ROWS AS A. THE DIIELRMINANT OF A IS
COMPUTED. BOTH A ANLC P BRE LDESTFROYEL.

THIS KOUTINE IS RECOMMENDED FOR THE SOLUTION CF SIMULTLNEUUS LiNEaR
EQUATIONS.

THE METHOD CONSISTS CF GAUSSI AN ELIMINATICN FCLLOWED BY BACK
SUBSTITUTIONS. THIS IS MOFE EFFICIENT [ HAN SOILUTION BY MATn IX
INVERSION HEGARDL ESS CF THE NUMBER OF COLUMNS IN b. BCTH =nOW3 akD
COLUMNS ARE SEARCHEL FCEK FAXIPFAL EIVOTS. INTEFCHANGING OF ROdAS Ok
COLUMNS OF A IS AVOIDEID. CHAPTER 1 OF Z.l. STIEFLE,INTRODUCTION TO
NUMERICAL MATHEMATICS,ACADEMIC PEESS,N.Y.,1963,SHCULD vk HEZELPFUL 1IN
FOLLOWING THE CCDE.
IHz CALLING PxOGkAM MUST SET A,N, NN,EPS,B,M,H¥, LTEMP TO-

A-THE COEFFICIZNT MATRIX

N-THE ORDER OF &

NN-THE NUMBER CF WCRDS CF STORAGE PROVICEL FOR EACd COLUMN OF
4 IN THE CALLING PROGRAM

EPS~A NON-NEGATIVE NUMBER WHICH EACH PIVOT IN THE ZL{MIMATION
PEOCESS IS REQUIRED TO EXCEED IN ABSOLUT: VALUZ (CUSLOMARILY
ZEHO)

B~THE CONSTANT TEF® MATRIX

M~THE NU4BER OF CCLUMNS OF B

2 IN THE CALLING PROGHEAM
MM-THE NUMBZIR OF RCRDS CF STORAGE PROVILEL FOR EACH COLUMN OF

LTEMP=-A BLOCK OF AT LEAST N WOKDS OF TEMFORARY INTaGuR SIOxAGL

8046A012
3046A013
BC4oA 014
8C46aC15
304564016
8C46A017
80464018
30464019
3C46A020
30u6a021
80464022
8CU6AC23
8046A024
80464025
30464026
304614027
8046AC28
304617029
8C46A030
30464031
30464032
8046A033
3040A034
8CU6A035
8046A036
B8046A037
BC46acC38
30464039
80462040
8Cu6a 04
30462042
8046A 043
8046A044
30464045
YCU6ACUG
8046 A047
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IN ADDITION TO
SE1S IERR,DIT,N

CoT
R¥D LPC LIST ALL

DO

1

2

EEG

ER == 2

o
1Y

DET-2LUS
PIVOT
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OVERWRITING B WITH THE SOLUTION ¥ATrIX X,THt ROUTINE
rIV,EIV,LPE, ANT LPC TO

I7 NO COLUMNE OF X RRE FOUND, IHE ZLIMINAIION PEOCZESS
BZING HAITED BECRUSE THE CUFRENT PIVOr FAiLS TO zXCEnD
3

ZI
Ps IN MAGNITUDE

IF ALL CCLUMNS OF X AFE FOUND, NC TFOUBLE uv2ING DETECTED

Ok MINUS
S

THE PFOLUCT OF THE CURRENT AND ALL PadCoDING

NPIV-THE NUMBEX OF THE CURRENT PIVOI (FIRST,SECOND,LTC.)

PIV-THE CUxRENT P IVOT

LPR-THE FIRST

NIEIV POSITICKNS 1IST [EE FIVCT nOW INJDICLS IN Usui’

OF USE,A VzCTCk OF LENGTIH N

LPC-THi FIRST NPIV POSITIONS LIST IHE PIVCT COLUMN INDiCES IN
ORDEE OF USE,R VECTCa CF LENSTH N

SE 3F THE
SHOULD bo

INITIALIZA

IZRR=0
DET=1.
Do 2 I
LPR (I)

1,
I
LpC{I)=1

W

E ZLIMISATION PROCESS IS HARLIED PLEMATUXELY (IEEL NoGATIVE),THEN
ATA NEIV,PIiV,LEn,LEC,MRY EF HELPFUL IN LIAGNOSINCG THE UNDEKRLYING
TROUELE.

IF THE PROCESS GOsS TO COMPLETICN THEN NPIV=N,

THE DETERMIMANT OF »,PIV WILL E2I THE NTH PIVOT,AND LPEK

TICNE

N

EIVCT FOSITICNS.

IN ELIMINATION EFCCESS

DO 18 NE=
NEIV=NE

SELECT PIVOT

4

PIV=0.

DC 4 K=NP
I=LPR (K)
DO 4 L=NP
J=LBC (L)

1,8

o N

N

IP{ DABS{A(i,4J)) ~CABS(PIV) ) 4,3,3

KPIV=K
LPIV=L
IPI V=1
JpPIv=yJ

PIV=A(I,J)

CONTINUE

UPDATE DL TELRMIWNANT ANC EIVOT FCW AND COLUMN LISTS

EXI

DET=DET*PIV

ITEZMP=1ER
LER{NE) =L
LPR (KPI V)

(NE)
EX{KPIV)

=ITEMF

ITEMF=LPC (NF)

LEC(NE) =L
LPC (LPIV)

T IF PIVOT

PC(LFIV)
=L TENME

T0C SMAIL

IF( EPS-DABS({ELYV)

) 8,7,7

8C46A0U8
50464049
30464050
8 C46A GO
30464052
80464053
30464054
3046 A055
BO4B6ACS6
30464057
8CU46AL058
30464059
8C46A060
30464061
30464062
8C46AC63
3046A064
B8CU6ACHS
30464066
8Cu4bA067
30464068
B8C46AC069
8C46ACT0
3046 A071
8CL6A072
30464073
80464074
8 C46A 075
30464076
8C046A 077
30464078
30464079
80u6AC80
8046 A081
8C46A082
8046AK033
BO46A084
8 046AC8S
3046A086
8C46A087
8C46A088
80464089
& CU6A090
804624091
3 C46A092
8C46AC93
30467094
8 C46A C95
80404096
LIN2 97A
8C46AC98
30464099
8046A100
8046A101
30406A102
80464103
3046K104
8C46A105
8C4o0a 100
3046 A107
3046A108
80467109
30464110
3046A111
30462112
33462113
BO46ATITY
BO046AT11S
3046A116
LINZ117A
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7 IER&= 2 80462118
KETURN 8046A119

c 80464120
C MCDIFY PIVOT :0W OF A RYD B (ELEMENTS IN PRESENT CR PREVIOUS PLVOT 30461121
C COLUMNS OF A ALFE SEIPPED) 8046A 122
C 3C46A123
8 IF(XP-X%}9,11,9 30464124

9 NNP=NP+1 3C46A125

DO 10 L=NNP,N 30462126

J=LPC (1) 80464127

10 A(IPIV,J)=-a(IPIV,J)/P1IV 8046128

11 DO 12 J=1,4 306464129

12 B(IPIV,J)==3(IPIV,J)/EIV $046A130

C 80464131
C MODIFY NON-PIVCTI FCWS CF R ANL E (ELEMENTIS IN PHRESENT Ok PREVIOUS 30464132
C PIVOT RCWS Ok CCLUMNS ARE SKIPEEL) B8C46A133
C 30464134
IF (NP~K§)13,18,13 8C46A 135

13 DO 17 K=NNP,N 80464136
1=LPF (K) 30467137
TEMP=A (L,JPIV) 30462138
IF(TEMP) 14,117,174 30464139

14 DO 15 I=NNP,N 3046R 140
J=LDPC (L} 8046a 141

15 A(X,J)=A(I,J)+A(IEIV,J) *TEMP 3046 A142

DO 16 J=1,M 8046A 143

16 B(I,J)=B(I,J)+B(IFIV,J)*TEMP BO46AIGY

17 CONIINUE 8046 A4S

18 CONTINCUE 8046A146

C 30462147
C END ELIMINATION EECCESS 8046A 148
C 8CU6a 149
C DO EACK SUBSTITUTIONS BO4UBA150
C 80464151
DO 23 J=1,4 30464152

DO 21 K=2,N 8046A153
XKK=N-K+1 8046a 154

I=LER (KK) 30464155

DO 21 1=2,K 83046A156
LL=u-L+2 80464157
II=LPR(LL) 30464158
JJ=1PC (LL) 8C46R159

21 B(I,3)=E(1,J) +B(I1,J)%*A (I,JJ) 80462160

23 CONTINUE 30462161

C 80462162
€ UNSCRAMBLE x0OWS OF SOLUTION MATRIX AND ADJUST SIGN OF D&TioiaMI NaNT 30467163
C BCU6AI6U
DO 24 I=1,N 30464165
L=LPR(I) 30464166

24 LTEMP(L)=1PC (1) 8046Rh167

DO 28 I=1,N 3046A168

25 K=LTEMF (I) BOU6A 169
IF(I-K)26,28, 26 80464170

26 DET=-D&T 30464171

DO 27 J=1,M 80464172
TEME=B (L, J) 30461173

B (X,J)=B(k,J) 8CU6A 174

27 B(K,J)=TEMP 80464175
LTEMP(I)=LTEME(R) 30464176

LTZ NP (K)=K 3C46Aa177

GO TO 25 30464178

28 ZONTINUE 30462179
AETURN 80464180

END 3046A181
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SUBROUTIINE COPBIN

IMPLICIT KEAL*8 (A-H,0-2) CCMBIN
DIMNENSLION S(b6,18) , SC(1§
DATA SC/18¥0.0/ ZOMBIN

COMMON ITYPE, IEONL, ICODE,4ATE, XA, X3 ,6 ,. ,PRESS,XGS ,AUP,G1,G6u,Th, Y4, FLA
1AB,QFHR (4) ,AL,DZL1A,X¥0,X¥CA, CFHGE, QPEGF, (T HGP, BP , G0P ,PH? ,YFP ,ZFP,F LA
2DELTAP,GOUT, GIN,ROG,5LSO, SLSI,SCSO,SCSY ,S1L0,SLLT, 300y, 5CuI,S14,

3 STP,SiH,SRF,ZG, 2C,QFLG,Y0,Y1, T1,THCTA ,SCAT, SGF ,S01,5Ca,3CT,SAT,
4 W2, W1, S, MA, IT, XM, XM2, XM2V, 112

IC = 0
IF{MATE.LE.2) II=1TYPE
50 T0( 1,4,3 ) ,1T CCMBIN

IC = IC + 1

IF(IC.CT,2) GO TO 99

IF(MATE.GT.1) EGIM 49

PRINT 50

NN = 18

DO 4 MA = 1,3

GO TO( 5,6,7 ), MA CCMBIN
PRINT 53

GO 170 8

PRINT 54

50 10 8

PRINT 55

30 I0( 12,13 ),IC ZOMBIN
PRINT 60, (S ®M&, 1), I=1,NN)

GO0 TO U

PRINT 60, (5 (MA+3,I), I=1,NN)

COUNTINUE

IF(MATE.EQ.1) GC 1C 99

DO 9 I=1,NN

G0 Z0( 10,11 ),IC COMBIN
SC(T) = S1,I)*XM2E/XNM14S (2,I) ¢ S(3,0)

GO TO 9

SC{I) = S(4,I1)*XrF2/XM1¢ S(5,I) ¢ S5(6,1)

CONTINUE

50 I0( 40,81 ),IC ZQMBIN
PRINT 56, XM2F

50 TO 42

PRINT 56, XM2

PRINT 60, (SC (1), I=1,NN)

IF(MATE.EQ. 2) GC 1IC S¢

IF(IT.EQ.IT2) GO TO 1

IF(MATE.2Q.4) GC 1C 2

IF(MATLE.EQ.6) GO 10 9¢

IC = IC + 1

IF(IC.G7.2) GO TO 99

IP(MATEZE.GT.1) FEFINT 49

PRINT 51

NN = 12

DO14 MA = 1,3

15

16

17
18
22
23
14

20

21
19

GO TO( 15,16, 17 ) ,HA CONBIN

PRINT 53
GO TO 18
PRINT 54
50 T0 18
PRINT 55
350 TO( 22,23 ),IC

PRINT 61, (S (MA, 1), I=1,NK)

30 TO14

PRINT 61, (S (MA+3, 1),
CONTINUE

IF(MATE.EQ.1) GC 10 99
DO19 I=1, NN

50 TO( 20,21 ),IC

SC(I) = S(1,I)*XM2P/XN145 (2,1) + S (3,1)

50 TO19

SC(I) = S{(4,I)*XMZ/XM1¢ S (5,I) + S(6,1)

CONTINUE
30 T0( 43,44 }),IC

COMBIN

COMBIN

COMBIN
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43 PLINT 56, XM2E

30 TO 45
44 PEINT 5b, XM2
45 PRINT b1, (3C(I), I=1,5N)

IF(YATE.2Q.2) G6C 1C 9§

IF(IT.EQ.IT2) GO TO 2

IF(MATL.2Q.4) GC 1C 1

IF(MATE.ZQ0.6) GO 10 €S
3 IC =1C + 1

IF(*ATE.ST. 1) PRINT 46

PRINT 52

NN = 7

DO 24 MA=1, 2

530 T0( 25,26 ) ,MA ZOMBIN

25 DPRINT 57

30 TO 28
26 PRINT 5u
28 PFINT 62, (5 MA, 1), I=1,KN)
24 ZOWTINUE

IF(MATZ.£Q.1) GC 1C 99

Lo 29 I=1,uN

SC(Z) = S(1,I)*w2,/%1 + S(2,I)
29 CONTINUE

PRINT 50 , W2

PRINT 62, (SC(I}, I=1,NN)

GO TO( 1,2 ), ITYPE CCOMBIN
G9 PRINT 49

RETU2N
49 FORMAT (1H1)
50 FORMAT (/50H TAEEIFELD HUE FLANCGE /)
51 FORMAT (/504 STKAIGHT HUD FLANGE /)
52 FOa¥aAT (/50H BL IND PLANGS /)
£3 FOKMAT (50d CAICULATICNS FCRE MCMEINT LOADING /7)
54 FORMAT(50H CALCOLATIONS POR PRZSSURE IOADING /7)
S5 FOrRMAT(50H CAICULATICNS FCK TEMPEFATURE LOADINu /7)
56 FORMAT( d6H CAICULATICANS FCk CCMEINEZL LOADING, M< JK MzP FOx IT

1P:=1 Ok 2, Wz FOF ITYPE=3, = 1PE12.4 /)
57 PORMa1l(50H CAICULATICMNS FChKk BCLT LOALING /7)

60 FOXMAT (7H SLSO=10E12.4,7H SLSI=212,4,7H SCSU=Elcie4, 7ii  SCSI=EI1TAP
12.4//74H SLLO=EN2.4,7H SLLI=rll.&4,7H SCLO=E12.4,74 SCLI=&1c.4//7 AP
27H STH=E12.4,74 STF=E12.4,7H SRH=rle. 4, TH SRF=E12.4//5H ZIAP
3G=E12.4,5H ZC=F1Z.4,1H QFHG=E12.4,5H YC=E12.4,5d Y¥Y1=321l.4,8H TAF
UTHZIA=E1Z2.4 /) IAP

61 FORMAT (7H SISC=1PE12.4%,7H SLSI=F1..4,7k SCS0=E12.4,7d SCSI=E1STH
12.4//7H STH=LE12 .4 ,7H STF=E14.4,7H SEH=E12.4.74d SRF=814.4//5TH
25H ZG=E12.4,S5H ZC=Elc.4,7H QFHG=:r12.4,5H YO=E1Z.4 ,8H IHEIA=EISTH

32.40) STH

62 FORMAT (7H SORT=1PE1z.4, 7  SGhk=112.4,7H SGT=E1<.4,7d  SCR=E1BLI
12.4,7H SCT=E12.4,7H  SAT=E12.4//94 ZC=L£12.4//) 3LI
END

SUBEOUTINE STCKE

900
90 2
904
306
908
422
424
426
428
362
364

IMPLICIT RrAL*3 (2-H,C~2) STORE

DIMENSION S (6,18), SC{18)

ZO4%ON IZYPF, IBONL, ICODLa, MATE , XA, XB ,6 ,C ,PhoSS ,X6S ,40P,51,60 ,Th, YN, FLA
1AB,QFHR (4) ,AL,DELTA,XMO,X¥CR, CFHGE, QFEGE, (T HGP, BP, w02, L HP ,Y FP ,oFP,F LA
2DELTAP, GOUT, GIN,RCG,SLS0, SLSI,SCS0, SCST,31L0,5LEI ,5C0L0, 5CLI,SaH,

3 SIF,Sid,5iF,2G, 7C,UFHG,Y0,Y1,T1,THETA,SCRT, SGk, 36T, 5CR, SCT, SA T,
4 W2, W1, S, MA, IT, XM1, XMz, XM2F
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5u

GO TO( d4,4,4,5, 4,5 ),MA1L

Ma = MA +3

GO TO( 1, <,

S (44,1
S{N2,2
S (M4, 3
S (MA,4
S (A, 5
S{44A,6
S (MA, 7
S(M4,8
S (44,9
S{Ma,10)
S(MA, 1Y)
S{12,12)
S (MA, 13)
S{Ma,14)
5 (M4, 15)
S(%a,16)
S (MA,17)
S(MA,18)
60 T0 50
3(Ma,1
S (44, 2
S(Ma,3
S (MA, 4
S (MA,5
S (M4, 6
S(Ma,7
S (Ma, 8
S(MA,S
S (MK, 10)
S(Ma,11)
S (44, 12)
S{4a,13)
GO TO Sv
S{4a,1 )
S (M4, 2 )
S(MA,3 )
S{MAa, 4 )
S(44,5 )

)

)

— — o — " —_—

~—

— o  —— — o —

S (M, 6
S (4A,7
RETURN
ZND
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Howow oo

SLEC
SLSI
SCSC
3CsI
STH
STF
SkH
SEF
2G
A
JFHG
YO
IHETA

5CET
SGK
SG1T
SCR
3C1
SAT

ITYPE

13
&
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