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project cnginecer is E. k. Lynn. The cooperative effort is coordinated
through the Pressure Vessel Research Committee of the Welding Research
Councii under the Subcommittee on Piping, Pumps, and Valves.
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1. INTRODUCT ION

Purpuse and Scope

The 072 o Dler oud ITossure (o2 ade? gives rules tor designing
bolted flange connections with ring-type gaskets based on a stress
anmaly<is developed by Waters et al.  these rules give formulas and
sraphs for caiculating stresses due to a noment applicd to the flange
ring. The Code rules, however, do not require that stresses due to
internal pressure be taken iato account, although Ref. 2 briefly dis-
cusses such stressex.

The computer program FLAMLE was written to calcvlate not only the
stresses duce to noment loads on the flange ring but also stresses due to
internal pressure; stresses duc to a temperature difference betwecn the
hub and ring; and stresses due to the variations in bolt load that
result tfrom pressure, hub-ring temperaturc gradient, and/or bolt-ring
temperature difference.  The program FLANGE is applicable to tapered-
hub, straight, amd blind flanges. The analysis method is based on the
differential cquations for thin plates and shells rather than on the
strain-cnergy mcthod used by Waters ct al.- The stresses Jue to moment
loading calculated by the two methods are essentially identical for
identical boundary conditions. The analysis provided hercin also ir-
cludes a different, and perhaps more realistic, set of boundary con-
ditions than thosc uscd in Ref. 2.

The nomenclature used in this report is identified in the remainder
of this chapter. In Chapter 2 a description of the gencral model of
flanges used in the theoretical development of the computer code is
provided. The actual mathematical expressions for calculating stresscs
and displacements duc to moment and pressurce loads are derived in
Chapters 3, 4, and 5 for tapered-hub, straight huh, and blind t!ances,
respectively.  In Chapters 6 and 7, these cexpressions are extended to
include the cffects of thermal gradients and variations in bolt loads.
The computcr program FLANGE i< described in the last chapter of this
report. LExample calculations, listings, and flowcharts of the program

and its subroutines are included as appendices.



Nomenclature

= outside radius of ring

= la = outside diameter of ring
cross-s.ctional bolt area

= gasket area

= inside radius of ring and mean radius of pipe

™= ‘J'VG.J"J'P P
[}

= 2b = inside diameter of ring

b = Bessel function of n

=

bolt-circle radius

(4
H

()]
]

2¢c = bolt-circle diameter
C.l = constant of integration

1

i = Ci/b

D = Et3/12(1 - v?)

D.. = constants of intcgration {blind-flange anzlysis)

= Ef = modulus of elasticity of flange material
Eh = modulus of clasticity of bolt material
Eg = modulus of elasticity of gasket material
f = ASME Codec design parameter

F = ASME Codc design paramcter
gp = wall thickness of pipe

g1 = wall thickness of hub at intersection with ring
g = gasket centcrline radius

6 = 2g = gasket centerline diameter

h = length of tapered-wall hub

K = a/b = A/B

iy = bolt length

M = total moment applicd to ring, in.-1b
M. or Mij = moment resultants, in.-lb/in.

1nternal pressure

-
-
n

-~
[}

shear resultants, lb/in.

pe o L= (v/2)1bp
g‘)'.

nondimensional pressure parameter

-y
"

radial coordinatc, ring

T ety !
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ring thickness

hub thickness

ralial displacement, hub

radial displacemsent, pipe

radial displacement, ring

ASME Code design parameter

undcformed gasket thickness

axial displacement, ring

initial bolt loid, 1b

residual bolt load, 1b

axial coordinate, hub

axial cocrdinate, pipe

(g1 - 20)/go = ¢ - 1 = nondimensional wall-thickness parameter

31 - vz)/bzgglll“ = dimensional parametcr used in the unalysis
[12(1 - u2)/b2gg]l/“(h) = dimensional parameter used in the analysis
temperaturc difference between hub/pipe and ring

axial displacement of ring

coefficient of therm2l expansion, flange material

coefficient of thermal expansion, bolt material

cverficient of thermal expansion, gasket material

2y(¢¥/a)}/7 = nondimensivnal argument of thc modified Besscl functions
Poisson’s ratio (0.3 used herein)

x/h = nondimensional distance parameter

£,/8y = nondimensional wall-thickness parameter

stress, with subscripts:

f

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/a) = nondimensional parameter




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 cnsidered to be a uniform-wall-thickness
<ylindrical shell with ai..urface radius b. The hub is considered to be
a linearly variable-wall-thickness cylindrical shell with midsurface
radius ¢ . 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 ¥ in Fig. 1. In application, the
moment M applied to the flange ring is converted into an equivalent bolt
load by the relationship N(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 propertie: and
loadings, and 12 integration constants are obtained, 4 for each part.
These constants ave evaluated by the usual discontinuity analysis methed
of writing contimuity 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 devclopaént 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) duz to combinations
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Analysis model of a tapered-hub flange.

Fig. 1.
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of initial ®2lt 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 m:ridional direction
change. In particular, the stresses at the juncture of the hub to the
ring represent only the gross loading effect; detuiled local stresses
are not determined by the theory. Displacements, however, are vrepresented
fairly accurately.
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3. FLANGE XITH A TAPERED-WALL HB

The first step in deriving the stress equ:' ioms is to state the
basic shell/plate equations for thc ring, the hub, and the pipe. We

then inspect the boundary cenditions, compute the constants, and calcu-
late the stresses and displacements.

Equations for the Amnular Ring

The basic differential equation for the displacement w of a circular
plate given by Timoshenko3 is

-

- .
d ] 4 1 a7 } _q
EI'E;FE(’dr/; b M
where the coordinate r and displacement w are illustrated in Fig. | and
q = a uniformly distributed lateral load on the plate, D = Et3/12(1 -
vZ) = the flexural rigidity of the plate, E = modulus of elasticity of
the flange material, t = plate thickness, and v = Poisson’s ratio.

Equation (1) can be integrated to give a relation for the displacesent
in terms of arbitrary comstants:

A T4

ty

wzCr2 inr +Cer2 +Coinr +Cpg+ =3, (2
: 64D

where numerical values for the constants C7, ..., C)g are established

from boundary conditions. Derivatives of w, required in the subsequent

analysis, are:

dw Cs rig
a—;=c7(2rlnr0r)’2C3r'—;'-lﬁ. (3)
d?w Co 3riq
—=2Cy(2 thr+5)+ g — . (4)

dr? ! r? 160



and
a3 /2 2, 37q
_:C:,k-‘o-—o—-. (5)
dr? r/ r? 8

In the subsequent analysis the distributed load q is taken as zero.
The radial and tangential momer are given? by the equations:

2 -
) ..D(‘.'._"..!g‘ (6)
¥ dr?  rdr.,
and
..t.-.,(u_-.\,ﬁv_\_ ™
r dr dr? /

Using Eq:i. (3) and (4), these moments can be expressed as

M- D {c,im sv)tar e (3+v)] *Cel2( + V)]

1 -w
- Ca( 5 } )

"t = -D {C7[2(1 +v) tnr + (1 +3v)) + Cgl2(1 + v))
l1-wv
“ () o

Equations for the Tapered Hub

The basic differenticl equation for the radial displacement u of a
cylindrical shell with a Jinearly variable wall thickness tx is given by
Timoshenko? as




BT g i

4 - d2uy 12(1 - vz)txu 1200 - V)1 - (V/D))p
— it e > - =0 .
dx? \ X gx2/ b2 E
(10)
The solution of Eq. (10) can te shown® to be:
.= -?;; (Ciby + Coby « C3by + Cuby) L A (11)

v 1 ¢ af

where P* = [ - (v/2)]bp/g,E. Derivatives of u, required in the subse-
quent analysis, are

: ]
u' = g’. = b (C]bs * Czb‘ * C;b] * C..ba) - '_h?___ » (12)
ax  2¢3/%n h(l + ag)?
d2u b
v'' = = (Cibg ¢+ C3bjg ¢ Cabj; ¢ Cuby,,
dx2 ,‘¢5/2h2
2
o 22 a3)
h2(1 + ag)?
and
3
wrr 248, b ~ (Cibyy » Czbj, ¢ C3bys + Cybyg)
dx?  8y7/7n?
. _bra?Pr (14)
h3(1 ¢ ag)"*

The bn's used in Eqs. (11) through (14) are modified Bessel functiors
of argument n = 2y(9/a)1/2 defined in Table 1, which gives equations for
n = 1 through 20; ¢, a, and £ are defined in the nomenclature.

*

A solution to an egquation that is essentially the samc as Eq. (10)
is given by Timoshenko,® who credits the original solut‘on to G. Kirchoff
in 1879.
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Table 1. Modified Bessel functions of argument o

b; z ver' n

by = bei' n

by = ker' n

by, = kei’' n

bs = -n bei n - 2 ber’ n

bg =nber n-2bei’ n

b7 = -nkein - 2 ker' n

bg =nkern - 2 kei’' n

bg = 4n bei n + S ber’ n - nZ bei’ n
bjg = -4n ber n + 8 bei' n + nZ ber' n
by = 4nkei n + 8 ker' n - n? kei’ n
byjz = -4n ker n + 8 kei’ n +» nZ ker’ n
by = -n3 ber n - 24n bei n - 48 ber’ n + 8n2 bei’ n

48 bei®' n

by = -n3 bei n * 24n ber n 8n2 ber' n

bis = -n3 ker n - 24n kei n - 48 ker’ n + 8n2 kei' n

43 kei’ n - 8n2 ker’' n

bjg = -n3 kei n + 2an ker n
bj7 = -nber n+ 2 bei' n
bjg = -nbei n - 2 ber’' n
bjg = -nker n + 2 kei’ n

bg = -n kei n - 2 ker' n

“The argument n = 2y(v/a)}/2, where y = [12(} - v2)/b2gg2]Y/%(h),
v=£6+ (1/a), £ = x/h, and o = (2) - Bo)/80-
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Equations for the Pipe

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

cvlindrical shell with uniform wall thickness is:

, d“u; 1201 - vi)go 12010 - V)1 - (w2 )p
‘0 * u; - 0. (IS)
dx: b2 E

The solution of Eq. (15) is:

-8x
u = e (Cll sin 8x; ¢ Cy, cos ﬁll)

Bx-l

s e (Cs sin 8x + C¢ cos &8x;) + bP* . (16)

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

Derivatives of u, needed in the subsequent analysis are

du, BX,
up = ax; Ee [Cs (sim £x; ¢ cos Bxy)

+ C¢ (cos 8x; - sin 8xy)) , (17)

d2u1 BX!
uy’ = o = 28‘¢ [Cy cos Bx; - C¢ sin 8x,] , (18)
x
1
and
d-u, 8x
u;" = 3 = -2330 |C5 (sin 8x; - cos ZX})
dx

1 |
+ C¢ (sin ox; + cos 8xy)] . (19)

Boundry Conditions

The cquations listed above involve ten unknown constants: C,,

€y +oos C1p. These can be determined from the ten houﬁdary-condition

G na
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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. Boundarv-condition equations for bhoth of these altermatives are
provided in Table 2. [See Eqs. (20-S).] 1In Eq. (20-Sb) a positive
du/dr gives a negative radial displacement at the sucface 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 Lawe’s equatiom:

b (1 +wvk2s+s (d-v)1 = r,\
uw =- | . P-— . 1)
E L k2 -1 i\ t/

where k = 2a/b. In this expression, it is assumed that in addition to
internal pressure p, the shear resultant P| is uniformly distributed
around the immer edge of the ring.

Boundary Eguations

When the equations in Table 2 are satisfied simultanecusly, they
establish the values of the ten constants (C;, C;, ..., C;g) in terms of
the dimensions, Poisson’'s ratio, and the loads (total bolt load ¥ 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]J|C]| » {B] = 0, vhere the terms in the coeffi-
cient matrix [A] are given under the headings of the correspinding
constants in the cclumn matrix {C|. The loading parameters constitute
the column matrix |B].

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

1. It is convenient to define two new constants, C! = (s/b and

C, = Cc/b.
2. The radial expansion of the ring u, is defined in Eq. (21).



Table 2. lquations for the houndary conditions for a tapered-hub flange

Mub-to-ring juncture

g G U

Hub-t0-pipc junctuse Ring

Equation ¥q. Ne, quat ion Eq. Ne. Lydat 1un Ly, Nov,
Displacements” (W), * W)y a0 (20-1) W, * Y (20:58) (W), 0 (20-8)

(Foutwete 1)
t gv .
TN TR - )"h (20-3h)
Rotatioms W, s W) (202) W, (9) (20-8)
xe0 a0 e xoh CNAdRL,
Moment s’ W50 * 10 a0 (20-3) Myy © My Yep (07 M, v (e )
- - - - - 0 0 7 {Footnote ()
™ M oM L]
Ja

Shoars (T utt e "'"')n-o LT T Qe - 75'" ‘ '““"r'm *oRy el

v S Ay & i Ww P ema T W s T Mo 4 mm wis e m s e s

%madial for hub-10-pipe and hub-tu-ring juncturcs and axial for the ring.

b
“nadial for ring.

Setting (tn)'__b oqual to zero proavides a refuoronce point for all other amal Jdisplacements,

A e e b e et - Al b R st § o 4w

dﬂw aswmption is that the vhear ", of the hub on the ring produces an additions) mement on the ring.

1
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5. The ASME Code stress-calculatior method uses a2 moment M, applied
to the flange ring, rather than a bolt lo~d W, where the cor-
relation between M and W is M = W(a - b). In the present
analysis, hosever, Eq. (20-10) from Table 2 is used with the
loading paramcter M, rather than K.

Stresses

After having solved the set of equations in jable 5 for the con-
stants {;, ..., C;p, the stresses can be obtained anywhere in the
structure. The cyuations for these stresses, used in other reports™:>
in this series, are given in Table 4 [Eqs. (22)—(35)] for the same
locations as those given by the ASME Code stress-calculation method;
these are (1) at the hudb-to-pipe juncture, (2) in the hub at the hub-to-
ring juncture, amd (3) at the inside edgc of the ring (r = b).

Displacements

In Chapter 7 the displacements w of the flange ring are used. The
cquations for these displacements (with w arbitrarily set to zcro at
r = b) are:

u‘ £ Csg” ing *Cag2 + Cog tn g » Cie (46)
at the gasket centerline radius, g = G/2; and

M. = Cyc? tnc 2 Coc? » Cg tnc + Cyg (47)

at the holt-circle radius, ¢ = C/2.



Ceeaa e et L e

et
IR T (TN L S FLI -

* 1)/ edt o
.
..l.mu:.-ﬁw\\\\\\\\\\\«\\.
‘Bt jo asejaes pys-royses
‘Buts je adejans o!..i...a

n\n:—‘- Gr = 1) L]

R :..uv..linlllll..l-..l.a} X ‘e
Tea 2y P . .
A e b et M s e . B ! !

18H Wl L ®a L TG g "ers s ) AL TS CVACH R YL sprvy

S Tl s " L e e o s M e ) () “'e1n o (asng) . 0% sprsing

e viesdo c " N TYA TN Cr2red)r o (4% « 00y suriqmey
ICVARYRLIN h

1Y 0 tn Uar v Y. e . uipusg
\eipea ae ;

1%t wasagensa )
o
ef

L0 Meley . vy (ryy R TGO e O s el L (T apremy

Jfan ) o By L Y, (v "y "oy T3 apisang
S . _
) (61 SR 1y . T ;wwrqman ;
D |

' RN IR !
[0S T VR TR R YT I (6 2§ wy o v “ e o b N m
¥
4y " A2 S AECR LR Gr s g . M
foy) s nabe s ™Mowmcamy WY (or) Yo e My MBI s Y0 Ruipuag :
" M * tenuafur, !
40 tewrpnpiiyag 4
.- LA LY -~y oy genhy Cw _
"~ oy ‘y m
e T e et e e m——— . . - - . D T :
1%ipr) pur (R LEARYT KN ) LIRS
[LIXUEL I FRE T¥) 18 xolpa apryy) Indspng e Bung Anint Ruts-op-gy MR jeutpng i Ruoy
faanamwn (- adid-oy-qny

ey ) g passday w Wy FYRREIAS YD A sng geaby ‘e ey



17

4. FLANGE WITH A STRAIGHT HUB

Although the mathematical expressions for the straight hub can be

obtaincd by letting go = g), this would result in indeterminate quantities

in the cmputer program. Therefore, the direct solution to tie 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 tou be established; the boundary-condition equations are
displayed in Table 5 [Eq. (48)].

After algebraic manipulation, the equations displayed in Table 5
are rcduced 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 |C|.

Solving this set of equations for the six constants (C!, C;, €, €y, C

8” 79’

and C)5) allows calculation of the stresses in the structure. The

cquations 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

dzrived for the flange with a tapered hub (see Table 4).

One can calculate the displacements ug and . for a straight-hub
flange from Eqs. (46) and (47), respectively, using the constants
Cs, ..., Cjg, identified in Table 6.

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

Hub-to-ring juncture Ring
Equation Eq. No. tquation Eq. No,
Displacements (ul)xlao = 0 (48-la)a.b (")r-b =0 (48-4)°
t dw a,b
(ul)xl.o = (ur - ?- a';)r-b (48-1b)?
X dw
Rotations CHMS d—r.)r-b (48-2)
Moments M_ = <M+ Lpoe (48-3) M, =0 (48-5)9
rl ho ~ 270 r2
Shear along er Mt - Mr W
radius r Q= - e . - 53 (48-6)

%Radial displacements.

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

:Axial displacements; (w)._, = 0 is the reference point for all other axial displacements.
Radial moment at outside edge of ring (r = a).

81




Table 6. Matrix coefficients of the discontinuity equationsu for u flange with u straight hub
Coefficionts of C“
- e wan loading
£q. Mo, *H Ce Cy Cu Cq Uy PATAMCLET S
(38-1a) 0 1.0 0 0 0 0 hES o B loo Uyl
b

(48-1d) Uy, - Uy, b * Uy, ¢ Uy, 0 0 0 (Y 0

(48-2) 8 -] -{2b tn b e h) -3b [} 0

(48-3) 282 . 28072 -:e;z/ -(2.6 inb « 3.3) x (t/gy)? <2.0(t/gg)? (0.2/b5 ) (/gy} o "
(=]
b H

, (48-4) o 0 b~ n b b? in b 1.0 0 '
(48.5) o /] 2.6 tn 8 ¢ 3,3 2.0 -0,7/4 0 0
(33-6) 0 0 1.0 0 0 0 S M

201t e -

: by, = (h/t)l

F() e K2 o (1 - V)

K4 -}

j. where K = a/h; Uyy =

%These equations are in the form (a)|C| « |B] = 0, where [A) ix the cocfficient matrix, JC] is the column matrix of unknown
constants, |B] is the column matrix of loading paramcters.

2ukgd8’
e Uy v LR/2,
12U - e
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BLIND FLANGES

Analysis Method

Blind flansces (or flat heads) are modeled as shown in Tig. 2.

general cquations for a circular flat plate are:?

w=DyrZ tnr +D,r2 + D3 tnr + D, + r'p/odD ,

dr

o D;(2r tn r + 1) + D,(2r) + Dy/r + rip/i6d ,

The

(49)

(50)

(51)

(52)

The radial and tangential moments "r and Mt (see Fig. 2) are given

2
9¥ D)2 tn 1+ 3) + Da(2) - Dy/r2 5 3r2p/16D ,
dr?
and
dw 3
— = D1(2/7r) +» D3(2/x?) + 3rp/® .
dr3
by
) .
M = -D (d_- L ude )
dr? r dr
and

2
M, = -o(lﬂl!.. “ ‘_l.l\
r dr dr2 /

and the shear is given by

(33)

(54)

(55)
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CONSTANTS:
Oy. 0. Oyy. Oyy On:0yp.0py. 024 Dy Oy3.045.04,

Fig. 2. Flat-platc analysis model of a blind flange or cover plate.

The moments and shears, in terms of the integration constants D; through
Dl., are:

M_= -DIDy[2(1 » v) tnr + (34 v)] + Dy[2( + V)] - D32 - v)/ri}}

- r2p/16(3 + v) , (56)
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M, = DID1[2(1 ¢ V) in r + (1 + 3v)] ¢ Dy[2(1 « V)] + D3{Q1 - v)/rl)t -

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

-ll)l\
T

*

wl 3

Q=D . (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

ir Table 7. These boundary conditions shos that 3 of the 12 constants

are zero. The set of simultaneous equations to be solved to cstablish

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 u.ed for blind-flange analysis

Equat ion
No. Boundary comdit:ion
! 27rQ = <r'p for all of Part }. This gives b, = 0.
2 (dw/dr); = 0 at r = 0. This gives D), = 0.
3 (») =0atr=g
3 (du/dr)l = (du/dr)ll at r =g
S (Q,, = W) - (zg”p/2%g) at r = g. This gives
0., = /8D - g’p/8D.
(For pressure loading, W = =g?p; hence D) = 0.)
6 M =0atr=g
7 (Hr)l ] 'ur)ll at r=g :
s (dw/dr); = (dw/dr), atr =g
9 (Q)”l = 0, This gives Dy; = 0. ;
10 Cledyp = Mg avrec
1 (M) z0atraa i

r il
12 Jw)ll s ("lll at r s ¢




Table 8., Boundary equationsa for a blind flange
Coefficients of n,

o Loading
No. L PP Dy b2, Ds) 54 Day D2 N3; Djy parameter
3 g’ 1.0 0 0 0 0 (] 0 0 g p/64an

4 -2g 0 28 tn g+ 28 1/g 0 0 0 0 -g3p/ 10D

S 0 0 1.0 0 0 0 0 0 0 «W/8rD

6 0 0 g% an g gt tn g 1.0 0 0 0 0

? <2.6 0 2.6 tng + 33 2.6 <0.7/¢? 0 0 0 0 <3.3g7p/ 16D

8 0 0 2c tnc * ¢ 2¢ 1/¢ 0 ¢ -1/c 0 0
77777 o 10 0 0 2.6 tnc+ 3.3 2.6 -0.7/¢? 0 2.6 0.7/¢7 0 0

11 ] o 0 0 0 0 2.6 -0.7/a¢ 0 0

12 0 0 ¢ tnec ¢? tn ¢ 1.0 -¢? -2 ¢ -1.0 0

T A LT

.o - — -

%These equations are in the form [A}|C] o |B] = 0, where [A) in the coefficient matrix, |C] in the
column matrix of unknown constants, and |B| is the column matria of loading parameters.

b

Boundary condition number from Table 4.
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Stresses

After having established values for the intcgration comstants, the
stresses at amy point in the blind flange can be readily obtained.
Equations for stresses at the cemter of the flange and at r = g and

r = ¢ are given by
o, = !ﬁﬂtltz = tEeM /1200 - vij o (59a)
and

o, = *6M /t? = EtM /(201 - vi)Jo . (59b)

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

M, =M = -p{Dy[2(1 + V) ]} . (60)

At the gasket (r = g),

M_= DD} {201 + v)] + g2p(3 + v)/16D} , (61)
and

M, = -D(D},[2(1 + v)j + g2p(l + 3v)/16D} . (62)
At the bolt circle (r = c),

M_ = -D{D3;(2(1 » v)] - D33(1 - v)/e?} , (63)
and

M, = -D(D3,[2(1 + V)] + D33(1 - v)/c?} . (64)

In all of the above, a positive moment produccs 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
axi;al displacement at the gasket has beem arbitrarily set equal to zero.
The relatave displacement of the bolt circie to the gasket is therefore

h'c = I’;zc‘. * b2 inc » D'.;’ .

(65)

ik
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6. THERMAL GRADIENTS

Two kinds of thermal gradiemts are included in the amalysis: (1) a
constant temperature in the pipe and hub that may be different from the
assumed constant temperature in the ring and (1) 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 4 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:

= =2 (C)b] + C;bj ¢ C;by + CbY) *+ beeh , (86)
)

where b is the pipe radius; b; terms are the Bessel functions defincd in
Table 1 evaluated at x = h, n = 2yp!/2/a, as indicated in footnote c of
Table 3; and €g is the coefficient of thermal expansion of the flange
material.

The effects of such a thermal gradient are taken into account by
adding blﬁaiyb)(bcfA) 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) imitial bolt loading, (2) wmomint loading, (3) internmal
pressurc, and (4) thermal gradients.

The object of the analysis is to determine the residual boit load
W> in terms of (1) the loadings W;, p, 4, and A'; {2) the component
temperatures T , T‘. Tf, and T}; (3) the flanged-joint dimensions; and
(4) the material properties.

The basic amalysis is given by Wesstrom and Bergh,® and we follow
their nomenclaturc, 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 cxtension of tne analysis to cover thermal
gradients is rclatively simple and is covered below.

The nomenclature used in this development is:

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

=z holt-circle diameter

m O = >
[

= modulus of elasticity
go = wall thickness of pipe

G = gasket centerlinc diameter

i = bolt length

p = internal pressure
p* = cquivalent pressure for external moment loading
q = clastic deformation coefficients

t = ring thickness

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

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

(]
"

bw
L]

temperature betueen 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 priee (°)
are for ome of the flanges in 3 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 gencral 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

=V st ety -8 -8 . (67)

ONW. - OWG 73- 4297

Fig. 3. General case of two dissimilar flanges and thcir mode
of deformation.
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After application of loadings, the bolt length becomes
-'..;'\'2’(2’(;-6;:-6;- (68)
The basic Jdisplacement relationship is thus

i ~dp = (¥x - vy, & (ty - ty) » (27 - t))

1
- (&; - 8y - (63 - 81) - (09)
Ke also use the following relationships:
io= e beb‘-‘,c . qb;";‘ ’ (a)

v =z \.f:: 'S T‘cg\'r; - qg:.(i: - “D - llr?| , (b)

t = to . Tf;.,.t5 . (<)
t' = t; . T;";'t; , (d)
3, = qfﬁ.‘l h( qpph(; > q‘bhx ’ (¢)
6, = ag.MIh;  aiph. ¢ qitthe (f)
NIRRT (g) (70)
VoV, - qgl“! , (h)
LA (i;
t; =t (Jj)
8y = ag Mg, (k)
81 e qp M b (1)
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nd q _ iIn

The elastic deformation coefficiunts Y, q‘l, qbz' a g2

Eqs. {T0a—i) are further dcfined as

i
4@ =TT (71a)
L1 .—\bl.bl
Yo (71b)
4, "xE_ :
Bl
Lo
Q. = ’ (71c)
b2 AbEbz
Vo
U, = X E . (71d)
82 et

In Eqs. (70a-t), the term qfl is a rotation of the flange due to a
unit moment load, qp is a rotation of the fiange due to a unit internal
pressure, and 9, is a rotation of the flange due t0o a unit temperature
gradient butween the hub and the ring. The quantitics s, » qp, and LR

are obtained from the functional expression

-w (L) + w (L)
q(l.) = £ h L ’ (72)
G

where hG = (C - G)/2, C is the bolt-circle dia,eter, and G is the gasket-
centerline diam-ter. Values for the displacements uc(L) and wg(L) are
obtained from Eqs. (16) and (47) with the appropriate unit values for
the loaa- A, P, and 4.

For g, the moduins of elasticity used is:that for the initial
condition. For qp end q,» the moduli used are those for the final
condition. The term q. is obtained from q and the ratio of the
initiai and final elastic modul’; thus: w

%, = 9, E,

AN At e i+ 5
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The moments and loads are defined by Eqs. (73a-n). The nomenclature
used in these cquations is analogous to that used in the ASME Code.!
The symbol ll represents a load, h represents a lever a2rm, and M repre-
sents a aoment. The ternl&)is the hydrostatic end force (in pounds) o
the area inside the flange, "G ts the gasket load in pounds, IH.is the
differcnce between the total hvdrostatic end force and the hvdrostatic
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, g, and p are defired
carlier in this chapter. Again, a subscript 1 refers to tne initial
deformed state, 3 subscript 2 refers to the final deformed state, and

primed quantities refer to the mating flange.

h, = (C-B-g))/2, (a)

hy = (C -8 -gh/2, (b)

hy = [C - (G + B)/2)/2, ()

hi = [C - (G + B')/2)/2 , (d)

he = (C-6)/2, (e)

Hpy, = % B%p , ()

Hy, = 7 (B)2%p, (3) (73)

Hp, = 7 (G2 - 89)p , ()]

W, = 3 162 - (8)2)p, (i) ;
Ho, = Wp - Hy - H (j) %

'G2 v, - My - By s (x)

AR

AT 1 AL A RGBT AR e . B R L S R R g BRSSO A TR DU i e o AN 1 i e SRR ] Mt W it

I VJAMMM.“_;A.WM




32

M, = ¥hg = Hehg » (2)
p = Hpolp * My * Hphg . ()
and
My = Hpahp * Hp by * Hoohe - (m)
Substituting Eqs. (70a—t) into Eq. (69) gives
Tofoto * %"z - ¥ = Tgfg¥o - 4 - Hp, - Hy)
gy Teegty * TEEE - Rl 4P a0 - agMy)
ho(ag M + qpp Yt - qp M) . (T9)

In order to eliminate "1 and M, fr
used; the sixth term on the right-

“hglag lip,hy * Hyhy + (¥ -

The last term in Eq. (74) is treat

N, on the left gives:

2 2
(ay, * 95, * Mglg, * Pgiag,)¥,

et
* Tgcgvo + Tftfto * T;Cfto

hgl¢, IHDz (hp -

- heag, [y, (hp -

= (qy,

om Eq. (74), Eqs. (73%¢ and m) are
hand side of Eq. (74) then becomes

- qfl'lhc} .

"2

ed

- Hedhe) + P ¢ q,8

similarly. Collecting terms containing

hz

* L] ¢ * )'

Gqf 1

- Tbcblo +

2 Dz HTZ

hg) + Hy, by - hg)]
hG) + "1"2“‘% - "c”
(75)

* )P - holad )

I T T PP S . g0 S STy ArTl Sy Jappare
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Defining
Q =4 +q, *+hlq. +hlq
1 bi gl G'f1 G fl
and
= +q * th + th,
2 T % T %2 T Mg T NGt

and using the given definitions of HD' Hﬁ, HT' and Hi. Eq. (75) becomes

9 !
K, = 6—; 'l Q? (T € \' - Tftf ¢’ T;c;.ta - Tbcblo)
. ZEi Ji—g!i - h ' h * (bt - h - G2
1 1| h, " YeMr - h) - 9y - Bg) - gy - k) G

- lag,B2(hy - he) + gz, (B")2(h) - h;)l} P

h; he
I v L A YAY) . 76
q, (qp * qp)p q (9,8 + q8') (706)

In order to compute the flange stresses under the various loading
conditions, it is necessary to compute the flange moment M_ or M..
From Eq. (75m) and the definitions in Egs. (73a-k),

M, = } PIBh, + (G2 - B*)he - G'h.] + Woh. . (77a)

And similarly for the mating flange,
"2 I 2 2 . 821 - G2h. |
M= Xp {870 o (62 - (B)7InE - Gh |e W . (77b)

The computer program was written to scparately cvaluate the various

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

et e s e e v m——————— - T
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M, e
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temperature differences ihat produce differential axial strain is

) I (78)

=W « LT, sovpe .
W =K (Tg:gvo + T et + Tielt' - beblo

za i Ql ffo ffe

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

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

G'yql ' v .=‘
Q 1 —ﬁg - ag (hp - ho) - a, (hy - hﬁ’j 6

P
-

X =K
2b 1

- |qﬁu2(hD - hy) o q;l(s')z(hﬁ - h;)l} p- (79)

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

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

h

- iy . a’
"o " Yob T g, Bt WP - (80)

The residual bolt load due to a2 temperature difference between the hub
and the ring is given by:

k.

ty Al
Na=¥ - q, (4p8 + q8') - (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-4) are valid except Eqs. (70f
and &) for &) and §,.

L 4
For v, it should be noted that H , - H., = *G2p/4; hence, this
equation is valid for blind flanges.
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For blind flanges, W is used rather chan M as tne loadine paramcter
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 wos here
. is the equivalent of -~ * ug in Eq. (72) because sg 2 0 in the
blind-flange analysis. For blind flanges we define

(82)

where (-sc)ﬁ is the axial displacement pe- unit total holt load K. The
equation for K, for a blind flanged joint is then:

Q, 1
.2 = Q—zul * Q—z' (T‘SSVO * be.fto * chft(; - bchlc)
z h q 2 2 )
XA hr“'fz“‘r‘ ¢ ¢ - ag® (hy - hpdep
h h
G (
- .= + q' - - 83
Q (ap * a ) - g, %t (83)

In Eq. (83) the primed values refer to propertiecs of the blind flange.
Aftcr the intcrnal pressure has transferrcd the bolt load on the

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

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

used is

da| @

N =N
1

"o [T (h -n)- G* 8°(h, - h) (84)
2b Q | g, (hy - hg -ag,8 (hy - h)rp .

i G -
It should bc noted that q{b' does not cxist for an integral flange mated
to a2 blind flange.

The combined cffect of all of the above is also obtained from the
computer program by calculating W, from Eqs. (76) and (83).

oy et AN Kl e i
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External Moment Loading

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

The external moment cai be represented by a distributed axial cdge force

acting on the avtached »ipe:

F“(e) = F. cos 9 , (35)

where 8 = angle around the circumference (6 = 0 at the point of maximum
tensile stress in the pipc due to the external moment). Since this
report deals only with cases in which all contact occurs within the
bolt-hole circle, a reascnadly good first approximation for the cffects
of the external moment loading can L obtained by replacing the dis-
tributed axial force FM(G) with the axisymmetric tensile force F. =
FM(lax). Then, since F- is axisymmetric, there is somc 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 eiternal

moment. The relation between p* and S_ is given by

b

p* = 4S8 /D_, (86)

b&o
where Sb is the bending stress in the z2ttached pipe due to the external

moment. The change in bolt load '2 is rhen obtaiu~d 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 Eqs. (7S) and (84) and not in Eq.

(80).
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8. COMPUTER PROGRAM

A Fortran computcer program named FLANGE has been written to carry
out the calculations according to the analyses described in this report.
The prograa calculates appropriate loads, stresses, and displacemsents
for the flanges, bolts, and gaskets when the flanged joint is subjected
to intermal pressure, moment, and/or thermal gradient loadings; thus,
the prograa is much more general than that needed only to determine
compliance with ihs ASME Boiler and Pressure Yessel Code. The program
also has the advantage of internally computing the values of the Code
variables F, V, and f that must othersise be extracted manually from the
curves given in Code Figs. UA-51.2, UA-5]1.3, 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
wmorc detailed information, the realer is urged to carefully study the
examples given in Appendix A where a flanged juint, selccied from API
Standard 605 (Rcf. 8), is analyzed. Several sample problems are worked,
and the data input and program output arc given for the various program
options along with a discussion of the results. Flowcharts and listings
of the program and ifs subroutines are given in Appendix B. In the
following scctions, the input data for option control and the input data
and program output for Code compliance calculations and for more general

calculations are discusscd.

uption Controi Data Card

The first card of cach data set, herein called the option control
card, contains control information for cxecution of thc various program
options. [t contains information specifying the type of flange being
analyzed, the boundary condition placed on the displacement (ur)x-h'
the stresses and other variahles 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, IBND,

P S S
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ICODE, and MATE. The admissible values and their significance are as

follows.

I'TYPE (imdicates the type of flange being analy:zed)
1 for a tapered-hub flange
2 for a straight-hub flange
5 for a blind hudb
I1BIND (specifies the displacement u atx = h)
¢ for (ur)x=h = 0 to conform with the ASME Code basis
1 (see footnote)*
2 for (u)) _. # 0 [see Eq. (20-6) of this report]
1CPDE (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 rclated calculations.)

for two identical flanges mated together

t9

3 for the first of two flanges that are not idratica', ncither of

which is a blind flange

&

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 he used to analyze any number of flanges

*

In the original conception of the program, IBPND 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 betwecen values of 0 or 1 nor between 2 and numbers
greater than 2 for either IBPND or ICPDE.
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or flanged joints sequentially (as done in the examp.es of Appendix A),
the data card set for each flange must start with an option-control data
card.

Ditfferent types of flanges and different types of calculaticas have
different input data requirements. These data and their formats are

discussed in the following sections.

lnput 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 variahle ITYPE may be equal to 1, 2, or 3, de-
nending on the type of flange being analyzed. The next variable IBSND
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 ICPDE will
always be 2 and will therefore cause the program to compute the stresscs
in accordance with Codc paragraph UA-S0 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 Jnes not consider bolt-load changes in
dotermining _ompliance, when MATE = 1 these calculations are not per-
formed.

The sccond card in the Jata 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 gy the hub thickness at the hub-
to-ring juncture g8,, 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.

D O L L I
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Table W, Input datu for ASME holt and flange stress calenlation, usiong symbuels defined
in MNI. Ludu.- Scction VI, Division |, Appendix 11

uption-tontrol Card (Resd-in in FLANGE)

Column number ) ] [R) 20
Varishle FrveE? LaND | g | MATE
Value 1, 2, or 3 o 2 )
secomd Vard (Read-in in TAPHIB, STI0G, or llLlND;"".
Culumn mweber -0 -2 MERI 3-10 41-50 S1-00 ol-70 71-80
Flange ¥ lange
Quant it outer nner Ring Pipe-wall Hub Hub Bolt-cirele
y Jiawrter divmeter thichness thivhness thichness fength diumeter Pres ure
A ] t R R h . i\
] }
\ariable XA X8 ™ 6“0 (H Wi, % PRESS
third Card (Read-in in ASMEIN) ©
tolumn number 0-10 11-20 21-30 ll~-m! 13-S0 S1-60 ol.70" 727 78.80°
Ninimum Allowahle Allowahle Busi¢
design tinsket Lasket holt stress holt stress Bolt pasket
Quantity Gasket seating outer inner ut design at atmosxpheric vross-nectional scat
factor Stress Jiampter diameter temperature tomperature arey Option width
n y "o G.‘ hb \‘ )\h ! bu
Variable W \) GOUT GIN sh SA AB H ) Y

“Nhen ITYPE = 2 for a ring flange, g, on the second card, should be a suitably smal] value, but nut zerv (e.g., 0.01).
z‘%ulu'\m!'ums TAPHUB and STIUB call hoth ASMEIN and FLGDW; BLIND calls ANMEIN.

For ITYPE = 2, 8, must be entered; 8, and h arv not used. For JTVPE « 3, W, Rye u . A h are not used.

lt‘ 1 (Column 72) is O, the program computes b, b . amd G for the particulay cane of h,* N/ w2 LT \--.)/.‘ as Jdefined

in Table UA-49.2 sketches (la) and (1b) of the Lode. (olu-m 73 40 may then ho left hlunk., For other vilues of hu. enter | o 2,
In this case, the value of (‘-.. is not used and thus columns 31-40 may be left hlank,

“Column 71 is blank.
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The third card inputs other physical data, including the gasket
factor m, the minimm-design seating stress y, the outside diameter of
the gasket Go. the inside diameter of the gashet Gi’ the allowable bolt
stress at design temperature Sb. the all-.able bolt stress at ambient
temperature Sa. the total cross-sectional area of the bolts Ab' an
option-selecting variable I, and the basic gasket-seating width bo’ The

option variable 1 controls the calculation or b and G.

Output for Code-Compliance Calculatioms

For Code-compliance cazlculations, all of the output for each flange
being analy:zed is printed on a single page (e.z., see examples 1 and 2
of Appendix A). The prugram prints the input data followed by the
effective gasket seating 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 SBl 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 bSelow, the program prints the flange stresses needed
for comparison with the ASME Code criteria. For tapered-htb and straight-
hub flanges (1TYPE = 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:

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 = the average of SH and ST, and
(SR + ST)/2 = the average of SR and ST.

.Although "ambient"” would probably be a better term here, the word
"atmospheric” is used as it is uscd in the Code.
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Table 10. Output data idemtification, ICPOE = 2,
(ASME Code stresses)

-

ASME Code Program .
symbol* symbol Description®
bo 20 Sce ASME Code, Table UA-33.2. .
(This will be input data for | = 2.)°
H M1 sG2p/a
w2 <sbGap
LI WMl G p/4 + 2ahGap
S8l Bolt stress, '-:""b
LM Gy
n i .
sa2 Bolt stress, l-:lab
) or Hoh * s+ Wy
(3] MGS (A« A)S /2] » (€ - 6)/2] Except for
ITPE = 3
(Blind
flanges)
MGS1 W ™ [(c - 6)/2])

2all symbols ar:> defined
Div. 1 (1971), Appendix II.

-
“See Footnote & of Table

in the ASME Boiler Code, Section VIII,

9.

°MOP is the operating moment as defined by the ASME Code.
MGS is the gasket seating moment as defined by the ASME Cude.

for compliance with the Code Criteria, each of the above values printed

under the first heading must not excecd the allowable stress for the

flange matcrial at the design temperature.

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 = the stress due to
SWI = the stress due to
7G2p/4 + 2xbimp,

pressure loading only,
the holt load N.l only, where w'l =

The values printed under the
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SUP = the stress at operating conditions,

SN2 = the stress duc to the bolt load I‘?, where i‘b = shily, and
SGS

the stress at gasket-scating conditions.

For Code comnliance, SOP must not cxcced the allowable stress for the
flange matecrial at design temperature, and S5(S must not exceed the

alloxable stress at atmospheric temperature.

Input for General Purpose Calculations

When the computer program is used for general purpose calculations,
(i.e., when it 1> u<ed for calculating displacements and stresses other
than thosc nceded specifically for cheching Code compliance), the user
may select almost any combination or admissible values for the four
vartables ITYPE, IBONDG, 1CPDE, and MATE coded in the option control data
card. The only specific requirement is that the variable 1CPDE must be
less than two for other than Code-cowpliance calculations. In this case
the input data are structurcd somewhat differcntly than those described
in the previous section.

Khen ICPDE = 0 and MATE = 1, (i.e., only one flange is to be
analyzcd and the user docs not wish to obtain bolt load changes), three
data cards are nceded as shown in Table 11. These are the option-control
card (for which ITYPE may be 1, 2, or 5> and [8JND may bhe 0 or 1) and two

physical-property data cards.

When ICPDE = 0 and MATE = 2, 3, ... 6, the program will analyze a
pair of flangcs mated together and give bolt load change<. If HATE = 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 threc cards shown in Table 12. These last
three cards contain data on the physical properties of the holts and
gasket, supplemcntal data on the initial and final state of the flange,
and other conditions, For this case, the six cards listed below com-

picte the input data set when MATE = 2.
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11. Input dara for the general purposv analysis of a single flange
and partjal data for paired lianges

Option-Control Card:

[FORMAT (415) read-ir in FLANGE)

Column number S v 18 20
Variable rrvee®? | om0 | imsoe | owame©
Value 1, 2, or 3} 0 to 2 0 1 or (2)
Second Card: [FORMAT (8E10.5); read-in in TARle, IHUB, or BLIND)
Column number 0-10 11-20 21-30 31-40 41-50 $1-60 61-70 71-80
Flange Flange
Quantit outer inner Ring Pipe-wall Hub iub Bolt-circle
y diancter diamete: thickness thickness thickness length diameter Presanire
2 ) t s ] h C p
L) i
Variable XA xe? ™ Go%s® 1%+ Tl c PRESS
Third Card: [FORMAT (SE10.5); read-in in TAPHUB, STHUB, or BLIND)
Column number 0-10 11-20 21-30 31-40 41-8%0
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
L] L 4 -} 28
Variable xmon® e pELTAD ™ G

“When ITYPE = 2, GO must

b

be entered; Gl and HL are not used,
When ITYPE = 3, XB, GO, G), HL, EF, and DELTA are not used; the value for XMOA is the total belt load W,

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

[ 1 Y



Table 12. Last threo input duta cards for the general purposc analysis of paired flunges

e i mm mer et s ine s A St e el e emw s aereoriwew s

Card No. 4 or 7:7 [FERMAT (710.5); read-in in FLGDW]

Column number 0-10 11-20 21-30 3j-40 4)-50 S1-00 uh-70
Bolt
Initial state; coefficient Final stute; “ross-svctionu)
Quantity Nominal bolt modulus of thermal holt Out side Invide reot urea
bolt aof elasticity cxpansion temperature Jismeter Jiwmeter of all
diamocer lib n 'rh of gasket of pasket holts
Variable sz Ve KD ™ xau'’ XLl AB

Card No. 5 or 8:7  [FORMAT (6K10.5); read-in in FLGON)

Column numbur 0-10 -2 21-30 3l-40 41-5u Slew
seepnd
Initial state; Lasket Fowivalent
gasket coc ficient Finul stote; A free pressure
Quantity Gasket modulus of of thermul gasket bolt sev ty. (80)
thickness clasticity cxpansion tomperature length of test
v B ¢ 't variable i
d [ |3 L]
4
Variable Vo Y6 [HY ™nme FN:lfb (i 5

Card No. 6 or 9:% [FORMAT (7E10.5); read-in in FLGDW)

Column number Seh 11-20 24-3 3-40 4)-50 51-00 6)-70
-
Final state Final state final astate Final state Fina) state
Initial teaporsture temperature flange modulus flange modulus Finu) stute ganket
Quantity holt of flange, of flange, of clasticity, of clasticity, bolt modulus modulus of
load side one side'tuu sidc one aide two of elasticity clasticity
J T K 4 ) : :
o 't; T2 ke, e by, "g.
variable ) Tt et V2 YEP? Ve Y62

THiret curd number applies when MATE = 2: sccond number upplics when MATE = 3 umd 4 or § amd 0.
b‘l‘lw cifective holt load is caleulated as t, o XLB = Tl ¢ THP + VO « BSIZE o FACE.
“Values for (‘.I amd Ag arc calculuted using input variables XGO and XGI,

dlnilial-slalv tomperatures are detined as tero,

<Y




Card No. Identification

1 Option control card with MATE = 2
,

- Data cards per Table 11

3

3

Data cards per Table 12

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 uption-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

—

Option-control card, ITYPE # 3, ICODE = 0, MATE = 3

;} Data cards per Table 11 for first flange of pair

4 Option-control card, ITYPE # 3, IC#DE = 0, MATE = 4
:} Data cards per Table 11 for second flange of pair
7]

8} - Data cards per Table 12

9

When ICPDE = 0 and MATE = S, 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 complcted by using the data cards described in Table 12. The

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

cards.
ggyd No. Identification
1 Option-control card, ITYPE = 3, ICPDE = 0, MATE = 5

Data cards per Table 11 for blind flange

[T ¥
oy g

4 Option-control card, ITYPE = ) or 2, IC@DE = 0, MATE = 6
3 } Data cards per Table 11 for sccond flange

6

7

Data cards per Table 12

Output from General Purpose Calculations

The amount and format of the data printed out are determined pre-
dominantly by the number and types of flange: being analyzed, which in
turn are determined by the value of the option-control variable MATE.
Khen 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 proc- -ed 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 -ioal-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 I3. Output data identificatiom, stresses,
displacements, and rotation

Theory Program
Symbol symbol Description

(0), SLSO®  Stress, lomgitudinal, small end of hub,
outside surface

(G‘)i sLsi® Stress longitudinal, small end of hub, inside
surface

("c)o scso® Stress, circumferential, small end of hub,
outside surface

(a';)i scs1® Stress, circumfereatial, small end of hub,
inside surface

(cl)o SLLO Siress, lomgitudinal, large end of hud,
outside surface

(°l)i SLLI Stress, longitudinal, large end of bub, inside
surface

("c)o SCLo Stress, circumfereatial, larg2 end of hub,
outside surface

(°c)| SCL1 Stress, circumferential, large end of hub,
inside surface

(°t)o STH Stress, tangential, hub side of ring, at r = b

(°t)1 STF Stress, tamgential, face side of ring, at r = b

(°r)o SRH Stress, radial, hub side of ring, at r = b

(°r)i SRF Stress, radial, face side of ring, at r = b

) [ Axial displacement at r = g °

s L (:z0atr=2bd)

5 x Axial displacement at r = c |

q',hc QFHG -ac * 6‘

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 f lav_n.esb

Gp» Ogs F =0 SORT Stress, r = 0, radial and tangemtial

L r=g SGR Stress, r = g radial

g, T=g SGT Stress, r = g, tangential

Ops r=c¢ SCR Stress, r = ¢, radial

Op»T=C SCT Stress, r = c, tangential

Opp T =28 SAT Stress, r = a, tangential

Gc zC Axisl displacement at r s c (8 2 0 at r = g)

%For "Strsight Hub Flange,” these are at juncture of hub with ring.

bAu stresses are for the side of the flange opposite the pressure-
bearing side. Stresses on the pressurized side of the flange have
Teversed signs.
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Table 14. Output data identification when MATE = 2, 3 and 4,

or S and 6

Theory Program

symbol symbol Description

qﬁhc QFHG Axial displaccment from C to G, unit moment load

q_ i QPHG Axjal displacement from C to G, unit pressure

P] G
load

a,,h¢ qmc? Axial displacement from C to G, unit DELTA

D n“'b Inside diameter

R co“ »b Pipe wall thickness

t TH Ring thickness

lifl Yllb Modulus of elasticity of flange material, initial
state

Ef2 \( 74 Modulus of elasticity of flange material, fimal
state

€g EFb Coefficient of thermal expansion of flange
material

() ()P The above nine symbols with a prime mark (') on

the theory symbols ave for the mating flange.
The program symbol has the added final letter
IIP'I'

%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 ? 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 S, the primed values are stored; the
unprimed values are recad in by input cards S and 6, and values of QFHGP,
QPHGP, and QTHGP are ralculated.

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

Theory Program

syabol symbol Description”

L XLB Effective bolt length
Ab AB Cross-secticnal root area of all bolts
C C Bolt-circle Jiameter
Ebl YB Modulus of elasticity, bolts, initial state
Eb2 YB2 Modulus of elasticity, bolts, final state
€ EB Coefficient of thermal expansion, bolts
vg L {¢) Gasket thickness

XG0 Outside diameter of gasket

XGI Inside diameter of gasket
Eg) YG Modulus of elasticity of gasket, initial state
E,;2 YG2 Modulus of eclasticity of gasket, final state
c‘ EG Coefficient of thermal expansion, gaskecs
'1 L)} 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
'I'g TG Temperature of gasket, final state
4 DELTA Thermai gradient, pipe/hub to ring, side one
8’ DELTAP Thermal gradient, pipe/hub to ring, side two
P PRESS Internal pressure

%A11 values are input data, except XLB which is calculated by the
equation: XLB = TH + THP + VO + BSIZE + FACE.

e e A et 4 1
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Table l6. Output data identification, MATE 2, 3 and §,
or S and 6, residual bolt loads and moments

Theory l‘rogra‘x

symbol symbol Effect included
»a W2A Relative change in temperature of bolts, gasket,
flange (AXIAL THERMAL)
.zb us Change in moment arms (MOMENT SHIFT)
.2c w2 Total pressure
w_ d 20 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 - ¥2A) 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 resid: .l moments,
M2A, ..., M2P. The rcsidual moment identifiers with final letter P (for
prime} are for the first entered of a pair of nonidentical flanges. If
the pair of flanges arc 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.

Waen 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 {lange 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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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 particuiar 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 mect the critcria 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-60S 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-60S.

3. A blind flange bolted to a tapcred-hub flange under pressure loading
orly is analyzed.

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

(b) For an initial bolt stress of 44,300 psi, the results i-dicate
that the flanged joint will pzss a hydrostatic test of 1.5 x
720 psi at ambient temperature.

4. A tapered-hub flange boited to an identical tapered-hub flange with
an initial bo .t stress of 46,100 psi is analyzed.

'Larye—Diameter rCarbon Steel Flanges (Size: 26 Inches to 30 Inches,
Inclusive, Nominal Pregsure Rating: 78, 180, and 300 lb), API Standard
605, 1st Ed., American Petroleum Inst., New York, 1967,

vt et S,
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For pressure loading only, the results indicate that the
flanged joint will hold a hylrostatic 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.

e nt s ddme e diak - m———a
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DETAILS CF THE FLANGE USED IN THE EXAMPLES

A sketch of the tapered-hub fiange is shown in Fig. A.1. The

Jimcnsions are as specified in API-605. The inside diameter and dimen-

sions B {and therefore g, and gl) are not spe-ified in API-605. For the
purpose of cheching ratings, the following ey .ation y.ven in API-605
was used to cstablish B:

= - )
B =D -tp . (A-1)
where
Do =z nominal outside diameter of pipe, in.;
tp = plD°/2(0.87S)S (but not less than 0.25), in.;

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

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

The definition of tp' with Do = 60 itn. and pl = 729 psi, leads to tp =
8, - 1.2343 in. Equation (A.l) giver B = 57,5314 in. and g, = (X-B)/2 =
2.7030 in.

For the purposc of checking ratings, the hub length h was calculated
by the cquation given in AP1-605:

h=Y - t+0.1%g, + 0.469 .
Dimensions Y and t arc shown in Fig. A.1. For this flanye:

h = i0.6875 - 5.9575 + 0.176(1.2343) + 0.4069 = 5.4362 in.

The API-605 standard states that flange ratings were bascd on use
of a 1/'6-in.-thick, compresscd-ashestos, flat ring-shaped gasket, with

an inside diamcter 1/4 in. larger than the outsidce diamcter of the pipe

and with an outsidc diamcter cqual to the raised-face diameter. For the

BERE SRR Y 1 L Y

60-in., 300-1b flangc, the gaskct inside diameter is 60.25 in.; its

Y e i e e e e e S
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= 00360

~— =90 t,=l.2343

* ps———0 = 739375

F=262.9375
FORTY
2% -in.
BOLTS

fott———— H = 5,4362

1=59378 ——e=]
y = 10.687%

| be———8=575314
L_ Dg’ 65

~—————(=2¢ 69,4375

: DIMENSIONS IN INCHES

b d s b ih

Fig. A.1. Dimensions (in inches) of 60-in., 300-1b API-605 tapcred-
1 hub flange. The terms B, R, C, Do' X, and A are diameters expressed in i
inches.
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outside diameter is 65 in. According to the ASME Code, for a 1/16é-in. -
thick asbestos gasket, a = 2.75, and ¥ = 3700 psi.

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

ol A g e




ASME CODE CALCULATIONS, EXAMPLES 1 AND 2 ?

The input data for examples 1 and 2 are shown in Table A.1. The i
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, I 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
API1-605 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 APl 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 controiling flange stress and meets the ‘
API-60S criterion of a controlling flange stress not greater than ;
17,500 psi. The results, therefore, confirm that the 60-in., 300-1b

API-60S 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 progras input
does not require either the factors T, U, Y, Z from Code Fig. UA-S1.1,
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-60S 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-6OS does not give blind-flange thicknesses.

e Mems P cire b e e ed B aEe Ae e T R DT ST e A e b




Table A.1. Input data for ASME Codc stress calculations, cxamplex 1 and 2

- .o B o W e s wmn = e et e - e

I
Coteie pailear ) 10 1§ 20
Varviable CLIYPE TBAND | OTCRDE | MATE
Example 1 ‘ 1 0 2 l
Example 2 [ﬁ 3 v 2 |
Second card
Column number | ©0-10 | 11-20 | 21-30 | 31-40 | 41-50 51-00 | 61-70 | 71-80 |
— —
Variable A B t g, g, h ¢ P !
Lxample 1 73.9375 | 57.5314 5.9375 | 1.2343 2,7030 | 5.3302 09,4375 | 720,
Example 2 75,9375 | 57.5314% | 7.v044 | 1.23437 ] 2.70307 | 5.43027 | 09,4375 | 720,
Third card
Third cand . , | -
Column numher 0-10 11-20 21-30 31-40 41-50 51-60 ol-7ob 72 73-80
Variable m y Uo Gi Sb su Ah ! ho
I e e

J

Examnle 1 .75 | 3700, 65, 60,25 { 20000, 20000, 136,92 0 (

2

.75 | 3700, 1..95-“.L_?0-%5_ 120000, | 20000, { 136,92 | o 0 ]

s

Exanple 2

————— -y —h— e

- v

“Not used in calculations for a blind flange.

bColumn 71 is blank.

€9



Table A.2. Output davs for example 1, ASME Code analysis of a tapered-hub flange

.awes rLANGE PLANGE rIPR uUb AT noe BOLT PRESSURS,
0.0.,4 I.0.,0 TWICK.,T WALL,60 DBASE,6) LEWGIR, R CINCLE,C L4
73.93750 37.33160  3.937%0 V.23 2.70300 3.83620 69.437%0  720.000
" 1 eouT GIN ] s
2.75000 3700.00000 65.00000 60.29%000 20000.00000 20000
20 "m w2 un 0
1. 18730 00 2.3097D 0¢ 9.33220 0% 2.7430D 06 2.00330 o4 4,08
aop nGs e
. 12190 0 7.%7420 06 1. 11060 06
ASHE PLANGE STRESSES AT OPIRATING RONEWT, WOP
(273)°SE=  1.5608D O8 ST = 1,1178D 04 SR = Q. 4842D 03 (SNeST ) /2= 1,.7293D 08
ASHE TLANGE STRR3ISES AT GASKET SEATING NONENT, RNGS
(273) %sa= 1.0077Dp O8N ST = 7,2216D 03 SR = S.43764D 03 (SNeST )/2= 1,1176D O&

A AD
+00000 136,.92000
L s$0d
770 09 2.9%630 0)

(SHeSR ) /3

(SHeSR ) /28

1.99200 O

1. 02940 04

%9



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

nawes FLANGE rLARGE pIPR ROB AT o pcLt PRESsSURE,
0.D.o A I.D.,% THICK.,T WUALL,G0 BASE,01 LENGIN,N CIBCLE,C [ 4
73.937%0 0,0 7.90800 0.0 0.0 6.0 69.037%0 720.000
0 | eou? om ] ] SA
2.7%000 3700.00000 43.00000 60.2%9000 20000 .00000 20000,00000
»0 N " " 0 a2
. 187% 00 2.30970 06 8.33220 0S8 2.74300 06 2.0033p 0 8, 08770 08

ASAE CODE STREISES POR BLIWD PLANGER

P st s0p su2 ses
1.41210 0% 3.37920 03 1.75000 04 4.9063D 02 3,376 03

Ad
136.92000
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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 flangc may have to
be considerably thicker than a mzting flange in order for both to meet

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

lnEt 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, th.s> pair of examples was selected to show how the
program can be uscd to estimate required initial bolt stresses. In
addition, example 3(2) 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 statcs. \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 thermzl 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 (c.g., 0.001 or 0.0001). but the output data
shows that DELTA = 0.0]1 is sufficiently small so thar its influence is
negligible. A cocfficient of thermal ¢..:ansion 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 "o = TH « THP + VO + BSIZE, was centercd as zero. The modulus
of eclasticity for hoth the flanges and the bolts was assumed to be
3 x 107 psi. Thc 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 106 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
f'ange faces, is hiekly 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



Table A.4. [Input data for blind-to-tapered-hub flanged joint, e:qlesa 32 and 3

Card Read
No. Variables and mumerical values format
1 ITYPE 180ND ICODE  MATE
3 0 0 [ 415
2 A 3 t Lo £ h C P
73.9375 57.5514 7.9044 1.2343 2.7030 5.4362 ©9.437S 720. $EJO.S
(1080.)
3 xooon? EF DELTA® ™ G
2.743006 6. D-6 .0l 3. D+7  62.625 SE10.5
(6.0656D+6)
4 1TYPE 1808D ICODE  WATE
1 0 0 6 4Is
S A B t g0 3] h C P
73.9375 57.5314 5.9375 1.2343 2.7030 5.4362 69.4375 720. $E10.5
(1080.)
6 AMGA EF DELTA® ™ G
1.1719D+7 6. D-6 .01 3. Ds7  62.625 5E10.5
(2.0661D+7)
7 BSIZE Y8 EB ™ XGO XGl1 AB
2.25 3. 0*7 6. D-b 0 65. 60.25  136.92 7E10.5
] VO YG EG 16 FACE PBE
.0625 3.D0%6 6. D-6 0 0 0 6E10.5
9 7] TF TFB YF2 YFP2 YB2 YG2
: 2.74300+6 0 ° 3. De7 3. De7 3. De7 3. De6 7E10.5
(6.0656D+6)

b

%alues in parentheses are for example 3b.
Initial 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 106 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 bol’t load depends upon the sum of the load-
displacement characteristi:s of the bolts, the flanges, and the gasket.
The displacements for a unit bolt load are -

Lo 16.15
for bolts:

= = 3,93 x 1077 ,
AE, 136.92 x 3 x 107

for flanges: 2 x QFHG = 2(1.197 x 10°2%) = 2.40 x 10-? ,

and

v 0.0625 1.34 x 10~

AGEG 467.26 x EG EG )

for gasket:

As E varies from 10> to 107, the sum of these three displacements
varies as follows:
Eg 105 3 x 105 108 3 x 108 107

Sum of displace- 7.67 6.78 6.46 6.37 6.34
ments (x10? in.)

LA D e Y

Y I
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From the above, it can be seen that changing the gasket modulus by two
orders of magnitude changes the stm of the displacement by only 17%.

The initial bol)t stress used in example 3(a) is 20,033 psi, giving
an initial bolt loud of W1 = sbAb = 20,033 x 136.92 = 2.743 x 10° 1b;
W] is entered in place of XMOA on cu:d 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 =xample 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.

Output Data

Residual Bolt Loads

The output data for example 3(a) are shown in Table A.S. 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.Sb). 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
106 1b. The loss in bolt load is given by W1 - W2 = 1.6482 x 10° 1b,
and the ratio of residual to initial bolt load is given by W2/W] =
0.39911. Calcudated stresses for the blind flange and for the tapered-
hub flange are printed on the third and fourth pages (Tables A.S5c and

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

*

For convenicnce in referring to specific pages of multipage tables,
we have used alphabetic suffixes on table numbers. For example, the
first page of Table A.5S is Jdesignated Table A.5a; the second page is
Table A.Sb, the third is Table A.S5c, etc.
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‘ Table A.Sa. Output data for example 3(a), blind flange holted to a
tapered-hub flange, with initial bolt stross = 20,033 psj-

nanGe LaAnGE FLANGE 214 RUD AT (11 acLY PRRssSURE,
0.D0.,A I.0.,0 THICH.,T WALL,GO DASE,Q) LEMATH, N CINCLR, C L4
73.93790 47,930  7,.%0800 V.23430 2.70300  5.43620 69,.0)7%0 720,000

SOLT CORPJ. OF PILTA AOD. OF WNEAN GASKRET ITYFE I0CHD 1cone AT
LOAD TULRRAL BXP, TLASTICIIY DIARITER
2.76430 06 €.000P-~06 1.0000-03 ).0000 07 4.2430 0 ) 0 0 L)

rLANGE FLANGE rLARGR [ 214 ney AT noe LY PREISVRE,
0.P.o A 1.0.,0 THICK.,T WALL,G0 9ASL, Q) LENGIN,N CIPCLE,C 4
; 73.937%0 97.%3w0 1.93M¢ 1.23830 2.70300 3,43420 ¢9.437%Q 720,000

RONENT COERPI. OF DRITA ROD. OF NBAD GANIT 17TYPR 10CN0 1cont L] %1 ]
THEPNAL BRP, TLASTICITY DIANITE?
1720 07 4.,0C0P-06 1.000n-02 ).0000 07 6.2430 0V \ L] 0 ¢
s1zl " 2] ke 180 161 (1]
<. 2%000 OC 3.n00000 0?7 4,00000-0¢ 0.0 6.90000 01 ¢,02900 01 1.06910 02
vo Y6 [ ] Ta PACt et
- - 6.29000-02 3.00000 0% 4,00000-0¢ 0.0 e.0 0.0
; LA T T " e el a3
2.%X00 0¢ 0.0 0.0 ). 0000¢ 0?7 3.00000 07 3.00000 07 3.00000 0¢

= PLANRGE JCINT BOLT LOAD CHANLCY DUR TO APPLIRC LOADS, DLYND TC INTRARR PAIR

, PLANGE JOINT SIDE ONE (PRINEE QUANTITIRY)
? QPNGs I, 89%e3-10 QPHGE  6.9)99D-04 (QTHAe -1.0000D OO X0 = =1,00000 6O acs =1,00000 00 TN s 7.90040 @0

: s 1,0006u o° W2 « 3.00000 0 7 s 6.00000-0¢
L PLANGE JOINT SIDE THO (UWNPRINED QUANTITIES)
E QPNGs 1, 19640-09% QPARs  §.,08220-06 QTHGS 9,.99900-0% U = 5,74)10 01 @o0= 1,23a)p 00 ™ ® $,0179 €0
L Y = 1.0000D 09 92 o 1,00000 07 B? = 4,00000-06
i JOLTYNG
B BOLT LENGTN= 1.64186D OF PCLT AREAs  1,3693D 02 POLT CINCLESs 6.94)0D O1
™ = 1,00000 09 2 « 3,00000 07 20 = 4,00000-08

Y0 = 6.2°008-02 XG0 = §.%3000 OV XGJ = 6.02900 01

b
r GASKIET
f YG s 3.00000 06 Y62 s 3,00000 C6 86 ¢ 6.000C0-0¢

TL

*For the convenience of the user, the first page of Table A.5 is designated Tahle A.Sa, the second puge
is Table A.5b, the third is Table A.5¢c, etc. This convention is also used in the following tables,

L
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Table A.5d (zontinued)

TAPENED RUD *LANGE
CALCULATICNS POR NORMENT LOADING

SLSO= 2,3082D0 08 SLST= -2,30820 '@ SCSOs 1.9763D0 04 SCSI= 5,9)79D 0)

SLLOs  2,3411D 08 SLLI® ~2,3411D O4 3SCLO- 7,0234D 0) SCLI® «7,02)4D 0)

STé=s 1,1773D O4 STPs -1.840820 O ShWs Q. eke ¥ 0) tRPe =§,.60000 0)

2Gr ~1,0021D0-02 2C* <-2,4486D-02 QPNGs 1.8026C-02 Y¥O= 1,2373iDp-02 VYIi= 1.0058D-18 THETA= -4,09790-0)
CALTCOLATICNS POR PRUSSORE LOADING

SLSO=  1,8194D 04 SLSUs 2,3083D 03 SCSO= 1,4399D 04 3CSIs  1,0919p O

SLLO= 1,864%D 0) SLLI= S.7979D 0) SCLO= 9,.%93%0 02 SCLI= 1,7394D 03

STH= 9.3311D0 03 STPs -1.10020 03 SRNs -2,29320 0) SPPe  2,7038D 02

36® =4 . S114D<03 3C= «1,03020-02 QPNG= 8,7904D-0) Y¥O= 9,72200-0) Y¥is 4.0714D=10 TINERTAs -1,00080p0-0)
CALCOLATION" POR TRAPRRATORE LOADING

SLSOs 1,2228D 0C SLSI= =1.,2220D 00 SCSO« 1.06490-01 SC3Is «6,.27220h-0)

SLLO®= =1,.39770-01 SLLTs 1,39770-01 3CLO= ~1,0819, 00 SCLIs =1,75010 00

STu=  1.1007 €O STPs -6 ,13300-01 SAN= =2,72870-01 SR¥= 1,50720-0)

$Ge =7.8876D=-07 2Cs =1,7007D-06 OQPHG® 9,953900-07 YO0= «2,896¢50-07 Yi» =1,7299D-06 THETA= ~-2,90600-07
CALCULATIONS POR CORDINED LOADING,N2 OR W2P PCH ITYPE=) OR 3, W2 FOR 1TYPE=), = 7.70140 06

SLSU"  3,330¢D CA  SLSIs -1,660%D O 3CS0s ), 00570 04 sC3I=  1,3860D Ob
SLLO= 2,13A2D 08 SLLY= - ,3700D 08 SCLOs= §.5068D 0) SCLI® -4, 1117D 03
STH=  1.0638D 08  S1Pwm - 1,.6093D 08 SRN= &,71910 )3 SRPs =5,2¢61D 0)
168 =1,2191D-02 2C= -3,06830-02 OQPHGe 1,7872D-02 ¥O= 1,9904D=02 Y¥is =1,7299D=-06 TNERTAS '5'|l.60-2:_
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Tc avoid leakage,* the residual bolt load must not be less than the
critical value Hc, which may be obtained from simple equilibrium consid-

erations; thus,

o2 A
¥ =36 P- (A.2)
where
Hc = "critical” bolt load,
Go = outside diameter of gasket (65 in. in this example), and
p = pressure (720 psi in this example).

In this example, the value of Hc is

W = — x 652 x 720 = 2.389 x 10% 1b .

T

C 4
Because W_ is significantly greater than W2 = 1.0948 x 10° 1b, the
result - for example 3(a) indicate that the joint will leak at the ratued
pressuie with the initial bolt stress of 20,033 psi. The results jllus-
tratc an aspect of ASME-desizned flanges that is well known to many
users; that is, the joints often cannot be made leaktight (cspecially in
order to pass the hydrostatic test) by applying an initial bolt stress
equal to the Code-allowable bolt stress.

The output data for exumpyle 3(b; a-e 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 (W] 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

beiag the hydrostatic-test pressure of 1.» times the cold rating pressure.

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

*
Leakage is dcfined as the gross type of lcakage that occurs when
the load on the gasket is reduced to zero. Slow, diffusior-type leahkage
may occur at lower pressures.

Ry
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Table A.6a.

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

tapered-hub flange, with initial bolt stress = 44,300 psi

nanes PLANGE PLANGE
0.D.,4 I.0.,0 TRICKR.,?T
73.937%0 97.%3%0 7,906sn
s0LT CORPP. OF YBLTA

LWOAD THERAAL BXP.
6.066D 06 6.000D-C6 1.0000-02 3.0000 07 ¢.2430 OV

PLANGE 2LANGE PLARGE
O0.D.pd 1.0.,9 THAICR.,?T
1.937%0 97.9%31i80 5.9371%0
NONYWT CORPP, OF DBLTA

TRIRNAL BXP.

s11B ™
2.2%000 00 3.00000 07
16

vo
6, 2%000-02 3.00000 06
LA oy
6.063%60 06 0.0

n uoe AT
WALL,GO  DASE,G)
1.236430  2.70300

L1
LRWGTA, R
9.43620

AOD. OF NEAR GASREIT ITYIR

BLASTICITY DIANITED

(214 HUD AT
WALL,60  BASE,G)
1.23830 2.70300

no®
LENGTIN,N
9.03620

ROD. OF NEAD GASXIT ITYIR

JLASTICITY DIARITER

2.096D 07 4.0000-06 1.0000-02 3.000D 07 ¢.263D OV

] ) k4 ]
¢.00000-068 0.0
16 T4
6.00000-0¢ 0.0
k444 we
0.0 3,0000c 07

]

cL?T JRB38VUNR,

cIscLe,c P
€9.43780 1000.000
1000  ICODE
) )
PuLT  PRESSURE,
cIcia,c P
€9.83750 1080.000
1ioND  ICoDR
) )

xao
6, %0000 01

414 4
0.0

m"en
3.00000 0?

PLAKGE JCINT BCL > LOAD CNANGE DUZR TO APPLIED LOADS, DLIND 1IC INTIGER PAIR

PLANGE JOINT SIOR OMB

™m = 3,00000 07
PLANGE JOINT SIDE T®O

Lx.,,.._...,._..“.“-.-‘.;.x___u‘“* PO e e e

(PRINRD QUAWTITIRS)

2 = 3,00000 07
(ORPRINED QUANTITIES)

QENGE  9.4%94D-10 QPRG= 4.%)50D-0¢ QTHG® -1,00000 00

06220-06 QTHGs 9,.9%5900-0%

X0 = ~1,00000 00
¢.000CD-06

0« 5,793 OO
6.00000-0¢

SOLT CIRCLEs 6.94380 O
20 = ¢.0000C-00

QriGs 1,19600-09 qQPRGe O,
™ = 3,00000 .7 T2 = 3,00000 07
SOLT ING
BOLY LENGTR® 1,6134D OV DOLT ARRA® 1,3692D 02
™ = 3.,00000 07 W2 s 3.00000 O7
GASKRIET
e = §.29000-02 XG0 = 4,%0000 OV IXGI = 6.0250D OV
W@ = 3,00000 06 1602 = 3.00000 06
Wm-ww‘w‘avmu > S s st s 4

NATE

AATS

xal Ad
6.02900 01 1.36920 02

(1]
0.0
"2 vQ2
3.00000 07 3.00000 06
gos -1,00000 00 "
gos  1,2)430 00 Tt

a  7,90680 00

s 35,9)7 00
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Table A.6b (continued)

LOADIWNGS
IRITIAL BOLT LOAD= 6.06%¢D 04 BOLT TBAD.s 0.0 PLANGR ONR TRMP.= 0,0 PLARGE THO TRAP,*
GASKET TRNP.» 0.0 VELTA®  1.00000-02 DELTAPes 1,00000-02 PRESSURERe 1,00000 03

ARSIOUAL P01 LOADS ATTER TRRRRAL-PRRSSURE LOADS
ARIAL TABARAL,03A2 6.0634D OC WONENT SHIPT,¥2Ee 9,2992D 06

TOTAL PRESSUNE,9IC= 3.%934D 06  ODBLTA THBRNAL,W2D= ¢,063%0 C¢
CONBINED,Ren  3.99330 04

n-12as 0.0 P1-928a 7.7030D 09 W1-92Ce 2.47220 06 W1-¥2De 1,0333D 02 Wi-W2e 2,607230 06
N2Azute  1,00000 00 W2B/¥WVe  0.7299D-01 W2C,WIs  8.920820-01 WID/WY=  9,.9998D0-01 WI/Niw  5,92600-0)

IUITIAL AWD RESINUAL WONENTS APTER TNERNAL FRRSSORE LOADS,

Ma 2,0861D 07 N2A= 2.0661D 07 W3B= 2.8118D 07 M2C= 1.0319D 07 NIDs 2.0661D 07 m2» 1,08)100 07
N2BP=  7.09¢6D 07 mICPs  $.%169D 07 N2Pe 4.3160D 07

Lt
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Table A.6¢ (continued)

BLIWD FLANGE
CALCULATIONS POR BOLY LOADING

SORT= O.0928D 03  3SORe  §.8920D 0) 3GTs 0.0924D 03 SCRw -).8727D 02 sC?s 5.4971D 0} MATe
3Cs -%9,746200-0)

CALCULATICHRS POR PRESSURE LOADING

SORTs 1,9716D O%  3GM= -1,29720 03 $GTe  7.680%0 03 3CWe -3,27090 02 3CTs  €.8104D 03  SaTe
ECx =7.0%200-0)

CALCULATIONS POR CONDINED LOADING,HNY OW A2P POR ITYPR=1 ORN 3, W2 POR 1TY¥PRe)}, o 3.9933 06

SORTs 2.4904D 04  sGR= 8,01070 03 §4T= (,29000 04 SCAs =€,30730 02 SCT= (.0145D O% SATs
3C= =1,08710-02

.50670 0)



Table A.6d (continued)

TAPIRED WMUP PLARGE
CALCULATICUS PCR WONBNET LOADING

SL30= 4.0620D Ou 3S1L31e -4.0624D 08 SC30+s ).8043D O4 SCSI= 11,0469 OW

SLLO= 4,.1279D O SLLT» -0,.1273D 04 38CLO® 1,23020 04 SCLI® =1,2302D O

STu=  1.96990 O STP= -3,.29040 04 SRR=  1.4007D O0 SRPe «1,1721D 00

2 -1.83720-02 gC* -0.3100D0-02 QPRG® 2.67200-02 VYO» 2.1724D-02 ¥is 2,1588)3D-19 TNRTAe
CALCOLATIONS POR PREISURD LOADING

SLSO= 2,1290D 04 S1L9Ts 3.0794D 03 38CS0s 2,1596D0 04 SCSIes 1,63730 08

SLLO=  2.79670 03 SLLl= 8.69°8D 0) SCLOs O8.19020 02 sCLIe 2,60900 Q)

STRs 1,399 00 STP= ~1.€9503D0 03 Salls -3.0397D 03 SAPs 4,.09%%6D O2

26= -6.76210-03 3Ce =1,%90%3p-02 QPNGe §.683%60-0) Y0er 1.4%000-02 Yie 6.0719D0-18 TNETAS
CALCOLATICNS POR TENPERATONE LOADIWG

SISum  1,£4200 00 SLEY® =1,22200 00 38C20e 1,0609D-01 SCSIe <4,27220-01

SLL0w =~ 1.39770-01 SLLI= 1.3977D0-01 OCLO® -1,0019D 00 SCLI® -1,7981D 00

STA= 1. 10870 00  STP= <6,13300-01 3RWs -2.73070-01 SAPs  1,50720-00

86 -7,84760-07 3Ce -1.7007D-06 OQFNG" 9,95900-07 7Y0s =2,496%5D-07 VYie «1,7299D-00 TEBTA®
CALCULATIONS POR CONMINED LOADIRG,W2 00 W2P FOR ITYPR=1 OR 2, W2 POR ITYPRe), = 1.,83180

SL30=  9.73090 08 S1SI= =),2139D 0& 3ICS50  S.2009D O CsIe  2,96494D 08
SLLOT 3.,93920 08 SLLI= -2.7096D 04 35CLO= 1,10V14D0 04 SCLIs -8,.3712D 03
STHw 3, 9863D 08 3TP= <3.0941D 0% SAR= 9$,7%920 0) SAP= -9,9860D 0)
86 ~2.30870-02 3Cw -9,36670-02 QPNG= ), 0610D0-02 7vO0= ),3044D-02 TYis =1,7338D=-06 1INRTAS

*7.18820-0)

6L

=3,71320-0)

~2.98600-07
o7

————w -
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residual bolt load after application of a pressure of 1080 psi is
W2 = 3.5933 x 106 1b. The value of the critical bolt load to precvent
gross leakage is

ucs}xssleososs.suxmﬁ b .

With an initial bolt stress of 44,300 psi, the residual bolt load is now
greater than 'c' 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 = 'c' Note that (Wl - ®K2) = 1.648 x 10%
in example 3(a) and that (N1 - W?) varies linearly with pressure. To
find the required value of W1 to make W2 = lc at an arbitrary pres-

sure p, we need only solve the equation:

¥l =} (1.648 x 108) . (A.3)

2 L
G, P * 735
For p = 1080, Eq. (A.3) gives W] = 6.056 x 10%, and the corresponding
initial bolt stress is W1/A = 6.056 x 106/136.92 = 44,228 psi, whica

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 SB] =
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 s:ress due to pressure loading only of
the blird flange (1able A.5c) 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
toading (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

R e re—

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 16° (Table A.5b). Stresses for combined loadings are related
to stresses for initial bolt loading only and pressure only by the

equation

O, =% "% * % * (A.4)

wherc o. = combined stress, O, = stress due to initial bolt load only,

K2 = bolt load at pressure, Wi

initial b»olt load, and ap = stress due
to pressure only.

The Code equation for combined stresses [i.e., S = (d/t)2(C.3p +
l.78lhc) 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 cqual 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 uhc and pressure p. NhG is either the
operating moment or thc gasket-scating moment, as obtaimed in Appendix II

of the Code. The method used in this report is the.- tically more

accuratc than that used in the Code, and the relatively good agreement
between stresses in Table A.5¢ 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 gaslei 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

o e poers PRSSEN
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Table A.2 under the heading "ASME FLANGE STRESSES AT OPERATING MOMENT,
MO»." In example 1, the value for MOP was determined to be 1.1719 x 107
in.-1b. To be consistent with the Code calculation in this example
[3{a)] . e chose IBSND = 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 1.5d for initial moment loading only are the same as those in

Table A.2 for opcrating 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 mcthod calculates radial and tangential
stresses on the hub side of the flange only. Usually these arc 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 absolutc

magnitude. The Code method does not give circumferential stresces in
the hub.

Stresses for pressure loading only, temperature loading only, &nd
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 = O is
not a permissible input value.

Combined stresses are not the sum of the stresses duc to the three
individual loads. Rather, th2 p.ogram recognizes that pressure and
temperature change the moment from Ml = 9.3433 x 10% in.-1b to M2 =
7.7814 x 105 in.-1b in this example* (Table A.Sb). The maximum stress

»*
It should be notzd that Ml 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 = 33,385 psi. Under initial moment only, the maximum stress is
SLLO = 23,41V wsi,

B!ind and Tapered-Hub Flange Stresses, Example 3(b)

Stresscs are shown in Table A.6¢c 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 p=<i for the tapered-hub
flange (Table A.6d]}. Comments on the significance of these high cal-
cuiated stresses are included later in the discussion of cxamples 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, Y0, 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)

Input Jata

The input data for Examples 4(a) and 4(b} are shown in Tabie A.7.
The initial bol: stress of 46,100 psi and corresponding W1 = 6.312 »
10° 1b were selected by a preliminary calculation so that ¥2 would equal
lc at the hydrostatic-test pressure of 1080 psi. The value of ¥l =
6.312 x 10° 1b leads to initial moment XMOA = W1(C-G)/2 = 2.1500 x
107 in.-1b. Exakple 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/D° = 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 106 1b. The crit-
ical bolt load, derived from Eq. (A.2), is W_ = ncg p/4 = 3.584 x
106 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.

| - e e e



Table A.7. Input data for tapered-hub-to-tapered-hub flanged joint, exlnplesa 4a and 4b
Card Read
No. Variables and numerical values format
1 ITYPE IBOND 1CODE MATE
1 0 0 2 415
2 A B t g0 3 h C P
73.9375 57.5314 5.9378 1.2343 2.7030 5.4362 69,4375 1080, 8E10.5
(300.)
3 XMOA EF DELTAb Y™ G
2.1500D+7? 6. D-6 .01 3. 0«7 62.628 S5E10.5§
4 BSIZE YB EB T8 XGo Gl AB
2.25 3. D+?7 6. D-6 0 65. 60,25 136,92 7E10.5
5 VO YG EG TG FACE PBE
.0625 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. De7 3. D+6 7E10.5
(2.25D+7) (2.25D+7) (2.25D+7) (2.25D+6)

%values in parentheses are for example 4b.
Since DELTA cannot be entered as zero, 0.01 was used as a satisfactorily small value,
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Table A.8a. Uutput data for example 4(a), identical pair of taperad-hub

flanges, with initial bolt stress of 46,100 psi

PLANGE PLANGE PLANGE PIFe HUD AT LLL CLY PARSSURE,
0.D0.,A I.D.o8  THICK.,T WALL,GO0 DBASE,G! LERGTR,H  CINCLE,C L4
73.937%0 87.%310 5.937%0 1.23830 2.70300  5.43620 C’.l!?&O 1080.000

RONENT CORPP. OF DELTA A0D. OF HEAW GASKIT ITYPR I00WD IC00R RATR
TREMNAL sXP. RLASTICITY DIANITED
2.150D 07 6.0000-06 1.050D-02 ).000D 07 6.263D 0V ] 0 0 2
310 " [ 1] 70 160 x61 AB
2.2%000 00 3,00000 07 6.00000-9¢ 0.0 6.%50000 01 6.02%500 Ot t.36920 02
vo 16 | ] 76 PACE "
6.2%000-02 3.0000D0 06 $.00000-06 0.0 0.0 0.0
(B ™ e mwe 2 RS 162
6.31200 06 0.0 0.0 3.0000p 07 3,00c00 07 3.00000 07 3.00000 04
PLANGE JOINT BOLT LOAD CHNANGE DUR TO APPLIED LOADS, IDENTICAL PAID
PLAWGE JOINT SINE ONR (PRINRD QUANTITIRS)
QPNG= 1, 1968D-09 (QPRGe B,.0822D0-06 QTNG® 9.%590D-0% X9 = S.7%31 OF Go= 1,2)4)p 00 TN
™ = 3.00000 0?7 P2 = 3,00000 07 R = 6.00000-06¢
PLANGE JOINT SIDE TWO (UWPAIARD QUANTITIRS)
QPNG=  1.1968D-09 QPAGs 0.08220-06 QTRA= 9.93900-0°¢ 19 s 5,793 01 Qos 1,234)D 00 T
™ = 3.,00000 0?7 P2 = 3,00000 07 8P = 6.00000-06
DOLT ING
BOLT LENGTW= 1.4188D 0V BOLT ARRA= 1.3-92D0 02 BOLT CIRCLE= 6.9030D 01
™ = 3,00000n 0?7 ™82 = 3.00400 07 BB = 6.000CD-06
GASK2Y

VO = 6.295000-02 X60 = 6.%000D OV XGI = 4.02%50D v}
6 = 3.,00000 06 162 = )3.00000 06 2@ = 6.,00008-06

B e Lo

5,930 00

$.937%0 00



Table A.8L (continucd)

LOAINGS
INITIAL BOLT LOAD= 6.3120D 06 BOLY TENP.= 0.0 PLANGE ONE TEMP.s 0.0 PLANGE THO TEMK.®
GASKRT TEAP.* 0.0 DELTA® 1.00000-02 DELTAPs 1,000C0-02 PRESSORE= 1,00000 0)

RESIDUAL POLT LOADS APTER TRERNAL-PRESSURE LCADS
AZIAL THERAAL,U2A= 6.3120D0 06 NWOMERWT SWIPY,%i8= 5,0740D 0¢
TOTAL PRRSSURR, ¥2Cs ’.5852C 06 DELTA TUBRNAL,¥2Ds 6.3V10D 04

CONBINED,¥2= 13.%0%0D 06

i-42a= 0.0 PI=W20%  1,23640D0 06 WV-¥2Cs 2.7268D 06 W1-w2Ds 1,6000D 02 W1-U2s 2.72700 06
W2azuY=  1,.0000D0 CO  WB/WI= D, 0RV3D-01 WMIC/¥Vs  5,.6799D-01 W2D/MIs  9.9997D-01 Wis¥le  5,6794D-01

INITIAL AND RRSIDUAL RONENTS APTER THRRNAL FRESSURR LOADS.

Nis  2.1500D 07 RM2Aa= 2.1500D 07 m2Dp= 2.3369D 07 M2Cw= 11,0290 07 w2D= 2.1%00D 07 W2s 1,02000 07
B20Ps  2.3369C 07 M2CP=  1.629VD 07 w2P=  3.0390D 07

L8
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The ocutput data for cxample 4(b) are shoun in Table A.9, wvhich is
wdentical in format to Tahle 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 exaaple 4(b) than in 4(3), but there is a modulus-of-elasticity
decrease which, by itself, makes W2 = W] x 2.25 x 107/(3 x 107) and
mskes the effect of the equivaivnt pressure correspond to the external
moment PBE. We can check to sec if the residual bolt loed is sufficieat
to preveat leakage by an extersion of the concept of the imivial bolt
load lc. which vas discussed in the previous section. Ve made the
coaservative assumption that the maxisum tensile stress due to the
cxternal bending moment (which exists only at ome point on the pipe
circumference) acts around the complete circumferemce of the pipe. The
value of lc, the critical boit load to prevent gross leakage, is thea
the sum of Eq. (A.2) and the axial load due to the bemding moment; thus

.2
¥ = -‘-Gg P ’APS" » (‘-S)

A = x(B + 8, 5 * cross-sectional area of attached pipe, and
S, = axial stress in attached pipe due to an external moment.

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

M=} x 652 x 300) o (v x 58.7657 x 1.2343 x 7500)

= 2.7045 x 106 1b .

Because W2 = 3.2718 x 108 1b is greater than ¥_ = 2.7045 x 10° 1b, :he
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 extermal
moment giving both an axial hending stress of 7500 psi in the attached
pipc of 1.2343-in. wall thickness and an internal pressure of 300 psi.
At 850°F, the carbon-s.ecl flanges and bolts would be expected to
undergo significant rclaxation due to creep in the flanges and bolts,
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Table A.9¢  (continued)

TAPRRRD RUD PLANGE
CALCULATICNS POR RONENT LOADTING

SLSOs 4,270 08  SLITs -4,22710 04 5C80°  ).42980 O 38CEIs 1,000 OO
SLLO= 8,.2951D 08 SLLTIe -4,2931D0 04 3CLO® 1.200% D4 SCLYe =1,2009 On
STHs  2.0895D Oe STPa <).)907D 08  SANe  1.%92D Os SRPe «1,21970 O
“Gs =1,91180-02 3ICeo -4.ad%00-02 QFNG® 2.97320-02 VO0e 2,26060-02 V0s 1,4%260-18 TNETA® -7,00080-0)
CALCULATIONS POR PRESSUND LOADING

SL30® S.904CD 0) SLSTe 1.07764D 0) $.30e 9,99900 0) 3ac3Ie &.%0010 0)

SLLO=  7.76070 02 SLLT= 2.81%00 03 SCLO® 2.3004D 02 3ClLIs 7,207 02

STHe  ),00000 O) STPe -0, 98010 02 38Ms -9.93090 02 saps 0, 1304D 02

2Gs =1,07900-0) 1ICe -0,2924D-0) QPRGe  2.8127D<0) VOs 8,09100-03 Vis &,47)4D-19 INETAe -7,3304D-00
CalCULATIONS POR TENPERATORE LOADING

Sbdus  1,22280 00 31810 -1,22200 00 3C30 ), 0609001 3C31s ~6,27220-00

SLLO= =1,39779-CY SLLI® 1,)9770-01 SCLO® -1,30190 00 3sCLlie -1.7381D 00

STHe  4.10807D 00 TP <-4,01000D-00 SRNs -2,7207-01 Saps  1,%0720-00

26 =7, 8474007 3Ce -1,70070-08 OPNGe  9.55900-07 VOs -2,89690-07 Vie -4, 7299004 TUBTAe -J,9800D-07
CALCULATIONS POR COABINED LOADING,82 OF WIP PCR ITVYPRe) OR 2, W2 POR ITYPRe), ~» 1.200)0 o

SLSO= 3, 10470 08  SLETs -=2.8196D 08 8CS0e 2.7681D O SsC31s 1,10%0D Oa
SLLO= 2,60110 08 SLLIs =2.322%p 08 8CLO® 7.92220 0) 3SCLI= <4.96000 Q)
STW® 1, 6129 08  STPe =2,0690D 08  SARe 0,2010D 0) 32Pe -2, 14700 O)
260 -1,32920-02 ZCe =), 10880-02 QPRE® 1,77720-02 VWO« 1,75040<02 V¥is =1,729%0-06 INETA" -1."700'0)
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particularly with the high bolt stresses and flange stresses imvojved in
cxample i(b). For long-term scrvice (many vears) at 350°F, onc might
cxpect the tlanges and’/or bolts to crevp so ihat a residual bolt stress
of around 20,000 psi would vxist, at which tise K2 = 200¢ . 136.9] =
2.7383 » 10" 1b. Because this is larger thar K= 27045 - 10 1b
obtained from Eq. (A.5), indivatiors are that the flanged ioint could
<till carry the external moment and pressure, albeit with almost no
margin of safecty.

It should bc noted that, if bclts relax in high-temperature service,
then the bolt load docs not return to its initial valuc upon returning
to initial conditions. The permanent luss in bolt load would be W2 -
ShrAb' where Shr = relaxed bolt stress, assumed herce to be 20,000 psi.
The permanent loss in nolt load, in this cxample, is 3.2718 - 10* -
20,000 . 136.92 = 535,300 lb. The load is theorctically not sufficient
to pass a hydrotest of 1080 psi, but it is cxtremely unlikely such a

hydrotest mould be required for a system operating at 300 psi apd 850°F.

Flungc Stresses

Tables A 8¢ and A Y¢ shoa the flange stresses for cxamples doa) and
1(b), rcspectively. The maximum calculated stress occurs in exaaple
3(a) where SLSO = 57,235 psi for combined loadings. Notc that this is
nct the sum of the stresses due to initial moment loadiag only plus
pressurce loading only (first two groups of stresses), but rather it is
MIP = 1.829 -

the stress Jdue to the moment as changed by pressurc, M2
107 in.-1b, plu: the stress due to pressure only.

The questios arises as to whether the flanges in the (langed joint
are strong cnougn to pass the hyvdrostatic test. To pursue this question,
it is appropriat: to tabulatc the tangential unrd 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



t should be noted that the stresses are, In large part, bending stresses.
Before large plastic deformations occur. thes: stresses must reach about
1.55 , where S, is the vield stremgth of the fiange material. Further,
high-stresses in the hub will not lead to iarge plastic detormations if
there is reserve strength in the flange ring asx indicated by relatively
Iow tangential and radial stresses. If the capability for calculating
these stresscs has been attained, the next logical step is to conduct an
extensive study to develop ruitable design criteria for stress limits in
flanged joints. Until such a study 1s conducted, however, the following

limits are sugeested as appropriate tfor stresses under hydrostatic test

conditions:
Stress Limit
Longitudinal hub stre-ses <155
Radial stress or tangential stress fsv
Averages of radial or tangential va
stress and longitudinal hub -

stress

The above criterion makes the average of SLSO and STH vrder pressurized
conditions [i.e., 1/2(5.7253 > 10% + 3.1436 « 10 = 13,343 psi] the
controllirg stress and infers that the flanged jcint is ceptable,

provided the flange-naterial yield strength is not les. than 44,313 psi.

Displacements

In tightening the belts to 46,100 psi, the question arises as to
whether the flanges will rotate so that contact occurs on the outer
cdge. 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

L 4
The deformation of the ring is not cxactly linear across the ring,
but in this example it is suffic.ently close to linear.
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Mwltiplving {HETA By {A-G;)2, the radial distance betneen the ring odge

amd ga et centeriine. Ip exaaple da;. A = 7L 9575, 0 - el 025, and
iHETA = -9 it - 107 uader combined lowding; the z21nus sign means that
the rotation 13 such that clearance i1 reduced at the outer eodge.  The
displacement of A with Fespect to C 15 9. tdoo - 1077 - (73,9575 -
02,6251/ = 0,a312 in.  Because AFI-605 flanges have 1/lo-1n. raised
faces, the ouler edges vl the tlanges will not contact each other. The
clearance »ill then be (. 0025 - 00512 - 2 = ¢.vde in. plus the

tf ichness of the gashet.
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COMPUTER TIME

The six examples discussed in this appendix were run on Battelle’s
C(DC 6400 computer and also on ORNL's IBM 3560/91. The IBM FORTRAN source
deck (comverted 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 stamlard read
and write units. The program requires 270k bvtes for compilation and
has a uapilation time of 19.3 sec. The total execution time for the

six examples was 1.15 sec.

-
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APPENDIN B

FLOWCHARTS AND LISTING OF COMPUTLR PROGRM FLANGE
AND ATTENDANT SUBROLTINES
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AFTENDIN B

CNTENTS

i. Flowcharts of Progras FLANGE and Attemdant Subroustines

~

2. Listing of Program FLANGE and Attendant Subroutines .
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