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1. INTRODUCTION 

Purpose and Scope 

The :.J".'i. -̂ ~l*.r i**i -7\.£irui\, .-c^v7 >jdn'1 gives rules tor designing 
bolted flange connections Kith ring-type gaskets based on a stress 
analysis developed by Haters et al.* These rules give formulas and 
graphs for calculating stresses due to a moment applied to the flange 
ring. The Code rules, however, do not require that stresses due to 
internal pressure be taken into account, although Ref. 2 briefly dis
cusses such stresses. 

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

The nomenclature used in this report is identified in the remainder 
of this chapter. In Chapter 2 a description of the general model of 
flanges used in the theoretical development of the computer code is 
provided. The actual mathematical expressions for calculating stresses 
and displacements due to moment and pressure loads are derived in 
Chapters 5, 4, and S for tapered-hub, straight huh, and blind tlnnrcs, 
respectively. In Chapters 6 and 7, these expressions are extended to 
include the effects of thermal gradients and variations in bolt loads. 
The computer program l-LANC.L is described in the last chapter of this 
report. I.xamplc calculations, listings, and flowcharts of the program 
and its subroutines arc included as appendices. 
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Nomenclature 

a = outside radius of ring 
A * 2a = outside diameter of ring 

\ » cross-s.ctional bolt area 
A = gasket area 

& 
b s inside radius of ring and oean radius of pipe 
B = 2b » inside diameter of ring 
b = BesscI function of n 
n 
c =• bo l t -c irc le radius 
C = 2c = bo l t -c irc le diameter 

C. = constant of integration C! = C./b i i 
D = Et3/12(l - v 2) 

D.. = constants of integration (blind-flange analysis) 
E • E f * modulus of elasticity of flange material 
E - modulus of elasticity of bolt material 
E - modulus of elasticity of gasket material 
f = ASME Code design parameter 
!•" = ASME Code design parameter 
go = wall thickness of pipe 
gi = wall thickness of hub at intersection with ring 
g = gasket centerlinc radius 
(; = 2g = gasket ccntcrlinc diameter 
h = length of tapcrcd-wall hub 
K * a/b = A/B 
?o = bolt length 
M = total moment applied to ring, in.-lb 
M. or M.. = moment resultants, in.-lb/in. 
» O 
,> = internal pressure 

P. = shear resultants, Ib/in. 

P* = 1 — i: ^ - nondimensionaJ pressure parameter 

r = radial coordinate, ring 
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ring thickness 
hub thickness 
raJial displacement, hub 
radial displacement, pipe 
radial displacement, ring 
ASME Code design parameter 
undcformed gasket thickness 
axial displacement, ring 
initial bolt load, lb 
residual bolt load, lb 
axial coordinate, hub 
axial coordinate, pipe 
(Si * So)/So * P - 1 = nondimensional wall-thickness parameter 
[3(1 - v 2)/b 2;;|) 1' H - dimensional parameter used in the analysis 
[12(1 - v2)/b2g^]1/l,(h) = dimensional parameter used in the analysis 
temperature difference between hub/pipe and ring 
axial displacement of ring 
coefficient of thermal expansion, flange material 
coefficient of thermal expansion, bolt material 
coefficient of thermal expansion, gasket material 
2y(ty/a)l'~ = nondimensiunal argument of the modified Besscl functions 
Poisson's ratio (0.3 used herein) 
x/h - nondimensional distance parameter 
gj/gg = nondimensional wall-thickness parameter 
stress, with subscripts: 
f. = longitudinal (pipe or hub) 
c = circumferential (pipe or hub) 
t = tangential (ring) 
r 3 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 
C • (I/a) s nondimcnsional parameter 



4 

2. GENERAL DESCRIPTION OF THE ANALYSIS 

The aodel used for the analysis of tapered-hub flanges is shown in 
Fig. 1. The three parts involved are the pipe, hub, and ring, respec
tively. The analysis presented here is based on the theory of thin 
plates and shells. The pipe is considered to be a uniform-Mall-thickness 
cylindrical shell with ai~surface radius b. The hub is considered to be 
a linearly variable-wall-thickness cylindrical shell with aidsurface 
radius i. 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 M in Fig. 1. In application, the 

moment N 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 ASNE Code calculation Method.1 

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

3. A teaperature difference between the pipe and the ring. The 
pipe and the hub are assuaed to be at the saae unifora teaperature. The 
ring is also assuaed to be at a unifora teaperature, which aay be 
different froa that of the pipe or hub. 

Upon integration of the shell and plate differential equations, 
algebraic equations in tens of diaensions, aaterials propertie: and 
loadings, and 12 integration constants are obtained, 4 for each part. 
These constants are evaluated by the usual discontinuity analysis aethod 
of writing continuity equations at the junctures of the parts and at the 
boundaries. After numerical values are determined for the constants, 
the algebraic equations provide the aeans for computing the stresses and 
deflections. In the development of the equations for stresses, the 
assumption is made that the bolt load W does not change with pressure or 
teaperature. Later the analysis is modified to include changes in W as 
a function of these loadings. Because the relations are linear, it is 
possible to determine the stresses (or stress range) due to combinations 
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Fig. 1. Analysis model of a tapered-hub flange. 
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of initial bolt loading, pressure, and teaperature change. The aodel 
used for straight-hub flanges is a simplification of the tapered-hub 
case in that only two parts are involved, the pipe and the ring. 

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

7*>e first step in deriving the stress equi ions is to state the 
basic shell/plate equations for the ring, the hub, and the pipe. Me 
then inspect the boundar} conditions, coapute the constants, and calcu
late the stresses and displacements. 

Equations for the Annular Ring 

The basic differential equation for the displacement K of a circular 
plate given by Tiaoshenko3 is 

LA \TA rLA (r^\ =a en 
r d r I dr . r dr V r dr / . j D * u ' 

where the coordinate r and displacement K are illustrated in Fig. 1 and 
q * a uniforaly distributed lateral load on the plate, D = Et3/12(l -
v 2) - 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 displacement 
in terns of arbitrary constants: 

w * C 7r 2 tn r • C 8 r 2 • G> tn r • Ci 0 • p g , (2) 

where numerical values for the constants C 7 Cjo are established 
froa boundar}' conditions. Derivatives of w, required in the subsequent 
analysis, arc: 

dw C 9 r 3q 
jp = C 7(2r U r • r) • 2C 8r • — • j ^ , (3) 

d 2w C 9 3r2q 
= C7{2 tn r • i) • 2C 8 - — • , (4) 

ir2 r 2 160 
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d\ / 2 \ 2C-, 3Tq 
• C 7 ( - ) • • . (S) 

dr 3 \ r / r 3 80 

In the subsequent analysis the distributed load q is taken as zero. 
The radial and tangential •anew are given3 by the equations: 

M « - 0 [ — • - — (6) 
r \ dr 2 r dr / 

. . -.(!*•„&}. (7) 
c \ r d r dr* ' 

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

M r - -D | C7i?(l • v) in r • (3 • v)] • C8[2(i • v)] 

and 

M t « -D I C7[2(l • v) In r • (1 • 3v)J • Cs(2(l • v)J 

Equations for the Tapered Hub 

The basic differential equation for the radial displacement u of a 
cylindrical shell with a linearly variable wall thickness t is given by 
Tiaoshenko3 as 
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d 2 d 2u \ 12(1 - v2)t u 12(1 - v2)ll - (v/2))p 
v t3 • * « o . 

dx 2 V * ox 2 / b2 E 

(10) 

The solution of Eq. (10) can be shorn* to be: 

u = — 7 - (Cibi • C 2b 2 • C 3b 3 • d.b„) • b f * . (11) 
* 1' 2 I • aC 

where P* « [I - (v/2)]bp/f,>E. Derivatives of u, required in the subse
quent analysis, ire 

u . , *i « b — ( C , b 5 • C 2b 8 • C 3 b 7 • C,,bg) ^ £ ! , (12) 
dx 2*3'2h h(l • aC) 2 

,, d 2u b (Cib9 • Cjbjo • Cjbii • d,bi2, 
dx 2 4* s / 2h 2 

h2(I • »C) 3 

• _ 2 b 2
2 ? l _ w ( 1 3 ) 

and 

... d 3u b (C,b,, • C2bi„ • C 3b, 5 • C„b I 6) 
dx 3 8* 7 / 2h s 

6ro2P« 
h3(l • a O " 

(14) 

The b 's used in Eq«. (11) through (14) are modified Bcssel functions 
of argument n * 2>(*/.i)1/2 defined in Table 1, which gives equations for 
n * 1 through 20; i>, a, and C are defined in the nomenclature. 

A solution to ait equation that is essentially the same as Eq. (10) 
is given by Timoshcnko,1 who credits the original solut:on to G. Kirchoff 
in 1879. 
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Table 1. Modified Bessel functions of argument n u 

b\ * *er' n 

b2 * bei* n 

b 3 = ker' n 

bi» « kei' n 

bs * -n bei n - 2 ber* n 

b( * n ber n - 2 bei* n 

b7 * -n kei n - 2 ker* n 

bg = n ker n - 2 kei' n 

b^ * 4n bei n • S ber' n - n 2 bei' n 

big = "*n ber n • 8 bei' n • n 2 ber* n 

b n * 4n kei n • 8 ker' n - n 2 kei' n 

b 1 2 * -4n ker n • 8 kei' n • n 2 ker' n 

b n * -f>3 ber n - 24n bei n - 48 ber* n • 8n 2 bei* n 

bn, * -n 3 bci n • 24n ber n - 48 bei' n - 8n 2 ber' n 

bis * -n 3 ker n - 24n kei n - 48 ker' n • 8n 2 kei' n 

bie * -n 3 kei n • 2*n ker n - 48 kei' n - 8n 2 ker' n 

bi7 » -n ber n • 2 bei' o 

bi 6 « -n bei n - 2 ber' n 

bi9 » -n ker n • 2 kei' o 

b2o * -n kei n - 2 ker' n 

^ e argument n * 2y(*/a) 1/ 2, where y « {12(1 - v 2)/b 2g 0
2J I /' ,(h)» 

* • C • (l/o), £ • x/h, and a • (jj - go)/go-
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liquations for the Pipe 

The basic differential equation for the radial displacement uj of a 
cylindrical shell with uniform Mall thickness is: 

dfcu, 12(1 - v 2)g 0 12(» - «?)I1 - («/2)]p 
*o — * ; — U l * ° • ( I S } 

dx\ b 2 E 

The solution of Eq. (15) is: 

-ax, 
uj * e (Cj| sin 9xi • CJJ cos 6*i) 

ex., 
• e (C5 sin Sxi • C 6 cos Sx,) • bP* . (16) 

For large negative values of xi, u\ * bP*. Hence, C n » Cj 2 * 0. 
Derivatives of u } needed in the subsequent analysis are 

dU] 6x, 
uj = g^- = 6e [C5 (sin e%x * cos Bx t) 

• C 6 (cos 8X! - sin 8xj)J , (17) 

d2ui gx, 
u." = = 2»2e ' IC5 cos 6xj - Cc sin 3x,J , (18) 

dx 2 

and 

d JU] 8x 
u 1 1 1 = -283c IC5 (sin Sxj - cos txj) 

1 
• Cfc (sin pxi • cos 8x1)1 . (19) 

Bound try Conditions 

The equations listed ahovc involve ten unknown constants: Cj, 
C2, . . . , (*io- These can he determined from the ten boundary-condition 
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equations shown in Table 2 (Eq. (20)]. The ASME Code stress-calculation 
aethod1 is based on the assunption that the radial displacement at the 
hub-to-ring juncture is zero. A nore realistic assunption (particularly 
for internal pressure loading) is that the displacement of the hub 
equals the displacement of the surface of the rim; where it joins the 
hub. Boundary-condition equations for both of these alternatives are 
provided in Table 2. [See Eqs. (20-S).] In Eq. (20-Sb) a positive 
dw/dr gives a negative radial displacement at the surface of the ring 
adjacent to the hub. Also in Eq. (20-5b), u is the radial expansion of 
the ring due to internal pressure as given by Lame's equation: 

b T(l • v)k 2 • (1 - v)1 P, \ 
u , _ | ; P - - ) , (21) 

E L k 2-l J \ t/ 
where k * a/b. In this expression, it is assumed that in addition to 
internal pressure p, the shear resultant Px is uniformly distributed 
around the inner edge of the ring. 

Boundary Equations 

Wh.;n the equations in Table 2 are satisfied simultaneously, they 
establish the values of the ten constants {C\, C 2, ..., Cj 0) in terms of 
the dimensions, Poisson's ratio, and the loads (total bolt load V and 
internal pressure p). After algebraic manipulation, the equations are 
reduced to the forms shown in Table 3. This table provides the elements 
for the matrix equation [A]|C| • JB| = 0, fhere the terms in the coeffi
cient matrix [A] are given under the headings of the corresponding 
constants in the column matrix |C|. The loading parameters constitute 
the column matrix |B|. 

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

1. It is convenient to define two new constants, C£ * C 5/b and 
q - c6/b. 

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



Table J. l-quationn for the boundary condition* for a taprred-huh flange 

Huh-to-ring juncture 

I tpiat ion 

Huv-to-ptpc juncture 

aquation 
l>i»placeaent» t u ' » . o ' < V » . 0 

l q . No. 

CO-1) < U , * . h ' " 

| i | , So . 

Minn 

I'.tpiNl l u l l 

<»>Mh ' ("r • !>->).„ '•"•* h ) 

(. '(Ma) ( w ) r , | ( • 0 

O'UUtHUtt' I ) 

M. s... 
( M - a i 

Rotat ioa» < M , , * . O - »-;»»,.« <:<>-;> < w ,w(£) . ( " , 0 "»» r»h 

( u " J • (u 'M 
1 ' » » 0 ' I ' « | » 0 

(Footnote ,') 

(.•<!• 7) M . 0 (.'M-tfJ 

Shear* ( T U U - •«;,,>»1.o ( ; ° - 4 j 

"Radial for hub-to-pia* and huh-to-rinu juncture* and axial for the ring, 
Setting ( " ) T , k eo,uaJ to zero provide* a reference point for a l l other aaial dt*plavHient», 

'Radial for r ing. 
/, 

dM H . * K 

Ttte a**ua?tie* i» that the *hear I*. of the huh on the rina produce* an additional amaenl on the ring. 
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IS 

5. The ASME Code strcss-calculatior. method uses a noaeiit M. applied 
to the flange ring, rather than a bolt Io.-«d K, where the cor
relation between M and K is M * N(a - b). In the present 
analysis, however, bq. (20-10) from Table 2 is used with the 
loading parameter M, rather than K. 

Stresses 

After having solved the set of equations in Table 5 for the con
stants Cj , — , C I 0 , the s tresses can be obtained anywhere in the 
structure. The equations for these s t re s se s , used in other reports"» 5 

in this s er i e s , are Riven in Table 4 |Eqs. (22)-(4S)] for the sane 
locations as those given by the A9C Code stress-calculat ion nethod; 
these are (1) at the hub-to-pipe juncture, (2) in the hub at the hub-to-
ring juncture, and (3) at the inside edge of the ring (r = b) . 

Displacements 

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

« * C7g* in g • C 8g 2 • C 9 tn | • C, c (46) 

at the gasket centerl int radius, g * G/2; and 

* c * C 7 c 2 Mi c • C 8 c 2 • Cj tn c • C | 0 (47) 

at the bo l t - c i rc l e radius, c « C/2. 



*l 
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4. FLANCt WITH A STRAIGHT HUB 

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

After algebraic Manipulation, the equations displayed in Table 5 
are reduced to the Matrix-equation font [A]|c| • |B[ * 0, where the 
tens in the coefficient Matrix [AJ are given in Table 6 under the 
headings of the corresponding constants in the colum Matrix |C|. 
Solving this set of equations for the six constants (C* C* C ? > C g, C-, 
and C 1 0 ) allows calculation of the stresses in the structure. The 
equations for the stresses in the pipe at the pipe-to-ring juncture and 
in the ring at the inner edge (r * b) are analogous to those previously 
derived for the flange with a tapered hub (see Table 4). 

One can calculate the displaceMents w and w for a straight-hub 
flange fro* Eqs. (46) and (47), respectively, using the constants 
C 7 > — , Cio, identified in Table 6. 



Table 5. liquations for the boundary conditions for a straight-hub flange 
Hub-to-ring juncture Ring 
Equation Eq. No. Equation Eq. No. 

Displacements (uOx , 0 " ° (48-la) a' f c { w )r-b " ° (48-4)° 

C-iVo-K-l&U ^ Q t 

Rotations ( U j ) * | - 0 ' ^ ) r . b
 ( 4 8 ' 2 ) 

Moments M y l • -»hQ • j P 0t (48-3) M r 2 • 0 (48-5)^ 

Shear along dMr M t - M r W 
radius r Q • - -gp • • jTf (48-6) 

aRadial displacements. 
For 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). 



Table 6. Matrix coefficients of the discontinuity equation* for u flange with u straight hub 
Coefficients of C n 

f j v 
l.04«l i ng 

parameters l q . No. C i Cv <:* C, f j v 
l.04«l i ng 

parameters 

(48- la) 0 1.0 0 0 () 0 lit" 1 • be j..'. • I 

(48-15)* " m - U)3 1 * U,u • U.) 0 0 l) 0 0 

(48-2) 6 fe -(2b tn b • h) -2b 0 0 

(48-3) 28 2 * 2B J t /2 -26^t/2 - ( 2 .6 :n b • J.J) * ( t / g 0 ) J • 2 6 ( t / g 0 ) > io. ? /b ; )u/* ( , )> 1) I I 

(48-4) 0 0 b- in b b ? *li l> I . I ) 0 

(48-S) 0 0 2.6 tn s * 3.3 2.6 • 0 . 7 / i r I) 0 

(43-6) 0 0 1.0 0 0 1) JihL •—£!*. 
2- It >(a - bj 

aThese equations are in the font |aJ|C| * |B| • 0, w!.ere |A) is the coefficient matrix, \i'.\ i* the column matrix of unknown 
constants. |B| is the column matrix of loading parameters. 

h r (i • v)K ? • (i - v) "J 2Uji:gcB} 

°U 3 » (b/E) . where K • a/b; U, } « j U,., • t«/2. 
L K' - 1 J 12(1 • .-')< 
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5. BLIND FLANGES 

Analysis Method 

Blind flan«es (or flat heads) are modeled as shown in '-ig. 2. The 
general equations for a circular flat plate are:3 

w « D ^ tn r • Dz*2 • D 3 in r • D,, • rt,p/64D , (49) 

jjp • Di(2r tn r • r) • D2(2r) • D 3/r • r3p/16D , (50) 

— * D!(2 tn r • 3) • D 2(2) - D 3/r 2 * 5r2p/l60 , (51) 
dr2 

and 

— = D!(2/r) • D 3(2/r 3) • 3rp/W . (52) 
dr 3 

The radial and tangential aoaents N and M (see Fig. 2) are given 
by 

r Vdr 2 r dr/ 

and 

um*(l*L..,£*L) ; (54) 
1 \ r dr dr 2 / 

and the shear is given by 

dM M - M 
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ft* 

I 
<c > • * -

9r I 
TTTTTTTTf TTTTT — 

n-

r-0 TO 9 

PART II PART 
DI 

r*g1Qc r*c TO a 

CONSTANTS: 

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

The caaents and shears, in terns of the integration constants D t through 
Di,, are: 

M « -DID,[2(1 • v) in r • (3 • v)l • D2|2(l • v)J - D3((l - v)/r2J> 

- r2p/l6(3 • v) , (56) 
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\ * -D(Dil2(l • v) in r • (1 • 5v)l • D 2 | 2 ( l • v)1 • D 3 | ( l - v ) / r 2 ) } -

- r 2 p/16( l • 5v) , (57) 

and 

4D, > rp 

^ s D ' v — *-• (58) 

For analys i s , the plate i s divided into three parts as shown in 
Fig. 2. There are four integration constants for each segaent. The 
boundary-condition equations used to evaluate these constants are shown 
in Table 7. These boundary conditions show that 3 of the 12 constants 
are zero. The set of siaultaneous equations to be solved to establish 
the regaining 9 constants i s shown in Table 8. Again, th is table presents 
the elements of the aatrix equation [A] JC| • |B| = 0 . 

Table ~. Boundary condition equations u.ed for Mind-flange analysis 

Equation 
No. Boundary condition 

1 2*rQ * -r-p for a l l of Part I. This gives D: ] = 0. 

Z (d*/dr>| = 0 at r = 0. This gives 0]} = 0. 

3 («>! * 0 at r - g 

4 (dw/dr), * (dM/dr),, at r = g 

5 (Q), , * 0»/2*r) - (*g'p/2«g) at r * g. This gives 

0;i * *78TD - g V « ' -

(For pressure loading, W = *g ? p; hence [>?i = 0.) 

«» l « ) n * 0 at r « g 

7 (Vl " "Vll a t r * * 
S (oVdr) , * ( d « / d r ) n at r * g 

9 (Q)jU * 0. This gives P u * 0. 

io « V u " " V I I I " r " c 

11 C.)in ! n « t » a 
r i l l 

12 • * ) , , « (»*>,n at r « c 



Table 8. Boundary equation*" for a blind flange 
Coeffit :ients of D j , :ients of D j , 

Loading 
parameter No.* U l 2 D,„ »2. »n l > ? 3 U 2 t , l>32 l>3 3 D J M 

Loading 
parameter 

3 I 2 1.0 0 0 0 0 0 0 0 g V & 4 H 

4 -28 0 2g tn g • ,', 2g 1/8 0 0 0 0 -g V i 6 H 

S 0 0 1.0 0 0 0 0 0 0 -W/8nD 

6 0 0 g 2 m g B 2 tn g 1.3 0 0 0 0 

7 -2 .6 0 2.6 tn g • 3, 3 2.6 - 0 . 7 / g 2 (I 0 0 0 • S . S o / p / I M 

8 0 0 2c in c • c 2c 1/c 0 •2c -1/c 0 0 

10 0 0 2.6 In e • J. 3 2,6 - 0 . 7 / c ? 0 - 2 . 6 0 . 7 / c ? 1) 0 

11 0 0 0 0 0 0 : . h - 0 . 7 / a ' 0 0 

12 0 0 c* tn c c ? tn c 1.0 - « ? - in c -1 .0 0 

^hese equations are in the form |A]|(.'| • |B| • 0, where |A) in the coefficient matrix, |i:| is the 
column matrix of unknown constants, and |B| is the column matrix of loading parameter*. 

Boundary condition number from Table 4. 

w 
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Stresses 

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

° t s ± 6 M

t

/ t 2 * ± E t V i 2 ( 1 " v 2 ) , D ( 5 9 a ) 

and 

o r « • « l T / t 2 * •EtM T/(2ll - V 2 ) J D . (59b) 

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

M t * M r * - D { D 1 2 | 2 ( I • v)]} . (60) 

At the gasket (r = g ) , 

Mr = -P{D 1 2 (2(1 • v)J • g 2 p(3 • v)/16D> , (61) 

and 

Mt * -D{D, 2 |2(1 • v) j • g 2 p( l • 3v)/160> . (62) 

At the bolt c i rc le (r * c ) , 

Mr « -D{D 3 2[2(1 • v)J - D 3 3 ( l - v ) / c 2 } , (63) 

and 

Mt - -D{D 3 2(2(1 • v)I • D 3 3 ( l - v ) / c 2 } . (64) 

In all of the above, a positive Moment produces a tensile stress on 
the back of the flange (positive w side of Fig. 2). 
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Displacements 

In the third and sixth boundary conditions listed in Table 7, the 
axial displacement at the gasket has been arbitrarily set equal to zero. 
The relative displacement of the bolt circle to the gasket is therefore 

w = lh2 c 2 • 1*T> in c • D-^ . (65) 
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6. THEftMAL GRADIENTS 

Two kinds of theraal gradients are included in the analysis: (1) a 
constant teaperature in the pipe and hub that aay be different froa the 
assumed constant teaperature in the ring and (2) a constant teaperature 
in the bolts that aay be different froa the assumed constant teaperature 
in the ring. 

The significance of the bolt-to-ring theraal gradients is dependent 
upon the diaensional and aaterial characteristics of the flanged joint 
and is covered later in Chapter 7. 

The pipe/hub-to-ring teaperature gradient is included in the 
analysis by an appropriate change in the "loading parameters" shown in 
Table 3. We define & as the difference in teaperature 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: 

t = — J (C^J • Cjbj • C 3b^ • Cub') • b C fA , (66) 

where b is the pipe radius; b! terms are the Bessel functions defined in 
Table 1 evaluated at x * h, n * 2-yp as indicated in footnote c of 
Table 3; and t f is the coefficient of thermal expansion of the flange 
material. 

The effects of such a theraal gradient are taken into account by 
adding (V *i/b) (be-A) to the existing terns in the loading-parameter 
column in Table 3 [Eqs. (20-5a) and (20-Sb)]. The analogous term is 
already included in Table 6. 
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7. CHANGE IK BOLT LOAD KITH PRESSURE, TEMPERATtftE, 
AM) EXTERNAL MOMENTS 

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

The object of the analysis is to deteraiac the residual bolt load 
1*2 in tens of (1) the loadings N I t p. A, and &'; (2) the coaponent 
temperatures T., T . T f, and T'; (3) the flanged-joint dimensions; and 
(4J the aaterial properties. 

The basic analysis is given by Nesstroa and Bergh,6 and we follow 
their noaenclaturc, 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.7 The extension of the analysis to cover thermal 
gradients is relatively simple and is covered below. 

The nomenclature used in this development is: 

A = cross-sectional area of bolts ot gasket 
B = inside diameter of ring 
C - bolt-circle diameter 
E = modulus of elasticity 
g 0 = wall thickness of pipe 
G = gasket centerline diameter 
I = bolt length 
p - internal pressure 

p* = equivalent pressure for external moment loading 
q = elastic deformation coefficients 
t = ring thickness 
T * final-state temperature ( init ial-state temperature is defined as 

reroj 
v = gasket thickness 
N = bolt load 
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5 » relative axial displacement between the gasket centerline and 
the bolt circle 

e = coefficient of thermal expansion 
A = temperature between hub/pipe and ring 

The subscripts 0, 1, and 2 refer to the undeformed, initial deformed, 
and final deforaed states, respectively; subscripts b. g, and f refer to 
the bolts, gasket, and flange, respectively. Quantities with a prine (*) 
are for one of the flanges in a pair (e.g., Tl refers to the temperature 
of the right-hand flange in Fig. 3); quantities without a prime are for 
the other flange. 

Analysis 

Figure 5 shows a schematic illustration of the general case of two 
dissimilar flanges and their mode of deformation. Mien the bolts arc 
initially tightened to make up the joint, the resulting initial deformed 
bolt length is 

ij « v, • t2 • t| - 6, - 6\ . (67) 

omn.-one n-«2»7 

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

i_, « v 2 • t? • tj - 6 2 - «2 - (*>*) 

The basic Jisplzceaent relationship is thus 

i2 . J, » |v, - ¥,, • (t, - ti) • (t? - t[) 

- (d: - a,) - (62 " *l) • («»9) 

Ke also use the following relationships: 

^ 0 b »» o b:1 2 (a) 

v • v • T c v - q (K - IL - IL I , (b) 
o t % o i- - »>? » ? 

t . » t • T-*. rt , (c) 
o L f o 

<•*** Tr<f*; • < d > 

* 2 " q f . M h c * V * r . * q t & h g ' 

6' * q l N > , . • q ' p h . • q j i ' h _ , 2 Mf.- r l. 'p' i. 't G 

(c) 

(f) 

S • 'o * %, B i • <«> ( 7 0 ) 

v , * vo • V * ' ( h ) 

< ; • < ; • ( j ) 

4i-Wr. ' ( k ) 

6J - q ' l M i h , . ( . ) 
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The elastic deformation coefficients q. , q , q. , and q in 
bl n g i T>2 g2 

Eqs. (70a-£) are further defined as 

t t l Vb, ' 

V 0 
*gl A E 
* & gl 

* 2 V b 2 ' 

v 0 
*g2 A E 
* g g2 

(71a) 

(71b) 

(71c) 

(71d) 

In Eqs. (70a-l), the term q f is a rotation of the flange due to a 
unit moment load, a is a rotation of the flange due to a unit internal 
pressure, and q is a rotation of the flange due to a unit temperature 
gradient between the hub and the ring. The quantities q f , a , and q 
are obtained from the functional expression 

-* U ) • w (L) 
q t L ) s _ £ 1 , (72) 

G 

where h_ = (C - G)/2, C is the bolt-circle diameter, and G is the gasket-
center line diameter. Values for the displacements w (L) and w (L) are 
obtained from Eqs. (16) and (47) with the appropriate unit values for 
the loan.- A, P, and A. 

For q f ) the modulus of elasticity used is that for the initial 
condition. For a end q , the moduli used are those for the final 
condition. The term q_ is obtained from q_, and the ratio of the 

12 fl 

initial and final elastii modul :; thus: 

qf2 = qf 1 Ej ' 
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The aoaents and loads are defined by Eqs. (73a-n). The nomenclature 
used in these equations is analogous to that used in the ASME Code.1 

The symbol II represents a load, h represents a lever arm, and M repre
sents a aoBent. The t e n It. is th*t hydrostatic end force (in pounds) Oi; 
the area inside the flange, H is the gasket load in pounds, IL is the 
difference between the total hydrostatic end force and the hydrostatic 
end force on the area inside the flange, h_ is the radial distance in 
inches from the bolt circle to the circle on which K^ acts (as pre
scribed in Table UA-50 of the Code), h,, is the radial distance in inches 

u 
from the gasket-load reaction to the bolt c i r c l e , and tu. is the radial 
distance in inches from the bolt c i r c l e t o the c i r c l e on which H_ acts 
(as prescribed in Table UA-50). Symbols, C, B, G, g , and p are defined 
ear l i er in th i s chapter. Again, a subscript 1 refers to the in i t i a l 
deformed s ta te , a subscript 2 refers t o the f inal deformed s ta te , and 
primed quantities refer to the mating flange. 

hp = (C - B - g Q ) / 2 , (a) 

! > £ » « : - » • - gJ)/2 , (b) 

h T - [C - (G • B)/2]/2 , (c) 

hj = [C - (G • B')/2J/2 , (d) 

h c = (C - G)/2 , (e) 

"02 
it 

4 B 2P . 

%2 = 4 ( B ' ) 2 p , 

Hj2 4 (G 2 - B ? )p , 

(f) 

(g) (73) 

(h) 

Hj.? * J [G2 - (B')2Jp , (i) 

"G2 " "* - %2 - "12 ' <» 

>C,2 - " ? " "l>2 " HT2 ' W 

* / a w . il^rjfjrtiVilPtowr.:*!*****.' 
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Ml * V G * HClhC ' ( l ) 

M2 * "02^) * *T2*T * ̂ C ' ("> 

and 

"5 * %& • «f 24 * »V;2hC • ( n ) 

Substituting Eqs. (70a-t) into Eq. (69) gives 

Vb'o * %2"2 " %l"l ' TgV0 " V * * "D2 - V 

* V i • Vr'o * w ; -1^ 2 "2 * v * qtA • qf>Mi} 

" hG(<»f2M2 * V * q^' ' ' W ' ( ? 4 ) 

In order to eliainate N and H 2 froa Eq. (74), Eqs. (731 and a) are 
used; the sixth tera on the right-hand side of Eq. (74) then becoaes 

-hG{"f2^2hD * V l * <"* - "02 - W * V * V - "flVG} • 
The last tera in Eq. (74) i s treated s i a i l a r l y . Collecting terns containing 
N2 on the l e f t gives: 

<%2 * *g2 * h C q f2 * h G q f2>» 2 ' <%, * q g l * h G q f l * h G q f l > W . 

* VgV0 * W o * W o - W o * VHD2 * HT2) 

• V ^ V D " V * W " hGJJ 

" W V D " hG> * "feChf " hG>J 

" h G ( q p * q p ) p " h G ( q t A * '•f4'* • ( 7 5 ) 
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Defining 

Q l " %l * \ l * ^ f i * hG<»fl 

and 

and using the given def ini t ions of 1L, HI, H_, and 111, Eq. (75) becomes 

*2 " QJ ", * Q7 ( Vg V o * V f l o * T f W - V b V 

* i f { [ - f e - M f 2 ^ " hG } - q f 2 ( K T " hG> - * f 2

( 4 - hG> C'2 

- h f t - 2 ^ - V -^ 2(B')*(h» - h | ) i } P 

hc , „ \ " Q7 % * %>P - f <V * V } ' ( 7 6 ) 

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. (73m) and the definitions in Eqs. (75a~k), 

M 2 = j p|B 2h D • (G2 - B^Kj. - C rh rJ • K 7h f . (77a) 

And similarly for the mating flange, 

K * J P |(»')2h£ • K'2 - (B'^Jfcf - G 2h (. }• K 2h G . (77b) 

The computer program was written to separately evaluate the various 
effects involved in holt-load changes. The residual bolt load due to 
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temperature differences that produce differential axial strain is 

\ a " "l * o f l V g V 0 * V f ' o * W c " V b V " l ? 8 ) 

The residual bolt load, after internal pressure (acting in an axial 
direction) has transferred the bolt load on the gasket to a tensile load 
on the attached pipes due to a shift in lever arms, is given by: 

1 - VI -2b 

(q^B^hp - Y^) • qf,(B')2(h^ - hj)][ p . (79) 

The total effect of internal pressure due to both the shift in the 
lever ams 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: 

hr 
2c 2b Qj T> T> Y 

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

h„ ». . . . ( g l ) 

'2d * "i " o7 <V • ^ t A , ) 

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—I) are valid except Eqs. (70f 
and £) for 6J and 6^. 

For v 2 it should be noted that 1L - H- = wC2p/4; hence, this 
equation is valid for blind flanges. 
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For blind flanges, K is used rather than M as tne loading parameter 
because the relationship M = M(a - b) is not valid for the blind-flange 
analysis. For blind-flange analysis, Eq. (65) gives a value of w ; here 
-w is the equivalent of -w * u in Eq. (72) because w - 0 in the 
blind-flange analysis. For blind flanges we define 

«f ' " I - ' * 2 > 
h C 

where (-w ).. is the axial displacement pe* unit total bolt load K. The 
equation for U2 for a blind flanged joint is then: 

% l 

- £ % • q ' ) P - ̂  q tA - (83) 

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

gasket to a tensile load on the attached pipe due to a shift in the 
lever arms, the residual bolt load for the case where a blind flange is 
used is 

*2b *", • i <r \_\ - qf»(hi - v c" - *ff% - v } p • ( 8 4 ) 

It should be noteJ that q'A' does not exist for an integral flange mated 
to a blind flange. 

The combined effect of all of the above is also obtained from the 
computer program by calculating n"2 from Eqs. (76) and (83). 
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External Moaent Loading 

Up to this point, all loads considered have been axisvaaetric. For 
flanged joints in pipe lines, there is one other significant loading; 
that is, the bending aoaent iaposed on the flanged joint by the attached 
pipe. To distinguish this froa the local aoaents applied to the flange 
ring, the bending aoaent will be designated as an "external" aoaent. 
The external aoaent cai. be represented by a distributed axial edge force 
acting on the attached Jipe: 

FM16) = F^ cos 9 . (SS) 

where 8 * angle around the circuaference (0 » 0 at the point of aaxii 
tensile stress in the pipe due to the external aoacnt). Since this 
report deals only with cases in which all contact occurs within the 
bolt-hole circle, a reasonably good first approximation for the effects 
of the external aoaent loading can t.-.* obtained by replacing the dis
tributed axial force F(0) with the axisyaaetric tensile force F = 

N a 
Fu(aax). Then, since F is axisyaactric, there is soae pressure p* that 
M a 
will produce the saae 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 aaxiaua tens'le stress S. produced by an external 
aoaent. The relation between p* and S. is given by 

p* « 4S bg o/D Q , (86) 

where S. is the bending stress in the attached pipe due to the external 
aoaent. The change in bolt load N . is 'hen obtai.î d ay replacing p 
with p • p* in Eqs. (79) and (84). It should be noted that this equiv
alent pressure is included only in Eqs. (75) and (84) and not in Eq. 
(80). 
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S. COMPUTER PMKIttM 

A Fortran coaputcr 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 displacements 
for the flan&es, bolts, and gaskets when the flanged joint is subjected 
to internal pressure, moment, and/or thereal gradient loadings; thus, 
the prograa is much aore general than that needed only to determine 
compliance with inc ASHE toiler and Pressure Vessel Code. The prograa 
also has the advantage of internally computing the values of the Code 
variables F, V, and f that aust otherwise be extracted aanually from the 
curves given in Code Figs. UA-S1.2, UA-S1.5, and UA-S1.6. 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 
aorc detailed information, the reader is urged to carefully study the 
examples given in Appendix A where a flanged joint, selected from API 
Standard 60S (Ref. 8), is analyzed. Several sample problems are worked, 
and the data input and program output are given for the various prograa 
options along with a discussion of the results. Flowcharts and listings 
of the program and its subroutines are given in Appendix B. In the 
following sections, the input data for option control and the input data 
and program output for Code compliance calculations and for more general 
calculations are discussed. 

option Control Data Card 

The first card %.( each data set, herein called the option control 
card, contains control information for execution of the various prograa 
options. It contains information specifying the type of flange being 
analyzed, the boundary condition placed on the displaceaent (u ) . , 
the stresses and other variables to be calculated, and the joint con
figuration and which flange (of the pair) is to be analyzed. These 
specifications arc under control of the four variables ITYPE, IBfWD, 
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ICHDE. and NATE. The admissible values and their significance are as 
follows. 

ITYPE (indicates the type of flange being analysed) 
1 for a tapered-hub flange 
2 for a straight-hub flange 
5 for a blind hub 

IB0M) (specifies the displacement u at x = h) 
0 for (u ) = 0 to conform with the ASME Code basis 

r x=n 
1 (see footnote)* 
- for ( u

r ) x = h t " [see Eq. (20-6) of this report] 
ICffDE (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 analysed (This is the situation for 
ASNE-Code related calculations.) 

2 for two identical flanges mated together 
3 for the first of two flanges that are not idrotica!, neither of 

which is a blind flange 
4 for the second of two flanges that are not identical, neither 

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

The data card with the above information is followed by other data cards 
containing physical-property data, etc., for the particular flange being 
analyzed. Since the program can be used to analyze any number of flanges 

In the original conception of the program, IB0ND and IC0DE were 
envisioned as controlling additional calculations that were not imple
mented in the present version. As it is now written, the program docs 
not distinghish between values of 0 or 1 nor between 2 and numbers 
greater than 2 for either IB0ND or IC0DL. 
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or flanged joints sequentially (as done in the examples of Appendix A), 
the data card set for each flange Mist start with an opt ion-control data 
card. 

Different types of flanges and different types of calculations have 
different input data requirements. These data and their formats arc 
discussed in the following sections. 

Input for Code-Compliance Calculations 

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

The first card is the option control card discussed in the previous 
sections. The first variable ITYPE may be equal to 1, 2, or 3, de
fending on the type of flange being analyzed. The next variable IB9ND 
will always be 0, in which case the displacement u will be equal to :ero 
at x = h, as specified by the Code. The third variable IC0DE will 
always be 2 and will therefore cause the program to compute the stresses 
in accordance with Code paragraph UA-SO for straight or tapered-hub 
flanges or paragraph UC-34(c)(2) for blind flanges. The last variable 
HATE will always be 1 for Code-compliance calculations. This variable 
essentially controls the bolt-load-change calculations made by the 
program. Since the ASHE Code Joes not consider bolt-load changes in 
determining .ompliance, when HATE - 1 these calculations are not per
formed. 

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



fable ».», Input data fur ASMI-, bolt tuul flange stress culciilut lun, uslnx symbols defined 
in ASM: Code. Section VIII, Division I, Appendix II 

0l^J.onJ"ilH!l?To.,..i:a..rJ <"»'»U- in in ILAMil ) 

Column number 

Vurtable 

Value 

s ID IS JO 

inri-' imtMi u:#n. MAT!: 

1, 2, or J 0 - 1 

sic.°.,»J. y*fi (Read-in in TAPWB. STIIIR, or RLINUj 

Column number 

Quant ity 

Variable 

/•. 

0-10 11 -,M , ' I -M) 11 10 J I I -SO r.i-oo (.1-70 71-Mll 

11angv 
out or 
d i a i m or 

A 

I'langv 
inner 
diameter 

a 

Unix 
thicknt-ss 

t 

I ' lpe-wall 
thickness 

Huh 
thickness 

" i 

Huh 
It'iigth 

h 

no I t - c i r c l e 
diameter Pre* ore 

1' 

\A X I Til <;o <;i HI. i: l'RI:SS 

third Card (Read-in in A94I.IN) 

Column number 

Quant ity 

Variable 

0-10 11-JO .'1-30 3 1 - 4 0 ' H -So SI -60 h i . 70' 7.''' 7 » .*« ' ' 

II-

MiniaHa* 
design 
seating 
l i t res* 

t'.anket 
outer 
diameter 

I'. 
0 

Gasket 
inner 
diameter 

r, 
i 

Allowable 
holt stress 
at design 
temperature 

S b 

Allowahle 
bolt s i r e s * 
at atmospheric 
temperature 

S 
a 

Rolt 
cross-sect ion i l 
urea 

s 
U|il ion 

1 

Music 
gasket 
seat 
width 

h 
u 

XM V GOUT (UN S I SA A l :NRO 10 

^ h e n 1TYPE • .* for a ring flange, g , on the second card, should be a suitably small value, but nut :ero (e.g., o,oi). 
''Subroutines TAPHUI and STilll call both ASMtIN and rLT.DMi BLIND calls ASMI.IN. 
'For lT>Pt • 2, g must be entered; g. and h are not used. For I"I'V!•»•: • S, R, g . g,, and h are not used. 
; 0 I 0 1 
"If I (Column 7:) is 0. the program computes b, b o , and I', for the particular ciise of ĥ  • N/i • l/JU^ • I'^/i »* defined 

in Table UA-49.2 sketches ( l a ) and ( lb) of the Code. Columns 73 -mi may then he left blank. I;<>r other values of h ( ) , CHUT I • 
In this case, the value of i\. is not used and thus column* 31-10 nay be left blank. 

''Column 71 is blank. 
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The third card inputs other physical data, including the gasket 
factor •, the ainiaua-design seating stress y, the outside diaaeter of 
the gasket G , the inside diaaeter of the gasket C , the allowable bolt 
stress at design teaperature S., the alliable bolt stress at aabient 
teaperature S , the total cross-sectional area of the bolts A., an 
option-selecting variable I, and the basic gasket-seating width b . The 
option variable I controls the calculation of b and G. 

Output for Code-Coapliance Calculations 

For Code-coapliance calculations, all of the output for each flange 
being analyzed is printed on a single page (e.g., see exaaples 1 and 2 
of Appendix A). The prugraa prints the input data followed by the 
effective gasket seating width b and the loads, bolt stresses, and 
aoaents identified under the headings shown in Table 10. For coapliance 
with Code criteria, the value of SB1 aust not exceed the allowable bolt 
stress at design teaperature, and the value of SB2 aust not exceed the 
allowable bolt stress at ataospheric* teaperature. 

Ianediately below, the program prints the flange stresses needed 
for coaparison with the ASME Code criteria. For tapered-hub and straight 
hub flanges (ITYPt « 1 or 2), the prograa 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 saall 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 "aabient" would probably be a better term here, the word 
"atmospheric" is used as it is used in the Code. 
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Table 10. Output data identification. ICfDE * 
IASME Code stresses) 

ASME Code Progr 
symbol' symbol Description" 

b BO Sec ASHE Code. Table UA-49.2. 
(This wil l be input data for 

H •Nil »C2p/4 
KMI2 2>bGmp 

N •1 MM1 iG-p/4 • 2>bGmp 
SB1 Bolt s t r e s s . " / A ^ 

K •2 mz «bCv 

St2 Bolt s t r e s s , " . / A . 

U) NOP Vc * V̂ T * "th 
id) JCS [lkm * A b )S a /21 » [ ( C - G)/2J 

MGS1 M x |(C - G)/2| 

Except for 
ITTPE « 5 
(Blind 
flanges) 

aAll symbols ar; defined in the ASNE Boiler Code. Section VIII. 
Div. 1 (1971), Appendix II. 

t. "See Footnote d of Table 9. 
MDP is the operating moment as defined by the ASNE Code. 

<SNGS is the gasket seating moment as defined by the ASNE Code. 

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

For blind flanges (ITYPE * 5), the program prints the following 
five quantities under the heading "ASME CODE STRESSES FOR BLIND FLANGE": 

SP * the stress due to pressure loading only, 
IC stress due to I 
w(J2p/4 • 2wbCmp, 

SHI * the stress due to the bolt load If only, where W « 
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SOP = the stress at operating conditions. 
SfcJ 2 the stress due to the bolt load K „, where K , * -bGv, and 

»2' m-
SGS = the stress at gasket-seating conditions. 

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

Input for General Purpose Calculations 

Hhen the computer program is used for general purpose calculations, 
(i.e., when it i> used for calculating displacements and stresses other 
than those needed specifically for checking Code compliance), the user 
may select almost any combination 01 admissible values for the four 
variables ITYPE, IB0M), IC0DI:, and MATE coded in the option control data 
card. The only specific requirement is that the variable IC0DE must be 
less than two for other than Code-compliance calculations. In this case 
the input data are structured somewhat differently than those described 
in the previous section. 

Khen IC0DE = 0 and MATE * 1, (i.e., only one flange is to be 
analyzed and the user does not wish to obtain bolt load changes), three 
data cards are needed as shown in Table 11. These arc the opt ion-control 
card (for which 1TYPE nay be 1, Z, or 5 and IB0ND may he 0 or 2) and two 
physical-property data cards. 

When IC0DE « 0 and MATE * 1, 3, ... 6, the program will analyze a 
pair of flanges mated together and give bolt load change*. If rfATE * 2, 

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



Table 11. Input data for the general purpose analysis of a single flange 
and partial data for paired flanges 

s 10 IS 20 

W P E a ' * 1BJN0 ir%w MATli° 

1 . 2 . or 3 0 to 2 0 1 or (2) 

Option-Control Card: IFfRMAT (415) read-ir in FLANGE) 

Column number 

Variable 
Value 

Second Card: (FORMAT (BE10.S); read-in in TAPHue, MHUI. or BLIND] 

Column number 

Quantity 

Variable 

Third Card: (F0M4AT (SE10.S); read-in in TAPHUB, STHUB. or BLIND) 

Column number 

Quantity 

Variable 

0-10 11-20 21-30 31-40 41-SO Sl-feO 61-70 71-BO 

Flange 
outer 
dianeter 

t. 

Flange 
inner 
diameter 

B 

Ring 
thickness 

t 

Pipe-wall 
thickness 

Hub 
thickness 

• l 

ifcib 
length 

h 

Bolt-circle 
diameter 

C 
Pressure 

P 

XA XB* TH G 0 a ' * C l « . t HL a «* C PMSS 

0-10 11-20 21-30 31-40 41-SO 

Moment 
applied to 
flange ring 

M 

Coefficient 
of thermal 
expansion 

e f 

Thermal 
gradient 
pipe or hub 
to ring 

A 

Modulus of 
e last icity 
flange 

E 

Casket 
centerline 
diameter 

2g 

XMOA* EF* DELTA* YM C 

Shen 1TYPE » 2, CO must be entered; CI and HL are not used. 
*Nhen ITYPE - 3. XB. CO. CI. HL. EF. and DELTA are not used; the value for XMOA is the total bolt load W. 
°Wh«n MATE • 2. additional data as described in Table 12 are also required. 



Table 13. Last three input data cards for the jtenrrai purpose analysis uf paired flanges 

Card No. 4 or 7 : J |F#W4AT (7UI0.5); read-in in FI.CIHf| 

Column nuaber 

Quantity 

Variable 

0-10 u-:o : I - J O J I - 40 4 I -S0 M - 0 0 0I -7U 

Nominal 
bolt 
diam.-:cr 

I n i t i a l s ta te ; 
bolt Modulus 
of e l a s t i c i t y 

h 

Holt 
coef f ic ien t 
of the ratal 
expansion 

' b 

Final s tute; 
bolt 
temperature 

T b 

Outside 
diameter 
of gasket 

Inside 
diaaeier 
of gasket 

Cross-sect 101ml 
root area 
uf a l l 
1 KlUS 

BSUl ' ' V I t i l n XCu' X U ' A» 

Card No. i or »:'' |F0KMAT (MHO.S); read-in in FK.UKJ 

Column number 

Quant ity 

Variable 

Card No. b or 9:J |FWMAT (7|ilO.S)i read-in in FLUOW) 

Column number 

Quantity 

0-10 11-JO : I - J O 11-40 41-SU M-OU 

Casket 
thickness 

V 
O 

I n i t i a l s t a t e ; 
gasket 
Modulus of 
e l a s t i c i t y 

K 

Uasket 
c o e ' f i c i e n t 
of therwi l 
expansion 

t 
K 

Finul s ta te ; 
gasket 
temperature 

A f r e t 
bolt 
length 
var iab le 

li. uivalcnt 
pressure 
see U|. (lib) 
of test 

1'* 

VO VC EC. 
i 

•nr nap I'M; 

Variable 

C-I'i U-30 JI-JO 3I-4U •11-SO 51-M> 01-70 

In i t ia l 
bolt 
load 

K 

Final s tate 
temperature 
of flange, 
side one 

Final s tate 
teMperature 
of flange, 
side two 

Final s tate 
flange Modulus 
of e l a s t i c i t y , 
side one 

,:f.' 

Final s tate 
flange Modulus 
of e l a s t i c i t y , 
side two 

Final s tate 
bolt Modulus 
of e last i c i ty 

Final s tate 
gasket 
Modulus of 
e l a s t i c i t y 

Kl T F J m>u 
YFi VFI'J V».' to: 

' l i r s t card nuaber applies when MATH > .'; second nuaber applies when MATI: • 3 and 4 or S and <>. 
i i h e e f f ec t ive holt load is calculated as tQ • XLB • Til • TUP • VO • RSi:i: • FACIi. 
"values for ('. and A are calculated using input variables Xlifl and XIII. 

I n i t i a l - s l a t e temperatures are defined as :eru. 
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Card_Nq. Identification 

Option control card with NATE * 2 

Data cards per Table II 

Data cards per Table 12 

Nhen IC0DE = 0 and MATE = 3, the prograa performs the calculations 
for a pair of nonidentical flanges, neither of which, however, is 
blind (i.e., ITYPE » 1 or 2 + 3 on the opt ion-control card). Data for 
the first flange of the pair follows the option-control card. Data for 
the second flange in the pair will follow an option-control card with 
NATE * 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. 

Identification 

Option-control card, ITYPE i 3, IC0DE = 0, MATE = 3 

Data cards per Table 11 for first flange of pair 

Option-control card, ITYPE # 3, IC0DE = 0, MATE = 4 

Data cards per Table 11 for second flange of pair 

Data cards per Table 12 

When IC0DE - 0 and MATE * 5, the program performs the calculations 
for a flanged joint that is closed with a blind flange. For this option, 

:} 

Card No. 

1 

:} 
4 

I) 
n 
J 
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the blind flange is designated as the first flange and the sating flange 
is designated as the second with MATE = 6. As before, the input data 
set is coaplcted by using the data cards described in Table 12. The 
coapletc input data set for this case consists of the following nine 

Identification 

Option-control card, ITYPE * 5, IC0DE - 0, MATE = 5 

Data cards per Table 11 for blind flange 

Option-control card, ITYPE » 1 or 2, IC0DE = 0, MATE * 6 

Data cards per Table 11 for second flange 

Data cards per Table 12 

Output froi General Purpose Calculations 

The aaount 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. 
When HATE = 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 pro** jed by the calculated stresses. 
The symbols used on the printout are explained in Tables 13 and 14. 

Mien HATE = 2, the output consists of three pages of printout. The 
first page gives (1) the input data and (2) the parameters involved in 
the holt -ioai-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 

cards. 

Card So. 

1 

; ) 

: ) 
7" 
8 
9, 
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Table IS. Output data identification, stresses, 
displacements, and rotation 

t'i 

c't 

Theory Progr 
Symbol symbol Description 

(o () 0 SLSO° Stress. longitudinal, seal I end of hub. 
outside surface 

(e ). SLSIa Stress longitudinal, sua!I end of hub. inside 
surface 

(o c) 0 SCSO* Stress, circumferential, snail end of hub. 
outside surface 

(eJ- SCSIa Stress, circunferential. snail end of hub. 
inside surface 

(Cj)0 SLID Stress, longitudinal, large end of hub. 
outside surface 

Stress, longitudinal, large end of bub, inside 
surface 

Stress, circunferential. large end of hub. 
outside surface 

Stress, circunferential, large end of hub, 
inside surface 

Stress, tangential, hub side of ring, at r * b 
Stress, tangential, face side of ring, at r * b 
Stress, radial, hub side of ring, at r > b 
Stress, radial, face side of ring, at r « b 
Axial displacement it r * t ; J. (4 i 0 at r * b) Axial displacement it r > c I 
-4 • 4 c g 
Radial displacement, small end of hub 
Radial displacement, large end of hub 
Rotation of ring at r > b 

For blind flanges 
Stress, r * o, radial and tangential 
Stress, r « g radial 
Stress, r * g, tangential 
Stress, r » c, radial 
Stress, r « c, tangential 
Stress, r * a, tangential 
Axis! displacement at r » c (4 s 0 at r « g) 

"For "Straight Hub Flange," these are at juncture of hub with ring. 
All stresses are for the side of the flange opposite the pressure-

bearing side. Stresses on the pressurized side of the flange have 
reversed signs. 

c t)i SLLI 

Vo SCLO 

<•«>. SCLI 

«t>o STH 

« \ > i STF 

«Vo SRH 

<Vi SRF 
4 

I 
6 
c 

ZC 

Vc QFHG 

y<> TO 

y i 
Y l 

THETA 

V °t 9 r • o SORT 

°r' r m g SCR 

°t' r ' g SCT 

°r* r M c SCR 

°t' r m c SCT 

°t* T m a SAT 

4„ ZC 
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Table 14. Output data identification when NATE » 2, 5 and 4, 
or S and 6 

Theory Program 
symbol symbol Description 

Axial displacement from C to G. unit moment load 

Axial displacement from C to C, unit pressure 
load 

Axial displacement from C to G, unit DELTA 

Inside diameter 

Pipe wall thickness 

Ring thickness 

Modulus of elasticity of flange material, initial 
state 

Modulus of elasticity of flange material, final 
state 

Coefficient of thermal expansion of flange 
material 

( )' ( )P The above nine symbols with a prime mark (') on 
the theory symbols s»»*e for the mating flange. 
The program symbol has the added final letter 
"P." 

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

These values are input data for flange side one, input cards "> and 
3 (see Table 11). For HATE * 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 HATE * 3 or 5, the primed values are stored; the 
unprimed values are read in by input cards 5 and o, and values of QFHGP, 
QPHGP, and QTHGP are calculated. 

^Input from card 6 for HATE * 2, card 9 for MATE * 3 and 4 or S 
and 6 (see Table 11). 

1 f l h G QFHG 

pi i-
QPHG 

^ G QTHG0 

2b X B a ' f e 

*0 
GO"'* 

t TH 

E f . YH6 

E f 2 

Y F 2 C 

e f EF* 
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Table IS. Output data identification, MATE = 2, 3 and 4, 
or 5 and 6, bolts, gasket, and loadings data 

Theory Program 

symbol symbol Description 

Effective bolt length 

Cross-sectional root area of all bolts 

Bolt-circle Jiaaeter 

Modulus of elasticity, bolts, initial state 

Modulus of elasticity, bolts, final state 

Coefficient of thermal expansion, bolts 

Gasket thickness 
Outside diameter of gasket 

Inside diameter of gasket 

Modulus of elasticity of gasket, initial state 

Modulus of elasticity of gasket, final state 

Coefficient of thermal expansion, gasket? 

Initial total bolt load 

Teaperature of bolts, final state 

Temperature of flange ring, side one, final state 

Teaperature of flange ring, side two, final state 

Teaperature of gasket, final state 

Thermal gradient, pipe/hub to ring, side one 

Thermal gradient, pipe/hub to ring, side two 

Internal pressure 

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

i XLB 

s AB 
C C 

S i YB 

S 2 
YB2 

e b EB 

vo VO 
XCO 
XCI 

E » . 
YG 

E *2 YG2 
c 

g 
EG 

"l Nl 

S TB 
Tf2 TF 
Tf2 TFP 
T g TG 
A DELTA 

A' DELTAP 

P PRESS 
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Table 16. Output data identification, MATE 2, 3 and 4, 
or 5 and 6, residual bolt loads and moments 

Theory Program 
symbol symbol Effect included 

H2A Relative change in teaperature of bolts, gasket, 
flange (AXIAL THERMAL) 

N2» Change in moment aras (MOMENT SHIFT) 

K2C Total pressure 

K2D Thermal gradient, pipe/hub to ring (DELTA 
THERMAL) 

If2 All of the above, plus change in modulus of 
elasticity (GQNtlXED) 

'The change in bolt load (e.g., Ml - K2A) and ratio of residual to 
initial bolt load (e.g., M2A/W1) are also printed out, along with the 
corresponding values of the initial moment (Ml) and residv ,.1 moments, 
M2A M2P. The residual moment identifiers with final letter P (for 
prime) are for the first entered of a pair of nonidentical flanges. If 
the pair of flanges arc identical, then M2B * N2BP, 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. 

W.icn MATE * 3 and 4 or S and 6, the output consists of four pages 
of printout. The first two pages have the same format as for the case 
when MATE * 2, except input data for both of the (nonidentical) flanges 
are printed. The residual moments on the last line of page 2 apply to 
flange one; those on the preceding line apply to flange two. The last 
two pages of printout are for flange one and flange two, respectively, 
and are identical in format to the third page of the printout for the 
case when MATE • 2. 

H 2a 

"2b 

«2C 

2d 

«2 
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INTRODUCTION 

Several examples have been selected to illustrate the input/output 
data of the coaputer program FLANGE and the significance of the results. 
The flange selected for analysis is one included in API Standard 60S.* 
The particular size and rating selected was the 60-in., 500-lb tapertd-
hub flange. This particular flange represents a design in which the 
bolt stresses and flange stresses are close to the upper limits set in 
API-60S. 

Six exaaples are included: 

1. A Code stress calculation is performed for a tapered-hub flange at 
its rated pressure of 720 psi at 100*F. The results show that this 
particular flange does indeed meet the criteria given in API-60S at 
720 psi and 100*F. 

2. A Code stress calculation is performed for a blind flange to natch 
the 60-in., 500-lb 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-605. 

3. A blind flange bolted to a tapcred-hub flange under pressure loading 
or.ly is analyzed. 
(a) For an initial bolt stress equal to the API-605 allowable 

stress for the bolting material of 20,000 psi, the results 
indicate that the flanged joint will probably leak at its 
rated pressure of 720 psi at 100*F. 

(bj For an initial bolt stress of 44,300 psi, the results indicate 
that the flanged joint will p?.*s a hydrostatic test of l.S x 
720 psi at ambient temperature. 

4. A tapcred-hub flange bolted to an identical tapered-hub flange with 
an initial hot stress of 46,100 psi is analyzed. 

Large-Diameter Carbon Steel Flanges (Size: 26 Inchss to 30 Inches, 
Inclusive, Nominal Pressure Hating: 76, 160, and 300 lb), API Standard 
60S, 1st lid., American Petroleum Inst., New York, 1967. 



58 

(a) For pressure loading only, the results indicate that the 
flanged joint Kill hold a hy-Jrostatic test pressure of 
1.5 x 72u psi. 

(b) For pressure loading of SOO psi (API-60S rated pressure at 
&SO*F) plus an external bending aoaent that produces an axial 
stress in the attached pipe of 7500 psi, the results indicate 
that the flanged joint is adequate to carry these loads. 
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DETAILS CF TIE FLANGE USED IN THE EXAMPLES 

A sketch of the tapered-hub flange i s shown in Fig. A. l . The 

dimension* are as specif ied in API-60S. The inside diameter and dimen

sions B (and therefore g and g ) are not specified in API-bOS. For the 

purpose of checking ratings, the following equation t-ven in API-605 

was used to establish B: 

B * D - 2t (A.l) 
o p 

where 

D * nominal outside diameter of pipe, in.; 
t = p D /2(0.87S)S (but not less than 0.25), in.; P l o 
p » rated pressure at 100*F, psi; 

0.875 = assumed pipe-wall tolerance; and 
S = 20,000 psi, the allowable stress at 100"F. 

The definition of t , with D * 60 in. and p = 720 psi, leads to t = p o * 1 ' p 
g = 1.2545 in. F.quation (A.l) ̂  ives B = 57.5314 in. and g = (X-B)/2 = 
2.7050 in. 

For the purpose of checking ratings, the hub length h was calculated 
by the equation given in API-605: 

h = Y - I • 0.l7bg. • 0.469 . 

Dimensions Y and t arc shown in Fig. A.l. For this flanyc: 

h = i0.6875 - S.9575 • 0.176(1.2345) • 0.469 - 5.4362 in. 

The API-60$ standard states that flange ratings were based on use 
of a l/!6-in.-thick, compressed-asbestos, flat ring-shaped gasket, with 
an inside diameter 1/4 in. larger than the outside diameter of the pipe 
and with an outside diameter equal to the raised-face diameter. For the 
60-in., 300-lb flange, the gasket inside diameter is 60.25 in.; its 



OftNl- OWG 7 5 - 4 2 9 6 

57.5314 

69.4375 

DIMENSIONS IN INCHES 

Fig. A.l. Dimensions (in inches) of 60-in., 300-lb API-605 tapcred-
hub flange. The terms B, R, C, D , X, and A are diameters expressed in 
inches. 
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outside diaaeter is 65 in. According to the ASME Code, for a 1/16-in.-
thicfc asbestos gasket, a = 2.75, ami y = 5700 psi. 

The 60-in., 300-lb flange has forty 2-l/4-in.-dia». bolts. For 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. 



ASME CODE CALCULATIONS, EXAMPLES 1 AND 2 

The input data for examples 1 and 2 are shown in Table A.l. The 
source of all input for Cards 2 and 3 are contained in the previous 
section on flange details, except that the thickness of the blind flange 
was selected* so that the controlling flange stress is 17,500 psi. Note 
that Card 2 is identical for examples 1 and 2 except for the value of t; 
however, B, g , g , 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-lb 
API-605 taptred-hub flange at its rated pressure of 720 psi at 100*F. 
The output data are shown in Table A.2. The value of SB1 = 20,033 psi 
is the controlling bolt stress, which essentially meets the API criterion 
value of a bolt stress not greater than 20,000 psi. The value of 
(SH • ST)/2 = 17,293 psi under the heading "ASME FLANGE STRESSES AT 
OPERATING MOMENT, MOP" is the controlling flange stress and meets the 
API-605 criterion of a controlling flange stress not greater than 
17,500 psi. The results, therefore, confirm that the 60-in., 300-lb 
API-605 tapered-hub flange meets the stated criteria. 

The reader who is accustomed to using hand calculations for checking 
flange designs according to Code rules will note that the program input 
does not require either the factors T, U, Y, Z from Code Fig. UA-51.1, 
or F, V, and f from Code Figs. UA-S1.2, 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/h and g./g0t 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-lb API-605 tapered-hub flange. The calculation method 
is that given in UG-34 [Eq. (2)), with C = 0.3. The output data are 
shown in Table A.3. The controlling flange stress is SOP - 17,500 psi; 

API-605 does not give blind-flange thicknesses. 



Table A. l . Input data for ASMI: Code stress ca lculat ions , examples 1 and 2 

l i r s t card 

C"I'1...ii§ itui!il<rr 

Variable 

iixamplc 1 

lixample 2 

s 10 15 20 
1TVPL IB0ND IC:0DI: MATi: 

1 0 •> 1 
3 0 2 1 

Second jcar_U 

Column number 

Variable 

lixample 1 

lixample 2 

Third card 

Column numbor 

Variable 

txample 1 

lixaiiple 2 

0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 

A B t •o «l h C '' i 
73.9375 57.5314 5.9375 1.2343 2.7030 5. '.362 69.4375 720. 

73.9375 57.5314" 7.9044 1.234 .V 2.7030"3 5.4362* 69.4375 720. 

0-10 
• 

11-20 

m >' 
2.75 3700. 

2.75 3700. 

11-30 

( : o_ 
65. 

65. 

31-40 41-50 51-60 ftl-70b 72 

°i Sb Sa Ab I 1 
60.25 20000. 

20000. 

20000. 136.92 0 

60.25 

20000. 

20000. 20000. 136.92 0 

3-80 

'.] 
'Not used in calculat ions for a blind flange. 
l>„ Column 71 is blank, 



Table A.2. Outpct dav: for example 1, ASME Code analysis of a tapered-hub flange 

n i N i r L i i M i n a a e i * I » B ROR AT H O I I O I T *RBSSORS« 
0 . 0 . , A X . D . , 1 THICK.,T l l i l f « 0 • « S I ( « 1 U M T R , H CJ ICU,C V 
73.93790 57.531*0 5.93790 1.23*20 2.70300 9 . II30 20 «9.13750 720.000 

a 
2.75000 

f 
3700.00000 

OOOT 
•5.00000 

OIR 
•0.25000 

SI 
20000.00000 

SA 
20000.00000 

AB 
1 1 * . 92000 

•O 
1.10790 00 

ran 
2.30970 0« • 

i l l 12 
.33220 09 2 

N i l 
.7*300 0* 

S I 1 
2.00330 0* 

HR2 
* . 0 *770 09 

112 
2.99*30 03 

* N 

•or 
1.17190 01* 

•«S 
7.57*20 0« 1 

M S I 
.110*0 0* 

*» 

ASM FUROR STRISSIS AT OMRATIHG RORBRT, RO* 

<2/3>«3R» 1.5*000 0* ST • 1.117*0 0* SR • 0.«**2D 03 fSR«ST ) / 2 - t .72930 0* (SR*SR ) / 2 > 1.99200 0* 

A SRI »LARGI STR1SS1S AT 0ASUIT S I I T X N R0RIRT, M S 

<2/3)«SR- 1.00*70 0* S T * 7.221*0 03 SR • 9.«97*0 03 (SR«ST ) / 2 > 1.117*0 0* ( • * • • • ) / 2 " 1.029*0 0« 



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

n t N i n iMt m m » I N ooo at vol ICIT MISSUII, 
o.».,» i .» . , t THICK,,? m i , e o o*si#ot IIMTN,R CIICLI,C t 
73.93790 0.0 7.9011(10 0.0 0.0 0.0 09.01790 720.000 

2.79000 
T 

3700.00000 
•OfT 

* 5.00000 
OIN 

00.29000 
00 

20000.00000 
OS 

20000.00000 
• 9 

1 M . I 2000 

t o 
1.10790 00 

• N i l 
2.30070 00 

0912 
0.13230 09 

Mi l 
2.70 300 09 

sot 
2.00130 00 

0112 
0.00770 09 

102 
2.99010 01 

A M I C001 9T01SSI9 fOI OHIO PUSt l 

s» sot tot ova sos 
1.0121000 3.37020 03 1.79000 00 0.90090 02 1.17010 01 
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the flange thickness of 7.9044 in. was selected to obtain this result. 
This exaaple was included to illustrate that a blind flange may have to 
be considerably thicker than a mating flange in order for both to meet 
the Code stress limitations. 
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»LI.VD-TO-TAPEJtED-tUB FLANCHD JOINT. EXMIPLES 3(a) AND 3(b) 

Input 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, thi» pair of examples was selected to show how the 
program can be used to estimate rehired initial bolt stresses. In 
addition, example 3(a) shows how the general purpose option (ICOOE f 2) 
gives stresses as obtained from Code calculations plus deformation data 
and additonal stresses. 

Examples 3(a) and (b) do not involve temperature gradients or 
temperatures other than ambient; hence, the modulus of elasticity is the 
same for the initial and final states. Values of temperatures for the 
flanges, bolts, and gaskets in the final state have been entered as 
zero. The initial-state reference temperature is zero; hence, a zero in 
the final state denotes a zero thermal gradient. However, the value of 
DELTA (the hub-to-ring therms 1 gradient) cannot be entered as zero 
without causing a divide-check error, so a value of 0.01 was used. A 
smaller value could be used (e.g., 0.001 or 0.0001). bat the output data 
shows that DELTA * 0.01 is sufficiently small so that its influence is 
negligible. A coefficient of thermal c. .mansion oft x 10" 6 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 l * TH • THP • V0 • BSIZE, was entered as zero. The modulus 
of elasticity tor both the flanges and the bolts was assumed to be 
3 x 10 7 psi. The modulus of elasticity for the I/16-in.-thick asbestos 
gasket was assumed to be 3 x 10fc 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'angc faces, is highly nonlinear and both time and history dependent. 
Starting out *ith a new gasket, the first increment of bolt stress to 
produce a gasket stress of 1000 psi might decrease the gasket thickness 
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Table A.4. Input data for blind-to-tapered-hub flanged joint, examples 3a and 3b 

Card 
No. Variables and m m »rical va lues 

Read 
format 

1 ITYPE IMND IO0DE MATE 

3 0 0 S 41S 

2 A B t Bo Cl h C P 

73.9375 57.5514 7.9044 1.2343 2.7030 5.4362 69.437S 720. 

( 1 0 M . ) 

BEI0.5 

3 XMOA* EF DELTA4"* YM C 

2.74300*6 

(6.06560*6) 

6. D-6 .01 3. D*7 62.625 5EI0.5 

4 ITYPE I BOND I CODE MATE 

1 0 0 6 415 

S A B t CO * 1 h C P 

73.9375 57.5314 5.9375 1.2343 2.7030 5.4362 69.4375 720. 

(10SO.) 

SE10.S 

6 AM£A EF DELTA'* YM C 

1.17190*7 

(2 .0661D*7 ) 

6. 0-6 .01 3. D*7 62.625 5EI0.5 

7 • S I Z E YB EB TB XGO XGI AB 

2.2S 3. D*7 6. D-6 0 65. 60.25 136.92 7E10.5 

S vo YG EC TC FACE PBE 

.0625 3. 0*6 6. D-6 0 0 0 6E10.5 

9 Ml TF TFB YF2 YFP2 YB2 YG2 

2.7/300*6 

(6.06560*6) 

0 0 3. D*7 3. D*7 3. D*7 3. D*6 7EI0.S 

Values 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 snail value. 
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by 20**, so that the Modulus would be 1000/(0.2 x 0.062S) = 8 x 101* psi. 
Crude observations indicate that, at a bolt stress that produces a 
gasket stress of 40,000 psi, the gasket thickness is about one-half of 
its original thickness, so that the average Modulus up to this stress is 
40,000/0.03125 = 1.28 x 10 6 psi. These numbers are dependent upon the 
ratio of width to thickness of the gasket and the tiae 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 assuaed 
Modulus of elasticity of the gasket is not very significant provided it 
is not unrealistically low. This can be shown for example 3 by noting 
that the change in the bolt load depends upon the SUM of the load-
displacement characteristics of the bolts, the flanges, and the gasket. 
The displacements for a unit bolt load are — 

£ 0 16.IS 
for bolts: = = 3.93 x 10"9 , 

A ^ 136.92 x 3 x 10 7 

for flanges: 2 x QFHG * 2(1.197 x !0 - 9) » 2.40 x 10"9 , 

and 

Vp 0.0625 1.34 x lO"1* 
for gasket: ^ = 4 6 7 . 2 6 x E ( , = ^ ' 

As E varies from 10 s to 10 7 , the sum of these three displacements 

10 6 3 x 10 6 10 7 

6.46 6.37 6.34 

i es as follows: 
* 1W , LI 

EG 10 5 3 x I ? 5 

Sum of displace
ments (xlO 9 in.) 

7.67 6.78 
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From the above, it can be seen that changing the gasket modulus by two 
orders of Magnitude changes the sua of the displacement by only 17*.. 

The initial bolt stress used in exaaple 3(a) is 20.035 psi, giving 
an initial bolt lo*d of KI = S ^ = 20.033 x 136.92 = 2.743 x 10 6 lb; 
Ml is entered in place of XMOA on c-ii 6 (see footnote b to Table 11 of 
text). The initial moment, XMOA, used in exaaple 3(a) is 1.1719 x 10 7 

in.-lb. The initial bolt stress used in example 3(b) is 44,300 psi, 
giving an initial bolt load of Wl = 6.06S6 x 10 6 lb. The initial aoacnt, 
XMOA, used in example 3(b) is 2.0661 x 10 7 in.-lb. The reasons for 
using these particular values of Wl and XMOA are discussed in connection 
with the output data for these examples. 

Output Data 

Residual Bolt Loads 

The output data for exaaple 3(a) are shown in Table A. 5. The 
output starts with a printout of all input data on the first page 
(Table A.5a).* The parameters involved in the bolt-load-change calcu
lations are then printed, followed by residual bolt loads and moments, 
all on the second page (Table A.5b). The initial bolt load under 
"LOADINGS" is 2.743 x 10 6 lb; the residual bolt load after application 
of the pressure of 720 psi is given following "COMBINED" as W2 - 1.0948 x 
106 lb. The loss in bolt load is given by Wl - W2 = 1.6482 x 10* lb, 
and the ratio of residual to initial bolt load is given by N2/N1 * 
0.39911. Calculated stresses for the blind flange and for the tapered-
hub flange are printed on the third and fourth pages (Tables A.5c and 
A.5d, respectively). These are discussed later. 

For convenience in referring to specific pages of mult>.page tables, 
we have used alphabetic suffixes on table numbers. For example, the 
first page of Table A.5 is designated Table A.5a; the second page is 
Table A.5b, the third is Table A.5c, etc. 



Table A.Sa. Output data for example 3(a), blind flange bolted to a 
tapered-hub flange, with initial bolt stress • 20,033 psj* 

PlftHGt fLAftCt PLkBflt M M HOI »T HUB iClT PMISUM. 
o . o . . » i . e . , a T N I C I . , T 0 1 1 , 0 0 B t s i . o i K I M T N . N C I K I I . C F 
73.93740 « , « 1 » 0 1.90440 1.234)0 3.70304 S.41430 44.43740 120.004 
BOLT COBFf. OP MlTft HOD. OV R I M SkSMT 

10*0 T M M k l I I P . I14STIC11T D I M I T f l 
2.7*30 04 4.0000-04 1.0000-0 3 3.0000 07 4.3030 01 

ITTPI 1ICH0 

0 

1C00I 

0 

ftftTI 

4 

n t K l U M 6 I PlkBOt M M Hi t »T H00 ICtT PPISSVPt, 
O.0..A I . D . , 1 THICK.,T H»lli,«0 OkSt.41 I I M 1 N , H C I K I I . C 0 
73.93740 47.43140 4.93750 1.214)0 1.70300 4.4)430 49.43740 720.000 

HONINT COIFf. OP M l T k HO0. Of H I M OftSRIT 
THipni i I I P . i ikSTic iT* oxaniTiP 

1.172D 07 4.0400-04 1.0400-02 3.0000 07 4 .24)0 01 

1TTM 1IC NO 

A 

ICO0I 

0 

HkTI 

4 

OSISI 
2.24000 OC 

VO 
4.24000-02 

HI 
2 . ' 4 300 0* 

TO 
s.ooooo n? 

TO 
3.00000 0« 

T» 
0.0 

10 
4 .00000-04 

14 
4 . 00000- 04 

TFP 
0 . 0 

TO 
4.0 

TO 
0 .0 

t f 2 
1.0000C 07 

100 
4.40000 01 

r»c i 
0 . 0 

TPPJ 
3.00000 01 

10! 
4.0)100 01 

M l 
0.0 

in 
3.00000 07 

40 
1.34020 02 

T02 
3.00000 04 

puaac JcxHi B O I T toto CRAHCI oof TO I P P I I I C tokos, t n a o ic I H T I O R * r u n 

PUHGI JOINT SIOI ONI (MIHtC QOftHTITIII) 

<JPNG» 9.499..S-10 OPH<i> 4.43400-04 OTH«« -I.COOOO 04 
fH • l.OOOCu C" 1P2 • 3.P0000 07 IP « 

riMot join sim TOO IONPIIHIO QUMTXHUJ 

IB • -1.00000 00 
4.00400-04 

07MC 1.14440-09 QMS' 0.04220-04 OTH4» 9.44400-04 IB • 4.74310 01 
TH > 7.00000 07 TP2 • 3.00000 07 IP • *.00400-04 

BOITTRC 

BOLT IBNOTM 1.41440 01 BCIT »»!»« 1.14930 03 BOLT CI4CLI* 4.94300 01 

I I • 3.00000 07 TBI • 3.00001 01 I I • 4.00040-04 

6* SUIT 
fO • 4 .2«00t-02 ISO • 4.49000 01 141 * 4.03400 01 

TO • 3.00000 04 TO2 • 3.00000 44 14 • 1.000(0-04 

00» -1,00040 00 

00» (.23410 00 

TO • 7 ,90««0 00 

TN • 4.91140 00 

•For the convenience of the user, the first page of Table A.S it designated Table A.Sa, the tecond puge 
is Table A.Sb, the third is Table A.Sc, etc. This convention it also used In the following tablet. 
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to atnt'c »«a to ostoo'c •<3cn to aooora • * • » 
•o oaiot't -co to ootaro •OIH oo aoiort *x» to ooaori >ata oo octara >UH OO octaco «ia 

•ao»oi aaaaiaai iiaaiiu aaiav uaiaoa ivoaisaa aa« imxax 

io-oua»'t •!*/(« io-o»*»»'» Bia/oea to-atitt'c -taAxa io-ootei'0 »ta'aea oo ooooo'i -la/vea 
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Table A.Sd (continued) 

T»pi»to HUB ntHec 
C»LCUL*TICHS POD ROUP.*? LOkDIM 

SLSO- 2 . 3 0 6 2 0 08 S I S I - - 2 . 3 0 6 2 0 "« SCSO- 1.97630 0* SCSI* 5 . 9 3 7 9 0 03 

SLLO- 2 . 1 6 1 1 0 06 S i l l - - 2 . 3 6 1 1 0 06 SCLO- 7 .023*0 03 SCLI* - 7 . 0 2 3 6 0 03 

STH- 1.11"»10 06 3TP- - 1 . 8 6 6 2 0 06 SON- 1 .66610 03 i,SP* - 6 . 6 6 1 0 0 03 

SC» - 1 . 0 6 2 1 0 - 0 2 t o - 2 . 6 6 6 6 0 - 0 2 OfHO- 1.6026C-02 TO- 1 . 2 3 2 2 0 - 0 2 T1* 1 .00500-10 THtTk* - 6 . 0 9 7 9 0 - 0 1 

C6LC0UTICMS POO PMSSOOI 10601*6 

SLSO- 1 .61960 06 S l i t - 2 . 5 0 6 3 0 03 SCSO- 1.63900 06 SCSI- 1 .09140 06 

S I L O 1.066*0 03 S H I - S .79790 03 SCLO* 5 . ! 9 3 5 0 02 SCLI* 1 .71960 03 

STH- 9 . 3 3 1 1 0 03 STP- -1 .10C2D 03 SON- - 2 . 2 9 3 2 0 0 3 S»P* 2.703SD 02 

t « - - 6 . 4 1 1 6 0 - 0 3 SC- - 1 . 0 3 0 2 0 - 0 2 QUO- 9 . 7 * 0 6 0 - 0 3 1 0 - 0 . 7 2 2 6 0 - 0 3 T1* 1 . 0 7 1 4 0 - 1 1 tHITk* - 1 . 0 0 0 0 0 - 0 1 

CUCOlkTIOr" POO • • H P U k l O R t LOkDIHO 

SLSO- 1 .22200 00 3LSI- - 1 . 2 2 2 0 0 00 SCSO- 1 .06690-01 SCSI- - 6 . 3 7 2 2 0 - 0 1 

SILO* - 1 . 1 9 7 7 C - 0 1 S i l l - 1 . 3 0 7 7 0 - 0 1 SCLO- -1 .0619U 00 SCLI* - 1 . 7 ) 0 1 0 00 

STH- 1 .10070 CO 3TP- - 6 . 1 3 3 0 0 - 0 1 SON- - 3 . 7 3 6 7 0 - 0 1 SOP- 1 .40720-01 

SC- - 7 . 6 6 7 6 0 - 0 7 2C- - 1 . 7 0 0 7 0 - 0 6 QPH8- 9 . 9 5 9 0 0 - 0 7 TO- - 2 . 6 9 6 5 0 - 0 7 T1* - 1 . 7 2 5 9 0 - 0 6 IHBTk* - 2 . 9 0 6 0 0 - 0 7 

C»ir0l»TIOHS POO COHBIMO LOkDIH««H2 0 * 03? PCS ITTPI-1 00 2 , 02 I OP ITTPI-3 , > 7 .70160 06 

SLSO- 3 . 1 3 0 4 0 C* S I S I - - 1 . 6 6 0 * 0 06 SCSO- 3 .00570 06 SCSI* 1 .40600 06 

SLLO- 2 . 1 3 6 2 0 06 M i l - • .37000 06 SCLO- 0 . 6 0 6 0 0 03 SCLI* - V . 1 1 1 7 0 03 

STH- 1 .06300 06 S t » - - 1 . 6 6 9 3 0 06 SON- 6 . 7 3 9 1 0 )3 SOP* • > . 2 ( 6 1 0 03 

U > - 1 . 2 1 9 1 0 - 0 2 tC» - 3 . 0 6 6 3 0 - 0 2 OHIO* 1 . 7 6 7 2 0 - 0 3 TO- 1 . 0 0 * 4 0 - 0 3 T 1« - 1 . 7 2 9 9 0 - 0 6 1HITM - 5 . 1 0 0 6 0 - 0 1 
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Tc avoid leakage,* the residual bolt load aust not be less than the 
critical value N , which aay be obtained froa siaple equilibrium consid
erations; thus, 

K c = J G2 p , (A.2) 

"critical" bolt load, 
outside diaaeter of gasket (65 in. in this exaaple), and 
pressure (720 psi in this exaaple). 

In this exaaple, the value of H is 

N = x x 65 2 x 720 = 2.589 x 10 6 lb . c 4 

Because N is significantly greater than N2 = 1.0948 x 10 6 lb, the 
result - for exaaple 3(a) indicate that the joint Mill leak at the ratod 
pressure with the initial bolt stress of 20,033 psi. The results illus
trate an aspect of ASME-desi-jned flanges that is well known to asny 
users; that is, the joints often cannot be aade leaktight (especially in 
order to pass the hydrostatic test) by applying an initial bolt stress 
equal to the Code-allowable bolt stress. 

The output data for example 3(b) a-e shown in Table A.6. Exaaple 
5(b) is the same as 3(a), except that the initial bolt stress has been 
increased froa 20,033 psi to 44,300 psi (Kl input under XM0A increased 
to 2.0661 x 10 7); the initial moment has been correspondingly increased; 
and the pressure has been increased froa 720 psi to 1080 psi, the latter 
being the hydrostatic-test pressure of l.j tines the cold rating pressure. 
It can be seen in Table A.6 (on the second page, Table A,6b) that the 

* 
Leakage is defined as the gross type of leakage that occurs when 

the load on the gasket is reduced to zero. Slow, diffusion-type leakage 
may occur at lower pressures. 

where 

c 
Go = 

P = 



Table A.6a. Output data for example 3(b) , blind flange bolted to a 
tapored-hub flange, with i n i t i a l bolt s tress > 44,300 psi 

PLUMB PI»ROB rumii PIPB «•• IT HOB ICIT / R I I S U I B , 
O.O..* I . 0 . . R THXCR.,T RftLL.OO BMB.QI IIROTR.R CIBClt.C P 
73.93750 57,931*0 7,«o»vn 1.23*30 J.70300 9.43020 69.«3790 1000.000 

•Ol? CORPP. OP !>UTft MOD. OP RBRR BtlRIT ITTPB 100*0 IC00S R»TI 
LOAD THBRRM. I I P . IUSTXCIT1 OIMITIt 

6.0440 0« 4.0000-06 1.0000-02 3.0000 07 4.2430 01 3 0 0 9 

PLARGS * l»RQI P16RGI PIPS HOB AT ROB OulT PRESSORS, 
O . O . , 4 X . D . . B TRICK. ,T » » l l , « 0 O M I . O t LBMIR,R CIRCIB.C P 
O.93750 5 7 . 9 i i * 0 9.93790 1.23*30 2.70300 9 . * N 2 0 49.«3790 1000.000 

RORVRT COBPP. OP OBIT* ROD. OP RSIB flftSRIT ITTIB IIORO XCODB RATS 
TRIRRAl t I P . .'LASTXCITT OXARITIR 

2.0*60 07 6.0000-06 1.0000-02 3.0000 07 6 ,2430 01 1 0 0 0 

BSZIB TR BB TB 100 XOI 60 
2 . 2 9 0 0 0 00 3 .00000 07 6 . 0 0 0 0 0 - 0 6 0 . 0 6 . 9 0 0 0 0 01 6 . 0 2 9 6 0 01 1 .36920 02 

TO TO 10 TO P»CI P l l 
6 . 2 9 0 0 0 - 0 2 3 . 0 0 0 0 0 06 6 . 0 0 0 0 0 - 0 0 0 . 0 0 . 0 0 . 0 

R1 *» TPP TP2 TPP2 ( 0 2 T02 
6 .0494D 06 0 . 0 0 . 0 3 .0000C 07 3 . 0 0 0 0 0 07 3 . 0 0 0 0 0 07 3 .00000 06 

PLAK8E JCXRT RCl' 1060 CRAHfll DOB TO APPLXBD LMDS, BtXRD 1C IRTIOBR PAIR 

PLAROk JOXRT SXOt ORB (PRXRBD QOARTXTIIS) 

OPRO" 9.«*9«0-10 QPRQa 0.93900-00 QTHO* -1,00000 00 10 • -1.00000 00 00" -1.00000 00 10 • 7.90**0 00 

TR • 3.00000 07 TP2 • 3.00000 07 IP • 0.00000-04 

PLANSt JOXRT SI OR TBO (ORPRXRBD OOABTXTXBS) 

QPR«» ».19*00-09 OPRO- 0.00220-00 QTH«> 9.99900-09 I I • 9.79110 01 00> 1.2)010 00 TN • ».917«0 00 

TH - 3.00000 .? TP2 • 3.00000 07 IP • 6.00000-06 

•OIT IRQ 

BOLT LIROTR- 1.619*0 01 BOLT ARIA- 1.3092D 02 BOLT CIRCLBa 6.9*100 01 

TB " 3.00000 07 TB2 • 3.00000 07 IB • 0.0000C-06 

QASRfT 

Wr - 6.29000-02 100 • 6.90000 01 IQX • 0.02900 01 
tS - 3.00000 04 TO2 • 3.00000 06 10 • 6.00CCD-06 

mmmmmmm 



Table A.6b (cont inued) 

LoaDtaas 
XBXTIAL DOLT LOAD" t.M*.«D 00 DOLT TM».» 0.0 PLABOI Oat TtBB." 0.0 PUB«I TOO TIBB." 0.0 
OASBIT tsar.- o.o JSITA- i.ooooo-oa DtLitM i.ooooo-oa raasaoai* t.ooooe 01 

•asiooki BOX? LOADS »r?t» TaaaaaL-MissoaB LOADS 

U I U Tanaii.aak* O.OMAD oo HOBIBT s a m . B a i - j . a n a o oo 
TOTAL MMSOai.aaCa 1.S0JAB 00 DILTk TMBBkl.vaD" 0.00990 CO 

OONUaiD,a«« 3.9B3JD 01 

m-ajA* o.o ai-aaa* 7.703io os Bi-oac» a.oaao o» ai-aao- I .OJUO oa Bi-aa» a.maio o« 
M2A/ai> i.ooooo oo aaa/ai* a.7a«*o-oa aac/ai« s.oanao-oi aao/at- o.Mtao-oi aa/ai* ».»a»oo-oi 

XBITIAL ABD BBSinVAL nOHMTS APTIB THBBNAI IRIfJOBB LOADS. 

at- a.O««ID 07 aak* a.ototo 07 aaa- a.attSD 07 aac- I . D H D 07 HID- a.oooio 07 aa» i.oatoo 07 
aaar- 7.o«««e 07 »x»« • .SHOD ©7 aa»« • .SHOD 07 

• • . • * » j | r . i ' ' . i l , , i j / M JfcVd,'*,. * ."«• I 



Table A.6c (continued) 

BUBO riftnet 

c i i c u i n o u BOB KIT IOBBXRO 

SORT- «.M)«0 03 SOB- a.t«2«D 03 Sat* «.M3«D 03 ICB" -3.J7J70 02 »CT« ».*I710 01 MT« S.33*10 03 
1C» <4,7«a00-03 

CkLCDUTicas BOB BBISSOBI io«oxa« « 

soar* i.»7»«o o» s«a> -i.av?aa 03 aot* 7.uo»o 03 sca« «».a70Bo oa ACT* o.atoo OI a»t» « . U J ) D 03 
«C« -7.0»7»B-03 

cucoimoas roa COABXBSD IO»OIM,B2 OB aaa roa I TXBI - I OB a, aa roa x t m o , • 3.49330 O« 

SOBT" 2.0BBB0 0« SOB" «.0*070 03 B«T> 1,3*010 04 SCR* -4.3B7JD 02 BCT' t.OUSO 0« 1IT» 0.SD07B 03 
IC" -1,0*710-02 



Table A.6d (cont inued) 

CAicuLkTicar re* RORIRT IOSOIRO 

SISO- 9.04390 09 S IS1- -9 .04349 04 SCSQ- 3.99430 04 SCSI* 

S l lO - «. 12790 OH SILT" -11.13790 0 * SCIO- 1.33030 04 I C U < -

STM» 1.94990 0« STP- -3 .39040 04 SOR- 1.40070 0*1 SOP- • 

tfi« - 1 . • 3 7 3 0 - 0 2 tC> -4 .31000-02 0PRO- 3.47300-03 V0- 3.1734 

CkLCOUTIORS POP. MtSSOM 1010100 

SISO- 3.13900 0» SIST- 3.97*40 01 SCSO- 2.199*0 0* SCSI* 

S1.10- 3 .79*70 03 S i l l - 0.49'OD 03 SCIO" 1.39030 03 S C U -

STR- 1.39970 09 STP- - 1 . ( 9 0 3 0 03 SRR- -3.93970 03 SOP-

SO" -4 .74719-03 1C- - I . M S 3 0 - 0 3 0PR0- 9 .499*0-03 VO* 1.99991 

CkLCQUTlCOS POO : tRP I9MQ9l 101 OX00 

Si So- 1.44300 00 31SI - -1 .33390 00 SCSO- 1.09990-01 SCSI- • 

S1.10* -1 .39770-01 S i l l - 1.39770-01 SCIO- -1.09190 00 S C l l - • 

STR- 1.10970 00 STP- -9 .13300-01 390* -3 .73970-01 SOP-

I S - - 7 . • 9 7 * 0 - 0 7 | C - -1 .70070-09 QPRO- 9.99900-07 VO- -3.9999! 

CUCRUTXORS POO COROIRIO lOkOXM,R2 00 R3P IOR ITVPt-1 OR 3, 

SISO- 9.73090 09 SIST- -3.31390 0« 3CS0- 9.39190 09 SCSI-

SlliO^ 3.93930 09 9111- -3 .70900 09 SCLO- 1.10190 09 S C I I - -I 

STR- 3.19930 09 STP- -3 .09910 09 SRR- 9.79930 03 SOP-

SO- -3 .30970-03 t C - -9 .39970-03 0PRO- 3.09100-03 VO- 3.30991 

.09990 09 

.3 3930 0« 

.17310 09 

-03 V I - 3.19930-19 TR1T4- -1 .19920-01 

.93730 09 

.90900 03 

.09990 03 

-03 V I - 9.07190-10 1RIT9- -3 .71330-03 

.37330-01 

.79010 00 

.90730-01 

-07 V I - -1 .73990-09 TNSTk- -3 .90400-07 

93 POO It lPIO, • 1.03100 07 

.94940 04 

.37130 03 

.90900 03 

-03 V I - -1 .73990-04 I f l tTk- -9 .09490-03 

&&£•!*&••* .> * * - ( ! * • • *»* * * •" 
t*««aifVM«4«»wwMt*<iiaa mwW'•" 
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residual bolt load after application of a pressure of 1080 psi is 
W2 * 3.5933 x 10 6 lb. The value of the critical bolt load to prevent 
gross leakage is 

If « I x 6S 2 x 1080 * 3.584 x 10 6 lb . C 4 

Kith an initial bolt stress of 44,300 psi, the residual bolt load is now 
greater than N . 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 aargin of safety. As 
the reader may have surmised, the initial bolt stress of 44,300 psi was 
preselected for exaaple 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 N2 - *Q. Note that (Ml - W2) = 1.648 x 106 

in exaaple 3(a) and that (Ml - *"*) varies linearly with pressure. To 
find the required value of Nl to make W2 = W at an arbitrary pres
sure p, we need only solve the equation: 

HI = j G2

0 p • ̂  (1.648 x 106) . (A.3) 

For p * 1080, Eq. (A.3) gives WJ = 6.056 x 10s, and the corresponding 
initial bolt stress is Wl/^ = 6.056 x 106/136.92 = 44,228 psi, whici 
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 SB1 = 
20,033 psi. 

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

The maximum stress due to coabined bolt loading and pressure 
loading (Table A.Sc) is SORT = 14,749 psi. Note that this coabined 
stress is not the sua of the stress due to the initial bolt load and the 
stress due to pressure. Rather, the prograa recognizes that the pressure 
changes the bolt load — in this example, froa 2.743 x 10 6 lb down to 
1.0948 x 10° (Table A.Sb). Stresses for coabined loadings are related 
to stresses for initial bolt loading only and pressure only by the 
equation 

°c = °b * if * °p • ( A 4 ) 

where o = combined stress, o. = stress due to initial bolt load only, c b ' 
K2 = bolt load at pressure, Ni = initial bolt load, and a = stress due 
to pressure only. 

The Code equation for coabined stresses [i.e., S = (d/t)2(C.3p • 
1.78NhG) froa paragraph UG-34 and Figs. UG-34 (j) and (k)] can be de
rived by assuming that the blind flange is a flat circular plate of 
outside diameter equal to the effective gasket diameter d. The metal 
outside the diameter d is ignored. The plate is simply supported along 
d and loaded by edge moment Wh f and pressure p. Wh_ is either the 
operating moment or the gasket-srating moment, as obtained in Appendix II 
of the Code. The method used in this report is the tically more 
accurate than that used in the Code, and the relatively good agreement 
between stresses in Table A.5c and those in Table A.3 is, in part, 
coincidental. Large differences can exist, particularly when there is a 
significant amount of flange material outside the gaskei di-imeter d. 

Tapered-Huh Flange Stresses, Example 3(a) 

Example 3(a) was run with an initial moment of 1.1719 x 10 7 in.-lb 
to permit direct comparison with the stresses given for example 1 in 
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Table A.2 under the heading "ASNE FLANGE STRESSES AT OPERATING MOMENT, 
MOiV In exaaple 1, the value for NOP was determined to be 1.1719 x I0 7 

in.-lb. To be consistent with the Code calculation in this example 
[3(a)]. ,e chose IB0ND = 0. 

Calculated stresses for the tapered-hub flange are shown in Table 
A.Sd. The Code method covers only moment loading. The stresses in 
Table A.Sd for initial moment loading only are the same as those in 
Table A.2 for operating moment, HOP: 

Stress values from Table A.Sd Stress values from Table A.2 

SLID = 23,411 psi SH = 23,412 psi 
STH = 11,173 psi ST = 11,174 psi 
SRH = 8,444 psi SR = 8,444 psi 

The Code method gives stresses at the small end of the hub if the Code 
factor f is greater than 1.0; otherwise, it gives stresses for the large 
end of the hub. The Code method calculates radial and tangential 
stresses on the hub side of the flange only. Usually these 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 absolute 
magnitude. The Code method does not give circumferential stresses in 
the hub. 

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

Combined stresses are not the sum of the stresses due to the three 
individual loads. Rather, tb? p.ogram recognizes that pressure and 
temperature change the moment from Ml = 9.3433 x in6 in.-lb to M2 = 
7.7814 x 106 in.-lb in this example* (Table A.5b). The maximum stress 

It should be noted that Ml is not the same as the input moment 
XMOA. The program will accept any value for calculating stresses hut, 
for calculating bolt load changes, it assumes that the moment is equal 
to W(C-G)/2. j 

i 
I 
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under combined loads (in this exaaple, residual moment and pressure) is 
SLSO = 33,385 psi. Under initial moment only, the maximum stress is 
SLLO = 23,41! psi. 

Blind and Tapered-Hub Flange Stresses, Example 5(b) 

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

Displacements 

Tables A.5 and A.6 include, along with stresses, the displacements 
ZC for the blind flange or ZG, ZC, QFHG, YO, Yl, and THETA for the 
tapercd-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-tUB FLANGES, EXAMPLES 4(a) AND 4(b) 

Input Jata 

The input data for Examples 4(a) and 4(b) are shown in Table A.7. 
The initial bolt stress of 46,100 psi and corresponding Nl = 6.312 >. 
10 6 lb were selected by a preliainary calculation so that V2 would equal 
N at the hydrostatic-test pressure of 1080 psi. The value of Wl = 
6.312 x 10 6 lb leads to initial aoaent XMOA = Nl(C-G)/2 = 2.1500 x 
10 7 in.-lb. Example 4(a) is for hydrostatic test conditions at atmo-
sphcric teaperature. Exaaple 4(b) is for steady-state operating con
ditions at the rated pressure of 300 psi and corresponding API-605 
teaperature of 850"F. 

The aodulus of elasticity of the flange, bolt, and gasket aaterials 
was assumed to be 2.25 x 10 7 psi at 800*F, as compared with 3.0 x 10 7 

at atmospheric teaperature. It is assumed that at steady-state operating 
conditions there is an external bending aoaent 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 exaaple 4(b), as shown below: 

PBE * 4 S. g /D ' 4 x 7500 x 1.2343/60 = 617 psi . b o o 

Output Data 

Residual Bolt Loads 

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

The residual bolt load is given by W2 = 3.585 x 10 6 lb. The crit
ical bolt load, derived from Eq. (A.2), is W * *G2 p/4 « 3.584 x 
10 6 lb. Accordingly, the results of example 4(a) indicate that an 
initial bolt stress of 46,100 psi is sufficient for the joint to pass a 
hydrostatic test to 1080 psi, albeit with no margin of safety. 



Table A.7. Input data for tapered-hub-to-tapered-hub flanged joint, examples 4a and 4b 
Card 
No. Variables and numerical values 

Read 
format 

1 ITYPE I BONO I CODE MATE 
1 0 0 2 415 

2 A B t 80 8i h C P 
73.9375 57.5314 5.9375 1.2343 2.7030 S.4362 69.4375 1080. 

(300.) 
8E10.5 

3 XMOA EF DELTA2* YM G 
2.1500D+7 6. D-6 .01 3 D*7 62.62S 5E10.S 

4 BSIZE YB EB TB XGO XGI AB 
2.25 3. D+7 6. D-6 0 65. 60.25 136.92 7E10.5 

5 VO YG EG TG FACE PBE 
.0625 3. D+6 6. D-6 0 0 0 

(617.) 
6E10.S 

6 Ml TF TFP YF2 YFP2 YB2 YG2 
6.3120D+6 0 0 3. D+7 

(2.2SD+7) 
3. 0*7 
(2.250*7) 

3. D*7 
(2.2SD+7) 

3. D+6 
(2.250*6) 

7E10.5 

Values in parentheses are for example 4b. 
Since DELTA cannot be entered as zero, 0.01 was used as a satisfactorily small value. 



Table A.8a. Uutput data for example 4(a), identical pair of tapered-hub 
flanges, with ini t ia l bolt stress of 46,100 psi 

PLftKi I H R C I FURGI r x n HHR »t HO* ICIT MRSSURB, 
0 . 0 . . » I . D . . B THICK. ,T BUL,<10 S M B . 0 1 IBROTH.M CXBCLB.C V 
7 j . 9 3 7 5 0 5 7 . 5 3 1 * 0 5 . 9 3 7 5 0 1 .23*30 2 . 7 0 3 0 0 5 . 4 3 4 2 0 4 9 . 4 3 7 5 0 1000 .000 

M I I I T C O I f l . o r DBLT4 NOD. Or M M OftSRIT I T I M IBORD ICODt RATI 
TRBRIUl s i r . BlkSTICITT DIM1TBR 

2.1SOD 07 * .0000-04 1.0500-02 3.0000 07 4.2430 01 1 0 0 2 

BSISB f i BO TO I GO 101 »• 
2.25000 00 3.00000 07 4.00000-04 0 .0 4.50000 01 4.0250D 01 1.14920 02 

VO TO BO TO r ic i M l 
4.2500D-02 3.00000 0« 4.00000-04 0 .0 0.0 0.0 

HI t r rrr IP2 KIR2 IR2 V02 
4.31200 04 0.0 0 .0 3.00000 07 3.0000D 07 3.00000 07 3.00000 04 

ruHOI JOXHT ROIT LOAD CHUHOI DOB TO m i l t O 10*OS, IDBHTICIl MIR 00 

PLkRGI JOXHT S I M ORB (tRIRBD OOftHTIIXBS) 

OrHO- 1 . 1 9 4 0 0 - 0 9 QMO- * . 0 4 2 2 0 - 0 4 QTRO" • . • 5 9 0 0 - 0 5 IB • 5 .7531D 01 0 0 - 1.2343D 00 TH • S.9J75D 00 

TH - 3.0000D 07 TF2 « 3 . 0 0 0 0 0 07 Br - « 0 0 0 0 0 - 0 4 

F U H 1 JOXHT SI01 TWO tOR»RXRBD QFMTXTIBS) 

OTHC- 1 .19490-09 0 * * 0 - $ . 0 4 2 2 0 - 0 4 QTRO" 9 . 5 S 9 0 D - 0 ! IB • 5.7S31D 01 00> 1, 2343D 00 TR • 5 . 9 ) 7 5 0 00 
TH a 3 .00000 07 TF2 • 3 . 00000 07 Br • 4 . 0 0 0 0 0 - 0 4 

BOLT I N 

BOLT LBBOTH- 1 .41*90 01 BOLT » » ! » • 1.3 920 02 BOLT CXRCLI- 4.943BD 01 
TB • 3 . 0 0 0 0 0 07 TB2 « 3 . 0 0 * 0 0 07 BB • 4 , 0 0 0 0 0 - 0 4 

GaSKBT 

VO • 4 .250OB-02 ISO • 4 . 5 0 0 0 0 01 BOX > 4 . 0 2 5 0 0 01 
T6 ' 3 .00000 04 102 " 3 . 0 0 0 0 0 04 BO - 4 .0000C-04 



Table A.8b (continued) 

LOA' IKS 

INITIAL iOLT 10»B» •,1120V 00 WIT TMI.> 0.0 PL A HOI ONI TlUf." 0.0 PL»HQ« WO TIM"." 0.0 

6ASKIT « * » . » 0.0 OILTA" 1.00000-02 OUT AM 1.00000-02 MISSQM- 1.00000 01 

MSXOOAL OOIT LOADS APtlK T H I M k l - N I I S S O M LOADS 

AIIAL TMBOHAl,«2A> 0.3120D 0« HOMO* SHIFT,I2t> 5.07*00 00 

TOTAL M I 3 S 0 I I , 9 2 C « .>.iO:i2C 04 OILTA TMMAL,V2D- 0.31100 00 

COHBIMD.V2* 3.40900 04 

m-V2A> 0 .0 a l -»20> 1.23000 00 H1-I2C- 2.7200D 00 01-U20* 1.0*000 02 H1-M2- 2.72700 00 

H2A/H1- 1.O00OD 00 I2B/H1« • .0 *100 -01 H2C/91- S.07990-01 02D/V1- 9.99970-01 03 /01" 5.07900-01 

MITXAL AMD 0ISI00AL MONtOTS AFTIO TNIIOAI IOISS0RI LOADS. 

HI* 2.15000 07 H2A> 2.1»00O 07 H2B> 2.33090 07 | K < 1.02110 07 R2D" 2.14000 07 H I - 1.02000 07 

112 DM 2.3309c 07 *2C0" 1.02910 07 H2*« 1.02900 07 
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St 
The output data for example 4(b) are shown in Table A.9, which is 

identical in foraat to Table A.* for example 4(a). The residual bolt 
load for exaaple 4(H) is given by M2 > 3.271S x 10 s lb. The pressure is 
lower in example 4(b) than in 4(a), but there is a aodulus-of-elasticity 
decrease which, by itself, waxes M2 - VI x 2.25 x 107/(3 x 10 7) and 
moke* the effect of the ceuivaieat oressure correspond to the external 
moment PtE. He can check to see if the residual bolt load is sufficient 
to prevent leakage by an extension of the concept of the initial bolt 
load «* , which was discussed in the previous section, he - d e the 
conservative assumption that the aaxinwn tensile stress due to the 
external bending moment (which exists only at one point on the pipe 
circumference) acts around the coaplete circumference of the pipe. The 
value of m* , the critical bolt load to prevent gross leakage, is then 
the sun of tq. (A.2) and the axial load due to the bending moment; thus 

"c" J C o P * V b • ( A 5 ) 

where 

A « *(• * g » g * cross-sectional area of attached pipe, and 

S. * axial stress in attached pipe due to an external moment. 

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

K * .' I x 6S 2 x 300 ) • (* x St. 7657 x 1.2543 x 7S00) 

« 2.7045 x 10* lb . 

Because o2 > 3.2718 x 10* lb is greater than b"c * 2.704S x 10* lb, the 
results indicate that the flanged joint w.th an initial bolt stress of 
46,100 psi can carry, at least for a short time at SS0*F, an external 
moment giving both an axial bending stress of 7500 psi in the attached 
pipe of 1.2343-in. wall thickness and an internal pressure of 300 psi. 

At 850*F, the carbon-s.eel flanges and bolts would be expected to 
undergo significant relaxation due to creep in the flanges and bolts. 
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Tabic A.l>e (continued) 

CftLCOltTICNS POP. ROM NT l O t O I M 

USO* «.22710 0* SIST* • * .22710 04 SCSO* l.*240O 0» SCSI* I . O M I t 01 

SHO- 4 .2*410 04 S t tT* -4.24410 0 * SCIO* 1.20040 04 S C I I * -1.20140 0« 

STH> 2 .049*0 0« STP- -1.19070 04 SON* 1.44920 0* SUP* -1.71970 0* 

T.G* - l . t U K - O I JC* -4 .49400-02 QPM* 2.47120-02 TO- 2 .240*0-02 T l * I .44240- I0 THSTM -7 .«««*D-01 

CftlCOUTIOOS POP P0ISS09P 10»OI06 

SI JO- 4.41400 0) S I S I * 1.07740 01 * . S 0 * 4.09*00 01 SCSI* • . 4 * 0 1 0 01 

SLLO- 7.70070 02 S i l l * 2.91400 03 SCIO* 2.110*0 02 S C I I * 7,2*710 02 

STH- 1.00000 01 STP* • • . 4 0 * 1 0 02 « » • • •9 .14*90 02 SOP" 1.120*0 02 

SO* - I . 0 7 9 0 0 * 0 1 1C* - * . 2 9 2 * 0 - 0 1 UPR4* 2.41270-01 TO* * .04100-01 f t - 0.«71«D-19 1«tT»» - 7 . 4 1 * 4 0 - 0 * 

ULCttUTtOSS POO T i m i M O M lOftOIM 

i i » o - t .22200 00 S I S I * -1 .22200 00 SCSO* 1.00*90-01 SCSI* -4 .27220-01 

S l lO* -1.1977D-C1 S i l l * 1.19770-01 SCIO* -1 .0*190 00 S C l l * -1.74010 00 

ST«* 1.10070 00 STP* • * . 11100-01 SON* - 2 . 7 2 * 7 0 - 0 1 SRP* 1.40720-01 

t « * - 7 . 4 4 7 * 0 - 0 7 1C* -1 .70070 -0 * 0 W 4 * 9.44900-07 TO* -2 , *9«40-07 T 1 * • 1 . 7 2 4 4 0 - 0 * IM IT t * -2 .90*00-07 

CftlCOUTXOPS POO COMINIO I O 4 0 I M . 0 2 00 *2P PCS IT IP I * I OS 2 , 02 POP I T T P I * ! , • I.2S110 07 

51 SO- 1.11*70 0* SISX* - 2 . « I 4 * 0 0* KSO* 2 .7t *10 0* SCSI* 1.10400 0* 

U I O - 2.4*110 0* S i l l * -2 .12210 0* SCIO* 7.92220 01 SCLI* •« .9*000 01 

STM 1 .0U40 0* STP* -2 .0 *900 0* SOI- 0.2t100 01 SOP* -7 .1*710 0) 

M * -1 .12920-02 SC* - 1 . 1 0 * 0 - 0 2 QPM* 1.77720-02 TO* 1.74«*0-02 T l * - 1 .72956 -0 * IHITft* - 4 .197*0 -01 



93 

particularly with the high holt stresses and flange stresses involved in 
example 4(h). h>r long-term service (many years; at 850°F, one night 
expect the flanges ar.d/or holts to creep so that a residual holt stress 
of around JO,(KM) psi would exist, at which tiae *2 = 2u0C - I5b.l_>2 -

J.7384 ,. U>r- lb. Because this is larger than h = 2.7045 • l0': lb 
c 

obtained t'roM fcq. (A.5), indications are that the flanged joint could 
still carry the external moment and pressure, albeit with almost no 
margin of safety. 

It should be noted rhat, if belts relax in high-temperature service, 
then the bolt load does not return to its initial value upon returning 
to initial conditions. The permanent loss in bolt load would he *2 -
Si_ Ai_. *herv S. = relaxed holt stress, assumed here to be 20,000 psi. nr n nr 
The permanent loss in oolt load, in this example, is 5.2~18 r 10' -
2O.O0O • 15<>.92 = 555.400 lb. The load is theoretically not sufficient 
to pass a hydrotcst of 1080 psi, hut it is extremely unlikely such a 
hydrotcst would be required for a system operating at 500 psi and 850°F. 

Flange Stresses 

Tables A.8c and A.Dc sho* the flange stresses for examples 4(a) and 
1(b), respectively. The maximum calculated stress occurs in example 
1(a) where SISO - 57,255 psi for combined loadings. Note that this is 
net the sum of the stresses due to initial moment loading only plus 
pressure loading only (first two groups of stresses), but rather it is 
the stress due to the moment as changed by pressure, M2 = MJP - 1.829 • 
10 ; in.-lb, pluv the stress due to pressure only. 

The questioi arises as to whether the flanges in the flanged joint 
are strong cnougi to pass the hydrostatic test. To pursue this question, 
it is appropriate to tabulate the tangential urni radial stresses at 
initial and pressurized conditions: 

Condition STH STF SRH SRF 

Initial 20,499 -53,907 15,492 -12,197 
Pressurized 31,435 -30,496 9,759 -9,970 



*+ 

It should he noted that the stresses are, in large part, bending stresses. 
Before large pla>ti«* deformations occur, thesj stresses aist reach about 
I.5S , inhere S is the yield strength of the fiangc aaterial. Further, 
high stresses in the hub will not lead to large plastic deformations if 
there is reserve strength in the flange ring as indicated by relatively 
low tangential and radial stresses. If the capability *\»r calculating 
these stresses has been attained, the next logical step is to conduct an 
extensive study to develop MI itable design criteria for stress liaits in 
flanged joints. Until such a study is conducted, however, the following 
liaits are suggested as appropriate for stresses under hydrostatic test 
conditions: 

Stress Liait 

Longitudinal hub stresses 

Radial stress or tangential stress 

Averages of radial or tangential 
stress and longitudinal hub 
stress 

The above criterion aakcs the average of SLSO and STH irder pressr.ri:ed 
conditions (i.e., 1/2(5.7255 > 10u • 5.1456 * IOV « 14,54J psi| the 
controllirg stress and infers that the flanged jcint is ceptable, 
provided the flange-natcrial yield strength is not les-_ than 44,544 psi. 

Displacements 

In tightening the belts to 46,100 psi, the question arises as to 
whether the flanges Mill rotate so that contact occurs on the outer 
edge. Table A.8c shows values of THF.TA, the rotation of the ring at the 
acan radius of the pipe wall. An estiaate* of the displacement of the 
ring edge with respect to the gasket centcrlinc can he obtained by 

The deformation of the rim? is not exactly linear across the ring, 
but in this exaaplc it is suffic.cntly close to linear. 

<1.5S y 
<S 
- y 
<S 
- v 
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•stslt iplying 1HLTA by iA-C.,.'*, the radial d i s t a n c e betkten the ring edge 

u:ki ju -In-! c e n t e r l i n e . in exaaplc 4<a>. A = ~..'.»5~5. î  - <_.t»23, and 

illLTA - -*».i»l;.t» - l(i' under coahmed li>ajing; the s i n u s s ign Means that 

the ro ta t ion i s such that c learance i s reduced at the outer edge. The 

displacement of A n i th r<. >pect to t." i s 9.«»4h«> - Io ' - i~5.95~5 -

t>2.**2S\/2 = (».<»SU in. Because Al'l-h»)5 f langes have 1 / l b - m . ra i sed 

f a c e s , the ouCi-r edges of the f langes * i l l not contact each o ther . The 

clearance a»ili then be Jn.o-»J3 - O.OMJi - 2 = c'.m'So i n . plus the 

trickne>< oi the gaske t . 
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COMPUTER TIME 

The six exaaples discussed in this appendix were run on BattelIc's 
CDC 6400 computer and also on ORNL's IBM 360/91. The IBM FORTRAN source 
deck (.converted to double precision for use on the IBM Machine) has 1583 
cards. The total length of the prograa is 80* bytes 110, .MO actual 
words), and it needs no auxiliary storage devices except standard read 
and write units. The prograa requires 270k byte? for compilation and 
has a ojpilation tiae of 19.4 sec. The total execution time for the 
six exaaples was 1.13 sec. 
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Fig. B.1. Progran FLAXGh. 
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Fig. B.2. Subroutine TAPHUB (Part 1). 
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Fig. B.2. Subroucine TAPHUB (Part 2) . 
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Fig. B.2, Subroutine TAPHUB (Part 3). 
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Fig. B.4. Subroutine BLIND. 
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Fig. B.S. Subroutine ASMEIN. 
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TMt«-».»tRXI»»2.S»Rl.»BXnB"*J./ I IGl»»J.|*IB| TAP aS2 
A|7.7) « tcat* (2 .C*BV06( IB|*J . I l TAt OaA 
«f7,B)>TKRf*2.« r a t «s* 
M 7 , t ) * - T * B P » 0 . 7 / U * * I B | TAP *5B 
* (7 r iQ )«o . r a t • » • 
• fa , i |>o . ra t *»2 
A(8,2)>0. TAP • » • 
A I B . ] | > V . r a t • * • 
• (*»*> «0 . TAt BAB 
« ( * , * ) - C . TAt »7B 
A in,*>•*. . r a t *72 
»(»,7) « MMB*DUe| IB | TAt »7«A 
« f« ,0 )> I» *O TAP B7A 
k|i»,<») » DLOeiW TAP •TBA 
«(«,1O)>1.0 TAP »BB 
* { > , i ) * o . r a t as2 
*(«,J)«C TAP BB* 
A ( 9 , ) ) « G ?At BBA 
» i9 ,» )o rat «BB 



119 

at*.Si*o 

»!».»» * 2.*»nesiai»»j . i 

A(9.*| * -0 .7 / (U*ia) 
a«*.iO)*o. 
a ( i * . 21*0. 
a i t3 . ) i *o . 
B(10.«)*0. 
atic.Si«o. 
aiio»*i*o. 
* | io.7|«i .a 
a(1B.B)*S, 
a|10.9|*0. 
a|M.10)*0. 

: run i.*ot. 0 0 1 . au> , a m . at»i. a iO).af7| .at«.B<4.* i i *> 
BO I I 1*1.19 
BO 12 4*1.10 
a B i : . j | « a u . j | 

12 COOTXBOE 
u :OBHBBC 

c ca taux ioM roa aostor »«aBx*i. T » I U D BOB 
B»0. 
rs*o. 
BELT'S. 
xr UCSB»-«) *». i«.w 

i« xo0*xoea 
SO TO H 

is caLi aiaexa 
SBKMOr 
3«fCOtI*5ZB»/2. 

C H BBXBT * • 
10 rOOTIWS 

80 17 1*1.10 
8<I ) *S . 

17 roSlIBBT 
BflOJ • - C - 7 J / B>.2SJ2*TB*TB«*>.« 0a - IK) ) ) * IRO 
can 1.1*2 (a,w.ic.s..o.i.ic.L:Mr.:sB*.»Er.Brsc.»»v.L*«.irct 
Bi7>f>s»aefts*2.*Bfui) 
Ml* |-I«BtXE-2.«Bf BBI| 
aiv*i- i*ct>i*: .*BBtii i 
a2«*i*>*cuB'2.*»»ai) 
ri*(-TB«oi**).*iB*tn*>*2./fB7.j*«ra:T**).s*Hi**j^)*f»i7«ofi|»BiOTar S7» 

t*»t2i*Bi9««cj|*B2C*B|*9i rar S7* 
a»*».*i*«ixi»a.*Bfa.ai-B*>*ctEXi rar S7a 
i m * i . ' i » i u i » i . * t t t i i * i * m i n i rar M O 
Bl1<*.«I*CEXI*8.*tBEet~I*I*CBUI t a r M 2 
B12*-a.*I*CUI*0.*E«EXI»I*I*BKai TBT SB* 
ai*n./|B.*rBXi*««. aii*iB« aOfii*Bio*B|2)*Bii*Bcj)*ai2*»f*i)*2.«ai.rrar Ma 

Ma«*2* rv f f i . »a i ru ) * * j ) rar M B 
T1 • t(7)*t2.0»IB*XL0CfIB)*B)»2,0*SCa)*I8*Bff*/IB TBT I N I 
r u f r v a i rar 9*2 
;or»ftB*oo«Bi*Mic"").)/fEt>2.7j«*.»«6aRRa««j.| rar » • 
r*riai/a>r rar 9** 
T H I * I I / » I rar M I 
co*MXt*2.7j".2SnBD~s.)/f i i >6a««ai rar BOB 
?*riai/cor rar as? 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _ . . . . . . . . . . . . . . . . . . . a v i 7 « 7 S 
c i r firoBB-n i a . i t , i t r * w * 
c IBZOBUBBE rar BOB 

w ir*o rar BOB 
*a*i Tar BIB 

20 SLBS«i.Bi**r<i«t|5> rar Bi2 
xr (ZBOM-O 2 i .2 i . i2 rar OIB 

21 ri*{*TB*S1**J*IB*RE1««2/|B7. J»*rKt1»*}.5*:iL*«)|)«f»17*»f % •k1B*»|Xar BIB 
i2}*ii**rfJ}*B;j«»iB)) rar BIB 
so I D 7j rar w» 

2< ri*f-TMr.i»*j»aa*»T»i**i/i>»7. j»«r»m*»i.>»Mt*»>i» •(•i7«>t% •Biaaa(Tar B22 

rar •BO 
rar «B2 
rar •toa 
rar •to 
rar •OB 
rar MO 
Tar S02 
rar M « 
Tar MO 
rar MO 
rar S10 
rar SI 2 
rar S I * 
rar S I * 
rar S10 
rar S20 
rar S22 
rar » • 
rar S2* 
rar S20 
rar SM 
rOT SIX 
rar « • 
rar SM 
rar S10 
rar MO 
rar M 2 
rar M * 
rar MO 
rar MO 
• aw SSO 
rar M 2 
rar SMa 
rar SMB 
rar MO 
tar MO 
rar MO 
rar M2 
rar M « 
rar MO 
rar MO 
rar S70 
rar S72 
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zt ri « »i>>»u.e>u*cio£(itfi»ij|»^.d*3fb|*ic*^i*»/it rat t^»* 
T3*Ifr*|»t«)»*S) r*T • £ • 
sisu«-sus»r* »»/(<. • M I w u ^ 

3 c s o * . j » s u o > i 3 * i t / i * : v • » • 
s c s z * . j » s i s : * i ^ t o / i * rar » * • 
s i . > L * | i a * > : v i . 4 4 » i | i i / i « . * m i » « « . ^ i u . » i t l | i * f s f * f t t i | » ^ i « " ^ u i v 2 * i ; i P M » 

£ i *J»- Si. M. •? • I E / U . • til) .4? « • • 
SLi.>SLSk.*P*lC/f«.**:i| . * » * - • 
SCLU«.J*SLl.O»ftS*fVta ••? • • * 
S C H > . J * S L L : * C * T V » :«? v>a 

s : * • ( ( * • * * * • i - > / ( a * ° n - i . i I M ? - ? ' / ? * ) rar • > • 
s « * s u » s i n ras- %s« 
*Tr»-5*s»»r* ra? ».« 
SM » - t1! t* tR/1.«2)* iW-»°SU>»faS|»>.)» a J|?l»2.*»ht«l -»>'*cI»l '0*-~-*? » W i 

1*19| I r*T M * i 
* w > i i w « ; vtfc -a? * • * 
* * » » - s - < - f » n / T t ra? • » * 
r»«=L54/si>>) rar «7» 
zc « M7)*6««"»4.jcc.si*4<"t *e*« v »C*i"£u»c(C)*Mi7) .-a? *72a 
ZC » M1)"C"C*SlilCCC!«*C*l*C*C*«(*)*3lM«tC)*ef1dt r * * • ' * • * 
? r * c * - & > z ; ra r • » * 
crariBai-^riw -*? »7» 
»r izcj;i-*t ;« .2 * , zs ra? %** 

• • caiL s : » ; :«r »«ia 
c 2* r»;*T s«, _ r c , * i c . r*r » u « 

j c : » 2« ra? • « * 
iS $-**I * TH.<1| Ut>t»l .»0) .Ci3S|SLLw| ) Z* mmrni, 

s t f« . f tM*7*s»Mi :a? • » * 
c o : » u i ^ i ! • » : • > / * . ra? »»2 
o * * i s : . T > i » * 2 « / 2 . ; a r * » • 
? 3 l S t S» 7*4- • * * 

? K « T sr rar x « 
S IS»SL! I * ! JU rar 7*2 
sri!*3r**fti>» :af ?»• 
s»i•*«*•< c ; rar 7*« 
CO:*COT»»C6 rat ?^a 
coy»^w»»iOto rar 7t« 
j - » i i ; sr , sL8r;:a^»3.i^:cr,cc« rar 712 
?»;*? t . ra? rim 
s ) .> *7 rar 7i» 

«» :?«:?•» rar ?•* 
c -a *c»( »7,.»»,%«,«t i , i ? rar 7 » a 

so tfcf . M s « ) , ; ; ra? 72ia 
c c a . c s u u c * re? nam si. i t a & s » , :»?t.-:» *«;- Tar 722 

i7 isa»»i. rar 72» 
?«r;-tis rar 72* 
: u : « c . sar 72« 
?S*C>«**>:»/(f ?*<*) ) * • "»T 7J« 

; p i :%: >» rar 7 « a 
5c «* : * * , u rar 7*» 
i i : > « a . rar 7»» 

^- cc#?:it« .*a? 7j» 
:•;• iv. / ' f *«t>- i . f ) • • • * rar 1*9 
i f i )»-«.»?i«#E rar 7»2 
» i i i»».» i . :»»* r i r » • • 

. . - . - . - J f - f 7 -7» 

:*i :.*••-%:.-< i » . , . « . , . . i a r 7 s * a 
^r »i*» » - i . » • » • • ' • ! : rar 7««a 

C . . . . . . . . . . j V77.7S 
>. f t . - . • : , / ( . ..- i.0i •».-'. rar 7*b 

: - » : . - • . . - . i » i , » i , u :*? 7»2 
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J I i»csi* f*-/ii»>*ii»»*i v t i . * i U * * » » - « J * r * * * > » a t i * M U » Tar » • 
9iT|-4.»M*^s/i»aci ra» 1M 
VJ ;J JJ tar *»« 

w 3|^>|rc^i»i*iAtews/ii.*»u«ftii-a«>«»«k»u*ato»"«i!Mk.£i| tm * » • 
M*i—-•»o»r>/iw«i-s.»^i—«i»i/ife»*a>»«>o*»,wi*«a— u y » aar lax 

Jj ?ta|»«.»FO*»V(1.«*tMaa IB> « • 
»o A : » i . i * ra» « M 
»o *• J O . 1 9 rar «M 
A I ; . J I * « I U . J I r » * » • 

J* rasa sat *a» w» 
» co»r:s<*: ra» iv* 

J * U u u f f t v v, i i»^. , * , i v H, i .T&w»:cK,ct :»»* ;nf ;v ,&r«. * r t ) zar w * 
««2 raa i t a 
M T » A ;av Via 
=*LCBUTICS rc i 011.4 i W i K ^ i i , r t f f>ic a t »•» f»2 

)• ?•<*. zat> W 
?>••• xar> » • 
as. i t * * : :» tat «M 
a « i r tc rap m i 
so *« J « I . M rar * » * 
• m > a . ;ar ip« 

J» caarias? rar •> * 
*<St*t*tiSB*l*t****l«9**Z*» ?af I N 
so i» i»i.»w » aaa 
>o H J » I . * > rm mi 
&CJ»*in<x. j ) car • » • 

*» coarxsvi. rar aaa 
i% *osn>C£ rar aaa 

r i i t I ; H • fc . rc v i t ,» .„« v i , ta , i rnr . ic fe ,atv ,H3 B .« iw, i * '« v »«* rar at a 
«*«> rar aia 
?c TD ^e rar a t * 

•• «jus.i i i * t i * -« *» »I»C:EK &•-%#-»*. rar a«aa 
*» MI*.* • . rar 
fcj ro*;:sc£ rar 

co ra !•%,*% • * , • : , • * ,«>» . a.;*, rar 
•» r a i i ficaa rar a»* 
•» rests S R rar « t t 

*, : i | x».7-»7i.?i.Ti,?c ».««•:. ?ar a n a 
K c«&: ^o«as» rar araa 
71 cac?*»ag rat OUC 
•7 srrac* rar or* 

zar ara 
•« roasar r t . i « . 4 rar «wa 
•» ?JiriT ! * • • H.^»ci fLitee. n-zzt ?zn « * • • . aa?ar aaa 

ta 401: ?is±saa», /%•« o.s.,4 X .C.J 7a^A. , t aar*# aa\2 
a i , A * u i , ( i tifcs-w.p cxa^t.-^: f 1 rar a»* 

5» • « » - . i * r i 9 . * , i r K . j / i rar aa* 
t i roasit I * E I 3 . * » r*r aaa 
>< r»*str f*m> sues*? u i u r . 37 »_-Ti * , » . or b u » > f i i xtrar aaa 

ITTt i lOK iCCfcfc MTi /SW V«*B«*L C"«* M2 
/ f * v s.is:xt.7f »JI»CT£* 1 ;a 

Si ra»«» i ip * i . ic . - . i t , J : I « / / » ra 
»• r«»<MT t*d.jk a u » K ; : ( K re; nstK. ic*ti»«^ -.tzztza • » • ru**»//t:a* aaa 
»> r»»»*T i7p iuv«vn«.«ir «R 5i.$;«.w^,7» »oo>t i . .« ,7 j j « * : > m a f aaa 

12.4//M 5LW»i1*^,7» »l l>c1^.* v 7!i ^ClJ«f I * . * ,?* »C.*>*1«.«//Tir 952 
/7K k7»*i1<.**7a *?r-£l4.«,TK 5*a«L1^.*^H ~*f-1*.-//Vm ZTKr • » • 
js«ri4.* ,*a ^c»si«.« r#* «rae«£i«.« vM rc>si2.».v« t i>*u.»,aB ;a> «»a 
•;n;t>>Li / , * / i rar « M 

* ro»*t: I *«R &« t n.«k«; si»ts&js i : wi_r\ca» I M I ; , « * • / ) :a? «ta 
57 ro»»ii i i id u / j ) • * • •« , i f i i i .« ,»4 s ; * , ! u . * , » » « » . a « . « , i » :a» t i ^ 

i|S3i»si i / / > , £ U . « , i » a>a*sa i / i « v i i « , v / / i TAT « • 
V» *a«*ft; ISSR «i»i PLWA. ST»£»Si.S At ti&»fel S.A72«i ***i.mi, RSS 7*7 f t * 

i / / l -'tr via 
w ft»?f«T |J»K V » U U T : « S r«Nt ?r'.$iui: ici»: »s// i :*» *2« 
ec fo?!»«: (»7h «.<u3i«;:csb *c» T4.5r1.Ara/; L . IA( .J»^/ I rar #22 
fti rovfcr !*•* Cte.u»ii::o»3 rot u i « : i . . ^ v » r : « / / | ra> « i * 
•.; rc«i«7 ( i»u rar »2» 

» M :ar wa 
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S»rOtIISE S*M9 SV 2 
r«;s cs^csiixro is N » i r t rz - 2 . STIA;«C? m r u w u s n • 
»:-is*;.>x i p i . K ) , » t i « i . i rEsrcm. t? I M I . u t ( H » . 4atia. tft) s n ft 
9KEBS201 *»f****)>SCt18J STS 4ft 
;<>•!»* :rTiK.ix»i.:co>>i«rL.<«.ie.s.c.p?Essvi«»aiM,»i.»i>,N.n.sni • 

«-3n.r&E.^st#sii>.»ca i n 12 
> v u , M I . 5 ^ . • & , ! : . i r i . k P 2 . 1 r2< s n * c 

1 ? ! i : 3 i . l « . I E . T 9 . « e a 6 1 # U . v C # r . - E S S 
? ? : * T *J 
PiZiT J-„ I 4 . I = . T I . S 6 , S l , f t £ . . C , F a £ S 5 
5 * 1 . 
t n * l . 
rr iicoc^.s*.;i «c ro 2 
J.Lit » . iea».rr.uii« vts.c 
4 1 * t r 
r«:vr JT. xv4.^r^£ir* via.6.nTrE.:»<ac. IC06E.MT& 

2 44*14/2. 
I c * » o / i . 
« * * i / f t 9 
s«2*ift»i* 
» * S / 2 . 
C * C / 2 . 
SIT; * ~7j**c.;v»s*«r(i>*ci) 
I E C £ 3 J K - 1 ) J , - , « 

i -13*0. 
" J J * S . 
9 3 * * 0 . 
•it "3 S 

• • J * « * » / F 9 | » | « l . : - » > i r > . 7 ) / H P 2 - ! . . ) 
9 3 3 * i . • E 3 » T * » f S 9 » t E : 4 t « * 3 / f ? ! l * 1 0 . 9 2 ) 
3 3 » * : * * e f c ; » / 2 . 

t?2* l .»r3#»«T33 
? 5 « | . • * • * 4 / | I • * < « ) ) •*»£*$ 
»H, i ) . r r i 
4 | 1 , 2 ) - I T 2 
4 f1 ,J ) * 0 . 
4 ( 1 , « ) * t . 
• . | 1 . * ) » C . 
4 (1 .4} * C . 
• |2,1>*E*T« 
4(2,2)*fi£T4 
4 ( 2 , ) } * - 1 2 . ^ W * B f c O S | ! • } • » ) 
4 f 2 , * ) « - 2 . * t k 
» | » , i ) * - 1 . / l » 
4 | 2 » * ) * C . 
• O , l » « 2 . * m » » * 2 * | l . » 4 » r * * W / 2 . » 
4 f J , 2 » * - 2 . » » 2 M » * J * I i / 2 . 
4 | J , f ) * - | i . * * 3 l C C » I » ) » » . J»* CT«/G3»»"-» 
4 | 3 . 4 | * - 2 . » * f lit/CC) • • J 
4 f 3 , * ) ' ( ' 7 / f l E « n » « < T M / 6 « > M 3 
4 ( 3 , 4 ) * « . 
4 ( « , 1 ) * V . 
»(»#2»«C 
» ( • , ) ) • U * i 9 « C U 6 f I i ) 
• (• , •>*»"*' 
* • • #»> » i . 
• | * , 1 ) « C . 
M * r 2 » - 0 . 

* ( S , « ) * 2 . * 

STC i « 
i » i » 
sn ! • 
STl 2ft 
sn 22 
sn 2 * 
sn 2ft 
sn 2ft 
sn 3* 
sn 32 
sn 39 
sn 3ft 
sn 3ft 
sn «• 
sn • 2 
sn «* 
sn • 4 4 
sn •ft 
sn >• 
sn * 2 
sn * • 
sn Sft 
ST Sft 
sn 4 0 
sn 4 2 
sn 4 * 
sn 44 
sn ft* 
sn 70 
sn 72 
sn 7ft 
sn 7ft 
sn 7ft 
sn • 0 
S t t • 2 
sn • ft 
sn •44 
sn •ft 
sn 90 
sn 92 
sn 9 * 
3n 9ft 
sn M 4 
sn W0 
sn 102 
StH » • 
sn f»ft 
sn 190 
sn I W f t 
sn 112 
sn 1WA 
sn l i f t 
sn 17» 
sn 12C 
* n 1224 
S I * 12* 
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i»*a:tv.. sr?ii.a- *m 

* t * . s i « - . V l » * » i * l 

ftft.1|«tt. 
ft C*.2| "5. 
& ( t . ) ) * 1 . 
* ! • • • ! »«-. 

& ( t . t | « t . 
»o » t » i , * 
»fe * J » I , » 

1 COS7ZM-

r«o. 
rs»o. 
»*•.:«•. 
ZI utcrr-ij t,«-»> 
SO W 14 

v* ;s ts i »• 
w cocrxn* 

»o i i i« i /k 
»Ui«c. 

11 ruS7Z«1£ 
9 (*) —i .TJ-ISC/ ?. M « J i * I«J»r»»»J«|Ii-I i t I 

c&u. i;s2 i« , t , i » , J . , k, 1 ,1c, : .?»; . : . i .»«, i . : i ,»* : t , r :w,»« 

*»» i 

1i C$*fc(1| 

91'cfJ) 
a a* * l*i 
?y«. :* «»i r*. • i c ; •»"• j 
: « ; ; i * n * i i . e *»* t f i ^« i i f | *«& i *2 .c *u*«r *» j / i » 

sc;:«. v*t> ;tfs»rc/i.-
i"» • • (T* a r« /1 .« . )«f4 .» a U«v. ' *9J/ f i f t« l»}*C1*f« .c«;N, .J 
<7S*f | * l l» I ! (»1. ) / f»»»*-1 .»J»l^»*>/T»l 

* t i « - | i r » ; a / » . • ; ) • |..«•*#-•>.»•.» i/i«3» fc»|Oi»f«» • • » • * 

it* « t;» i»..»i.;-»tiLC.(») • » « o i " ( . " ' " - • " i f" ) ) 
*•, * i*,*,'»wn<J*»l.c>i(«:i»P*>«?.ia{»°«'-*»*«f%)> 

j f t;. (•:;)* ; r ; i j 
:r i tccr . - . i n , i » , i -

1J . ' U l S.fr. 
jo ;.-> i* 

i» nv.f - f •»•..;.*» 

O / • i»;."•. - . • » « ) / « . 

,•••:%. » i , . ».*, :rj,.-.f.i ^.c. ,vc. 
/ * : * * ••».• 

S i * «:• - " " 

-a * u » 
>• u * 
511 I t e 
s a i U 2 
5 U M o 
S2S 1 1 * 
S B U > 
S B * • 
. . » K 2 
; a 1 * * 
iTK 1*«. 
»3t K * 
i t * 1»4 
i T < » 2 
£ ia 1 i » 
iX«S l i t 
S l « 1>» 
»at W » 
.».** »»2 
sat * • > 
Six to* 
* n feat 
* & I D * 
i l l i n k 
i l l IT 2 
s& 17* 
s » 0 f t 
&f* 17ft 

, » * 4 i T * 1 M 
i n M « 
s u W * 
*;a « f t 
S 9 » • 
ST* » • • 
« » W i 
£ « i H * 
I » W * 
i T I 1»* 
i b «;ftM 
£ » S i 
» a 21% 
*fc M * 
> n a.« 
S * 21t 
i n i l J ! 
* « • ai * 
I TS 2 i » 

{ » * | • ! . • » » - S i « 1 M 
iVt J i » 
I f f 212 
I » 2<» 

l * « M . I l l i f f «2*a> 
JT» • ! • 
- W : » • 
; ; R « j i * 
it* i * k 
iU *>• 
iS» H4 
• M 2 * * 
t n - « » 
«T7 Jfi* 
iU 2 * * 
+v» / » • 
I « 2»» 
i « 2S* 
J M 2>2 
» « 2>* 
.«» i>» 
- ? * .*# 
- I B i»a 
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•tsar «i» H a . w , t t w p w ^ i 
N N M 
I f l t M 
St t t f th .2 t .2B .2 t | . f t 
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j t . i - . ;»aFH.*t2| / iass: r t s 7» 
. • IK . i t^ f i 'A j i l / t i LTJ . PIC 44 
J =*•»•.*. P t3 »2 
? ^ ? T PUE * • 
i f * r > r u * * 
T t : '^:Hi»T.t»WC»FiCE»i»ii I l P U • • 

i ? = F : ; > . ; P I C # • 
. • ^ i » « , ' / t * j » i f l ? i i * 2 
. • r ^ * x i : / | i ? » t i . ; i r u * * 
; M i i - > » » ; : i / « . r u * • 
* » = n « ; j - » : i l » t . M t o * ; P U * * 
; j r i s » « / ( i u » » « ; i P L C 190 
v ' W ' l P / J W I i i ) P i ^ 102 
« » = | C - t l / * . P IS » • 
Jf 1 SjFH-./nJ ? i i 10* 
vf«;=-jFI»(TF/T»*» PLC 13« 
IF ( M T T - M S , « , * FLS 110 

* j r r i = j F h : / ( ! n ; » b ( ; ) r u 1 1 / 
ti~ TJ k PLC I I * 

=> j F ? l = j F i . P / S » i PIS 1 1 * 
!> tff?.*(i»i1«tflf/lPI2» P t i 110 

jf-C>*l*.'tel*!lte*itC*|ktrl«vrP( 1) P IS U 0 
^^-«3 . > *^ ;<»dC*fc«* lv»*%tr^ | P L i 122 
H T » | C - | o » E » / i . | / 2 . PLC 12* 
>rp^(c-»i»i»n/«.»/i. pts 12* 
i ? = | C - R - i « I | / i . PL3 120 
i j ^ i c - f ? - ' « M / i . p i s I J O 
. t» f , iL * . / t » i« *Uw/ v 1 PLS 1J2 
# * s * » W ( i . / j i » M - i i i » t f » « i ^ » T J * L £ » » c » i P » f * » r » * T r ? » k F i r » i * i ' i P U i » « 
IF 0 * T ! - 5 » * . t , 7 PIC 1 1 * 

7 •> J ^Hl *C j rAL»U< .« i1 / IU - .F1 * ta r -k t^ ) *«i*C- wF1*B«B* {kt - .1T) )*P PIS 1 M 
vie :•) 9 P L S i « 0 

•» il.3-tf 1*C-1?Al*Ui» VH i : -^P1* (N* ' -R«4 -^ *S > ; * {K t? - l :b | ) *C»« - | l | r i *M<* fBB-Pt f i 1*2 
in:»»jFii»*p»ai» wn-Hinu»iF»pes) P U i«« 

•• H*. ' -«2F-(CP!H;/ 'K*t i k r t / f c i l • " • * i A l < PLC 1 * * 
: F iniz.-bt 11 .11,10 » u 1*0 

10 / !»=*1- fc , M'V*«; |" t£ ir t» l l<J/ l» l P U ISO 
-c ra i» PLC 1*2 

11 B * j = # i - f . > : ; » c : i r * » ; T i » ; » » c i t r « P | / c i r u » • 
12 I ? !"»?;-:>) 1» .1» .1J PLC 14k 
11 a-iji/^^>"m»(i.Afi»»i-Ta»»»»iL?»*«i"£G»»t»':r»;?»w»rFi»;r?»rk?»»trie * > • 

1 .1 / r f i |"v^Ff . l» I U < i « / H w - . U > ( F r - H G ) ) * J * C - „ t . « t r * F * ( f e l - ; a | l • * - ( fc,P«C/IIPU »•« 
. ; » « ( T V T F i ) »CWi »«;«/!»».»• | T f ? / T F r ? | ) • ? • ! * : / « ; - ( v l H t i / i l * | - « t F / I F » j » D 5 L T P L « 1*2 
* " l v i / ; ) 2 PLC tk« 
S& "0 lb ffcS I k * 

u <.'= I O V ^ I • m » ( i . / r f a » i - r k * i » » i L r f » r i ; » £ c » f c » ? r » i . p » i i » j : p r * * r f r « r i i r i » | P i C • * • 
i j i / v - ) " t o r s i * ( | ( I ; « / H ; ; - W F 2 » f i i r - N « I - , » ? 2 » ( 5 r r ? - t « i > • « • * - u f£•*•*• ( o o - r u n o 
2STJ • J f i 2 » » » ; P » i « I » - H I ? ) ) | » | j> * rb2 ) - ( Uif*«/K"> a " r / f î 2) »» • ' • •< * / "« ) * T U 172 
> (TF . /T f i / »» • / • « t / t i - c j : a c » i H i . T 4 » ( T r / T r ^ i » ' . : « c r " P t i : - p » t T r f r / T P r 2 M / r i c n * 
«V2 r u 17* 

IS M ro f . C , 1 t > , 2 3 , 1 ' . , 2 t , M ) , -AIC PLC 170 
TP p?r»r in P I C 100 

;o :» i v P L S 1*2 
• I S 10* 
r u w * 
r u i * « 
r u H O 

; ' » o t , w » h > ; i , « r t i i , > : , 3 ? , G . n , r i » f r T F i , T f r » , E » i ' r u 1*2 
PLC 19* 

•>«i)i: u. v ) » » c , , » h . , s i M i ; , i , c a , T H , i F , i r ; , i ? r i c « * • 
?:-:»? J« r u 100 
F:-:»r i S *L»,A:»,t,TU,Tfc2,E0 PIS 290 
r ? : i r 11 r u JO 2 
r « : s : >7, »^ , iu>,> i ; i ,T i ; ,T (#2 , i ( ; r u 20" 
r?:-*? r i c 2 0 * * 
i\-.;v: J * r u 20* 
r » ; s t !<", » i , ; n , . _ f , : F P , i . ; , t » L W , ^ f . : , . . " ' , ? r i c 240 
?w r ! i - i»u r i c 210 
. ' » : • : ; • ! , »2«,b2« ,*2C,V2i>,V2 ? U *12 
>»;;«# i -» 2 i P I C 2 1 * 

IT p / : * : *'» 
•0 : J 19 

Irt i-j-isr JC 
W rus: i i 

p * : : - ; »*, 
PS.J: 11 
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M C ' i 1 - . 2 * U C 2 1 * 

N w » H < P U 222 
? r i » : « « . M t . U » ^ K > ) « 3 , l K l < f U <l2* 
* . > k f t * / « i r u a* 
» ' U i / « i r u 22a 
H > W C / I I rii 2 M 
3C*«wC/- l rLS 2 ) 2 
tfCC««2/i>1 ?U6 2 1 * 
* » l » ; « i . > t l l : , * l , » ( * U r L i 2 3 * 
rriK? «7 r u 2J»* 

»7 r w « « A 7 | / / * I , ' I « ; T i A l H I tlSlZBH. Sti l ts?.; »»Tlr T I-i iS... . **«.*»«?•" » . r U 2J»0 
»»• _o«c&.* / i r u Zjfcc 
•7 t i *k i *kG r u 2 M 
I!U&«t2A*r>ii r u 2*4 
i«*««ir*iK;«.7<n«»r»i»»^fco»c«»6-»».»i*.»T-«;»-»*;) r i c 2^2 
u 2 t > ' i c » « ; * . M * « * * t * * » * f t 3 » ; * « « - » o a i w!-G»5»fei| ?i» 2»» 
«r i>«w5»* ; r u 2«» 
iu«vi*ac*.7»*«»r»isi»a>x>*iG»e-9*«i* i i f - j»s«K| r u 2»o 
r t t k z »». * s i , M 2 * , i * i o . i r ; c , U 2 » » £ i 2 r w 2*o 
M 2 t * « f c 2 : » * K * . ? « » » * f * | » l » c 7 » I I C / * ( e * « - K - * * i t a t ' ? * ' - C * « * r f . « r u 242 
i«c?»«^-»s ( i» .7*t i»r»i*?»ir»B»r»i»^-- -?»cf»»i t i r - i«6»* i | r i c 2&* 
i»^i-*^2» s i«;».7i^»»i»i«.i»ii»air»|j»c-*r«ifri»jT^-«^«»»ii r ; ; 2i» 
rs : r r • ** is2t»»ia2cv v i iu? r u 2%» 
? a : x r x w t i . « t i * ^ ^ 6 . t i 6 t . « f « 2 « * i . v F i . ^ r j , w r r i . i r r 2 . j i , * . , r i c 2*0 
1 ST. • ? » , fcC, KCI. CC7AI r u 2*2 
w rue i . r i / / w t i ; . v / «;!*-•» r i e » • 

2« r a i s r • • r u 2 *» * 
23 co»T:*tc r u 2 * M 

?r?aas r u 2*0 
r u 27« 

.1 fOf. 1ST ( 7 t l « . ± / t £ M . V 7 l 1 C . S ) r w 272 

..* ro?!MT fio»4 f s : « ?s t» r r i s 27* 
111 KC I ' . : A* i r U 27* 

a f*»*K fic»R f«t i t t - r r w 27* 
is r k ' i J-t I m »• 

«• ? o a « : (i3»k « i t r r r? t r r u 2*2 
12 i r ? ; T B ; I « > r i c 2* * 

2% rot 1*1 i i f T - i s . ^ i r u 2 * * 
2* rw»*ir ( i i b ^ i * . « i r i c 2*« 
it roa;u7 f i>7fc i * . • / / ) r u 2«o 
«tf . 'OMil t»tR IM»t£ JCIW »JLT LJ*5 l l^SCI 8* t : * *??»! * * L N I T U 292 

1-,, i e m i c u . F A B / / i r u 9 * 
r* r u r u i 021 »i*«c.£ jc ;» r » J L : wot: ct*»ct » t ?j •/?&..<» L M W U 2*» 

i s , i*T»c:« ru iftTtcia ?»i» / / } r u 29* 
j * roin: I*OM K C > ^ J«>I»T W I T i u * i C H K Z »«i .«* i n u o i « i r u joo 

i s , S L I M * .c i i r u t » r»x» / / i ris M2 
J I »os«ifcT t * » * n . * * * j o t s * ^i?c «c£ i?5;K9 *t.h*iti.t*t / r i c A * 

it r u « » 
it TCiK.1 |7N vM6*K »U.« ,7n »*M*_ 1J.ft.7li ,)T«w« i1„.t», 74 * • 4 W U 3*0 

1i.ft,-»lt CO* M i . ft, 1211 If. » i - l i . • / ! - !« T.1 «&)» . • , t*BTU 310 
-t TT2 *L12.*,4N I t ' 112 . * / ) Thi J12 

J I r i . s i ? is * * N.A*«E j o t » t s u i th j fiisrctntp *im*..Ui*t /rvt 3i» 
it r i c J I * 

*# r»«* * i 0 7 * t c i r : M / > r u Jio 
i"» •J i1A7 (1«rt tOL: L l f ^ T K > l r r i 2 . * , 1 . ! : . O i l Li U i i V . t , l « 4 «wk7 C i r U i i » 

l * v L . « l . l . - . » / l . r t T8 * k 1 2 . « , 1 M Tt2 * t 1 * . « , * k M «K1r U 122 
<;.»/» r u ) 2 * 

j» ?oji»*r (i»:i «ksnir/ i tia J2« 
j7 rot<!«? c-*ii »c >ir&i«.» v 7it ».;c * < K . » , 7 R H , ; » . I . . « / I * * r u J2« 

I To < . ! ( . « , M * f«i« «Ei^.*,'«i t«; * ? i . . » / ) r u MO 
i.. ,^u«-<: (i«m ic*>>:»«./) r u 3*2 
j-> rinYA. u' i" w i T U i t v i . i a > ) p r w . i , i i r wx.v T . v . « . i « . » , « a i i r u )3« 

i riAkr.1 J > I : n ; . > f i < . * , 2 i « r^.».;» iw v r n r . ^ w . ^ / i j * M «»Rrr r r u 33» 
. i ^ / . ' t t . ' . * , ^ i K T « > » 1 2 . » , 1 V I « 3k^:;:» » i ^ . • , i i » » t i < i b t < . i i . w u ) j o 
V ) r u 3»o 

•v I ' D . * * . | , » i rtSlitmi. iOL? L ^ t J ^ K H 'Hi »B»L-/.*.».»J»i M l . M / | r U *»2 
* i 7-r .r . t u'i.. u : * i t i u « H i , » ; » - r i i i . i . , h i rw? r»T > a : r : # « . « > » i 2 . « / u 3*» 

I / / ? I H : U ; » L r#js:H« f c , i»A' i i^.», . - i . t ; si ' . i ' • u t > n * k . r ^ £ « i . n . * / / i « H r u 3»* 
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i C090X VS»<tt«XM.*>| FXS J*t 
«2 roasat c/zoo «t -k i *« iM.u . * .aB •i<4jj*>iu.« v<*a dt-tf*:«xi4.«.sa r u Ma 

i «i-ot«na.*.*» avaa> *ia.*) rxc JSJ 
• J roraat %/m w*/>i-i ixu.«.*a *jh/*»>xn.*.ta aw»i«« &«.*•*« r u at* 

•)ja/at>iix.*..a» I X / H 4 U . I ) rxc » * 
• • roswx I A S M » I I S U . * . * B i u n u . « . * i aak«ti«.«.*« *jc*«,w.*.ru I M 

tea wc«su.«.sk M«tia.*i r u aao 
•» rossar t / ta a ; t r« i r :u .« . iB aa:r«*w.* . ta • i *«xi . .« i rxc a»2 
•* roats noil r u aa* 

csa r u as* 

saaaaorxat Liaa(»^.sa,B»s.ava,n,xuar^irk vaaT.wif^ifVkra, atataaai 
i xaci aaaatttx 
xaaizcx? uax*a ia-auo»ti i s i i «t* 
axjrsscoa »(»••• •if****) t m a a i j 
axsxas&oa x:E»»(i|,L*»(i>.xtcfi> ocaatct* 

c aa»*att» 
c sofoanat xxaa ao**aaaa 
C CXCK OS*%S 0CM009T 
c atataaat 
z saakoanats caxuc - K K acaosaat 
c •oaaaatt 
c tax* asanas soxwt* Ttc aattxa xgoarxea aa*a>c ova* H I ; : * * • *•*• rm *t»*a>tii 
c scxarxa* aataxa a. a ia«r a t s«aaaf *»s aca-sxacau*. • aas: ao*oatia 
c aaaa rax s a » saatta c? aoas t t i . m asti.taisa.k2 or • ;s soaoatu 
c coa*arsa. aora a sac i aaa casTSOitc acaaati* 
c acaoaos 
c raxs »3«xiac xs aacacnvoa* rot TBS ssxaxxoa cr stmum<MS xvaca ataaaoi* 
c xfasnoas. actaaotT 
c saaoatit 
c vu. axTaoa coaszsts cr caassxaa sxxaxaatxca tcuAac* t i * *c* • • » • * • * * 
c saasTxraxiovs. taas s aaae arrxcxca? ;a*a SOXBTIO* BT » ; ( a ocaaatst 
c xat sasxdB »t**aaitss cr Tax aaaaefc or zoLtaas xa a. a i m «oa* •a t aoaoaaai 
c COLSBBS aac suacatx K I raxxrax l ivers, xariacaaasac or aoas at acaoawa 
c ccutats or a xs avosatc. easiest i or T . X . stuns,xacuoacnaa v> ac«aaC2J 
c aaaaaxcs* aatBtaaccs^caataxc r txss , * . t . , i f » j . s tc * i » •* aaxrraL xa ataoata* 
c rcuoaxas tax cctx. toaattts 
c ioatam 
z xa* rail* aw r#osaaa axsi sar avB,BB,srs,a,*,as,xtK*> ZJ~ aaaoatar 
c ataoacxa 
c a-rti cotmcxxax aaraxa aoaaatz* 
c aaaoaaaa 
r a-rat oaoia or a aaaaaoji 

aaaaaoaa 
c M-tax aaaaxa cr teats cr SToaasa raovxetx rot xaca cotoaa or aoaaaoi* 
c • xa r « cauxtc raoaaa ataoats* 
c tcaasaas 
c ars-a aoa-auauvx BBMB aaxca c&ca rxtat xa xax *fc*axasnoa tfaoataa 
c MOCKS* xs attszatt TO xxccxa ;a MSOIBU wxta tctsaoaaaxtT ttaaaoi? 
c ttmot acaaacjt 
r atatatJt 
c t-raa coasTast tarr aaraxa toaoatat 
c acoaatai 
c a-raa aasata or tcxanas or t •aaa aaaa 
c ttaaataj 
c f la Tax caxxiac raoaaa at* * at** 
c « s - m avn^a or K I S S cr sroaaea raorxxxc ica aacj OBLMB or at**aoas 
c acoaiCat 
c xrxar-a aioca or at LXAST a aoaaa or ftmoaari xatM>»a SX<J»*»» ttaoata? 

http://asti.taisa.k2


1)3 

i- acaaaaaa 
r :» aias?:** r« -twunxtz** a »:*» tw JSU?:W» sii»:« a.ta* aaanat I M M H 
C b . l U i i , » ! T , l f ! l , K M H , U l I K TO i M M M 
C aCMAtol 
c l i * * - j ;» M oaiaus i r i t u • • * » . au : u c » u a » +»*.<a> •a-waatt 
c »£*•« aania atvaast t w caiuac ?t*ar ra«u n» «-usu aa»*ta»j 
c SM »»aaaastaat »aa*a§»« 
c : sr au cc*.aa*s ar a its. niaaa. a*, tiaa^x N i w t*.ai:?aai aaaaam 

*a»*aaftf 
w - n a s ar aiaaa TBI aratacr •# r*i u**i»«? » i u *»f«*xa* afaaacaa 

«x»-?ai m m sr « a caasaai H D I arsru«saca»a>^ic.i <aaa«aai 
i«aaaaa>2 

rx*-?u ca*aiar aaaar acaaacal 
ira-rat *>*»« ana vasiticas u»; .11 ritcr »aa ;»JCJ*S *B «•»»» auaaaas 

ar asu* aicrcs >r *xa<ta a »a»aaaai 
acaaaaavf 

*.r*>?a« r u n ars* raaxuaas ua? raz ritcr caaaaa :*a&c«* sa > m a j i 
aaata ar ast.a wicrc* cr ita-ar* a *a»aa«t 

acaaacra 
ir wt xuai«a::aa racct** i * au.ua *u**rw*u.i ( a i a»«*tt raj,rata laaaaavi 
MK aar* ar:r>:wvti«.iac*a«r 11 attarai * tta«M»"»c xaa aaaautiaa aoaaaara 
cavst »t T « r»oat»x. zr m raaciss ao*i T» cvaautsca tata aMt«a, aaaaami 
trr STOMA •» 73c atstarzaaar ar »,rrt a iu si xai at a naaffv*aa &*i aa»«*m 
au tre Lias aii. i:»e* lastizcaa. acaaaro 

*aa*aaft 
aa » : R i u a i : e u acaaaar? 

•aataata 
1 t»a«a aaaaaara 

a » n . aasaacM 
aa 2 i«v» aaaaaaai 
i n c i > : acaaaaaa 

2 s.rci:i*: aaaaaaai 
c aaaaaaaa 
c I H U sisaiaaizaa ircctss aaaaacaa 
c taaaaaaa 

aa «a w i . a acaaaaa? 
artv*ai acaaaata 

c aa»aaaa» 
c siLXT rzaat *caaaata 
c aavaiMi 

nt«a. acaaacaa 
»c • ««*r,i acaaacaj 
z «w» f at aa»a»t*a 
aa • i«*r,» ac*aac*s 
jurc*! j a*»*aa* 
i r i »aktiaii,j|i«Masirsvi 1 « ,J ,J »iaa m 

j a rtr« 1 acaaacta 
I R M l aa*aai*a 
z n t - i aa»«at*a 
j r ; r o aa»*ai»i 
atf-AUr*} *a»»ataa 

* caatiMi aataaioj 
c *a»»*»« 
c atoart a»7Si*:**»i *»c nwr tea art OURS m ; s acaaaws 
c ac««aia» 

»x?o*T*vir 9 a*a aw? 
;tzi-r«iF*<Bf) adaaataa 
iiMaf)*iisfKrs«) aaaaaajf 
LHtBtm ' i :irr f avaana 
zfsarairciari *a»aaiii 
LK(V»|>irCU*lf) 40«aal13 
LKur:n- i t i r> ««*»aiii 

c *a«»aiia 
c i n : ir ntor -.-x ttrau ao»aaii5 
c *a»»aiia 

http://au.ua
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v :n»> i a o M * n a 
•rr^m* « O M * I I * 

tm « * M * 1 2 * 
c rcrxrt ?i»cr jo * or * i s * * cEi£3«*r* I% * » £ S E B I o I K K « « K « M S aaaoaw* 

v- C9&WMS JT £ i K SKrtKBI •«M*122 
c •can. 121 

* I H x ? - " H * , H » * *o»** i2« 
* SK?*Bff*1 «CM*12S 

•4 M L«<»r.S « O M A I 2 * 
J * U C I U • • M O W 

« » « » i t . j | — * I » I * ^ I / ? : W H W U t 
11 BO 12 J * 1.3 * * * * > * • * • 
U B C n * . J » * - » | Z K « ^ » / I X * « « N I I M 

c t M i m 
C N » : * t V99-KBCX K M (T 1 l i t 1 CE&XSSSIS t * ffctSitT J * »£t lOa» taa»#ia< 
C •XVff K K 0* CCION* ME SMtlSCl • C M a u a 
c * « • » • » • 

x r t s » ~ * » i * . i a , i a t O M t m 
U N I T t ' M t . a a * M * U * 

I * U » | B | fOa»*UT 
; » » « * i . , j r i * » * * M * U « 
i r f ? £ s * > i * . r a . i * i * U W 

t» > • i s i « a * r , a * • * • * * • • 
j«i.rc<i.i aaoMtai 

n * t r , j ) » * < : , j | » a c x n * . J t * r u » M*t»a»2 
»0 tft J»1»» • • a * * * * a 

tk * | X ^ I | « t f b J | * « I I I X * # < f l * T I W » a m m 
IT : « S I K «aa*»*fc» 
i a coaxiau • * M * « M 

c « O M * * » ? 
c cat* E L i K k n a a ii-cctss *«M**»a 
c aCM*t»« 
c ao t i c * *Msrxra;s*as a t * * * * } * 
c • t a a a n i 

aa> 21 j * i . a aa***r»2 
ao 2i •«a.» a a » * * n * 
t U C M I •aaaafsa 
I * L f » ( H ) * * • » * » » 
90 21 l»2»* « * • * * » » 
u.»>-s.»2 •«M11}T 
XX>l»»fU>l * • * • * « • 
JJ«tfC(ll>l a C M * » • 

21 » ( i ^ i i « ( ( ^ j | * n s i . j | » * a , j j | • • H t M 
i j j o a n a a t »*•»**> a 

c • t a a a f M 
c a»c*as*t>s M « S or soianoa a A t a x i M xajasx i i e a or a»r«saia&ar taaoAata 
c ac*aat%* 

a» / • x* i .p aaaaatas 
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