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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING Nb: V049-1-066
WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 3
REV. |DEO# | DATE | BY: CHECK | TITLE: LIGO Vacuum Equipment
D 0136 4/24/96 | /&2 [ db) Structural Design Criteria
BY: R. D. Ciatto | DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROJECT NOQ: V59049

PURPOSE: Establish structural design criteria for LIGO vacuum vessels and supports.

METHOD: Review LIGO vacuum equipment specification and design codes

to determine requirements for structural integrity.

ASSUMPTIONS: N/A

INPUTS: LIGO project drawings and sketches.

LIGO E940002-02-V, Vacuum Equipment Specification

REFERENCES: See INPUTS

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: These LIGO vacuum equipment structural design criteria conform to

project and code requirements.
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LIGO VACUUM EQUIPMENT
STRUCTURAL DESIGN CRITERIA

Design Code for Vessels: ASME Boiler & Pressure Vessel Code, Section VIII,
Pressure Vessels, Division 1, 1992 Edition through 1994 Addenda

Alternate Design Code for Vessels: ASME Boiler & Pressure Vessel Code,
Section VIII, Pressure Vessels, Division 2, 1992 Edition through 1994 Addenda

Internal Vacuum = -14.7 psig

Positive Internal Pressure = 2 psig for vacuum chambers. Special conditions for
80K cryopumps (see Doc. No. V049-1-056).

Mechanical Loads

s Unbalanced Vacuum Loads - These loads are imposed at end components, and
at branches in the system.

s Component Interface Loads - Equipment shall be designed for loads from
adjacent components that are imposed when gate valves are closed and
portions of the system are vented. See Doc. No. V049-1-032.

Design Temperature = 400° F
Seismic Acceleration = .05625 G (ASCE 7-88) lateral only, single direction
Pressure Boundary Material = SA240, Type 304/304L stainless steel for shelis
and SA182, Grade F Type 304L for flange forging. Other specification numbers
and product forms of Type 304/304L may be used for miscellancous pressure
parts. Flange Bolting Material = SA193, Gr B7.
Basic Stress Limits (Section VIII, Div. 1):

Type 304L

S = 14.7 ksi at 400° F for membrane stress
S =1.5S = 22 ksi at 400° F for membrane + bending stress

Type 304

S = 16.2 kst at 400° F for membrane stress
S = 1.58 = 24.3 ksi at 400° F for membrane + bending stress
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Basic Stress Limits (Section VIII, Div. 2):

Type 304L -

Sm = 15.8 ksi at 400° F for Primary Membrane Stress Intensity
1.58m = 23.7 ksi at 400° F for Primary Bending Stress Intensity
3Sm = 47.4 ksi at 400° F for Secondary Membrane + Bending

Type 304
Sm = 18.7 ksi at 400° F for Primary Membrane Stress Intensity
1.5Sm = 28.0 ksi at 400° F for Primary Bending Stress Intensity
3Sm = 56.1 ksi at 400° F for Secondary Membrane + Bending

O-Ring Seal Material = Viton (1/4 in)
Maximurmn Durometer = 90
Compression Range = .058 in to .080 in (21% to 29 %)
Maximum Compression Force = 160 1b/in

Shipping Acceleration

Vertical Accel = 1G
Horizontal Accel = .5G

Design Code for Supports: AISC Manual of Steel Construction, Allowable Stress
Design, Ninth Edition.

Material for Supports: A36 shapes and plate, A500 Gr B tube steel. See AISC
Code for allowable stresses.




PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-014

WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 16
REV. |DEO# |[DATE |BY: CHECK | TITLE: Beam Splitter Chamber - Finite Element
0 0024 L2 /57| PIC ] (D7 Analysis of Upper Section

BY: /¢ /. ,+rio | DEPT.: 744

PROJECT: LIGO Vacuum Equipment PROJECT NO: V59049

PURPOSE: To evaluate the upper section of the beam splitter chamber for vacuum pressure and lifting
loads.

METHOD: Finite element analysis of vessel upper section including cylinder, head and lifting lugs.
563 nodes and 537 elements.

ASSUMPTIONS: Ring stiffener and nozzle omitted from analysis since area of interest is shell near
lug.

INPUTS: LIGO project sketches and drawings. The thickness of the cylinder is .25 in and the thickness
head is .375 in.

REFERENCES: 1. ASME Boiler and Pressure Vessel Code, Section VIII, Pressure Vessels,
Division I.
2. Images - 3D, Version 3.0, R.L. Cloud & Associates.

Is . ~ -
T, Poe S g RV T A R B B AL - t oy
CALCULATIONS: (See Attachment)

CONCILUSIONS: Stresses in head and shell in the area of the lifting lugs are within limits of ASME
Code, Section VIII, Div. 1.
A spreader beam should be used when lifting vessel.

NOTES: See stress contour plots attached. See V049-1-015 for buckling analysis per the ASME Code.
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V046-1-015
WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 57
REV. |DEO# |DATE |BY: CHECK [ TITLE: Beam Splitter Chamber - ASME Code
0 002¢ I%/A// 57 | e F'w';r Calculations for Upper Section.
BY: K D Crarre [ DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROJECT NO: V59049

PURPOSE: To determine if the upper section of the beam splitter chamber meets Section VIII, Div. 1
of the ASME Code for vacuum pressure.

METBOD: Equations for thickness requirements and pressure rating in the ASME Code, Section VIII,
Div.1 are evaluated using the COMPRESS computer program, Version 5.31.

INPUTS: Vacuum pressure = 14.7 psi
Design temperature = 400°F

REFERENCES: 1. ASME Boiler & Pressure Vessel Code, Section VIII, Pressure Vessels, Division 1.
2. COMPRESS 5.31, Computer Aided Pressure Vessel Design, Codeware Computer Systems, Inc.
3. Poe. Mo, JouG-/-24cs, L 140 Srruom Fpo 4, SraiEeTiaAL Dassaw

B WL e

CALCULATIONS: (See Attached)

CONCIT.USIONS: Requirements of the ASME Code, Section VIII, Div. 1 are met for the BSC
upper section head and cylinder.

NOTES: Nozzle G in lower section is included in this analysis. This nozzle penetrates the 1/2 in. shell.
No reinforcing pad is required by code.

FILED\F \TEMPLATEAENGFORMS\ENGCALC
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COMPRESS 5.51 CACS\BSCUPPER. VSL

Dec. 19, 1995

Top Head - BSC
ASME ion VIII Division 1, 1992 Edition, A93 Addenda
Component: F&D head
Material specification: SA 240 3041 HIGH
Internal design pressure: P=2 psi@ 400 deg F
External design pressure: Pe= 14.7 psi@ 400 deg F
Corrosion allowance: Inner C = 0 Quter= ¢ in
PWHT is not performed
Radiography:  Category A joints -  Spot UW-11(b) type 1
Head to shell seam -  Spot UW-11(b) type 1

Estimated weight: new = 1232.9  corr = 1232.9 b

capacity: new = 468.96  corr = 468.96 US ga
ID = 104.25 crownL = 105  kauckler = 6.5 t=.375 in (min)

Straight flange = 2
Design thickness: (At 400 deg F) Appendix 1-4(d) Eq 3

forming allowance = 0 in

M = 253 + (L'n)".5)
= 25*%(3 + (105/6.5)".5)
= 1.7548

t = P*L*M/(2*S*E - 0.2*P) + Corrosion + fa
= 2*%105%1.7548/(2*14700%0.85 - 0.2*2) + 0 + O
= 0.0147 in

MAP: (New & at 0 deg F) Appendix 1-4(d) Eq 3

P = 2%S*E*t/(L*M + 0.2*() - Ps
= 2*16700+0.85%0.375/(105%1.7548 + 0.2*0.375) - 0O
= 57.75679 psi

MAWP: (Corroded & at 400 deg F) Appendix 1-4{(d) Eqg 3

P = 2*S*E*/(L*M + 0.2%) - Ps
— 2%14700%0.85%0.375/(105%1.7548 + 0.2%0.375) - 0
= 50.83981 psi

External Pressure: (Corroded & at 400 deg F)  UG-33(e)

A = .125/(Roft)
= _125/(105.375/0.32589)
= 0.000387

From table HA-3: B = 47555
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL Dec. 19, 1995
To d - BS

Pa= B/(Ro/t}
= 4755.5/{105.375/0.32589)
= 14.7072 psi

Check the external pressure per UG-33(a)(1)

t = 1.67*Pa*Lo*M/(2*S*E + 1.67*Pa*(M-0.2})
1.67%14.7072%105.375*1.7548/(2*14700*1 + 1.67*14.7072%(1.7548-0.2))
0.

154277 in

ol

Design thickness for external pressure Pa = 14.7072 psi:

t + Corrosion + fa
032580+ 0+ ©
0.32589 in

Maximum Allowable External Pressure: (Corroded @ 40¢ deg F)
A = .125/(Rolt)

= .125/(105.375/0.375)
= 0.000445

From tabie HA-3: B = 4873.8
Pa= B/(Ro/t)
= 4873.8/(105.375/8.375)
= 17.3445 psi
Check the Maximum External Pressure: UG-33(a)(1) & App. 1-4(d)
Pe= 2*S*E*t/((M*Lo - t*(M-0.2))*1.67)
= 2*14700%1*0.375/({1.7548*105.375 - 0.375*%(1.7548-0.2))*1.67)
= 35.81529 psi

The maximum allowable external pressure is 17.3445 psi.

/?Eu’ o
Pos o, Vov§-t—ors
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COMFRESS 5.31 C:\C5\BSCUPPER.VSL

//,q.q(.,u,; V=¥ Tt o O L
Top Head — BSC #¥ 2veds By , /2y’

ASME Section VIII Division 1, 1992 Edition, A93 Addenda-

Component: F&D head

Material specification: SA 240 304L HIGH

Internal design pressure: P = 2 psi @ 400 deg F
External design pressure: Pe= 14.7 psi @ 4060 deg F
Corrosion allowance: Inner C = 0 Outer= 0 in

PWHT is not performed

Radiography: Category A joints - Spot UW-11(b) type 1
Head to shell seam - Spot UW-11l(b) type 1

Estimated weight: new = 1128.8 corr = 1128.8 1b
capacity: new = 468.96 corr = 468.96 UsS ga
ID = 104.25 crown L = 105 knuckle r = 6.5 t = .3}375 in {min})
= /SE2
Straight flange = 2 forming allowance = 0 in

WARNING! _F&D head geomet is not r Uc-32(j).

.)esign thickness: (At 400 deg F) Appendix 1-4(d) Eq 3

M = .25%(3 + (L/r)*.5)
.25%(3 + (105/6.5)~.5)
1.7548

10

P*L*M/(2*S*E - 0.2+%P) + Corrosion + fa
2%¥105%1.7548/(2%14700%0.85 - 0.2%2) + 0 + O
0.0147 in

it

;

(New & at 0 degq F) Appendix 1-4(d) Eg 3

2%S*E*L/(L*M + 0.2*t) - Ps
2%16700%0.85%0.34375/(105*%1.7548 + 0.2*0.34375) - O
52.94551 psi

Corroded & at 400 deg F) Appendix 1-4(d) Eg 3

:

2*%S*E*t /(L*M + 0.2*t) - Ps
2%#14700%0,85%0.34375/(105*%1.7548 + 0.2%0.34375) - 0O
46.60474 psi

External Pressure: (Corroded & at 400 degq F) UG-33(e)

.125/(Ro/t)
.125/(105.3438/0.32589)

A

Re:isiun 0
Doe¢ No. V049-1-015
Page 8 of 57
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COMPRESS 5.31 C:\C5\BSCUPPER.VSL Nov. 9, 1995

. Top Head — BSC
= 0.000387
From table HA-3: B = 4754.8

Pa= B/(Ro/t)
4754.8/(105.3438/0.32589)
14.7094 psi

Check the external pressure per UG-33(a)(1l)

t = 1.67*%Pa*Lo*M/(2*S*E + 1.67*Pa*(M-0.2))
1.67*%14.7094%105.3438*%1.7548/(2*14700%1 + 1.67*14.7094%(1.7548=0.2))

0.154254 in

i

Design thickness for external pressure Pa = 14.7094 psi:

t + Corrosion + fa
0.32589 + 0 + 0
0.32589 in

Maximum Allowable External Pressure: (Corroded 400 degq F

A = .125/(Ro/t)
= ,125/(105.3438/0.34375)
. = 0.000408
From table HA-3: B = 4797.2
Pa= B/(Ro/t)

4797.2/{105.3438/0.34375)
15.6539 psi

Check the Maximum External Pressure: UG-33(a)(l) & App. 1-4{(d)

Pe= 2%S*E*t/((M*Lo — t*(M=-0.2))*1.67)
= 2%14700%1*%0.34375/((1.7548%105.3438 - 0.34375%(1.7548-0.2))*1.67)
= 32.83179 psi

The maximum allowable external pressure is 15.6539 psi.

Re;ision 0
Doc No. YV049-1-015
Page 9 of 57




COMPRESS 5.51 C:\C5\BSCUPPER._VSL Dec. 19, 1995
Upper Cylindrical Shell - BSC

ASME Secction VIII Divisi 1992 Edition, A9 nda
| Component: Cylinder
i Material specification: SA 240 304L HIGH
| Internal design pressure: P=2 psi@ 400 deg F
External design pressure: Pe= 14.7 psi@ 400 deg F
} Corrosion allowance: Inner C = 0 Quter= 0 in
PWHT is not performed

Radiography:  Category A joints -  Spot UW-11(b) type 1
Category B joints -  Spot UW-11(b) type 1

Estimated weight: new = 1428.1 corr = 1428.1 Ib
capacity: new = 2217.078 corr = 2217.078 US ga

ID = 104.25 length Lc= 60 t =025 in {(new}

Design thickness: UG-27(c)}(1} Circ. stress
t = P*R/(S*E - 0.6*P) + Corrosion

. = 2%52.125/(14700%0.85 - 0.6%2) + 0
= 0.0083 in
MAP: New & at O deg F) UG-27{c)(1)

P = S*E*/(R + 0.6*t) - Ps
= 16700*0.85%0.25/(52.125 + 0.6*0.25)- 0
= 67.88518 psi

MAWP: (Corroded & at 400 deg F) UG-27(c)(1)

1 P = S*E*/(R + 0.6*t) - Ps
= 14700%0.85%0.25/(52.125 + 0.6%0.25) - 0

= 59.7561 psi
Exte Pressure: rroded & at 400 deg F -2
L/Do = 37.90131/104.75 =0.3618 Do/t = 104.75/0.23897 = 438.3395
From table G: A = 0.000425
From tabic HA-3: B =4834.6

= 4*4834.6/(3*104.75/0.23897)

= 14.7058 pst

j . ign thickness for external pres Pa = 14, 8 psi:

P

‘ =t + Corrosion .z JouGe =07 i
= 0.23897 + 0 DPoe Mo

Pagero 2= 57




COMPRESS 5.51 C:\C5\BSCUPPER.VSL
Upper Cylindrical Shell - BSC

= 0.238%7 in

Maximum Allowable External Pressure: (Corroded @ 400 deg F)
L/Do = 37.90131/104.75 =0.3618 Do/t = 104.75/0.25 = 419
From table G: A = 0.000452

From table HA-3: B = 48872

Pa= 4*B/(3*Do/t)
= 4*4887.2/(3*104.75/0.25)
= 15.5519 psi

Dec. 19, 1995

ITav ¢

Doe NoO. Vag S 1= 073
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Sh iffener

Stiffening Ring Calculations Per UG-29
ASME Section VIII Division 1, 1992 Edition, A93 Addenda

Dec. 19, 1995

Identifier: Shell Stiffener

Ring material specification: SA 240 304L HIGH
Number of tings in this group: 1

Distance first ring to datum line: 110 in

Ring spacing: 0in

Ring description: 4x4x1/4 Equal Angle
Ring is rolled: leg out {easy way)
Ring cross sectional area: As = 1.94in"2

Ring moment of inertia: Ir= 3.04in"4

Calculations for ring 110 in from datum

Shell material specification: SA 240 304L HIGH
Required shell thickness: t = 0.23897 in
Corroded shell thickness: ts= 0.25in
Shell outer diameter: Do = 10475 m
Design temperature: = 400 deg F

. External design pressure: P = 147 psi
Stiffener supported length: Ls = 33.95065 in

B = .75%(P*Do/(t + As/Ls))

= .75%(14.7*104.75/(0.23897 + 1.94/33.95065))

= 3900.111

From table HA-3 (ring)

A = 2.949634E-04

Required moment of inertia of the combincd ring-shell section

Is= (Do"2*Ls*(t + As/Ls)*A)/10.9
= (104.75°2*33.95065%(0.23897 + 1.94/33.95065)*2.949634E-04)/10.9
= 2.985063 in"4

Available moment of inertia of the combined ring-shell section

Shell width contributing smalier of = 5.62911

W = 1.1*Sgr(Do*ts)
1.1*Sqr(104.75%0.25)
5.62911 in

W = Ls = 33.95065 in

Shell area Al = W*ts = 1.407277 in"2
7

Distance to the ring neutral axis

&2

Doe t)o V2w s-0=27%
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COMPRESS 5.51 CACS\BSCUPPER.VSL Dec. 19, 1995

Shell Sdffcner

Y2 = Ring NA + ts/2
= 1.09 + $.25/2
= 1.2151in
Neutral axis of combined section

NA = As*Y2/(Al + As)
= 1.94%1.215/(1.407277 + 1.94)
= 7041842 in

Inertia of the shell about the combined section NA
I1 = W*ts"3/12 + A1*NA"2
= 5.62911*0.25"3/12 + 1.407277*0.7041842°2
= .7051639 in" 4
Inertia of the ring about the combined section NA
2 =Ir + As*(NA - Y2)"2
= 3.04 + 1.94*%(0.7041842 - 1.215)"2
= 3.54621 in"4
Total available I = I1 + 12 = 4.251373 in"4

. The 4x4x1/4 Equal Angle vacuum stiffener is satisfactory.

. Jlrv &

e e JSouT alal
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COMPRESS 5.51 C:ACS\BSCUPPER.VSL Dec. 19, 1995

Main Section Cylinder

AS Section VIII Division 1. 1992 Edition Addenda

Component: Cylinder

Material specification: SA 2406 3041 HIGH

Internal design pressure: P=2 psi@ 400 deg F
External design pressure: Pe= 147 psi@ 400 deg F
Corrosion allowance: Inner C = 0 Outer= 0 in

PWHT is not performed

Radiography:  Category A joints -  Spot UW-11(b) type 1
Category B joints -  Spot UW-11(b) type 1

Estimated weight: new = 3817.3  comr = 38173 Ib
-capacity: new = 2956.104 corr = 2956.104 US ga

ID = 104.25 length Lc= 80 t=0.5 in {(pew)
Desi ickness: UG-27(c)(1) Circ. stress
t = P*R/(S*E - 0.6*P) + Corrosion
. = 2%52.125/(14700%0.85 - 0.6*2) + 0
= 0.0083ia -

MAP: (New & at 0 deg F) UG-27(c)(1)

P = S*E*/(R + 0.6*) - Ps
= 16700%0.85%0.5/(52.125 + 0.6*0.5) - 0
= 135.3839 psi

MAWP: (Corroded & at 400 deg F) UG-27(c)(1)

P = S*E*/(R + 0.6%) - Ps
= 14700%0.85*%0.5/(52.125 + 0.6%0.5)- 0
= 119.1702 psi

External Pressure: {Corroded & at 400 deg F) UG-28
L/D¢ = 80/105.25 =0.7601 Do/t = 105.25/0.30747 = 342.3098
From table G: A = 0.000288
From table HA-3: B = 3807.2

Pa= 4*B/(3*Dolt)
= 4*3807.2/(3*105.25/0.30747)

= 14.8295 psi
ion thickness xternal pressure Pa = 14.8295 psi:
. )?li v 0
= t + Corrosion . -
= 0.30747 + 0 pgc_/‘}o O eG - oz
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL Dec. 19, 1995
Main Section Cylinder

= 0.30747 in
Maximum Allowable External s : (Corroded F

L/Do = 80/105.25 =0.7601 Do/t = 105.25/0.5 = 210.5
From table G: A = 0.000587
From table HA-3: B = 51172

Pa= 4*B/(3*Do/t)
= 4*5117.2/(3%105.25/0.5)
= 32.413 psi

. JCzv O

2p. Mo Voys-/-013
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COMPRESS 5.51 CACS\BSCUPPER_VSL
Nozzle B

ning N-E Reinforcemen culati Per UG-37

Located on: Upper Cylindrical Shell - BSC
Local vessel thickness: 25in

Liquid static head included: 0 psi

Flange description: 4 inch 75# SO A240304L

ANSI B16.47 flange rating MAP: 115 psi
ANSI B16.47 flange rating MAWP: 80 psi

Nozzle material specification: SA 240 304L HIGH

Pad material specification: SA 240 304L HIGH

Nozzle orientation: 45 degrees

End of nozzie to shell center: 55.875 in

Nozzle offset from center Lo: 0in

Projection outside vessel Lpr: 35in

tn —| |« corrosion allow = 0 in
dp—> _ _ <— noz thick new tn= .12 in
<~ d = [twl nozzle id. new d= 13.75 in
—>| J<tw2 > < pad diameter dp = 20 in
./ pad thickness te= .25 in
te|/] N fillet weld twl = .125 in
—|_|_V ——— fillet weld tw2 = .25 in
/i1 _tw3 A groove weld tw3d = .25 in
A

< L > | To datum L= 124 in
Reinforcement Calculations For Nozzle MAWP
Limits of rcinforcement UG-40

Parallel to the vessel waill d = 13.75in

Normal to the vessel wall outside 2.5%(tn-Cn) + te = .55in

Normal to the vessel wall inside 2.5*{tn-Cn-C) = .3 in
Nozzle required thickness

trn = P*Ru/(Sn*E - 0.6*P)

= 2*6.875/(14700*1 - 0.6*2)
= 0.0009 in

Required thickness tr from UG-37(a)

tr= P*R/(S*E - 0.6*P)

= 2%52.125/(14700*1 - 0.6%2) %
= 0.0071 in
Dre.

Area required

Dec. 19, 1995
5V <
Ao VOyF=s=00T
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Nozzic E

Allowable stresses: Sn = 14700, Sv = 14700, Sp = 14700 psi

= lesser of 1 or Sn/Sv so frl =1
fi2 = lesser of 1 or Sa/Sv so 12 —1
fr3 = lesser of fr2 or Sp/Svso fi3 =
fr4 = lesser of { or Sp,’SV so fr4 —1

A = @*r*F + 2*m*rF(1 - frl)
= 13.75%0.0071*1 + 2%0.12%0.0071*1%(1 - 1)
= .0976 in"2

Arca available
Al = larger of the following =334in"2

= GHE1*-FHr) - 25t E1#t-F*r)*(1-fr1)
= 13.75%(1*0.25-1%0.0071) - 2*%0.12%(1*0.25-1%0.0071)*(1-1)
=334in"2

= 2*(t+m)*(E1*t—F*tr) 2*m*{E1*-F*tr)*(1-frl)
*({) 25+0.12)*(1*0.25-1*. 0071) 2%()_12*(1*0.25-1*0.0071y*(1-1)
A8 in™2

A2 = smaller of the following =0.1311n"2

5*%(m - tta)*fr2*t
5*%(0.12 - 0.0009)*1*0.25
.149in"2

[T

2*(tn - tm)*(2.5%tm + te)*fr2
2%(0.12 - 0.0009)*(2.5*0.12 + 0.25)*1
A31in72

A4l = Leg 2*fr3
= 0.125°2%1 = 016 in"2

A42 = Leg™2*fr4
= 0.2572%1 = .063 in"2

AS = (Dp - d - 2*tn)*te*fr4
= (20 - 13.75 - 2%0.12)*0.25*1
= 1.5025 in"2
Area = Al + A2 + A41 + A42 + AS
=3.34 + 0.131 + 0.016 + 0.063 + 1.5025
= 5.0525 in"2
As Area > A the reinforcement is adequate for MAWP = 2 at 400 Deg F
heck welds - Fro -16(c)(2

Inner Fillet: tmin = lesser of 0.75 or tn or te, tmin = 0.12 in
tw(min) = 0. 7*tmin = 0.084 in

Dec. 19, 1995

/7»5:/ 2
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Nozzle E

tw(actual) = 0.7*Leg = 0.7%0.125 = 0.0875 in
Outer Fillet: tmin = lesser of 0.75 orte or t, tmin = 0.25 in

tw(min) = 0.5%min = 0.125 in

tw(actual) = 0.7*Leg = 0.7%0.25 = 0.175m

UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl = ¢.0009 in (E = 1)
Wall thickness per UG-45(b){1): tr2 = 0.0071 in

Wall thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b)(4): tr4 = (0.328125 in

The greater of 2 or tr3: tr5 = 0.0625 in

The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = .12 in
The nozzle neck thickness is adequate for MAWP.

Allowable stresses in joints UG-45(c) and -15(c
Groove weld in tension = 0.74*14700 = 10878 psi
Nozzle wall in shear = 0.7*14700 = 10290 psi

Inner fillet weld in shear = 0.49*14700 = 7203 psi
Outer fillet weld in shear = 0.49*%14700 = 7203 psi
Strength of welded joints:

(1) Inner fillet weld in shear

(Pi/2y*Nozzle O.D.*Leg*St = 1.57%13.99*0.125%7203 = 19776.11 1bf

(2) Outer fillet weld in shear
(Pi/2)*Pad C.D.*Leg*So = 1.57%20%0.25*7203 = 56543.55 Ibf

(3) Nozzle wall in shear

Dec. 19, 1995

(Pi/2)*Mean nozzle dia.*tn*Sn = 1.57%13.87*0.12%10290 = 26888.88 1bf

(4) Groove weld in tension
(Pi/2)*Nozzle O.D.*tw*Sg = 1.57*13.99*0.25*10878 = 59731.91 Ibf

Loading o 1 r UG-4 1

W = (A - (d - 2*tn)*(E1*t - F*m))*Sy
(0.0976 - (13.75 - 2%0.12)*(1*0.25 - 1*0.0071))*14700
_46304.49 1bf

Wi-1 = (A2 + A5 + A4l + A42)*Sv

(0.131 + 1.5025 + 0.016 + 0.063)y*14700
25173.75 Ibf
-2

= (A2 + A3 + A4l + A43 + 2%m*r*frl)*Sv

Bl wa

w2

Pzw O
Dp. Mo, VOY5- 107
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COMPRESS 5.51 CAC5S\BSCUPPER.VSL
Nozzic E

+ A5 + A4l + A42 + A4 2*t*t*fr1)*Sv
5 + 6

Load for path 1-1 lesser of W or W1-1 =-46804.49 Ibf
Path 1-1 Thru (2) & (3) = 56543.55 + 26888.88 = 83432.43 Ibf
Path 1-1 is stronger than W so it is acceptable per UG-41(b}(2).

Load for path 2-2 lesser of W or W2-2 =-46804.49 Ibf

Path 2-2 Thru (1), (4) = 19776.11 + 59731.91 = 79508.02 Ibf
Path 2-2 is stronger than W so it is acceptable per UG-41(b)(2).
Load for path 3-3 lesser of W or W3-3 =-46804.49 1bf

Path 3-3 Thru (2), (4) = 56543.55 + 59731.91 = 116275.5 Ibf
Path 3-3 is stronger than W so it is acceptable per UG-41(b)(2).

Pad strength = A5*Sp = 22086.75 1bf
Outer fillet weld strength is adequate.

Reinforcement Calculations for External Pressure
Limits of reinforcement UG-40

Parallel to the vessel walld = 13.75 in
Normal to the vessel wall outside 2.5%(tn-Cn) + te = .55 1in
Normal to the vessel wall inside 2.5*(tn-Cn-C) = 3 in

Nozzle required thickness

L/Do = 3.5/13.99 = .25(02 Do/t = 13.99/0.03032 = 461.4116
From table G: A = 0.000587
From table HA-3: B =5117.2

Pa= 4*B/(3*Do/t)
= 4*5117.2/(3%13.99/0.03032)
= 14.7871 psi

Nozzle required thickness trn = .03032 in

Required thi tr from UG-37(d)X1)} = .239 i
Area reguired

Allowable stresses: Sn = 14700, Sv = 14700, Sp = 14700 psi
fr1 = lesser of 1 or Su/Sv so frl =1

Dec. 19, 1995

3+
+ 0.063 + 0 + 2*0.12*%0.25%1)*14700

fr2 = lesser of 1 or Sn/Sv so fr2 =1 ey &
fr3 = lesser of fr2 or Sp/Sv so 13 =1
fr4 = lesser of 1 or Sp/Sv so {14 =1 Dhe. Ao VOV5-1-2757
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COMPRESS 5.51 CACS\BSCUPPER.VSL Dec. 19, 1995
Nozzle E

A = 0.5%(@**F + 2*m*r*F(1 - frl))
0.5%(13.75%0.239*1 + 2*0.12%0.239%1*(1 - 1))
1.6431 in"2

Area available

Al = larger of the following = .151in"2

= d*E1*-F*r) - 2*n*E*-FHo)*(1-frl)
= 1?5.75*(1*0.25-1*0.239) - 2%0.12%(1%0.25-1*0.239)*(1-1)
= .151in"2

2(t+tn)*(EL*t-F*tr) - 25m*E1*-FH)*(1-fr1)
2;53.25 +0.12)%(1%0.25-1%0.239) - 2*0.12*(1%0.25-1*0.239)*(1-1)
.008 in"2

A2 = smaller of the following = (.099 in"2

5%(tn - tro)*fr2*t
5%(0.12 - 0.03032)*1*0.25
112 in"2

o

2%(tn - tn)*(2.5%m + ey fr2
2% (0 12 - 0.03032)*(2.5%0.12 + 0.25)*1
099 "2

A4l = Leg"2*f3
= 0.125"2*1 = .016in"2

A42 = Leg"2*fr4
= 0.2572*%] = 063 in"2

AS = (Dp - d - 2*tn)*te*fr4
= (20 - 13.75 - 2%0.12)*0.25*1
= 1.5025 in"2

Area = Al + A2 + A4l + A42 + AS
={.151 + 0.099 + 0.016 + 0.063 + 1.5025
= 1,8315in"2

As Area > A the reinforcement is adequate for Pe.= 14.7 at 400 Deg F

UG-45 Nozzle Neck Thickness Check
Wall thickness per UG-45(a): trl =0.03032in{E = 1)
Wall thickness per UG-45(b)(2): tr2 = 0.0522 in
wall thickness per UG-16(b): tr3 = 0.0625 in
Std pipe wall per UG-45{b}{4): tr4 = (0.328125 in
The greater of &2 or t3: tr5 = 0.0625 in
The lesser of tr4 or r3: tr6 = 0.0625 in
o Rsv 0
Req’d per UG-45 is the larger of trl or r6 = 0.0625 in J oy )= 0157

Page 2¢ 2o 7



COMPRESS 5.51 C:A\CS\BSCUPPER.VSL Dec. 19, 1995

Nozzle E

Available nozzle wall thickness new, th = 0.12 in
The nozzle neck thickness is adequate for Pe.

. s O

Dor . Mo, :'/17”/9’ /-cr
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Nozzle E
Applied I.oads
Radial load Pr = 2183 Ibf
Circumferential moment Mc = O Ibf-ft
Circumferential shear Ve = Obf
Longitudinal moment ML =0 Ibf-ft
Longitudinal shear VL =0 Ibf
Torsion moment Mt = O Ibf-ft
Internal pressure P= 2psi
Stresses at n OD per WRC bulletin 107

Mean radius Rm = 52.25 in
Rm/t = 104.5

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (bending) = 1

Pressurc stress intensity factor, Farr equation 11.5
1= 25%4 + 3*@/x)"2 + 3*(/x)"4)
= .25*%(4 + 3*(6.875/7.12)"2 + 3*%(6.875/7.12)"4)
= 2.351
Local circ. pressure stress = I*P*Rm/t = 491 psi
Local long. pressure stress = P*Rm/2t = 104 psi

Maximum combined stress =-4686 psi
Allowable combined stress = +-3*S = +- 44100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-1154 psi
Allowable primary membrane stress = +-1. S*S = +- 22050 psi

The maximum primary membrane stress is within allowable limits.

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL Dec. 19, 1995

. Nozzle E
From| Value | beta
Fig.| read Au Al Bu B1 Cu 1 Du D1
3C* [10.677 (0.117 -892 -892 -B92 -892
aC* 115.057 |0.117 -1258 -1258 -1258 -1258
1C [0.0765 {0.117 -4008 4008 -4008 4008
2C-1{0.0440 {0.117| -2305 2305 -2305 2305
3A* [4.1315 |0.117
1A |0.0774 |0.117
3B* {11.036 |0.117
1B-110.0281 10.117
pressure stress* 491 491 49] 491 491 491 491 491

Total circ stress -3072 1538 -3072 1538 -4409 3507 -4409 3607
Primary membrane

circ stress¥ -767 -767 -767 -767 -401 -401 -401 401
3C* 110.677 {0.117 -892 -892 -892 -892
ac* [15.057 ;0.117 -1258 -1258 -1258 -1258
1C-110.0744 [0.117] -3898 3898 -3898 3898
2C (0.0467 |0.117 -2447 2447 -2447 2447
4p* 17.5665 (0.117

. 2A 10.0389 |0.117
48* (4.0872 [0.117
2B-110.0385 [0.117
pressure stress* 104 104 104 104 104 104 104 104

Total long stress -4686 3110 -4685 3110 -3601 1293 -3601 1293
Primary membrane
long stress* -788 -788 -788 -788 -1154 -1154 -1154 -1154

torsion moment Mt
Circ shear from V¢
Long shear from VL

Total Shear stress

Combined stress 4686 3110 -4686 3110 -4409 3607 -4409 3607

. ey O

Do, Ao VO S PEY YN
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COMPRESS 5.51 CACS\BSCUPPER.VSL Dec. 19, 1995
Nozzle E

Stre cdoe C bulletin 107 { psi

Mean radius Rm = 52.25 in
Rm/t = 209

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (beading) = 1

Pressure stress intensity factor, Farr equation 11.5

I= 25%4 + 3%(/x)"2 + 3*%(/x)"4)
25%(4 + 3%(6.875/10.25)"2 + 3%(6.875/10.25)"4)

1.48%

1

Local circ. pressure stress = P*P*Rm/t = 622 psi
Local long. pressure stress = P*Rm/2t = 209 psi

Maximum combined stress =-13222 psi
Allowable combined stress = +-3*S = +- 44100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-3300 psi
. Aliowable primary membrane stress = +-1.5*S = 4- 22050 psi

The maximum primary membrane stress is within allowable limits.

® e 2
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COMPRESS 5.51 CA\CS5\BSCUPPER.VSL Dec. 19, 1995

Nozzle E
From! Value | beta
Fig.| read Au Al Bu Bl Cu C1 Du D1
3C* [8.2255 |0.167 -1375 -137% -1375 -1375
4C* 120.996 |0.167] -3B09 -3500 -3509 -3509
1IC 10.0595 |0.167 -12469 12469 -12469 12469

2C-1{0.0148 |0.167{ -3102 3102 -3102 3102
3A* 16.4789 [0.167
1A |0.0553 {0.167
3B* (13.437 |0.167
1B-1{0.0104 {0.167
pressure stress* 622 622 622 622 622 622 622 622

Total circ stress -5989 215 -598% 215 -13222 11716 -13222 11716
Primary membrane

circ stress* -2887 -2887 -2887 -2887 -753 -783 -753 -753
3C* |8.2255 |0.1677 -1375 -1375 -1375% -1375
AC* 120.996 10.167 -3509 -3509 -3509 -3509
1C-110.03%0 (0.167] -8173 8173 -8173 8173
2C |0.0353 {0.167 -7398 7398 -7398 7398
4A* 117.794 [0.167

. 2A 10.0238 {0.167
48* |5.7771 10.167
2B-110.0144 |0.167
pressure stress* 209 209 209 209 209 209 20° 209

Total long stress -9339 7007 -9339 7007 -10698 4098 -10698 4098
Primary membrane
long stress* -1166 -1166 -1166 -1166 -3300 -3300 -3300 -3300

torsion moment Mt
Circ shear from Vc
Long shear from VL

Total Shear stress

Combined stress -9339 7007 -9339 7007 -13222 11716 -13222 11716

® o 0
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Nozzie G

Opening N-G Reinforcement Calculations Per UG-37

Located on: Main Section Cylinder
Local vessel thickness: Sin
Liquid static head included: 0 psi

Flange descripdon:

ANSI B16.47 flange rating MAP:

8 inch 75# WN A240304L
115 psi

ANSI B16.47 flange rating MAWP: 80 psi

Nozzle material specification:

Nozzle orientation:

End of nozzle to shell center:
Nozzle offset from center Lo:
Projection outside vessel Lpr:

th > |«
_’<— d >|
tw1—>l <
/11 v \
Aol
A
— L —

SA 240 304L HIGH

90 degrees
55.625 in
Qin

3in

¢ in

.12 in
7.75 in
125 in
L1875 in

corrosion allow
noz thick new tn
nozzle id. new d
fillet welid twl
groove weld tw2

nmown

To datum L= 40 in

Reinforcement Calculations For Nozzie MAWP

Limits of reinforcement UG-40

Parallel to the vessel walid = 7.75 in
Normal to the vessel wall outside 2.5%(tn-Cn) + t¢ = 3 in
Normal to the vessel wall inside 2.5%(tn-Cn-C) = 3 in

Nozzle reguired thickness
trn = P*Ro/{Sn*E - 0.6*P)
= 2%3 875/(14700*1 - 0.6*2)
= 0.0005 in
Requi
tr= P*R/(S*E - 0.6*P)

= 2%52.125/(14700*1 - 0.6*2)
= 0.0071 in

Area required

ickness tr from UG-37(a

. Allowable stresses: Sa = 14700, Sv = 14700, psi
frl = lesser of 1 or Sn/Sv so frl =1

Dec. 19, 1995
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COMPRESS 5.51 CACS\BSCUPPER.VSL Dec. 19, 1995
Nozzle G

f12 = lesser of { or Sn/Sv so fi2 =1

A = dMrF + 25mMr*E(] - frl)
= 7.75%0.0071%1 + 2+0.12%0.0071*1%(1 - 1)
= .055in"2

Area available
Al = larger of the following = 3.82in"2

= d*ET*-F*tr) - 2*m*(E1*t-F*x)*{1-frl)
= g g*(l*() 5-1%0.0071) - 2%0.12%(1*0.5-1*0.0071)*(1-1)
= in"2

= 2%(t+ m)*(B1*t-F*tr) - 2*tn*(E1*-F*try*(1-frl)
2%(0.5+0.12)*(1%0.5-1%0.0071) - 2*0.12%(1*C.5-1*0.0071)*(1-1)
611 in"2

A2 = smaller of the following = 0.072in"2

5*(tn - trn)*fr2%t
5%(0.12 - 0.0005)*1*C.5
299 in"2

. — 5%(tn - tr)*f2*m
5%(0.12 - 0.0005)*1%0.12
= 072 in"2

(T

A4l = Leg™2*i2
= 0.125°2*1 = .016 in"2

Area = Al + A2 + A4l
=3.82 + 0.072 + 0.016
= 3.908 in"2

As Area > A the reinforcement is adequate for MAWP = 2 at 400 Deg F
Check the welds - From UW-16(d}:

tomin = lesser of 0.75 ortn or t, tmin = 0.12 in

tl or t2{(min) = lesser of 0.25 or 0.7*tmin, t1(min} = 0.084 in
tl(actual) = 0.7*Leg = 0.7*0.125 = 0.0875 in

t2(actual) = 0.1875 in

tl + 2 =0.275 >= 1.25*min

The weld sizes for t1 and t2 are satisfactory.

UuG-4 zzle Neck Thickness Check

Wall thickness per UG-45(a): 71 = 0.0005 in (E = 1) JCsv

Wall thickness per UG-45(b)(1): tr2 = 0.0071 in

Wall thickness per UG-16(b): tr3 = 0.0625 in Dpe Mo Vo wi-r-9¢ T
Std pipe wall per UG-45(b){4) = 0.28175 in ’
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COMPRESS 5.51 CAC5\BSCUPPER._VSL Dec. 19, 1995

Nozzle G
The greater of tr2 or t3: tr5 = 0.0625 in
The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-43 is the larger of trl or r6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.12 in
The nozzle neck thickness is adequate for MAWP.

Allowable stresses in joints UG-45(c) and UW-15{(c}

Groove weld in tension = 0.74*14700 = 10878 psi
Nozzle wall in shear = 0.7*14700 = 10290 psi
Inner fillet weld in shear = 0.49%14700 = 7203 psi

Stren of welded joints:

(1) Inner fillet weld in shear
(Pi/2)*Nozzle O.D.*Leg*Si = 1.57%7.99%0.125*7203 = 11294.57 1bf

(3) Nozzle wall in shear
{Pi/2)*Mean nozzle dia. *tn*Sn = 1.57%7.87*%0.12*10290 = 15257.07 Ibf

(4) Groove weld in tension
. (Pi/2)*Nozzle O.D.*tw*Sg = 1.57%7.99*0.1875%10878 = 25585.67 Ibf

Loading on UG-41 1

W = (A - (d - 2*m)*(E1*t - F*1))*Sv
= (0.055 - (7.75 - 2%0.12)*(1*0.5 - 1*0.0071)y*14700
=-53606.18 Ibf

Wi-1 = (A2 + A5 + A4l + A42)*Sv
= (0.072 + 0 + 0.016 + 0)*14700
= 1293.6 Ibf

W2-2 = (A2 + A3 + A4l + A43 + 2%a*t*frl)*Sv
| = (0.072 + 0 + 0.016 + 0 + 2*0.12*0.5*1)*14700
| = 3057.6 Ibf

Load for path 1-1 lesser of W or W1-1 =-53606.18 Ibf
Path 1-1 Thru (1) & (3) = 11294.57 + 15257.07 = 26551.64 1bf
Path 1-1 is stronger than W so it is acceptable per UG-41(b)(2).
Load for path 2-2 lesser of W or W2-2 =-53606.18 1bf
Path 2-2 Thru (1), (4) = 11294.57 + 25585.67 = 36880.24 Ibf
Path 2-2 is stronger than W so it is acceptable per UG-41{(b)(2).
Rei ement Calculations for External Pres.
. Limits of reinforcement UG Jlee O

Uy VEFS-i=0rs
Parallel to the vessel walld = 7.75 in Poe A2
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COMPRESS 5.51 C:AC5\BSCUPPER.VSL
Nozzle G

Normal to the vesse! wail outside 2.5*(tn-Cn) + t¢ = .3 in
Normal to the vessel wall inside 2.5%{tn-Cn-C) = .3 in

Nozzle required thickness

L/Do = 3/7.99 = 3755 Do/t = 7.99/0.01833 = 435.8974
From table G: A = 0.000412
From table HA-3: B = 4808.2

Pa= 4*B/(3*Do/t)
= 4*4808.2/(3*7.99/0.01833)
= 14.7074 psi

Nozzle required thickness tro = 01833 in

Required thickness tr from UG-37(d)(1) = 3075 in
Area required
Allowable stresses: Sn = 14700, Sv = 14700, psi

frl = lesser of 1 or Sn/Sv so frl =1
f12 = lesser of 1 or Sn/Sv so 12 =1

A = 0.5%(d*t*F + 2*mn™r*F*(1 - frl))
= 0.5%(7.75%0.3075*1 + 2%0.12*0.3075*1%(1 - 1))
=1.1916 in"2
Area available
Al = larger of the following = 1.492in"2
d*(EL*-F*r) - 2*m*(E1*-F*r)*(1-fr1)

7.75%(1*0.5-1%0.3075) - 2*%0.12%(1*0.5-1%0.3075)*(1-1)
1.492 in"2

2%(t+tn)*(E1*-F*r) - 2%tn*E1*-F*r)*(1-fr1)
2*(8.5 +0.12)*(1%0.5-1%0.3075) - 2%0.12%(1%0.5-1%0.3075)*(1-1)
239 in"2

A2 = smaller of the following = 0.061 in"2

I |

= S*(tn - trn)*fi2*t
= 5%(0.12 - 0.01833)*1%0.5
= 2541in"2

5%(tn - trn)*fr2*m
5%(0.12 - 0.01833)*1%0.12
061 in"2

A4l = Leg 2*fi2
= 0.125"2%1 = 016 in"2

Dec. 19, 1995
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COMPRESS 5.51  C:\CS\BSCUPPER.VSL Dec. 19, 1995
Nozzle G
Area = Al + A2 + A4l
= 1.492 + 0.061 + 0.016
= 1.569 in"2
As Area > A the reinforcement is adequate for Pe = 14.7 at 400 Deg F

UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl =0.01833in(E = 1)
Wall thickness per UG-45(b)(2): tr2 = 0.0522 in

Wall thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b)(4): tr4 = 0.28175 in

The greater of tr2 or tr3: tr5 = 0.0625 in

The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.12 in

The nozzle neck thickness is adequate for Pe.

/,?/F\/' 74
Doe Mo VOYF-1-077
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COMPRESS 5.51 C:\C5\BSCUPPER.VSL

Nozzle G
Applied Loads
Radial load Pr = 693.4 Ibf
Circumferential moment Mc = 0 Ibf-ft
Circumferential shear Ve = §1bf
Longitudinali moment ML =0 Ibf-ft
Longitudinal shear VL =0 Ibf
Torsion moment Mt = O Ibf-ft
Internal pressure P= 2psi

Stres. the nozzle OD WRC bulletin 107 1

Mean radius Rm = 52.375 in
Rm/t = 104.75

Stress concentration factor Kn (tension} = |1
Stress concentration factor Kb (bending) = 1

Pressure stress intensity factor, Farr equation 11.5
I=.25*4 + 3*1/x)"2 + 3*@/x)"4)
= .25%(4 + 3*%(3.875/4.12)"2 + 3*(3.875/4.12)"4)
=2.25
Local circ. pressure stress = I*P*Rm/t = 471 psi
Local long. pressure stress = P*Rm/2t = 105 psi

Maximum combined stress =-2379 psi _
Allowable combined stress = +-3*S = +- 44100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-364 psi )
Allowable primary membrane stress = +-1.5%S = +- 22050 psi

The maximum primary membrane stress is within allowable limits.

DQ:’,.
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COMPRESS 5.51

C:\C5\BSCUPPER.VSL
Nozzle G

Dec. 19, 1995

From| Value | beta
Fig.| read

Au Al Bu Bl Cu

¢l

Du

D1

3C* [16.021
4C* 117.720
1C [0.1209
2C-1{0.0837
3A* [3.2919
1A |0.0926
38* 10.724 [0.067
1B-1{0.0440 |0.067
pressure stress*

.067
.067
.067
.067
.067
.067

OO0 OOOO

-224
-469  -469 -45%9  -469

-2012
1393 1393 -1393 1393

471 471 471 471 471

-424
2012

471

~424
-2012

471

424
2012

471

Total circ stress
Primary membrane
circ stress*

-1391 1395 -1391 1395 -1965

2059
47

-1965
47

2059
47

3C* [16.021 |0.067
4C* |17.720 [0.067
1C-110.1238 [0.067
2C |0.0837 |0.067
4A* 14,8183 {0.067
2A  [0.0535 |0.067
4B* |3.2756 {0.067
28-1(0.0696 }0.067
pressure stress*

424 -428  -424 424
-469
_2060 2060 -2060 2060
-1393

105 105 105 105 105

-469
1393

105

-1393

105

-46%
1393

105

Total long stress
Primary membrane
Tong stress*

-2379 1741 -2379 1741 -17%57
-319 -319 -319 -319 -364

1029
-364

-1757
-364

1029
-364

torsion moment Mt
Circ shear from Vc
Long shear from VL

Total Shear stress

Combined stress

-2379 1741 -2379 1741 -1965

2059

-1965

2059

Hew O
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COMPRESS 5.51 C:ACS\BSC105ID. VSL Dec. 19, 1995
Top Head - BSC

ASME Section VIII Division 1. 1992 Edition, A93 Adden

Component: Fé&D head

Material specification: SA 240 304L HIGH

Internat design pressure: P=2 psi@ 400 deg F

External design pressure: Pe= 1477 psi@ 400 deg F

Corrosion allowance: Inner C = 0 Outer= 0 in
PWHT is not performed

Radiography:  Category A joints -  Spot UW-11(b) type 1
Head to shell seam -  Spot UW-11(b) type 1

Estimated weight: new = 1140.8  corr = 1140.8 Ib
capacity: new = 474.64  corr = 474.64 US ga
ID=105 crownL = 105.75 knuckle r = 6.345 — 34375 in(min) 35— “F¢ ©°°
Straight flange = 2 forming allowance =0  in Traswats ) &
WARNING! F&D head is not -32(j
Degsign thickness: (At 400 deg F) Appendix 1-4(d
M = 25*3 + (L/1)".5)
= .25*%(3 + (105.75/6.345)".5)
= 1.7706
t = P*L*M/(2*S*E - 0.2*P) + Corrosion + fa
= 2*105.75*1.7706/(2*14700%0.85 - 0.2*2) + 0 + O
= (0.015 in
MAP: ¢ at 0 deg F) Appendix 1-4(d) Eq 3
P = 2*§*E*/(L*M + 0.2*) - Ps
= 2%16700%0.85%0.34375/(105.75*1.7706 + 0.2%0.34375) - 0
= 52.10122 psi
M . (Corr & at 400 deg F A dix 1 3
P = 2*S*E*t/(L*M + 0.2*t) - Ps
= 2%14700%0.85%0.34375/(105.75%1.7706 + 0.2%0.34375) - 0
= 45.86155 psi
Extcrnal Pressure: (Corr & at 400 F -33
A = .125/(Ro/t) jOsv ©
= .125/(106.0938/0.32873)
= (.000387 QOg_Upf V75 Y.V
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COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995

Top Head - BSC

From table HA-3: B =4755.5

Pa= B/(Roft)
= 4755.5/(106.0938/0.32873)
= 14.7348 psi

Check the external pressure per UG-33(a)(1)

t = 1.67*Pa*Lo*M/(2*S*E + 1.67*Pa*(M-0.2))

1.67%14.7348*106.0938*1.7706/(2*14700%1 + 1.67*14.7348%(1.7706-0.2))
0.15702 in

Design thickness for external pressure Pa = 14.7348 psi;

t + Corrosion + fa
032873 + 0+ 0
0.32873 in

Maximum Allowable External Pressure; (Corroded @ 400 deg F)
A = . 125/(Ro/t)
= .125/(106.0938/0.34373)
= (.000405
From table HA-3: B =4793.7
Pa= B/(Ro/t}
= 4793.7/(106.0938/0.34375)
= 15.5319 psi
Check the Maximum External Pressure: UG-33(a)(1) & App. 1-4(d)
Pe= 2*S*E*t/(M*Lo - t*(M-0.2))*1.67)
= 2*14700*1*0.34375/((1.7706*106.0938 - 0.34375%(1.7706-0.2))*1.67)
= 32.30824 psi

The maximum allowable external pressure is 15.5319 psi.

‘Du‘f_ Ao .

/?E’u D
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COMPRESS 5.51 C:\C5\BSC1051D.VSL
Upper Cylindrical Shell - BSC

ASME Section VIII Division 1, 1992 Edition, A93 Addenda

Component: Cylinder

Material specification: SA 240 304L HIGH

Internal design pressure: P=2 psi@ 400 deg F

External design pressure: Pe= 14.7 psi@ 400 deg F

Corrosion allowance: Inner C = O Outer= 0 in
PWHT is not performed

Radiography: Category A joints -  Spot UW-11(b) type 1
Category B joints -  Spot UW-11(b) type 1

Estimated weight: new = 1438.3  corr = 1438.3 b
capacity: new = 2249.093 comr = 2249.093 USga

Ib = 105 length Lc= 60 t =025 in(ncw)
Design thickness: UG-27 irc. stress
t = P*R/(S*E - 0.6*P) + Corrosion
= 2*52.5/(14700*%0.85 - 0.6*2) + 0
= 0.0084 in
MAP: New & a F UG-27(c)(1
P = S*E*/(R + 0.6%t) - Ps
= 16700*0.85%0.25/(52.5 + 0.6*0.25)- O
= 67.40266 psi
MAWP: oded & at 400 F UG-27(c)(1

P = S*E*/(R + 0.6*f) - Ps
= 14700%0.85%0.25/(52.5 + 0.6*0.25) - 0

= 59.33049 psi
External Pressure:; {Corroded & at 400 deg F) UG-28
L/Do = 37.90327/105.5 =0.3593 Do/t = 105.5/0.24092 = 437.9047
From table G: A = 0.000429
From table HA-3: B = 48425

Pa= 4*B/(3*Dolt)
= 4*4842 5/(3*105.5/0.24092)
= 14.7445 psi

Design thickness for external pressure Pa = 14.7445 psi:

=t + Corrosion
=0.24092 + §

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSC105ID. VSL Dec. 19, 1995
Upper Cylindrical Shell - BSC

= (0.24092 in
Maximum All le External Pressure: rroded @ 400 de

L/Do = 37.90327/105.5 =0.3593 Do/t = 105.5/0.25 = 422
From table G: A = 0.000452
From table HA-3: B = 4887.2

Pa= 4*B/(3*Do/t)
= 4*4887.2/(3*105.5/0.25)
= 15.4414 psi

. ?,,;,/ 2
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Shell Stiffener

Stiffening Ring Calculations Per UG-29
ASME Section VIII Division 1, 1992 Edition, A93 Addenda

Identifier: Shell Stitfener

Ring material specification: SA 240 304L HIGH
Number of rings in this group: 1

Distance first ring to datum line: 110 in

Ring spacing: 0in

Ring description: 4x4x1/4 Equal Angle -
Ring is rolled: leg out (casy way)
Ring cross sectional arca: As = 1.941n"2

Ring moment of inertia: Ir= 3.04in°4
Calculations for ring 110 in from datum

Shell material specification: SA 240 304L HIGH
Required shell thickness: t = 0.24092 in
Corroded shell thickness: ts= 025in

Shell outer diameter: Do = 105.5 in

Design temperature: = 400 deg F

External design pressure: P = 14.7 psi

Stiffener supported length: Ls = 33.95164 in

B = .75%(P*Do/(t + As/Ls))

= 75%(14.7%105.5/(0.24092 + 1.94/33.95164))

= 3902.359
From table HA-3 (ring)

= 2.951318E-04

Reguired moment of inertia of the combined ring-shell section

Is= (Do"2*Ls*(t + As/Ls)*A)/10.9
= (105.5"2*33.95164*(0.24092 + 1.94/33.95164)*2.951318E-04)/10.9

= 3.049713 in"4

Available moment of i

Shell width contributing smaller of

W = 1.1*Sqr(Do*ts)
= 1.1*8qr(105.5*0.25)
= 5.649226 in

W = Ls = 33.95164 in

ia of the co

ined ring-she ion

= 5.649226

Dec. 19, 1995

JCis e (O

Shell area Al = W*ts = 1.412306 in"2
Distance to the ring neutral axis

Peoe .

M s YOS —OsT
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COMPRESS 5.51 C:ACS\BSCI105ID._VSL Dec. 19, 1995
Shell Stiffener

Y2 = Ring NA + ts/2
= 1.09 + 0.25/2
=1.2151in
Neutral axis of combined section
NA = As*Y2/(Al + As}
= 1.94*1.215/(1.412306 + 1.94)
= 7031279 in
Inertia of the shell about the combined section NA
[1 = W*s"3/12 + AI*NA"2
= §5.649226*%0.25°3/12 + 1.412306*0.7031279"2
= 7055842 in"4
Inertia of the ring about the combined section NA
2 =1Ir + As*(NA - Y2)"2
= 3.04 + 1.94%(0.7031279 - 1.215)"2
= 3.548306 in" 4
Total available I = 11 + 12 = 425389 in"4

The 4x4x1/4 Equal Angle vacuum stiffener is satisfactory.

fCr a2

Poc oo, YOS 51007
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COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995
Main Section Cylinder

ASME Section VIII Division 1, 1992 Edition, A93 Addenda

Component: Cylinder

Material specification: ~ SA 240 3041. HIGH

Internal design pressure: P=2 psi@ 400 deg F

External design pressure: Pe= 14.7 psi@ 400 deg F

Corrosion allowance: Inner C = 0 Outer= 0 in
PWHT is not performed

Radiography:  Category A joints -  Spot UW-11(b) type 1
Category B joints -  Spot UW-11{b) type 1

Estimated weight: new = 38447  comr = 3844.7 b
capacity: new = 2998.79 corr = 2998.79  US ga

ID = 105 length Lec= 80 t=0.5 in{new)

Design thickness: UG-27(c)(1) Circ. stress
t = P*R/(S*E - 0.6*P) + Corrosion

. — 2%52.5/(14700%0.85 - 0.6*2) + 0
= 0.0084 in
MAP: [ at 0 deg F) UG-27(c)(1)

P = S*E*/(R + 0.6%t) - Ps
= 16700*0.85*0.5/(52.5 + 0.6*0.5)- 0
= 134.4223 psi

MA : Corroded 400 de: -27{cX(1

P = S*E*/(R + 0.6*) - Ps
= 14700%0.85*0.5/(52.5 + 0.60.5)- O

118.3239 psi
External Pressure: (Corroded & at de; -2
L/Do = 80/106 =0.7547 Do/t = 106/0.30843 = 343.6761
From table G: A = 0.000288
From table HA-3: B = 3807.2

Pa= 4*B/(3*Do/t)
— 4%3807.2/(3*106/0.30843)

= 14.7705 psi

. Design thickness for external pressure Pa = 14.7705 psi: /‘25:/ D
= t + Corrosion Doe. Ads Vavsg -/ - 074
=0.30843 4+ 0

Page 2o~ =7




COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995
Main Section Cylinder

= 0.30843 in
Maximum Allowablc External Pressure: (Corroded @ 400 deg F)
L/Do = 80/106 =0.7547 Do/t = 106/0.5 = 212
From table G: A = 0.000586
From table HA-3: B = 5115.7

Pa= 4*B/(3*Do/t)
= 4*3115.7/(3*106/0.5)
= 32.1742 psi

. s s T

Doc Mg VoS s HrS
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COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995
Nozzle E

ning N-E Reinforcemen lculations Per UG-37

Located on: Upper Cylindrical Shell - BSC
Local vessel thickness: .251in

Liquid static head included: 0 psi

Flange description: 14 inch 75# SO A240304L

ANSI B16.47 flange rating MAP: 115 psi
ANSI B16.47 flange rating MAWP: 80 psi

Nozzle material specification: SA 240 3041. HIGH

Pad material specification: SA 240 304L HIGH

Nozzle orientation: 45 degrees

End of nozzle to shell center: 55.875in

Nozzle offset from center Lo: 0in

Projection outside vessel Lpr: 3.125in

th —>| |« corrosion allow = 0 in
dp—> _ _ <- noz thick new tn= .12 in
< d =] [twl nozzle id. new d= 13.75 in
—>| [<tw2 > |« pad diameter dp = 20 in
N Y 4 pad thickness te= .25 in
. te|/] [\ fillet weld twl = .125 in
—_—l ]V — fillet weld tw2 = .25 in
/1_[_tw3 I\ groove weld tw3 = .25 in
A

< L > To datum L= 124 in
Reinforcement Calculations For Nozzle MAWP
Limits of reinforcement UG-40

Parallel to the vessel walld = 13.75 in

Normal to the vessel wall outside 2.5*(tn-Cn) + te = .35 in

Normal to the vessel wall inside 2.5%(tn-Cn-C) = 3 in
Nozzle reguired thickness

trn = P*Rn/(Sn*E - 0.6*%P)

= 2*6.875/(14700*%1 - 0.6*2)
= 0.0009 in

Required thickness tr from UG-37(a)

tr= P*R/(S*E - 0.6*P)

= 2%52.5/(14700*1 - 0.6%2) .
. = 0.0071 in v O

Areg required DPoe Ms. VOSSey_ g

Page ¢/ -~ 7




COMPRESS 5.51

CACS\BSC105ID.VSL
Nozzle E

Allowable stresses: Sn = 14700, Sv = 14700, Sp = 14700 psi

frl = lesser of 1 or Sn/Sv so frl =1

fr2 = lesser of 1 or Sn/Sv so fr2 =1

i3 = lesser of fr2 or Sp/Sv so fr3 =1
= lesser of 1 or Sp/Sv so fr4 =1

A = dRr*F + 2*m*e*FX(1 - frl)

= 13.75*%0.0071
= .0976 in"2

Area available

*¥1 + 2%0.12%0.0071%1*(1 - 1)

Al = larger of the following = 3.34in"2

d*(E1*t-F*tr)

=334in"2

- 2%t *(E1*-F*tr)*(1-fr1)

13.75*(1*0.25-1*0.0071) - 2*0.12%(1*0.25-1*0.0071)*(1-1)

= 2%(t-+tm)*(B1*¢-F*tr) - 2*n*(E1*t-F*r)*(1-fr1)
= 2*(0 25-+0.12)*(1%0.25-1%0.0071) - 2#0.12*%(1*0.25-1%0.0071y*(1-1)

A2 = smaller of the following =0.131in"2

= 5*(tn - trn)*fr2%t
= 5*0.12 - 0.0009)*1%0.25

= 149 in"2

A31in"2

2%(tn - trn)*(2.5%tm + te)*fr2
2%(0.12 - 0.0009)*(2.5%0.12 + 0.25)*1

A4l = Leg"2*f3
= 0.125"2*1 = .016 in"2

Ad42 = Leg 2*fr4

= 0.25"2*1 =
A5 = (Dp

= (20-13.75 -

= 1.5025in"2

063 in"2

- d - 2*m)y*te*fr4

2*0.12y*0.25*1

Area = Al + A2 + A4l + Ad42 + A5
=3.34 + 0.131 + 0.016 + 0.063 + 1.5025

= 5.0525in"2
As Area > A the

heck the wel

reinforcement is adequate for MAWP = 2 at 400 Deg F
- From UW-16(c)(2

Inner Fillet: tmin =

lesser of 0.73 or tn or te, tmin = 0.12 in

tw{min) = 0.7*tmin = 0.084 in

Dec. 19, 1995

Lo

JCsv D

Ao SoFG-smots
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COMPRESS 5.51 C:ACS\BSC105ID.VSL

Nozzle E

tw(actual) = 0.7*Leg = 0.7%0.125 = 0.0875 in
Quter Fillet: tmin = lesser of 0.75 or te or t, tmin = 0.25 in

tw(min) = 0.5*tmin = 0.125

tw(actual) = 0.7*Leg = 0.7%0.25 = 0.175in

UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl =0.0009in(E = 1)
Wall thickness per UG-45(b){1): tr2 = 0.0071 in

Wall thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b)(4): tr4 = (.328125 in

The greater of 12 or tr3: trS = 0.0625 in

The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.12 in

The nozzle neck thickness is adequate for MAWP.
Allowable stresses in joints UG-45(c) and -15(c
Groove weld in tension = 0.74*14700 = 10878 psi
Nozzle wall in shear = 0.7*14700 = 10290 psi

Inner fillet weld in shear = 0.49%14700 = 7203 psi
Quter fillet weld in shear = 0.49%14700 = 7203 psi

Strength of welded joints:

(1) Inner fillet weld in shear
(Pi/2)*Nozzle O.D.*Leg*Si = 1.57*13.99*0.125%7203 = 19776.11 Ibf

(2) Outer fillet weld in shear
(Pi/2)*Pad C.D.*Leg*So = 1.57%20%0.25*7203 = 56543.55 Ibf

(3) Nozzle wall in shear

Dec. 19, 1995

(Pi/2)*Mean nozzle dia.*tn*Sn = 1.57%13.87*0.12*10290 = 26888.88 Ibf

(4) Groove weld in tension
(P1/2)*Nozzle O.D.*tw*Sg = 1.57*13.99*0.25*10878 = 59731.91 Ibf

ading on wel TUG-41
W = (A - (d - 2*tn)*(E1*t - F*tr))*Sv
= (0.0976 - (13.75 - 2*0.12)*(1%0.25 - 1+0.0071))*14700
=-46804 .49 Ibf
WI1-1 = (A2 + AS + A4l + A42)*Sv
= (0.131 + 1.5025 + 0.016 + 0.063)*14700
= 25173.75 Ibt

W2-2 = (A2 + A3 + A4l + A43 + 2¥n*t*frl)*Sv

/?'Eg/ ¢’
Poe Ao VoL -7 gy
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COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995

Nozzle E

A4l + A42 + A43 + 2*m*t*frl)*Sv
016 + 0.063 + 0 + 2*0.12*0.25*%1)*14700

Load for path 1-1 lesser of W or W1-1 =-46804.49 Ibf
Path 1-1 Thru (2) & (3) = 56543.55 + 26888.88 = 83432.43 Ibf
Path 1-1 is stronger than W so it is acceptable per UG-41(b)(2).

Load for path 2-2 lesser of W or W2-2 =-46804.49 Ibf
Path 2-2 Thru (1), (4) = 19776.11 + 59731.91 = 79508.02 Ibf
Path 2-2 is stronger than W so it is acceptable per UG-41(b)(2).

Load for path 3-3 lesser of W or W3-3 =-46804.49 Ibf
Path 3-3 Thru (2), (4) = 56543.55 -+ 59731.91 = 116275.5 Ibf
Path 3-3 is stronger than W so it is acceptable per UG-41{b)(2).

Pad strength = A5*Sp = 22086.75 1bf
Outer fillet weld strength is adequate.

Reinforcement Calculations for External Pressure
. imits of reinforcement UG-40

Parallel to the vessel walld = 13.75 in
Normal to the vessel wall outside 2.5%(tn-Cn) + t¢ = .35 in
Normal to the vessel wall inside 2.5*(m-Cn-C) = 3

Nozzle required thickness

L/Do = 3.125/13.99 = 2234 Do/t = 13.99/0.02972 = 470.7268
From table G: A = 0.000642
From table HA-3: B = 5198.5
Pa= 4*B/(3*Do/t)
= 4*5198.5/(3*13.99/0.02972)
= 14.7247 psi
Nozzle required thickness trn = .02972 in
Required thickness tr from UG-37(d)(1) = .2
TEQUIT:

Allowable stresses: Sn = 14700, Sv = 14700, Sp = 14700 psi
fr1 = lesser of 1 or Sn/Sv so frl =1

fi2 = lesser of 1 or Sn/Sv so fi2 =1 v &
. fr3 = lesser of fr2 or Sp/Sv so fi3 =1 €
fr4 = lesser of 1 or Sp/Sv so fr4 =1 Dpe. Mo SovS-r-0/8
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Nozzle E

A = 0.5%@d**F + 2*m*u*F*(1 - frl))
0.5%(13.75%0.2409*1 + 2*0.12*0.2409*1*(1 - 1))

1.6562 in"2
Area availabl
Al = larger of the following =.125in"2

= dXE1*t-F*tr) - 2%t E1*-Fr)*(1-fr])
1?2.;25_*(}2*0.25-1*0.2409) - 2%0.12*(1%0.25-1*0.2409)*(1-1)
. m

I

2*t+m)*(E1*t-F*tr) - 2*m*(E1*-F*tr)*(1-frl)
25}(7)._25—50.12)*(1*{}.25-1*0.2409) - 2%0,12*(1%0.25-1*0.2409)*(1-1)
. m”

A2 = smaller of the following = 0.099in"2

[T

It

5%(tn - trn)*fr2*t
5%(0.12 - 0.02972)*1%0.25
113 in"2

I

2*(tn - trn)*(2.5%m + te)*fr2
2%(0.12 - 0.02972)*(2.5%0.12 + 0.25)*1
.099in"2

A4l = Leg 2*fr3
= 0.125"2*] = .016in"2

A42 = Leg"2*frd
= 0.25"2*1 = .063 in"2

AS = (Dp - d - 2*tn)*te*fr4
= (20 - 13.75 - 2*0.12)*0.25*1
= 1.5025 in"2

Area = Al + A2 + A4l + A42 +
=0.125 + 0.099 + 0.016 + 0.06
= 1.8055in"2

A5
3 + 1.5025

As Area > A the reinforcement is adequate for Pe = 14.7 at 400 Deg F
UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl = 0.02972in (E = 1)
Wall thickness per UG-45(b)(2): tr2 = 0.0525
Wall thickness per UG-16(b): tr3 = 0.0625 in
Std pipe wall per UG-45(b)(4): tr4 = 0.328125 in
The greater of tr2 or tr3: tr5 = 0.0625 in
. The lesser of tt4 or tr5: tr6 = 0.0625 in 7 v O
=z
Req’d per UG-45 is the larger of tr]l or tr6 = 0.0625 in Doe Mo VOS2 -0)7
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Nozzle

Available nozzle wall thickness new, tn = 0.12 in

The nozzle neck thickness is adequate for Pe.

fCs . &

Deoc. Ay VG s—1-pri~
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Nozzle E

li ads
Radial load Pr= 2183 Ibf
Circumferential moment Mc = 0 1bf-ft
Circumferential shear Ve = 0bf
Longitudinal moment ML =0 Ibf-ft
Longitudinal shear VL =0 bf
Torsion moment Mi = O Ibf-ft
Internal pressure P= 2psi
Stresses a I D per WR lHetig 107 ( psi

Mean radius Rm = 52.625 in
Rm/t = 105.25

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (bending) = 1

Pressure stress intensity factor, Farr equation 11.5
I = 25%4 + 3*%/x)"2 + 3*(1/x)"4)
= .25*%(4 + 3*(6.875/7.12)"2 + 3*(6.875/7.12)"4)
= 2.351
Local circ. pressure stress = I*P*Rm/t = 495 psi
Local long. pressure stress = P*Rm/2t = 103 psi

Maximum combined stress =-4703 psi
Allowable combined stress = +-3*S = +- 44100 pst

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-1154 psi
Allowable primary membrane stress = +-1.5*%S = +- 22050 psi

The maximum primary membrane stress is within allowable limits.

Lo e

Dec. 19, 1995

Ao
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Nozzle E
From!{ Value | beta
Fig.| read Au Al Bu Bl Cu Cl Du D1
3C* [10.776 |0.116 -894 -894 -894 -894
4C* 115.180 (0.118] -1259 -1259 -1259 -125%9
1C  |0.0768 [0.116 -4024 4024 -4024 4024
2C-110.0443 0.116] -2321 2321 -2321 2321
3A* (4.1565 |0.116
1A 10.0776 |0.116
3B* [11.121 |0.116
iB-1|0.0282 |0.116
pressure stress* 495 495 425 495 495 495 495 495
Total circ stress -3085 1557 -3085 1557 -4423 3625 -4423 3625
Primary membrane
circ stress* -764 -764 -764 -764 -399 -399 -399 -399
3C* |10.775 |0.116 -894 -894 -894 -894
4C* {15.180 |0.116 -1259 -1259 -1259 -1259
1C-1|0.0747 |{0.116] -3914 3914 -3914 3914
2C 10.0469 (0.1186 -2457 2457 -2457 2457
4pA* | 7.6047 10.116
2A 10.03%0 |0.116
4B* 14,1127 [0.116
2B-1;0.0387 10.116
pressure stress¥® 105 105 105 105 105 105 105 105
Total long stress -4703 3125 -4703 3125 -3611 1303 -3611 1303
Primary membrane
Jong stress* -78¢ -789 -789 -789 -1154 -1154 -11%4 -11b54
torsion moment Mt
Circ shear from Vc
Long shear from VL
Total Shear stress
Combined stress -4703 3125 -4703 3125 -4423 3625 -4423 3625

A/’ Py 2

Loe Mo. Vays- 7= 004"
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Nozzie E

Stresses at the pad edge per WRC bulletin 107 { psi)

Mean radius Rm = 52.625 in
Rm/t = 210.5

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (bending) = 1

Pressure stress intensity factor, Fasr equation 11.5
I = .25%4 + 3*%@/x)"2 + 3*(@1/x)"4)

25%(4 + 3*(6.875/10.25)"2 + 3*(6.875/10.25)"4)
1.489

Local circ. pressure stress = [*P*Rm/t = 627 psi
Local long. pressure stress = P*Rm/2t = 210 psi

Maximum combined stress =-13225 psi
Allowable combined stress = +-3*S = +- 44100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-3307 psi
. Allowable primary membrane stress = +-1.5*S = +- 22050 psi

The maximum primary membrane stress is within allowable limits.

. Jlz D,

e Mo VEvs —sip,
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Nozzie E
From] Value | beta
Fig.| read Au Al Bu Bl Cu o Du D1
3C* 18.332] 10,165 -1383 -1383 -1383 -1383
4C* 121.196 [0.166] -3517 -3517 -3517 -3517
1€ ]0.0595 [0.1566 -12469 12469 -12469 12469
2C-110.0149 [0.166] -3123 3123 -3123 3123
3A* {6.5607 10.166
1A {0.0553 |0.166
3B* [13.588 |0.166
1B-110.0104 [0.166
pressure stress* 627 627 627 627 627 627 627 627

Total circ stress -6013 233 -6013 233 -13225 11713 -13225 11713

Primary membrane
circ stress* -2890 -2890 -2890 -2890 -756 -75¢ -756 -756

3C* |8.3321
4C* 121,196
1C-1]0.0392
2C 0.0353
4p* (17.922
. 28 |0.0238

4B* |5.8428 10.165
28-1/0.0144 .166
pressure stress* 210 210 210 210 210 210 210 210

10705 4091

.166( -1383 -1383 -1383 -1383
.166 -3517 -3517 -3517 -3517

.166| -8215 8215 -8215 8215

.166 -7398 7398 -7398 7398
.166
.166

ODOO0OCoOoOOO0o

Total long stress -9388 7042 -9388 7042 -10705 4091
Primary membrane
tong stress* -1173  -1173 -1173 -1173 -3307 -3307 -3307 -3307

torsion moment Mt
Circ shear from Vc
Long shear from YL

Total Shear stress

Combined stress -9388 7042 -9388 7042 -13225 11713 -13225 11713

‘II' ﬁZ:uf I

Doc Mo VoS-t - or i~
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Nozzle G

Opening N-G Reinforccment Calculations Per UG-37

Located on: Main Section Cylinder
Local vessel thickness: Sin

Liquid static head included: 0 psi

Flange description: 8 inch 75# WN A240304L

ANSI B16.47 flange rating MAP: 115 psi
ANSI B16.47 flange rating MAWP: 80 psi

Nozzle material specification: SA 240 304L HIGH
Nozzle orientation: 90 degrees
End of nozzie to shell center: 55.625 in
Nozzle offset from center Lo: 0in
Projection outside vessel Lpr: 2.6251n
tn > <=
- - corrosion allow = 0 in
<~ d - ] noz thick new tn= .12 in
twl—>] i< nozzle id. new d= 7.75 in
/ v \ fillet weld twl = .125 in
—_— - groove weld tw2 = .1875 in
N_j_tw2 _/
@ “
<— L —>| To datum L= 40 in

Reinforcement Calculations For Nozzle MAWP
Limits of reinforcement UG

Parallel o the vessel walld = 7.75 in
Normal to the vessel wall outside 2.5*(tn-Cn) + te = .3 in
Normal to the vessel wall inside 2.5%(tn-Cn-C) = .3 in

Nozzle required thickness

trn = P*Rn/(Sn*E - 0.6*P)
= 2*3 875/(14700*1 - 0.6*2)
= 0.0005 in

Required thickness tr from UG-37(a)

tr= P*R/(S*E - 0.6*P)
= 2*52.5/(14700*1 - 0.6%2)
= (.0071 in

Arca requin

; oz O
Allowable stresses: Sn = 14700, Sv = 14700, psi |
Dee Mo ¥PWF-s=Cr T

frl = lesser of 1 or Sn/Sv so frl =1 )
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Nozzle G

fr2 = lesser of 1 or Sn/Svso fi2 =1

A = d**F + 2*tn*r*F*(1 - fr1)
= 7.75*%0.0071*1 + 2*0.12*0.0071*1*(1 - 1)
= 055in"2

Area available

Al = larger of the following =382n"2
= @*(E1*-F*r) - 2*tn*(E1*t-F*tr)*(1-fr1)

= 7.75%(1%0.5-1*0.0071) - 2%0.12%(1*0.5-1%0.0071)*(1-1)
82in"2

o

3

2#(t+tn)(E1*-F*tr) - 2*m*(E1*-F*r)*(1-fr1)

2;(0.5 4 0.12)*(1*0.5-1%0.0071) - 2%0.12%(1*0.5-1%0.0071)*(1-1)
611in"2

o

A2 = smaller of the following =0.072 152

= 5*(tn - trn)*f12%t
= 5*(0.12 - 0.0005)*1*0.5

= 5*(tn - tra)*fr2*m
= 5%(0.12 - 0.0005)*1*0.12
= .0721n"2

A4l = Leg"2*fr2
= 0.12572%1 = .016in"2

Area = Al + A2 + A4l
= 3.82 + 0.072 + 0.016
= 3.908 in"2
As Area > A the reinforcement is adequate for MAWP = 2 at 400 Deg F
heck the welds - From -16(d):
tmin = lesser of 0.75 or tnor t, tmin = 0.12 in _
t1 or £2(min) = lesser of 0.25 or 0.7*tmin, t1(min) = 0.084 in
tl(actual) = 0.7*Leg = 0.7%0.125 = 0.0875 in
t2(actual) = 0.1875 in
tl + 12 = 0.275 > = 1.25%tmin
The weld sizes for t1 and 2 are satisfactory.

UG-45 Nozzle Neck Thic Check

Wall thickness per UG-45(a): trl = 0.0005in(E = 1)
Wall thickness per UG-45(b)(1): tr2 = 0.0071 in

Wall thickness per UG-16(b): 3 = 0.0625 in

Std pipe wall per UG-45(b){4): tr4 = 0.28175 in

Dec. 19, 1995
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COMPRESS 5.51 C:AC5\BSC105ID.VSL Dec. 19, 1995

Nozzle G
| The greater of 2 or &3: tr5 = 0.0625 in
The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.12 in

The nozzle neck thickness is adequate for MAWP.
Allowabl in_joints UG-45(c) and -15(c
Groove weld in tension = 0.74*14700 = 10878 psi

Nozzle wall in shear = 0.7%14700 = 10290 psi
Inner fillet weld in shear = 0.49*14700 = 7203 psi

(1) Inner fillet weld in shear
(Pi/2)*Nozzle O.D.*Leg*Si = 1.57*7.99*0.125%7203 = 11294.57 Ibf

(3) Nozzle wall in shear
(Pi/2)*Mean nozzle dia.*tn*Sn = 1.57*7.87*0.12*10290 = 15257.07 Ibf

(4) Groove weld in tension
‘ {Pi/2)*Nozzle O.D.*tw*Sg = 1.57*7.99%0.1875*10878 = 25585.67 Ibf

Loading on welds per UG-41(b)(1)

W = (A - {d - 2*m)*(E1% - F*m))*Sv
= (0.055 - (7.75 - 2%0.12)%(1*0.5 - 1%0.0071))*14700
=-53606.18 Ibf

Wi-1 = (A2 + A5 + A4l + A42)*Sy
= (0.072 + 0 + 0.016 + 0)*14700
= 1293.6 Ibf

W2-2 = (A2 + A3 + A4l + A43 + 2**t*frl)*Sv
= (0.072 + 0 + 0.016 + 0 + 2*0.12*0.5%1)*14700
= 3057.6 Ibf

Load for path 1-1 lesser of W or W1-1 =-53606.18 1bf
Path 1-1 Thru (1) & (3) = 11294.57 + 15257.07 = 26551.64 1bf
Path 1-1 is stronger than W so it is acceptable per UG-41(b)(2).
Load for path 2-2 lesser of W or W2-2 =-53606.18 Ibf
Path 2-2 Thru (1), (4) = 11294.57 + 25585.67 = 36880.24 Ibf
Path 2-2 is stronger than W so it is acceptable per UG-41(b)(2).
Reinforcement Calculations for External Pressure

. Limits of reinforcement U

Parallel to the vessel walld = 7.75 in

.
Dee, Afe VG s~ O rd”
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COMPRESS 5.51 CACS\BSC105ID.VSL,
Nozzlc G

Normal to the vessel wall outside 2.5*(in-Cn) + te = .3 1n
Normal to the vessel wall inside 2.5%(ta-Cn-C) = .3 in

Nozzle requircd thickness
L/Do = 2.625/7.99 = .3285 Doft = 7.99/0.01796 = 444 8775
From table G: A = 0.000462
From table HA-3: B = 4906.1

Pa= 4*B/(3*Do/t)
= 4*4906.1/(3*7.99/0.01796)
= 14.704 psi
Nozzle required thickness trn = .01796 in

Requir ickness ¢r from UG-37(d){1) = .3 in
Area required
Allowable stresses: Sn = 14700, Sv = 14700, pst

fr] = lesser of 1 or Sn/Sv so fr] =1
fi2 = lesser of | or Sn/Svso 2 =1

A = 0.5%@**F + 2*m*r*F*( - fr1)
0.5%(7.75%0.3084*1 + 2+0.12+0.3084*1%(1 - 1))
1.1951 in"2

Arca available
Al = larger of the following = 1.4851n"2

= Q*E1*-FHr) - 2%m*(E1*-Frr)*(1-frl)
= 7.75%(1%0.5-1*0.3084) - 2%0.12*(1*0.5-1*0.3084)*(1-1)
— 1.485in"2

= 2%(t+tm)*(E1*-F*tr) - 2%tn*E1*F*r)*(1-f1)
= 2%(0.5+0.12)*%(1%0.5-1%0.3084) - 2*0.12%(1*0.5-1%0.3084)*(1-1)
= 238 in"2

A2 = smaller of the following = 0.061 in"2
5*(tn - trm)*fr2*%t

5%(0.12 - 0.01796)*1%0.5
255 in"2

4 Hu

5%(tn - tm)*fr2*tn
5*(0.12 - 0.01796)*1%0.12
061in72

A4l = Leg 22

Dec. 19, 1995
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COMPRESS 5.51 C:ACS\BSC105ID.VSL Dec. 19, 1995
Nozzle G

Area = Al + A2 + A4l
1.485 + 0.061 + 0.016
1.562 in"2

As Area > A the reinforcement is adequate for Pc = 14.7 at 400 Deg F
UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl = 0.01796in(E = 1)
Wall thickness per UG-45(b)(2): 2 = 0.0525in

Walt thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b)(4): trd = 0.28175 in

The greater of tr2 or t13: tr5 = 0.0625 in

The lesser of tr4 or ir5: tr6 = 0.0625 in

Req’d per UG43 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.12 in

The nozzie neck thickness is adequate for Pe.

. /2;.-‘/ )
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COMPRESS 5.51 CACS\BSC105ID.VSL

Nozzle G
Applied Loads
Radial load Pr = 693.4 Ibf
Circumferential moment Mc = 0 Ibf-ft
Circumferential shear Ve = ¢ 1bf
Longitudinal moment ML =0 Ibf-ft
Longitudinal shear VL = Q 1bf
Torsion moment Mt = O Ibf-ft
Internal pressure P= 2psi

Stresses at the nozzle OD per WRC bulletin 107 ( psi)

Mean radius Rm = 52.75 in
Rm/t = 105.5

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (bending) = 1

Pressure siress intensity factor, Farr equation 11.5
= 25%4 + 3*%1/x)"2 + 3*(t/x)"4)
= 25%(4 + 3*%(3.875/4.12)"2 4+ 3*(3.875/4.12)"4)
=2.25
Local circ. pressure stress = I*P*Rm/t = 475 psi
Local long. pressure stress = P*Rm/2t = 106 psi

Maximum combined stress =-2389 psi
Allowable combined stress = +-3*S = +- 44100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-363 psi _
Allowable primary membrane stress = +-1.5*S = +- 22050 psi

The maximum primary membrane stress is within allowable limits.

15 e

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSC105ID.VSL Dec. 19, 1995

Nozzie G
From| VYalue | beta
Fig.| read Au Al Bu Bl Cu cl Du 01
3C* [16.149 [0.065 -425 425  -425  -425
4C* 117.850 |0.066 -469 -469 -469 -469
1C {0.1215 10.066 -2022 2022 -2022 2022

2C-1]0.0842 |0.066] -1401 1401 -1401 1401
3A* |3.3073 |0.066
1A 10.0927 [0.066
3B* [10.765 [0.066
1B-1{0.0441 |0.066
pressure stress* 475 475 475 475 475 475 475 475

Total circ stress -1395 1407 -1395 1407 -1972 2072 -1972 2072
Primary membrane

circ stress* 6 6 5 6 50 50 5G 50
3C* 116.149 |0.066 -425 -425  -425  -425
4C* 117.850 10.066 -469 -469 -469 -469
1C-1]0.1244 (0.066] -2070 2070 -2070 2070
2C (0.0842 {0.066 -1401 1401 -1401 1401

dA* 14,8372 (0.066
. 28 |0.0535 |0.066

4B* 13.2886 10.066
2B-1{0.0699 |0.066
pressure stress* 106 106 106 106 106 106 106 106

Total long stress -2389 1751 -2389 1751 -1764 1038 -1764 1038
Primary membrane
long stress* -319  -319 -319 -319 -363 -363 -363 -363

torsicn moment Mt
Circ shear from Vc
Long shear from VL

Total Shear stress

Combined stress -2389 1751 -2389 1751 -1972 2072 -1972 2072

. /?; o D
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-016
WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 33
REV. |DEO# |DATE |BY: CHECK | TITLE: Beam Splitter Chamber - Finite Element
0 #r37 |izfe/o ] RAc_— | AGK. | Analysis of 1 in. Thick Flanges for Bolt Preload.
BY: /2. N Crarrs I DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROJECT NO: V55049
PURPOSE: To determine if bolt clamping force results in flange deformation that could allow leakage

at Viton o-rings.

METHOD: A 3D finite element analysis of a section of the plane flange is performed. Brick elements
(3D solids) are used in the IMAGES program. Both a coarse model and an enhanced finer model are
analyzed. The enhanced model includes compression only springs at the flange interface to simulate gap
opening (nonlinear).

ASSUMPTIONS: Symmetry is used to minimize the model by using appropriate boundary conditions.
Curvature of the flange is ignored. O-ring glands and pumping channel are not included.

INPUTS: LIGO project design sketches and drawings. Durometer is 90 for Viton o-rings.

REFERENCES: 1. Parker O-Ring Handbook.
2. IMAGES 3D, Version 3.0, R.L. Cloud & Associates

CALCULATIONS; (See Attachment)

CONCLUSIONS: At a location that is midway between bolts, the gap between flanges opens a
negligible amount that does not affect the seal.

NOTES: This analysis was performed for the 104 in diameter flange, but it applies to other diameter
as well because of similar dimensions and bolt spacing. Computer file is FLANGE.

FILED:A\FATEMPLATEAENGFORMS\ENGCALC




jZece

FErnr g bl = Vowvr | )

50 SHEETS
22-142 100 SHEETS
22-144 200 SHEETS

22.141

/./e/ z D PP R VA R A - //U'[

&
1
g
i
™
W
r
N
[
A
t\

A Y D g 7
o = 0 00
(//0 ST B

¢ =

7 2y 7L

"4

S/"/’k( e

7!
~J
~

)

//’5 P s PR I ay 72 Da FFaR a0

y AT e 7 S22 o & TS f et L Tt e T i ECS
PAY NS o a4 /g,,_-r‘-__.".".' -2 P SISV IR B~

T PP ES W B Fewt F TS T R A 4
AL 7 F oo s 6" P s P, rF-L2 Lo

Bt 5 A T g s o or e Y el Al ‘ M-”’DIP- v

o F L Eardl (e s & ae T 1k p ad e o ol et
Bom ronst Y

ez S » sy A A BT T

o R e o froal F T S S it AT AL A s

Re;ision 0
Doc. No. V049-1-016
Paged of 33




50 SHEETS

22-142 100 SHEETS
22-144 200 SHEETS

22141

<>
AMPAD

-0 A h KT

1127 DIA, ———=

110 DIA —m

1/4°

108* DIA. ——=

107 1/2" DIA —=

106 1/4* DIA —==f |

1/4" |

105 DIA ———=] fet |

104 7/8° :

104 1/47 LD, — e

SEE NOTE 1 /‘\

SEE DETAIL “ar -/

105 3787 LD, ——=

1* DIA *Z2° BOLES
EQUALLY SPACED
013" R Revision 0
Doc. No. V049-1-016
Page 3 of 33




. . Ba> 22-141 50 SHEETS .

aapan)  22-142 100 SHEETS
22-144 200 SHEETYS

‘T,‘
™
A
3
o
&
!‘\ 7 4 P AL
\5 /‘_ﬁ Ao pns i AR (.. e "W
\ A __,__ﬂ___:________m,., ,m,ﬁ_ -)/
h3gar
PUERE: PRy
e
._i.. 3 CJ !
St r pees
= ‘ \_.L.._
)’g 8 2¢ X G
= ZE TV R
g ° B N2 N
a g = 3 V‘ g A o — :'
@ ,C . h 172 > a |
T N i
= ) .
& " . LN .
¥ Ly
Y. W

= POV pder
AFE b e
FZETIN » N e
s 7Y L

.l "

LA
|
v




. . 5‘ 22.141 50 SHEEYS .

{ m) 22-142 100 SHEETS
22-144 200 SHEETS

[)7&9 (LIAO AR ()O/udrr feras g
& oy o, Dyo©

L gt F O sreme
e v 02
/ Ay 2 ‘. /
Np———
Loz 0
’ S réie
rER Dl
\V/ . 3 T
Boer  res -L ;

oW N
8 S — PR
5 B C Y
2%¢ oy
ag@ 72 e, \:.. CnE S

P R <« ANy T

g In -~ r . !

* Y

R M
G2 EHOV wer 2o bl >
o Y <
YD
o N v




50 SHEETS
100 SHEEYS

22-144 200 SHEETS

22-141%
22-142

&>
ANPAD

/
a7 »{"' L['L( - 4‘7[
fb'"
/ A 21 #i
v (a'ﬂ
E 15-‘
T wPre vcn e L e fn ) P YT O AR Rt

/5T I (.‘ J' é ,/(/ Pr R T o 72

/ 2 s, 7 /0 /7 s 12, 1y

Re;ision 0
Doc. No. V049-1-016
Page 6 of 33




50 SHEETS
100 SHEETS

22-144 200 SHEETS

22-141
22-142

AMPAD

PF i e Gt & st TE A7 BT T  AOLE
€, 7 , 47, 4¥, stk 29 27T zr0
/Q,;/z &y zndd sL T Al
/Uc:o"ﬁ_ F

A L1

¥ -2y L

/¢ /6.7

/7 -2% 7

i g,
S5 ;o opev s e P E7 et s,

Az o0k =g

g Y%, 3

74 €572

27 re, b

7:7 [ S

¢ &, O

e 27 L

¢ e 7 Re;ision 0

- — Doc. No. V049-1-016

73 £7.3 Page 7 of 33

¢ i 7. &

.

i -7




£€Jo g 38eg

910-T-6¥0A "ON 30Q

IMAGES-3D
Ver. 3.8
Geometry Plot

0 UoIsIARY

11 a1 D4 11 I~ | .1 21 o1 ﬂl
BE (7134 I L wih Wk Tix il I
L . A . .
B2 38— 43— BB R TG0
: Hipreme i B 64— Tl
: T R e e R -
Gt B35 B 85—
.” ’
g :
T/ . A 3 L e
¢oH
|
i i
. ! O S dB———EB——— 6 P8R8
! 25— 30— 43— 55§85 ——Pp—— 8508
|
10— 3 . .|

Flange — ID = 184, No. Bolts = 48 929,95
Hireframe Plot

15: 4:28




91

7
98
49
580
9,29/95
25 49

7 A

IMAGES-3D
Ver. 3.8

[ | L R =
v u ¥ o
T d_n.
-
_ ]
ﬁwu hd (=]
ey r A
- ~ w = 3 o
33! - ch =) - =4 =2
[+ ' £ £- +4 4 r T ”
3 3 % 4. k. 4 .% - o
| | |
~ (o] ar} = u ,.__u. (a5 e = =
.CUII.!.!!(..(EL..-., Y Y o g0y e B o . o o - Lo
-~ o ~ o o - e - -
fum}
+H I3+ o o W w (3 fa 8 == ]
=4 = -4 - =4 - =4 - - = I
1]
g o r 7] ¥ o o o [=<] g
-~ e e AR A & —
- < - - L2 T - o - o
== -
- Q
- o o - e o = % d ==
Lo oo it A% L4 o o - B L L Cd ™y U ——t
- - - -5 - - e ol - = - -l = P
~ Q
el 3] o - b - - ab o [=2] m m
3, € < T ok id . € v € 2
o - o - - ~ - ] tr...
o
o
- 3 L] - ¥} E¥ -] 3 " o =
= < - 3 - 3 - — X
AN . !
-+ ob - b w ~, =] o
col Dy i 2 ¥ g
- - - T - o - =r -r = =
Ly -1
3 ol
e | -
H ]
\ | Lo~
= == el
3 ey 7 bt
2 .
N
-+ .
o N
—r
=7 N
g
ey | r,
et N
B N
£ AN
5
falle]
Revision 0

Doc. No. V049-1-016
Page 9 of 33




IMAGES-3D
UVer. 3.8
L Case 1

/j &7 o PR COur 8 prrows

£¢ Jo oI 28eg
0 UOISIAYY

910-1-6F0A "ON 00

Auto Blouup Disp Elenlt Exit Full Help Load
Hove Node Node# Range Rest Rotate Shrink Slice




IMAGES~3D
Ver. 3.8
Geonetry Plot

8-No element nunbers
9-All elent. numbers
18-Exit or 18,5ize

9

i

X range

T™~1,.B6

¥ range

71,2

Z range

?7-1,8

M

7

¢glo1123ed
{ UOISIAY

910-1-6Y0A "ON ~°d

Auto Blowup Elenlt Exit Full
Node Hodelt Plot Range Rest Rotate Shrink

Help Local Hove
Slice




50 SHEETS
100 SHEETS

22144 200 SHEETS

22441
22.142

&>
ANPAD

e - -
(T 82 rtu? v 72D ol P A I
T an T PRI Y A Lt ¢ B s O B PR D P SRV
VIR 2 XA FaeE AT, S L E et
Tl R (3.l ah s PR B Tl T el S P W
(/ Pl & A D - AR il s o, T
i L = b F P e S R St s N Ty
LR A V4 7 O s
Revision {
Doc No. V049-1-016
Page 12 of 33




50 SHEETS
22-142 100 SHEETS
22-148 200 SHEETS

22-141

@h
AMPAD

/

L /e O |/re4/=-—'6’-’ 7D ”'Jﬁfft,l ) ' /-‘5/4/}\\,
p d T
R VAR G VTR o e
/5;-)/.:4.»@,{5 /‘*‘;06454 (( |

/’7€J £L'£H,&J;_§

e
_b!
o - (25
/,
L.”}V ;
' / *
77 / &
2/ 2 -
*
,‘V/" [ AasT 77 = 176
. 7 ket
G (o
7 q,f(- F
o
'y *
- -05*_&‘.?’/2/?,{
Y Batpipmess ATOBF s IDE L
- = 4 At 3 o2 H
4'-? EP L o D G‘_,U_D R PN LS & o A - 3 <
VR F vy 2 AE = P AP A I s P A
Twece =« A Fnegars | WORE WS mPsAdes
P
A
/
/
J' 7
/5T z L 14 3 A / Lz o1 < e
A7 VA S M_.‘Qf.';l.. — / ) z , a2 ; Fad ) saz )/gzl //2[ /,,r/,
/2,047, se, 226, 22y, 2re, BY/
Bngih e €F D
7 ]
o OIF L ks = ( Srpenre S
ML LEAp = 2 // T op  Perder A e 5 G 0]
Revision 0
Doc. No. V049-1-016

Page 13 of 33




IMAGES—3D
Uer. 3.8

Geonetry Plot ofan fas {43 | 5% | 71| es {99 113 [1a7 {141 {155 | 169 | 183
7 range 16 ban | ag [sn L7a i se {100 (3191126 1142 {156 170 | 16
brd .
Z-Defau lt 5 117 Dat bas Pee |73 L e {10t d1am i129 a3 187 1171 | 188
1 4 115 tsz 1as {en |74 | as Liogi11e 150 | 144 1152 |12 | e
# range
7 6 b 4o 133 l4v | g1 |95 Pso lins iy iat bias {15 193 | iey
#=Default
¥ range g too tag | 4n |62 176 |00 (104|118 152 1148 [ 180 | 174 | 188
7-.1,.2 volet las |48 Les by oy luos|s1o )93 itar 1et |17 L1ae
Z range :
? s ez iae P50 bea | 9a a2 (o6 120134 {14s |62 | 175 1 1on
§=D3fa“lt a |23 197 151 185 | ve | o3 b1o7 lio1 135 {49 |65 1177 | 191
: Drrtsrvo '
Fr e ,znt?/ 34,096 |52 |66 | 60 | 94 |10 122|196 | 150 | 164 | 179 {192
e r D& P )/; ' _ _ .
25 ,z{,v A5 L | s | er |8 | o5 [1me | 125|187 181 {165 175 | 193
) s d
t2 126 1 a0 [ 59 Des Dax o |tte|iad 138152 {168 | 180|194
S, 13 027 Lat bee Jas a3 {or 11101251139 1153 | 167 |18t 1105
g;gg 140 an t4r {5 7o D sg | en bitaiige bianisg fien i1z Hies
®
Y
% «o Z
& Auto Blowsp Elem#t  Exit Full Help Local  Move
[

Node Nodelt Plot Range Rest Rotate Shrink Slice




To;@ éﬁ-/?"‘a /(;:( EAtFrT L
IMAGES-3D
Vaer. 3.8
Geonetry Plot sit {ees Boooloaziinariinsilioss oo lloes et izt HIas 11491153
9-All elent. numbers a2 o Ho1nlioz4i1a3li052 0Ra 1080010941 1081112211 155 115011 164
18-Exit or 18,5ize —
7?9 gen ton? Hotti0esi039iinaaiioa T Hos i0os i 1ne il 1233|1137 111511165
71 agd leus oisilozeingniasaliassiionalinesiiinliadiiiasitisaiites
¥ range
? ga5 1999 0l Heeriod Hassinse 0aSnaT L1125 18811531187
xanfau lt- fi,"\" _‘;m‘f; 1{;1% 1’}‘”’:’ 1&&%‘—' -inz:‘f‘ 1[3'1;’} 18;‘,4 1{;&,}, igir] 11.», a 114{3 3_1:{.1 }_EF'-'
¥ range 286 1000110141028 10421066 1070 1034 1R 1132 11126811148) 115411 165
7.8,1.1 any ianiisisinesindsitos r T I Haes 000 1 113127 (L4 1[1IB5 1180
Z range
T gus Hoszln e oS H04aHosBaT2 Naa 110011 114l 128 11421158 H 10
§=Default ! 059 HO0SH01TIAS I HOAS NS 107 S 08P DI LB 1120 14311577
m}aﬁ/s‘»a 1risliessiiadeiogniioratiosalitnz B Lis 1o 144 inali 172
95)/{}“»0/@1319 EE R T R b I L R T I R RN R KRR R A SR AT L R 0
Y93 Haasiinzoiosdliodaiiaszllere|teaniiind gt az i 1da i 16041174
sz 303 o0 e eSS ade a2 0?7 O 1185 9| 1334711811178
,F-: g ’g" gud Hangilezziossliosolinediioraline s 112012411 148 181 10
(]
R
nZE
o T = Z
L] < [—1
“g
T  Auto Blowup Elen#t Exit Full He lp Local Hove
> Hode Nodelt Plot Range Rest Rotate Shrink Slice




1

f et L

E T R

M 1512 1:‘.'!2 h =T, B B 2

i
-
A
=
i
-
-
[y
Ly
b
-
i
-
-
u
-
b

LT A0 R R O M At ¥ gt iy R
o e JRiledRE2 . dEde. e 3

A LI SN AN LU Sr e e S N by L e}

451147 61401158 6-1 5211536155 1-156 6

HEG 451489015051 52 01 53515581555

R o T e S R R T L L Y

Al o5 &

3.4,

L Avem A

P-4 HR - Haid -1 45 -1 47 41 45915041 51 9-4 53 41545155 4

6138

1. 1EEme 1:?1
75

AR dad UL

Move
Slice

14-1520- 151415551517 4

A, vt T, T N~
LU NOREH B S

EONAEBUE 1020 1EHE {1580 1.6
U A I i S O

485151151 528-16M3-1558-1573

oo

Local
Shrink

4641479041 5B 04541539 15541559

463147 8- 140315561 5 5153816531658

450-1465- 148 0- 14851 501 R 51 5015551537 0

Help
Rotate

Full
Rest

N[ g R g

o 2

13 B RO 420

/
HE:I:
13
13831
1344
136613

j—

IMAGES—3D
Uer. 3.8
Geonetry Plot
Default

H=Default

Z

19 2130
i 1)

1302
[ Sl | s v T )

1358-1373-15388-14p
Y
Exit
Range

13%

Elen#
Plot

B lowup
Node$

=Default
Auto
Node

Doc No. V049-1-016
Page 16 of 33




50 SHEETS
100 SHEETS

22-144 200 SHEETS

22-141
22-142

®

10, 1) 2y 2T e BoTre L YER
/ 4
JAD L A E A TS FA A
a4
7% p y g% - o i T AT Eg
A/"/’l‘/ AN A N B e Z AT
r
oD B R roopmd /3.5 /36, /1262 /3 C
}?;y} L2 2T 12772, 137
JPFS ¥ = B - B
VA -7 — o A O
* LArS s T L oA D EEe Er T
70 D& TETars e E SoE Dot s ped D
& o7 wh Py A ST P SR -
Revision 0

Doc. No. V§49-1-016
Page 17 of 33




€€ Jo 87 adegq

INAGES-3D N P A=

Ver. 3.8

i X | o | ) 0i 108 121 195 1 4 10L& 1
Eeunetrg Plu.t Y L*i7 '16 %L T Pl A TP f i Y 13T T¥L Ty J.B" 41
o 1B T N S T HE Y, LY. ST L WY, 5 WP 2
Z=Defau |t 1381531881 38243
i
120 18 A 1&0 1
K range Ty Ty 1t :.3 Mlq
T g 1401851301 5
X=Default
Y range £ 1411511 86—2014—-216 D7 e
- .
f-.1,.1 *- ey eg-aga-alr - OV
Z range
? 1451481 ¥ 1§ 8~-208—-21 8
Z2=Default Lorizs o Lonp -
24 4135~ $4 41§91 $4—149—204-219
K £t 30145140
Y SN Y TRY £
CHIEE TREY L WY L
§—133—148—143
g7 % RE PRRCY WY
P2
Zs 30135140145
<o
= z
®
5
> Auto Blowup Elenit Exit Ful! Help Local Hove

Node Nodelt Plot Range Rest Rotate

Shrink Slice




50 SHEETS
100 SHEETS

22-144 200 SHEETS

22141
22.142

[
AMPAD

/,_//ﬁ D A G Az o2 2 A g O ~Arn o
o jp T D Y RPN
Ao ez L s gL R £ A Ortpref ( g P07 2 By A D &
SPRC & AN oA Lo £ 0 A
)U & 57 .7 et & i F e
= L _ Lzs7y
¥
T o Pl /‘-'-;z A e > o3 , S, Sr =
o= iy - Ay
27 (1) Y22
LIt ga P25 = NEBE SO ool ¥
A oos oy ~ ALY
7 { oL 72,5 ) 20
2 2 2r2.5 C /0 11/71
3 7 232.¢ £, 2 2o/
iz [V ¥ 45 S 4 2.y
¢7 54,2 20.& 3.2
iz v2.2 9,09 3.4
57 ER A I8 7.
12 -¢.r¥ —/. &L - 5l
227 -0 - 2.0 - 5. 60
X e op .2 -2.2L - §. &Y
J77 - 7,¢9 g -ty
/’72 -;'.’./}/ —to 2 f —.'?'rtf,ll
/(7 - P2y - .76 - 2 F
282 - 7.0 -.¥ 4
272 -.fy -~ 19 -7 ¢
W ALA L F-’«’g: purhirz pFoRlE | Sred v FaALwEE
F:/ /,?r PEITCI S AV ] 7~ FIF eV re R Y I
FAD P el L p P E AT A
Revision 0

Doc. No. V049-1-016
Page 19 of 33




50 SHEETS

22-142 100 SHEETS
22-144 200 SHEETS

22-141

i,
L

(/ o At AP p oAl Ve S AV R T}

Cem oz §E

T oA Foeme L 5 jmym pYyfped DS
5. A - Sy
1D AR
et 2 A LD = Lea.s

s 5774 1832,/
/5 S¢Y. ¢ IR d
U (/2. % 189y
37 bz 7} A
¥ . ‘“7,5:7
§57 AR YY 2
(s~ -l f - 3.9
757 ~rz.4 R S N
47 - Ty - g7
2 -heY 283
F-",_'a 2 gurAer FOZEE

69— A2l G

L8274
Frrizey
25,/
¥t/
2+ /. 3
"7.&

275

- T

Revision 0
Doc No. V049-1-016
Page 20 of 33




P

1

CO - /?/.-'U <

50 SHEETS
100 SHEETS

22-144 200 SHEETS

22-141
22-142

[}
ANPAD

-
Lo~
2 ’ o D2
3o o o EA Ay < -
i . . CoOAANLE ITOOEg
;9\
~
a
7 o 2
\ :
L)
b Q q{
| kY
5 '\
' L G
! ‘
jor \ ? I,\ N
° ~
\ Q P f\
X9
e 3
\ ‘ 1
a_ ' )
b \p—._._’n‘__‘_-_n‘ - _-—""”___—‘6 '—'—_'-"'_-@'—-—b"_ !
2
{ wY
) | -
é& PBoer

/:/J‘“" T - AL LiER £t 2 Risoers SR By
ELF R Sos Vil I IR 2] Bl Y RAPLLrED
Boeg = Ferprm  ond 407D E¢ +5
L OSF L 73 2 - Al A F Frid )
e ot ot - R RS R At AT
Revision 0

Doc. No. V049-1-016
Page 21 of 33




fLr) -

L/ O f:(/;,/uJacf

l /-f/;f/'?d‘
-

50 SHEETS
100 SHEETS

22-144 200 SHEETS

2214
22-142

&>
ANVIPAD,

/L;/,.:.;,;L,f/g;/j A D ATY ,,,.»,/ Lo A Dl S bg o, PO
Eentalddariw .t A s L A F 2l SRR s oA //ra.q
f'/’/?//!.) e Ve e Fom %‘TO/LJ d RS AP
Croy Sser o FaVNy 2
o
Cozpr P i 68 4 o~ 2 0o
- 20/ 2oa)
= ,ovT N
C/(as‘v‘r_“-_'_ G F 2T = L2os roe N
L T A P I Ve
= ,0¢ Y
. ]
- . VAR - 2 2 /J Mool
_— 4
.'77.3
— ,??..a._.- N
= L o7Y —
~ v@g ST 2 X7 e
(’aﬂ—fﬂxﬁr{f»-’ - £ oot D
Fr 327 vo rs00 c& P54

& L Eao £ e A—e

Dern Foa g - 7 z

i; < /gﬁ . /0 & ey P~ ﬁ,ﬂﬂ Fp
4{: -7 PR R ULV S S
_{/K ¥ ~ = é > < =
L2 0 2ATH

A~ LD . T35 ed M R <

oo pra sm o= Codeay
A - LD Jro e Ao
,:'*7:,/ ?’?" &2 P P ffﬁ@fc}a’f
U’-”é—. £ = ,-(" P P Z 4,/(” F o S o g oS T
e A = P (f2r7/) =23/ A/F/AJ
L}/’?o:f:}ee Y Y Fem ik 20 & L

VA2

s T




~ /3;/.54’

50 SHEETS

22-141
22-142 500 SHEETS
22-144 200 SHEETS

()Y
aAmMPAL

- ral

— Pl .
/A Dol pr g7 i A = 7o
fﬂ“’fé?’; (((.? PP sk et ) VoAt 2 e N 2/ ra
2% Vo 2 R oL /D/a/"ké&— fEae s /;/ﬂyys‘ﬁﬂ;:’{) .
F oot 2, VI &= s oy R AE e =
7ok E o T P f L SR et 8 P 7 R PN
L ste P oApe s AR o e
YR O LD e S ond
F A - 4 J‘ & 2ol (c_-;,/-?//t/z’g,_s/c."‘u
((('p/t—-ﬁ’;.! Peoad s e & ~c P Ry D Al £ e ol ) T &

S7 ) s AT LS Lot o = SF 2y s

At
’é—_ Se & - 29 0 ﬁ/?//,f,j
LaFC FPER end s CoA I,

F:J,Q, DIS £ T EP e 4 £AAAE T P i P Y
A T At e TOA L

7Z = 2o 25 7))
AT s L2 T = AL D

TR d-“}/,«ﬂf ¥

B P

i\

ﬂé T o L s T e L P PR Y] s o 7 22/ C,g/,ﬂ
L3 P 7 od ~ L AR R f ey y X Pl D oo
PR b nty FergE Y- AR s Sl F oyl AT sl

SRBsE sl € LD o B B ST T 2 SIS .

’ ', -y 2 s L Al g S TS v Bote L &5 LI P -
_.;-“}5,,‘.,;,&.:,@»?‘._?‘ = Tk s LA E 5 A et g oot eE o .

AS LerE S

i+ f’f-é Cace éf!; .85 S LS AL
Viie oo g -/Z_ /Qé.i Ve Fr i g g Ko d

Revision
Doc. No. V049-1-016
Page 23 of 33



@ ® o
IMAGES-3D
Version 3.8

.320E-03

.130E-03
-.600E-04
- 250E-03
-.440E-03
-.h31E-03
-.821E-03
-.101E-02
-.120E-02
- 139E-02
- 158E-02

Y

i

€ JO $T 95ed
0 U0IsIAdY

910-1-6¥0A "ON 0d

Load Case Displacement Contour Plot 18,1295
1 Dy T:32:47




IMHGES—3D D,; ,k" Z s e s e i f ﬂ! ¢ d e &LJ ;"f,r/L ﬂ - /Q/F_‘j Fo
Version 3.8

.1890E-03
JA59E-03 él Bocr
129E-03 |
988E-04

HEBHE-04 '
.384E-04
.B13E-05
- 221E-04
B23E-04
826E-04

113E-03

[]

for P $AP 7 €t APy g |

Y

£€ Jo §7 3%8g
0 UOISIASY

9E0-T-6FDA "ON 00

Load Case Displacenent Contour Plot 18-12/95
1 DY 7:48: B




® ®

IMAGES-3D

! Z e J
i 'E aT '
Version 3.8 Dry -y

A ¢ DA @gg-—;;f.«(' ﬁ -‘rﬂ/u O

é /de ” M Fe Ao i
’ 2z aad

| 2 og re
I

o |
Scale factor .3 |
7588 ._A¢=,fuwﬁﬂ
? & 3l e 5
Y i i i —[_ 'f'Ay: ./96/.@) aad
b'd
X 1
RZE
S ¢
we
hit
& MAnimate Auto Blowup Elen# Exit Full Help Lcase
®  Move Nodel Origin Plot Range Rotate Scale Slice




IMHEE.S_3D D B Ay e 7 rond /f{ £0md e /‘?I'f L P é s

UEI‘SID“ 3 ' a Trapnue o A /‘/f’ ¢
X range
7-.1,.1
Y range
?
Y=Default
Z range
? e, e
- T |
Z=Default £M%§h%%j“x% T ¢ RSsc¢
-, ,—98 ém“%“Wwij:%?J | | I
1c [m__me ;__mj T |
Scale factor r I ——
7200 . 1 i
Ky t‘w_ ! . i < /b f

M DorE & ) A /A L
\——L |
Z""’“ 1
£ Aninate Auto Blowap Elendt Exit Full Help Lcase

Move Hodell Origin Plot Range Rotate Scale Slice




I“HGES"BD D"__ PRI ur‘j /? ¢ A (o ,O,g Deat o« ( P
Version 3.8

A v s I e mas /goz‘.'_r

Tc

Scale factor ¢ RLC
7580 3

i
¥ range |
73.3.3.5 -

¥ range z
? [ !
Y=Default 1 } |
Z
Z range Mwwmeimww%miﬂ
T

é=Default
t

Y | T
WJ( Do ER (Of? N
R
s %2
uEe
it
%  fnimate Auto Blowup Elenil Exit Full Help .

Hove Hode# Drigin Plot Range Rotate Scale Slice




B porr 4t

!:" ;T

/:L'.‘u.ud,«i.rr ol

&Jr{/t_

0‘!?/,«./5,

N
= =
[T Ty
[T TR
13 )
ooo /;‘/J'D'E
neo
- OF
533 4
oy
o 0N
22
g
@
H
= _? 7
&z
c7

q_\
)

VPl W
Bl At e B

o n et
[~re & ¢

I

it

PP I

4':)'_5‘,'7 g e e ed T

ks /fgf‘”)
T -3
-, 57 -
-2ty =9
- 7D -y
- 12 -7
22 9 -
L2 s
LETE =i
Al -4
R Y - X
A5 -F
VA o -3
vy 4 -3
N ~ 3
, /86 -7

D ITEG

Revision 0
Doc No. V049-1-016
Page 29 of 33




50 SHEETS
22-142 100 SHEETS
22-144 200 SHEETS

22-141

[P5 150 5 ¢ 5 vermvs AT -
[Peorre .  Liaves Adoos: 75
Ajﬁ?é A > por Ao D oE

V4 i - /355
) R S 4 -7 N~
S — P& 2 - /FC 2
/3 —_ 02 - )2 2
v -,/ = ’37x
23 -, 552 - yrae
27 - 322 - 1327
R — b7 - /7
79 -.702 =7 JPEG
Y/ -, X7 - 1242
&/ —L ey =9 125/
e -l eV - & /72
3 - L2 - 1252
5 S A Yoy
y.7 -.e27 -y Sy
F4 - ée =Y 1L
57 ~rr =Y e 7
e - JFEE - Jvoe

o nd e I W s o

R Ferudacd A r s nf Lm0 T2 g

AL

F s et Y vy s

Laorge AlodEg
AN Ayr Ly &
-,..297 - 7 LY. ¥
— . /¥ T - 2 /3
-, /5 ¥ - /
—,dZ2 -3 /;’
- 574 -2 e *
—,ro/ -2 17/
-,105 -2 1C €
-,55¢ - 3 L
-, 50 - % 7./
~, ¢l i F -3 /0T
—pdie -5 /6. T
—, L& -3 P
A -7 7.57
—, e -3 ¢,
AR -2 5.5
- Ey - 2 7.3
— 2y 3 77
A -3 7.5
BT OE T v nd B &t
< P22 Jp s e St

Revision 0
Doc. No. V049-1-016
Page 30 of 33




" 50 SHEETS

22.142 100 SHEETS
22.-t44 200 SHEETS

22141

&

/T AR fnr ot L7 AT COozzo st 4
L Tre s DEE s v v A5 S AP T
J&/"Q"P-!”-' f.’-‘f\—} 7L /ff ?'"dj...-'f( L 0 A ID
I RECAT IV = 4) </ At A s @ a2t £ P e T
7Tt E AP RS ST o) ot S ah ot oot TA S PR i it
Fd £ i P QLA gy
_ - _
A)f - /.l/d?lfa —/._!/Oy)./.(/a
Tirs /3 et o) B e L a2 o 2 ot A
\ -X
3
AN, = 20 .258) Cre}
4 -3
= L& el
- , oo ¥ A
7 sass ooy A 2D el 7 v eE PRNSVIPRFI | p
O~ Arwe C oA A L8 ON o L0869 <A
Tosex Curer PAET LA s - At Sk E 7w il sz 2
T, e F4 Py Et Aaris SE R T Pt
e - VAR
o(?g__"_?c?}’y
x €2 frg g 7D el o&oeE Fa A FPra w3
Iof szt o o PF AR K ST A P Yo AP Py
/5 L OFO P TR Gy 28 e O=ReMC
Revision #

Doc. No. V(49-1-016
Page 31 of 33




50 SHEETS
100 SHEETS

22.-144 200 SHEEYS

22-141
22-142

> )
ANPAD,

/Lm/a_ ok 5 A oA L YL S ) A Bezs 7 2 St
/8 - ¢ 3 S04 S AL s EC
o A FoeoLr o < R 5= Ao T Ty £
7 o Uk € P sy o S 2 T L A2 Frd ex
L Ay S
F, = mr2 fre2)
o= SOor - _{-;/
2
= RPAspuu O DTG £ = S ) L
4 o
Boe oo (exdteaz)
= / 3 C// 7!’..-9L.9 £ 1k
Fea & e SNV F e oE . - 2
BT 2
/Z:' - IR e D
Py ;’y
- 2& o7 z 2 < 3L P T
~.. @J’gr AT 27T = P Py S F D e FD
b Hg B & 2 2 ] oy Py B oe L
s AL D ST A AT T et er Al AT A
THJE V2L df.-":“f ¢(f$r?'.:3

Fen — a

A T & =
L7 AF iy e I o A o o2
O v TEa O ~Rewr & A /=
b = g/{/{ogpo)

yZar ey S.*;; w77 -

= 20 < a3 PPVEERD S P ey Sy
AT £ SHRB SFL I e CRARPRELS
V4 V o+ v ound O~ R a2 far Fea Buliise 38
L '/l 7ot Ll v g g - s P VeI g VT CFLA 20D
Revision 0

& o0 o ¢ 5
At O

T Z

,/.fu'_,pr_,;/z_

/A!Jw-rr.‘— ARrer O Fria-f.‘)

fnc) J’)

Doc. No. V049-1-016
Pace 32 0f 33




RIe A LS
/‘-:_A”f'— STl Y o= RSP L g pre TE 4’2!/
rpp AP B po T sd Goe 7 LAl /s o 7 22 A
[T
It
W n
23]
neo
-
— o
22
h fean i g€ B e Ao, sc gy
Z o Dsany L P F e AS =
@ p/.ﬁ [ A7 "‘D--‘? - #7
4
= Cec c’h/?.z,
S Ly /7O XA e/ & o &
gy 2y 90 2032, 7 29 v o
Co 27 & é 2¢7.% 29 3 &
ve My % R A 2 Y 2y
v Sl PR A z 2 2 ¥
ro Yy 3c /73 ' oy
/?Je ke DA by mr A = 7/?’ ‘
el ’F o Sed
TG.—"" P N . o = / " Fle sl ar
@07}'-\"/‘: - / //}" . o e
Revision 0
Doc. No. V049-1-016
Page 33 0f 33




PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-017

WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 10
REV. DEO# | DATE |BY: CHECK | TITLE: Beam Splitter Chamber Finite Element
0 cr25 g2/ 27 129 ] AGK | Analysis of 1 in Thick Flange for Bolt Preload plus

Positive Pressure

BY: % p C,rrirro | DEPT.. 7¥¥

PROJECT: LIGO Vacuum Equipment PROJECT NO: V59049

PURPQOSE: To determine if bolt clamping force combined with a positive internal pressure of 2 psi
results in flange deformation that could allow leakage at o-rings.

METHOQD: The same method used for the preload - only analysis (V049-1-016) is used in this analysis.
Pressure load is added to the finite elements model.

SUMPTIONS: Same as preload-only analysis (calc. V049-1-016). The fine model is used with
compression-only springs at the surface between flanges.

INPUTS: LIGO project design sketches and drawings. Durometer of 90 for Viton o-rings.

REFERENCES: 1. Parker O-Ring Handbook.
2. IMAGES-3D, Version 3.0, R.L. Cloud and Associates

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: The gap opening between flanges is negligible and does not permit leakage of o-ring
seals.

NOTES: Computer file is FLANGE A.

FILED\F \TEMPL ATEAENGFORMEB\ENGCALC
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING ]\}O: V049-1-018
WESTBOROUGH, MA CALCULATIONS PAGE10OF 18
REV. |DEO# | DATE |BY: CHECK | TITLE: Beam Splitter Chamber - Finite Element
0 (37 11274777 BB AG R | Analysis of 3/4 in. Thick Flange
BY: R. D. Ciatto | DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROIECT NO: V59049
PURPOSE: To determine if thin flange (3/4 in) can withstand clamping force due to bolt preload plus

2 psi internal pressure without leakage at o-ring.

METHOD: The 3-D finite element model used for the 1 in. thick flange is modified to obtain a 3/4 thick
flange model.

ASSUMPTIONS: Same as 1 in. thick flange analysis.

INPUTS: LIGO project design sketches and drawings.
Durometer of 90 for Viton o-rings.

REFERENCES: 1. Parker O-Ring Handbook.
2. IMAGES 3D, Version 3.0, R.L. Cloud & Associates.

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: Although the gap opening between flanges is greater for the 3/4 in. thickness than 1t
is for the 1 in. thickness, it still does not permit leakage. Ifa 1 in. or 1 1/4 in. flange is damaged by
gouging, its thickness may be reduced by as much as 1/4 in by machining.

NOTES: If a flange requires machining, it location should be evaltuated for tensile force.
Computer file is FLANGE B.

FILEL\F\TEMPLATE\ENGFORMS\ ENGCALC
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-019

WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 24
REV. |[DEO# |DATE |BY: CHECK | Flange Design for Internal Pressure
0 0024 1,272 /57 | PAE fgz

BY: /. 2. C rraro | DEPT.: 744

PROJECT: LIGO Vacuum Equipment PROJECT NQ: V59049

PURPOSE: To evaluate bolted flanges ranging in diameter from 30 in. to 104 in. for positive internal
pressure in accordance with the ASME Code.

METHOD: The calculation method provided in Appendix Y of the ASME Code, Section VIII,
Division 1, is used. This method applies to flat face flanges with metal-to-metal contact. It has been
programmed on the Quatro-Pro spread sheet program.

INPUTS:; LIGO project sketches and drawings.

REFERENCES: 1. ASME Boiler & Pressure Vessel Code, Section VIII, Pressure Vessels, Div. 1,
Appendix Y.

2. Quattro-Pro Version 5.00
3. Poe, Mo, VOuUG-i-086, Litsiresim E e, Scmvemmpncty Pris s Soiz i

CALCULATIONS: (SEE ATTACHED)

CLUSIONS: Using a nominal bolt spacing of 7.2 in. for 7/8 in. diameter bolts, the flanges meet
App. Y of Section Viii, Div. 1 for 2 psi internal pressure. Computer file names are shown in the lower
left corner of the output in this calculation.

NOTES: In this calculation, flange thickness varies from 3/4 in. for small diameter to 1 in. for large
diameter flanges.

FILEERFATEMPLATE\AENGFORME\ENGCALC
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R. D. Ciatto 18-Qct-85

THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall
2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C = BOLT CIRCLE DIAM in.

PRES = Internal Pressure for this case
B=1D OF FLANGE

A=0D OF FLANGE

g1=THICKNESS OF HUB AT LARGE END
gO0=THICK @ SMALL END

rb=SEE FIG Y3.1

V=SEE FIG 2-7.3

F=SEE FiG 2-7.2

t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET

n=NUMBER OF BOLTS

db=DIAM OF BOLTS

re=RATIC MOD E (flange) MOD E {bolts}
Z=SEE FIG 2-7 1

INPUT VALUES............ 104 1/4 in Flange
i C | PRES | B | A | g1 | go 1 \'/ |
110.00 2.00 105.00 112.00 0.000 0.000 0.11
g1 and g2=0 for fig 2-7.3
loose type flanges required for
integral only
Revision 0

FLG104. W1

Dec. No. V049-1-019
Page 3 of 24



R. D. Ciatto 18-Oct-95

b F ] t I G | n | do | rE | fhub |
0.756 1.00 108.25 48 0.755 0.96 1.00
fig 2-7.2 fig 2-7.6
required for thub= 1 for
integral only loose type
flanges
| Sbb | Sfb [ Snb | Sbo | Sfo |  Sno  [Hg(unit) |
25000 14700 14700 25000 14700 14700 320
unit gasket
seating and

sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CIRCLE
Sr@ID = RAD FLG STRESS @ ID
. St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES..............
] R ] hd | Js _ | Jp | Bt | BETA | a }
2.50 2.50 0.0525 0.0292 105.00 1.02 1.0571
for loose
type figs
| he | ho i F ] Hd { H | Ht | Hg |
0.50 0.00 0.00 17318.0 18406.7 108866 1088248

Revision 0
Doc. No. V049-1-019
FLG104.WQ1 Page 4 of 24



R. D. Ciafto 18-0ct-95

| hg | ht | [ | Mpo | Mpb | Ms | EObo |
0.88 1.688 2.755 140353.861 95221.7 0.00 7129.60
operating boltup operating
moment moment slope
i EObb | Heo | Heb | Wmio | Wmib |  Ab I D |

4837.01 2.807E+05 190443.3 4079302 299268.1 21.49 0.818
boltup  operating boltup  operating boltup
slope contact. contact  bolt load bolt load

| AR | rB | nB | K i z |
0.113550 0.000467 0.022424 1.066667 15.52

|SIGMAbo| SIGMAbb |  Sio | Sib [ Sr@BCo!| Sr@BCb |
18983.24 1392629 188447 138323 27490 1865.0

||25000.00 II 25000.00 i]25000.00| 25000.00 [[14700.00 !I 14700.00 [
. ok ok ok ok ok ok

| St@lDo | St@IDb |

67.9 461
[14700.00] 14700.00 |
ok ok

Revision 0
Doc. No. V049-1-019
FLG104.WQ1 Page 5 0f 24



R. D. Giatto 19-Oct-85

. THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel walil

2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C =BOLT CIRCLE DIAM in.
PRES = Internal Pressure for this case
B=ID OF FLANGE
A=0D OF FLANGE
. g1=THICKNESS OF HUB AT LARGE END
g0=THICK @ SMALL END
rb=SEE FIG Y3.1
V=SEE FIG 2-7.3
F=SEE FIG 2-7.2
t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET
n=NUMBER OF BOLTS
db=DIAM OF BOLTS
re=RATIO MOD E (flange)f MOD E (boits)

Z=SEE FIG 2-7.1
INPUT VALUES............ 84 1/4 in Flange
¢ T PRES | B | A | gt | go | Vv |
89.75 2.00 84.75 91.75 0.000 0.000 0.11
91 and g2=0 for fig 2-7.3
loose type flanges required for
. integral only
Revision 0

Doc. No. V049-1-019
FLGBAWQ1 Page 6 of 24



R. D. Ciatto 18-Oct-95

| F ] f | G | n } db | rE | fhub |
1.00 88.00 40 0.755 0.96 1.00

fig2-7.2 fig 2-7.6

required for fhub= 1 for

integral only loose type
flanges

[ Sbb T S | Snb | Sbo [ Sfo~ T Sno [Hg(unit) |

25000 14700 14700 25000 14700 14700 320

unit gasket
seating and

sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CIRCLE
. Sr@ID = RAD FLG STRESS @ ID
St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES.............
TR | nhd T Js | Jp T BT | BETA | a |
2.50 2.50 0.0650 0.0363 84.75 1.03 1.0708
for loose
type flgs
| hc ] ho | ] Hd I H | Ht | Hg |
0.50 0.00 0.00 11282.3 121642 881.90 88467.2

Revision 0
Doc. No. V049-1-019
Page 7 of 24
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R. D. Ciatto 19-Oct-85

[ hg [ bt T 1 T Mpo [ Mpp | Ms | EObo |
0.88 1.688 2755 107102.913 774088 0.00 6759.70

operating  bolt up operating
moment moment slope

{ EObb | Hco | Hcb .J Wmio | Wmib | Ab | D |

488559 2 142E+05 154817.7 314837.3 2432849 17.91 0.880

boltup  operating boltup  operating boltup

slope contact contact  bolt load bolt load

I AR | rB I nB | K ] Z !

0.124841 0.000685 0.027398 1.082596 12.63

[SIGMAbo] SIGMAbb | Sioc | Sib | Sr@BCo| Sr@BCb |
17580.95 13585.37 174517 134919 2604.2 1882.2

|l25000.00 II 25000.00 I|25000.00 [ 25000.00 ]14700.00] 14700.00 ]I
ok ok

ok ok ok ok

[ St@lbo | St@IDb |
79.8 57.6
[14700.00 ] 14700.00 |
ok ok

Revision 0

Doc. No. V049-1-019

| Page 8 of 24
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R. D. Ciatto 18-0Oct-95

. THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT 'SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall

2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C =BOLT CIRCLE DIAM in.
PRES = Internal Pressure for this case
B=1iD OF FLANGE
. A=0D OF FLANGE
g1=THICKNESS OF HUB AT LARGE END
g0=THICK @ SMALL END
rb=SEE FIG Y3.1
V=SEE FIG 2-7.3
F=SEE FIG 2-7.2
t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET
n=NUMBER OF BOLTS
db=DIAM OF BOLTS
re=RATIO MOD E (fiange)/ MOD E (bolts)

Z=SEE FIG 2-7.1

[INPUT VALUES............ 72 114 in Flange

[T pPrReS T B | A | g | g | VvV |

77.75 2.00 7275 79.75 0.000 0.000 0.11
g1 and g2=0 for fig 2-7.3
loose type flanges required for
integral only
. Revision 0

Doc. No. V049-1-019
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R. D. Ciatto 19-Oct-85

| F | t | G ] n 1 do | rE | fhub |
1.00 76.00 36 0.755 0.96 1.00

fig 2-7.2 fig 2-7.6

required for fhub= 1 for

integral only loose type
flanges

| Sbb | S [ Sab | Sbo | Sfo | Sno  [Hg(unit) |

25000 14700 14700 25000 14700 14700 320

unit gasket
seating and

sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CIRCLE
Sr@ID = RAD FLG STRESS @ ID
. St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES..............
FR T nd [ Js | Jp | B1 | BETA [ a |
2.50 2.50 0.0754 0.0422 72.75 1.03 1.0825
for loose
type figs
Mhe | no | F | Hd [ H | H ] Hg |
0.50 0.00 0.00 8313.5 9072.9 759.38 76403.5

Revision 0

Doc. No. V049-1-019
Page 10 of 24
FLG72.WQ1



R. D. Giatto 18-0ct-85

[Thg T nt | 7 T Mpo | Mpb | Ms | EObo |
0.88 1.688 2755 889183929 66853.1 0.00 6516.01

operating  bolt up operating
moment moment slope

[TEObb T Heo | Heb | Wmio [ Wmib [ Ab | D |

4899.04 1.778E+05 1337062 2633132 2101097 16.12 0.880

boltup  operating boltup  operating boltup

slope contact contact Dbolt load boit load

| AR | rB | nB |} K | Z |

0.129698 0.000825 0.029710 1.096220 10.82

[SIGMAbol SIGMAbb | Sic |  Sib  [Sr@BCo| Sr@BCb |
16337.53 13036.47 16213.8 129435  2500.7 1886.9

|25000.00| 25000.00 [25000.00] 25000.00 [[14700.00] 14700.00 ||
ok ok ok ok ok ok

| St@IDo | St@IDb |

89.6 67.3
T14700.00] 14700.00 |
ok ok
Revision 0
Doc. No. V049-1-019

Page 1lof 24
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R. D. Ciatto 19-Oct-85

THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR

CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING

GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall
2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C =BOLT CIRCLE DIAM in.

PRES = Internal Pressure for this case
B=ID OF FLANGE

A=0D OF FLANGE

g1=THICKNESS OF HUB AT LARGE END
gO=THICK @ SMALL END

rb=SEE FIG Y3.1

V=SEE FIG 2-7.3

F=SEE FIG 2-7.2

t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET

n=NUMBER OF BOLTS

db=DIAM OF BOLTS

re=RATIO MOD E (flange)/ MOD E (bolts)
Z=SEE FIG 2-7.1

INPUT VALUES............ 60 1/4 in Flange Thickness = 7/8 in
[ c T pres | B [ A T gt | o9 | V |
85.75 2.00 60.75 67.75 0.000 0.000 0.11
g1 and g2=0 for fig2-7.3
loose type flanges required for
integral only
Reyvision 0

FLGE&0.WH
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R. D. Ciatto 19-Oct-85

[ F | t | G ] n a6 | rE | fhub |
0.875 64.00 30 0.755 0.96 1.00
fig 2-7.2 fig 2-7.6
required for fhub= 1 for
integral only loose type
flanges

| Sbb | Sb ]| Snb | Sbo | Sfo | Sno _ [Hg(unit) |
25000 14700 14700 25000 14700 14700 320

unit gasket

seating and
sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CIRCLE
. Sr@ID = RAD FLG STRESS @ ID
St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES..............
| R | hd | Js | Jp 1 B1 | BETA | a |
2.50 2.50 0.0896 0.0500 60.75 1.04 1.0988
for loose
type figs
| hc | ho | F' ] Hd ] H | Ht | Hg |
0.50 0.00 0.00 5797 1 6434.0 636.86 64339.8

Revision 0
Doc. No. V49-1-019
FLGBO.WQ1 Page 13 of 24




R. D. Ciatto 18-Oct-85

| hg | ht | | | Mpo | Mpb | Ms | ECbo |
0.88 1.688 2505 71864.8462 56297.3 0.00 9327.89

operating  bolt up operating
moment moment slope

[ EObb | Hco | Heo | Wmio | Wmib |  Ab | D |

7307.26 1.437E+05 1125847 2145035 176934.5 13.43 0.880

boltup operating boltup  operating boltup

slope contact contact  boit load bolt load

| AR | B | nB | K | yd |

0.127808 0.000960 0.028798 1.115226 g.21

[SIGMAbo| SIGMAbb | Sie | Sib | Sr@BCo]| Sr@BCb |

15970.90 1317369 15777.3 13022.0 31260 24489

T25000.00 ] 2500000 [25000.00] 25000.00 J14700.00] 1470000 ]
ok ok ok

. ok ok ok

[ st@iDo | St@IDb |

134 .4 1052
[14700.00] 14700.00 |
ok ok

. Revision

Doc. No. V049-1-019
Page 14 of 24
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R. D._ Ciatto 19-Oct-85

. THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall

2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C =BOLT CIRCLE DIAM in.
PRES = Internal Pressure for this case
B=ID OF FLANGE
. A=0D OF FLANGE
g1=THICKNESS OF HUB AT LARGE END
g0=THICK @ SMALL END
rb=SEE FIG Y3.1
V=8SEE FIG 2-7.3
F=SEE FiG 2-7.2
t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET
n=NUMBER OF BOLTS
db=DIAM OF BOLTS
re=RATIO MOD E (flange)/ MOD E (bolts)

Z=SEE FIG 2-7 1
INPUT VALUES. ... 48 1/4 in Flange Thickness = 7/8 in
[ € T PRES T B | A T ot T g | v 1]
53.75 2.00 48.75 55.75 0.000 0.000 0.11
g1 and g2=0 for fig 2-7.3
loose type flanges required for
. integral only
Revision 0

Doc. No. V049-1-019

Page 15 of 24
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R. D. Ciatte 19-Oct-85

F T t T 6 T =n | d [ & | fuo |
0.875 52.00 24 0.755 0.96 1.00

fig 2-7.2 fig 2-7.6

required for : fhub= 1 for

integral only loose type
flanges

| Sbb | Sib ] Snb | Sbo | Sfo | Sno__ [Hg(unit) ]

25000 14700 14700 25000 14700 14700 320

unit gasket
seating and

sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CIRCLE
. Sr@ID = RAD FLG STRESS @ ID
St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES..............
| R 1 hd | Js |} Jp [ BT | BEIA | = |
2.50 2.50 0.1103 0.0615 48.75 1.05 1.1231
for loose
type flgs
1 he | ho 1 F | Hd | H | Ht } Hg |
0.50 0.00 0.00 37331 4247 4 514.34 522761

. Revision ¢

Doc. No. V049-1-019
Page 16 of 24
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R. D. Giatto 13-Qct-95

[ hg T h | T T Mpo [ Mpb | Ms | EObo |
0.88 1.688 2.505 559422729 4574186 0.00 8927.49
operating  bolt up operating
moment moment slope
i EObb | Heco | Heb | Wmio | Wmib | Ab | D |
729962 1119E+05 914832 1684081 143759.3 10.74 0.880

boltup operating boltup operating boltup
slope contact contact bolt icad bolt load

| AR | B | nB | K | 7z 1]
0.125074 0.001146 0.027507 1.143590 7.50

[SIGMAbo] SIGMABb | Sio | Sib | Sr@BCo| Sr@BCb |
15673.57 13379.53 15489.8 13229.3 20674 24263

25000.00 ] 25000.00 J25000.00] 25000.00 ]14700.00] 14700 00 |

ok ok ok ok ok

[ st@Do | St@iDb |
160.2 131.0

[14700.00 ] 14700.00 |
ok ok

FLG48.WQ1

Revision 0
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R. D. Ciatto 19-Oct-95

. THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall

2. B substituted for B1

| 3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

- C=BOLT CIRCLE DIAM in.
PRES = Internal Pressure for this case
B=ID OF FLANGE
. A=0D OF FLANGE
g1=THICKNESS OF HUB AT LARGE END
| gO=THICK @ SMALL END
} rb=SEE FIG Y3.1
| V=SEE FIG 2-7.3
F=SEE FIG 2-7.2
t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET
n=NUMBER OF BOLTS
db=DIAM OF BOLTS
re=RATIO MOD E (flange)/ MOD E {bolts)
Z=SEE FIG 2-7.1

INPUT VALUES............ 44 1/4 in Flange Thickness = 3/4 in
| € | PRES | B | A j g1 | go | V |
4875 2.00 4475 51.75 0.000 0.000 0.11
g1 and g2=0 for fig 2-7.3
loose type flanges required for
. integral only
| Revision 0
Doc. No. V049-1-019
Page 18 of 24
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R. D. Ciatto 19-Oct-25

| F | t | G | n | db | - rE | fhub |
0.750 48.00 24 0.755 0.96 1.00
fig 2-7.2 fig 2-7.6
required for fhub= 1 for
integral only loose type
flanges
| sbb | Stb | Snb | Sbo | Sfo | Sno  |Hg(uni) |
25000 14700 14700 25000 14700 14700 320
unit gasket
seating and

sealing forces

RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS
Sr@BC = RAD. FLANGE STRESS @ BOLT CiRCLE
. Sr@iD = RAD FLG STRESS @ ID
St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES..............
| R | hd | Js | Jp__l B1 | BETA | a |
2.50 2.50 0.1199 0.0670 4475 1.06 1.1341
for logse
type flgs
|l he | ho | F | Hd | H | H I Hg |

0.50 0.00 0.00 31456 3619.1 473.50 48254.9

. Revision 0

Doc. No. V(49-1-019
Page 19 of 24
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R. D. Ciatto 19-Oct-93

i hg | ht | 1 | Mpo | Mpb | Ms | EObo |
0.88 1.688 2.255 50886.0759 42223.0 0.00 14046.64
operating  bolt up operating
moment moment slope
| EObb | Heo | Heb | Wmio | Wmib |  Ab | D |
11655.27 1.018E+05 84446.0 153646.1 1327009 10.74 0.880

boltup  operating boltup  operating boltup
slope contact contact  bolt load bolt ioad

| AR | B | nB | K | Z |

0.135130 0.001351 0.032420 1.156425 6.93

[SIGMAbo| SIGMAbb | Sio |  Sib [ Sr@BCo| Sr@BCb |

14299.69 12350.34 139816 12086.4 4015.4 3331.8
||25000.00| 25000.00 |[25000.00] 25000.00 [14700.00] 14700.00 ||
ok ok ok

ok ok ok

| St@iDo | St@IDb_ |
2354 195.3

[14700.00 ] 14700.00 |
ok

ok

FLG44. WQ1

Revision 0
Doc. No. V049-1-019
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R. D. Ciatto 19-Oct-95

. THIS PROGRAM SOLVES APPENDIX Y (Y-6.1) FLAT FACE FLANGES FOR
CLASS 1, CAT 3 (LOOSE TYPE) ASSEMBLIES WITH OR WITHOUT SELF ENERGIZING
GASKETS FOR POSITIVE PRESSURE OR VACUUM PRESSURE.

ANALYZE CLASS 1 CATEGORY 3 LOOSE TYPE FLANGES ONLY.

ASSUMPTIONS:

1. g1=g0=thickness of vessel wall

2. B substituted for B1

3. conditions at bolt up and operating evaluated separately
4. F'=0 for loose type flanges implies Ms is zero

REQUIRED INPUT:

C = BOLT CIRCLE DIAM in.
PRES = internal Pressure for this case
B=ID OF FLANGE
A=0D OF FLANGE
. g1=THICKNESS OF HUB AT LARGE END
gO=THICK @ SMALL END
rb=SEE FIG Y3.1
V=SEE FIG 2-7.3
F=SEE FIG 2-7.2
t=FLANGE THICKNESS ASSUMED VALUE
G=DIAM OF GASKET
n=NUMBER OF BOLTS
db=DIAM OF BOLTS
re=RATIO MOD E (flange)/ MOD E (bolts)

Z=SEE FIG 2-7 1
INPUT VALUES........... 30 1/4 in Flange Thickness = 3/4 in
T C T PRES | B | A | 9o | g T v 1]
35.75 2.00 30.75 37.75 0.000 0.000 0.11
g1 and g2=0 for fig 2-7.3
lcose type flanges required for

. integral only

Revision 0

Doc. No. Y049-1-019

Pagell of -2 ¢
FLG30.WQ1



R. D. Ciatto 18-Oct-85

CF T t T 6 1 n J d [ T [ b |
0.750 34.00 16 0.755 0.96 1.00
fig 2-7.2 fig 2-7.6
required for fhub= 1 for
integral only loose type
flanges
| Sbb | Sb | Snb | Sbo | Sfo | Sno  JHg(unit) |
25000 14700 14700 25000 14700 14700 320
unit gasket
seating and
sealing forces
RESULTS/OUTPUT:

Si = DESIGN PRESTRESS IN BOLTS

Sr@BC = RAD. FLANGE STRESS @ BOLTY CIRCLE

Sr@ID = RAD FLG STRESS @ ID

St = TANGENTIAL FLANGE STRESS @ ID
Sh = LONGITUDINAL HUB STRESS (= 0 FOR CL1, CAT3 LOOSE TYPE FLANGES)

CALCULATED VALUES. ...........
[T RT hd T Js | Jp [ BT 1 BETA | a |
2.50 250 0.1694 0.0942 30.75 1.08 1.1951
for loose
type flgs
[ he T hmo T F T Hd ] H_ T H T Hg |
0.50 0.00 0.00 14853 18158 330.55 341805
Revision 0
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R. D. Ciatte 18-Oct-85

t hg | ht | (] Mpo | Mpb | Ms ] EObo |
0.88 1.688 2.255 34178.988 29908.0 0.00 13266.80

operating  boltup operating
moment moment slope

! EObb | Heco | Heb | Wmio JWmib | Ab | D |

11608.97 6.836E+04 598159 104354.3 G3996.5 7.16 0.880

boltup operating boltup operating boltup

slope contact contact  bolt load bolt load

AR | B | nB | K [ Z |

0.125365 0.001728 0.027643 1.227642 4.94

{SIGMAbo| SIGMAbb | Sio | Sib | Sr@BCo | Sr@BCb |
14568.23 1312223 142732 128640 3711.4 3247.6

[25000.00 | 25000.00 ]|25000.00 | 25000.00 ]14700.00 [ 14700.00 ]
ok ok

ok ok ok ok

| St@iDo | St@IDb |
323.6 283.1

[14700.00 | 14700.00 }
ok ok

Revision 0
Doc. No. V049-1-019
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING l\fO: V049-1-020
WESTBOROUGH, MA CALCULATIONS PAGE 1 0OF 13
REV. I DEO# | DATE |[BY: CHECK | Beam Splitter Chamber - Design of Removable Work
0 0024 lgpe/5¢[ROC | AGR._ | Floor
BY:R.D. Ciatto | DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROJECT NO: V59049

PURPOSE: To design removable floor and support members to be installed in lower section of BSC.

METHOD: Hand calculations using standard beam design method for support beams and
removable floor sections.

S ONS:

INPUTS: See Doc. No. LIGO-C951078-00-4 which provides response to V049-NL-PL-9 (requesting
clarifications of BSC internal floor requirements). Maximum load is 500 Kg during maintenance.
This occurs at room temperature.

REFERENCES: 1. ASME Boiler & Pressure Vessel Code, Section VIII, Pressure Vessels,
Division 1.
2. Aluminum Association Hankbook
3, Poc, N, JOyG-1-0ed, £/60 Vae Foyis,, Sra e~ Discren Rr

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: The design of the aluminum floor meets LIGO requirements and
the requirements of the applicable design codes.

NQOTES:

FILED:\FA\TEMPLATEEENGFORMS\ENGCALC
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-021
WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 7
REV. |DEQO# | DATE [BY: CHECK | TITLE:
0 0136 12/6/95 RDC WDB
1 o292 [fulw [Roc | Wby Design of Flange Welds
BY: R. D, Ciatto ’ DEPT.: 744
PROJECT; LIGO Vacuum Equipment PROJECT NO: V59049

Design partial penetration seal weld and external stitch weld between flanges and shells
METHOD:

Hand calculations are used to determine the pressure discontinuity moments and forces

and resulting weld stresses.
ASSUMPTIONS:

To determine the discontinuity moment and shear it is conservatively assumed that the

cylindrical shell is built into a rigid wall.
INPUTS:

1. LIGO project drawings of bolted flanges

2. Calc. No. V049-1-066, LIGO Vacuum Equipment Structural Design Criteria
REFERENCES:

1. ASME Boiler & Pressure Vessel Code, Section VIII, Pressure Vessels, Div. 2.

2. Doc. No. V049-1-042  Bolted Flange Analysis for Tensile Forces.

3. Doc. No. V049-1-107, Welds for 60.5 in Nozzle to Shell Joints.
CALCULATIONS:

(SEE ATTACHED)

CONCLUSIONS:

For the bounding case flange (104.5 in) the required partial penetration
weld is 1/8 in and the required fillet weld is 3/16 (2 in every 6 in).
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-022
WESTBOROUGH, MA CALCULATIONS PAGE 1 0¥ 16

REV. DEO # DA;[E BY: CHECK | Beam Splitter Chamber, FE Analysis of Lower Section|
0 028 .;272:/4: aC— —
A AVINA
247777 A
BY. 720 Uszzio | DEPT.. 744
PROJECT: LIGO Vacuum Equipment PROJECT NOQ: V59049

PURPOSE:. To evaluate the lower section of the beam splitter chamber for vacuum pressure.

METHOD: A finite element analysis of the lower section shell, head and nozzles is performed.

INPUTS: LIGO project sketches and drawings.
Shell thickness = .5 in.

60 in. nozzle thickness = .5 in.

Head thickness = .375 in.

REFERENCES: 1. ASME Boiler & Pressure Vessel Code, Section VIIL, Div. 1
2. IMAGES 3D, Version 3.0, R.L. Cloud & Associates

3. Poe. Mo, JO«S1-06z, L1600 YAcIin
O lrirdsle B

B g, Sr o~ el Pesrot

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: Stresses are within the limitsof the ASME Code, Section VIIL. Div. 1.

NOTES: Computer files are BMSPLI10, BMSPL]11, and BMSPLI12.

FILED:\FATEMPLATE\ERGFORMS\ENGCALC
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-023
WESTBOROUGH, MA CALCULATIONS PAGE 1 OF 19
REV. |DEO# |[DATE |BY: CHECK | Beam Splitter Chamber - Design of 60 in.
0 0029 ('Z/'f/ S 1/2Pe | oW, | Access Covers
BY: 2. D Crrtrrg | DEPT.: 744
PROJECT: LIGO Vacuum Equipment PROJECT NO:

PURPOSE:. To design the cover and nozzles for the 60 in. port in accordance with Section VIII,
Division 1 of the ASME Code.

METHOD: Equations for thickness and reinforcement requirements of the ASME Code, Section VIII,
Division 1, are evaluated using the COMPRESS computer program, Version 5.31.

ASSUMPTIONS:

INPUTS: Vacuum pressure = 14.7 psi
Design temperature = 400°F

REFERENCES: 1. ASME Boiler & Pressure Vessel Code, Section VIII, Pressure Vessels, Division 1.

.2. COMPRESS 5.31, Computer Aided Pressure Vessel Design, Codeware Computer Systems, Inc.
2, Dpe. Mo, VOUS - /-04¢ , L0 VAdcwvwrt /= gu, , Sra et Drgion
Coimes iy o

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: The requirements of the ASME Code, Section VIII. Division 1, are met for the
cover and nozzles for the 60 . port.

FILEDAFATEMPLATE\ENGFORMS\ENGCALC
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COMPRESS 5.51 C:AC5\BSC60A_VSL Dec. 19, 1995
BSC 60 in Port

ASME Scction VIII Pivision 1, 1992 Edition, A93 Addenda

Component: F&D head

Material specification: SA 240 3041 HIGH

External design pressure: Pe= 14.7 psi@ 400 deg F

Corrosion allowance: Inner C = 0 Outer= 0 in
PWHT is not performed

Radiography: Category A joints -  Spot UW-11(b) type 1
Head to shell scam - Spot UW-11(b) type 1

Estimated weight: new = 272.9 corr = 272.9 ib
capacity: new = 38.89 corr = 88.89 US ga
ID =60.25 crownl = 60.25 kouckler = 3.75 t=.25 in (min)
Straight flange = 1 forming allowance = ¢ in
MAP: atQdeg F adix 1-4(d 3

. P = 2*S*EXt/(L*M + 0.2%) - Ps
= 2%16700%0.85+0.25/(60.25*1.7521 + 0.2%0.25) - 0
= 67.20225 psi

MAWP: Corroded & at 0 deg F Appendix 1-4 3

P = 2*S*E*(L*M + 0.2%1) - Ps
= 2*16700%C.85%0.25/(60.25%1.7521 + 0.2%0.25) - 0
= 67.20225 psi

External Pressure: Corroded & at 400 F G-33

A = 125/(Ro/t)
= ,125/(60.5/0.18787)
= (.000388

From table HA-3: B = 4757.7

Pa= B/(Roft)
= 4757.7/{60.5/0.18787)
= 14.774 psi

Check the external pressure per UG-33(a)(1)

t = 1.67*Pa*Lo*M/(2*S*E + 1.67%Pa*(M-0.2))
1.67%14.774%60.5%1.7521/(2*14700*1 + 1.67%14.774%(1.7521-0.2))
0

.088842 in

o

7z v O
Poe ple /oG- r-223
Page & o= 7%

Design thickness for external pressure Pa = 14.774  psi:




COMPRESS 5.51 CAC5\BSCSG0A _VSL
BSC o} in Port
+ Corrosion + fa

t
0.18787 + 0+ 0
0.18787 in

Maximum Allowable Ext. essure: {Corroded F
A = .125/(Ro/t)

= .125/{60.5/0.25)

= (.000517

From table HA-3: B =5004.1
Pa= B/(Ro/t)

= 5004.1/(60.5/0.25)

= 20.6781 psi
Check the Maximum External Pressure: UG-33(a)(1) & App. 1-4(d)
Pe= 2*S*E*t/(M*Lo - t*(M-0.2)}*1.67)

= 2*%14700*1*0.25/({1.7521%60.5 - 0.25%(1.7521-0.2))*1.67)

= 41.67247 psi

The maximum allowable external pressure is 20.6781 psi.

Dec. 19, 1995
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COMPRESS 5.51 CAC5\BSCS80A.VSL Dec. 19, 1995
Center Nozzle nl
| Ogpening nl Reinforcement Calculations Per UG-37
Located on: BSC 60 in Port
Local vessel thickness: 251n
Liquid static head included: 0 psi
Flange description: 8 inch 75# SO A240304L
ANSI B16.47 flange rating MAP: 115 pst
ANSI B16.47 flange rating MAWP: 115 psi
Nozzle material specification: SA 240 304L HIGH
Nozzle orientation: 0 degrees
End of nozzle to datum line: 14.53 in
Nozzle calculated as hillside: no
Projection outside vessel Lpr: 2.996 in
tn —>| |<-
_ _ corrosion allow = 0 in
l<— d —> noz thick new tn= .25 in
twl—>]| [« nozzle id. naw d= 7.5 in
/ v \ fillet weld twl = .25 in
—_—] = ——— groove weld tw2 = .1875 1in
N tw2 VA
® i
<—— R —>| To head center R= 0 in
Reinforcement Calculations For Nozzle MAWP
Limits of reinforcement UG-40
Paralle! to the vessel walld = 7.5in
Normal to the vessel wall outside 2.5%(tn-Cn) + te = .625 in
Norma! to the vessel wall inside 2.5*(tn-Cn-C) = .625
No required thi s
trn = P*Rn/(So*E - 0.6*P)
= 0%3.75/(16700*1 - 0.6%0)
=(0in
Required thickness tr from UG-37(a)( 1)
| tr= P*L*M/{2*S*E - 0.2*P)
| = 0%60.25*1/(2*16700*1 - 0.2*0)
| = {in
Area required _
Koy £
. Allowable stresses: Sn = 16700, Sv = 16700, psi
Doc_ A, e = 0rI7

frl = lesser of 1 or Sn/Sv so frl =1

Page « «~ /7%




COMPRESS 5.51

Center Nozzle nl

12 = lesser of 1 or Sn/Sv so fi2 =1

A = @**F + 24ne*FE(] - frl)
T.50%1 + 2%0.25%0*1%(1 - 1)
0'in"2

Area available

Al = larger of the following =1.875in"2

= d*(E1*t-F*r) - 2*m*(E 1% Frry*(1-frl)
= 7.5%(1*0.25-1%0) - 2+0.25%(1*0.25-1*0)*(1-1)
= 1.875 in™2

2%(t-+ my*(E1*-F*tr) - 2*m*(E1*t-F*tr)*(1-frl)

.25in"2

A2 = smaller of the following =0.313in"2
= 5*(in - trn)*fr2*t

= §%(0.25 - 0)*1%0.25

= .313in"2

S*(tn - trn)*fr2*m
5%(0.25 - 0)*1%0.25
3132

(]

A41 = Leg"2*r2
= 0.2572%1 = .063 in"2

Arca = Al + A2 + A4l
= 1.875 + 0.313 + 0.063
=2.251in"2

CAC5\BSC60A . VSL

2%(0.25+0.25)*(1*0.25-1%0) - 2#0.25%(1*0.25-1%0)*(1-1)

As Area > A the reinforcement is adequate for MAWP = 0 at 0 Deg F

Check the welds - From UW-16(d):
tmin = lesser of 0.75 ortnor t, tmin = 0.25 in

tl or t2(min) = lesser of 0.25 or 0.7*tmin, tl(min) = 0.175 in

tl{actual) = 0.7*Leg = 0.7%0.25 = 0.175in
t2(actual) = 0.1875 in

tl + 2 = 0.3625 > = 1.25%min

The weld sizes for t1 and {2 are satisfactory.

UG-45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl =0in(E=1)
Wall thickness per UG-45(b)(1): tr2 =0in

Wall thickness per UG-16(b): tr3 = 0.0625 in
Std pipe wall per UG-45(b)(4): tr4 = 0.28175in

Dec. 19, 1995

sy O
Pee Mo, fS/5. e-022
Page 7 72+~ /%




COMPRESS 35.51 CACS\BSC60A.VSL

Center Nozzie nl
The greater of tr2 or tr3: tr5 = 0.0625 in
The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of tr] or 6 = 0.0625 in
Available nozzle wall thickness new, th = 0.25 in

The nozzle neck thickness is adequate for MAWP.
Allowable stresses in joints UG-45(c W-15(c

Groove weld in tension = (.74*16700 = 12358 psi
Nozzle wall in shear = 0.7*16700 = 11690 psi
Inner fillet weld in shear = 0.49*16700 = 8183 psi

Stren f welded joints:

(1) Inner fillet weld in shear
(Pi/2)*Nozzle O.D.*Leg*Si = 1.57*8%(0.25*8183 = 25694.62 Ibf

(3) Nozzle wall in shear
(Pi/2)*Mean nozzle dia.*tn*Sn = 1.57*7.75%0.25*11690 = 35559.52 Ibf

(4) Groove weld in tension
(Pi/2)*Nozzle O.D.*tw*Sg = 1.57*8*0.1875*12358 = 29103.09 Ibf

Loading on weld T -41(b)(1

W = (A - (d - 2*tn)*(E1*t - F*r))*Sv
= (0 - (7.5 - 2*0.25)*(1%0.25 - 1*0))*16700
=-29225 1bf

W1-1 = (A2 + AS + A4l + A42)*Sy
= (0.313 + 0 + 0.063 + 0)*16700
= 62792 Ibf

W2-2 = (A2 + A3 + A4l + A43 + 2*m*t*frl)y*Sv
= (0.313 + 0 + 0.063 + 0 + 2%0.25%0.25%1)*16700
= 8366.7 Ibf

Load for path 1-1 lesser of W or W1-1 =-29225 Ibf
Path 1-1 Thru (1) & (3) = 25694.62 + 35559.52 = 61254.14 Ibf
Path 1-1 is stronger than W so it is acceptable per UG-41(b)(2).

Load for path 2-2 lesser of W or W2-2 =-29225 Ibf
Path 2-2 Thru (1), (4) = 25694.62 + 29103.090 = 54797.71 Ibf
Path 2-2 is stronger than W so it is acceptable per UG-41(b)(2).

Reinforcement ations for Ex Pressure

i of reinforcement U

Parallel to the vessel walld = 75 1in

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSC60A . VSL

Center Nozzle nl

Normal! to the vessel wall outside 2.5%(tn-Cn) + te = .625 in
Normal to the vessel wall inside 2.5*({tn-Cn-C) = .625 in

Nozzle required thickness

L/Do = 2.996/8 = 3745 Do/t = 8/0.0184 = 434.7826
From table G: A = 0.000415
From table HA-3: B = 4814.3
Pa= 4*B/(3*Do/t)
= 4*4814.3/(3*8/0.0184)
= 14.7639 psi

Nozzle required thickness tro = .0184 in

Required thickness tr from UG-37¢(d){1) = .1879 in
Area required

Allowable stresses: Sn = 14700, Sv = 14700, psi

frl = lesser of 1 or Sn/Sv so fr1 =1
fr2 = lesser of 1 or Sn/Sv so fr2 =1

A = 0.5%d**F + 2*m™rF*(1 - fr1))
= 0.5%(7.5%0.1879*1 + 2+0.25%0.1879*1*(1 - 1))
= 7046 in"2

Arca available
Al = larger of the following = 466 in"2

= d*(E1*-FHr) - 24m*(E1*-F*r)*(1-frl)
= 7.5%(1%0.25-1%0.1879) - 2*0.25%(1*0.25-1*0.1879)*(1-1)
= 466 in"2

= 2%(t-+my*{E1*-F*tr) - 2*m*(E1*t-F*r)*(1-frl)
— 2%(0.25+0.25)*(1*0.25-1*0.1879) - 2*0.25%(1%0.25-1*0.1879)*(1-1)
= 062 in"™2

A2 = smaller of the following = 0.289 in"2
= 5*(tn - tn)*f12*t

5*(0.25 - 0.0184)*1*0.25
289in"2

5*(tn - teny*fr2*tn
5%(0.25 - 0.0184)*1*0.25
289 in"2

A4l = Leg™2*fr2 .
= 0.2572%1 = 063 in"2

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSC60A.VSL Dec. 19, 1995

Center Nozzle nl

Area = Al + A2 + A4l
= (0.466 + 0.289 + 0.063
= 818in"2

As Arca > A the reinforcement is adequate for Pe = 14.7 at 400 Deg F
UG ozzl k Thickness Check

Wall thickness per UG-45(a): trl = 0.0184in(E=1)
Wall thickness per UG-45(b)(2): tr2 = 0.0528 in

Wall thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b)(4): tr4 = 0.28175 in

The greater of tr2 or tr3: trs = 0.0625 in

The lesser of tr4 or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.25 in
The nozzle neck thickness is adequate for Pe.

/?-’e"t/ O
. Poe M1 Voo 5-r-022
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COMPRESS 5.51 C:\C5\BSC60A. VSL Dec. 19, 1995

Lenter Nozzle nl
Applied 1.0ads
Radial load Pr = 649.4 Ibf
Circumferential moment M1 =0 1bf-ft
Circumferential shear V2 = 01bf
Longitudinal moment M2 =0 Ibf-fi
Longitudinal shear V1 = 0 bf
Torsion moment Mt = O Ibf-ft
Internal pressure P= 0psi
Str t the nozzlc OD WRC bulletin 107 ( psi

Mean dish radius Rm = 60.375 in
U = ro/Sqr(Rm*t) = 1.03

Stress concentration factor Kn (tension) = 1
Stress concentration factor Kb (bending) = 1

Pressure stress intensity factor, Farr equation 11.7

I=1+ @/x)"2
1+ (3.75/4.25)°2

1.779

. Local pressure stress = I¥*P*Rm/2*t = ( psi

Maximum combined stress =-2802 psi
Allowable combined stress = +-3*S = +- 50100 psi

The maximum combined stress is within allowable limits.

Maximum primaty membrane stress =-670 psi _
Allowable primary membrane stress = +-1.5%8 = +- 25050 psi

The maximum primary membrane stress is within allowable limits.

e [P
. Poe Mo, VO SF-1-02%
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COMPRESS 5.51 CACS\BSCH0A.VSL Dec. 19, 1995
Center Nozzle nl

From Value
Fig. read Au Al Bu Bl Cu ] Du D1
SR-2*1 0.0645 -670 -670 -670 -670 -670 -670 -670 -670
SR-2 0.0342 -2132 2132 -2132 2132 -2132 2132 -2132 2132
SR-3*| 0.0750
SR-3 0.0711
SR-3*| 0.0750
SR-3 0.0711
pressure stress*
Total Ox stress _2802 1462 -2802 1462 -2802 1462 -2802 1482
Primary membiane
Ox stress* 670 -670 -670 -670 -67C -670 -670 -670
SR-2%: 0.0200 -208 -208 -208 -208 -208 -208 -208 -208
SR-2 0.0103 -642 642 -642 642  -642 642 -642 642
SR-3*| 0.0226
SR-3 0.0214
SR-3*{ 0.0226
SR-3 0.0214

. pressure stress*
Total Oy stress -850 434 -850 434 -850 434 -850 434
Primary membrane
Oy stress* -208 -208 -208 -208 -208 -208 -208 -208

torsion moment Mt
Shear from V1
Shear from V2

Total Shear stress

Combined stress 2802 1462 -2802 1462 -2802 1462 -2802 1462

o o7

PDoe. Ao V/o¥f-y 023
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COMPRESS 5.51 CACS\BSCEDA.VSL Dec. 12, 1995
Nozzle nS

Opening a5 Reinforcement Calculations Per UG-37

Located on: BSC 60 in Port

Local vessel thickness: 251n

Liquid static head included: 0 psi

Flange description: 8 mch 75# WN A240304L

ANSI B16.47 flange rating MAP: 115 psi
ANSI B16.47 flange rating MAWP: 115 psi

Nozzle material specification: SA 240 304L HIGH
Nozzle orientation: 330 degrees
End of nozzle to datum line: 13.76
Nozzle calculated as hillside: no
Projection outside vessel Lpr: 4.173 in
tn —>| |«
— - corrosion allow = 0 in
<~ d —> noz thick new tn= .25 in
twl—| |< nozzle id. new d= 7.5 in
‘/ v \ fillet weld twl = .25 in
—_—f = ——— groove weld tw2 = .1875 in
N _twe N VA
® :
<—— R ——>| To head center R= 15.75 in

Reinforcement Calculations For Nozzle MAWP
Limits of reinforcement UG-40
Parallel to the vessel walld = 7.5 1n

Normal to the vessel wall outside 2.5*(tn-Cn) + te = .625 in
Norma! to the vessel wall inside 2.5*(tn-Ca-C) = .625 in

Nozzle required thickness
trn = P*Ro/(Sn*E - 0.6%P)
= (0*3.75/(16700*1 - 0.6*0)
=0in
Requir ickness tr from UG-37(a)(1

tr= P*L*M/(2*S*E - 0.2*P)
= 0%60.25%1/(2*16700*1 - 0.2%0)
= 0in

Area reguired /s v O
. Allowable stresses: Sn = 16700, Sv = 16700, psi
fr1 = lesser of 1 or Sn/Sv so fil =1

Toe Ao Vo995 -1-022
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COMPRESS 5.51 C:ACS5\BSC60A . VSL
Nozzle n5

fr2 = lesser of 1 or Sn/Sv so f12 =1
A = d*r*F + 2*m*wr*F*(1 - frl)
= 7.5%0*1 + 2*0.25*0*1*(1 - 1}
=0in"2
Area available
Al = larger of the following = 1.875in"2
#(E1*t-F*r) - 2%n*(B1*-F*r)*(1-fr1)

d
7.5%(1%0.25-1*0) - 2%0.25*%(1%0.25-1*0)*(1-1)
1.875in"2

2¥(t+ay*EIF-F*tr) - 2*n™*(E1*-F*ir)*(1-fri)
2*(0.252 +0.25)%(1*0.25-1*0) - 2*0.25*(1*0.25-1%0y*(1-1)
AR

A2 = smaller of the following =0.313 "2

5*(tn - trn)*fi2*t
5*(0.25 - 0)*1*0.25
313 in"2

5%(tn - trn)*fr2*tn
5%(0.25 - 0)*1%0.25
31372

A4l = Leg"2*f12
= 0.2572*] = 063 in"2

Area = Al + A2 + A4l
= 1.875 + 0.313 + 0.063
= 2.251in"2

As Area > A the reinforcement is adequate for MAWP = 0 at 0 Deg F

Check the welds - From UW-16(d):

tmin = lesser of 0.75 or tn or t, tmin = 0.25 in

t1 or t2(min} = lesser of 0.25 or 0.7*tmin, t1{min) = 0.175 in
ti(actual) = 0.7*Leg = 0.7*0.25 = 0.175in

t2(actual) = 0.1875 in

tl + 2 = 0.3625 > = 1.25%tmin

The weld sizes for t1 and 2 are satisfactory.

UG-A45 Nozzle Neck Thickness Check

Wall thickness per UG-45(a): trl =0in(E=1)
Wall thickness per UG-45(b)(1): tr2 =0in

Wall thickness per UG-16(b): tr3 = 0.0625 in
Std pipe wall per UG-45(b)(4): tr4 = 0.28175 in

Dec. 19, 1995
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COMPRESS 5.51 CACS\BSC60A . VSL
Nozzle a5

The greater of £2 or t13: tr5 = 0.0625 in

The lesser of tr4 or tr3: w6 = 0.0625

Req’d per UG-45 is the larger of tr1 or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.25 in
The nozzle neck thickaess is adequate for MAWP.

Allowable stresses in joints UG-45(c) and UW-15(c)

Groove weld in tension = 0.74*16700 = 12358 psi
Nozzle wall in shear = 0.7*16700 = 11690 psi
Inner fillet weld in shear = 0.49*16700 = 8183 psi

Strength of welded joints:

{1) Innper fillet weld in shear
(Pi/2)*Nozzle 0.D.*Leg*Si = 1.57*8*(.25*8183 = 25694.62 Ibf

(3) Nozzle wall in shear
(Pi/2y*Mean nozzle dia.*m*Sn = 1.57*7.75*0.25%11690 = 35559.52 1bf

(4) Groove weld in tension
(Pi/2)*Nozzle O.D.*tw*Sg = 1.57*8*0.1875*12358 = 29103.09 Ibf

Loading on welds per UG-41(b)(1)

= (A - (d - 2*%tn)*(E1*t - F*r))*Sv
= (0 - (7.5 - 2*0.25)%(1%0.25 - 1*0))*16700

=-29225 1bf
Wil = (A2 + A5 + A4l + A42)*Sv
= (0.313 + 0 + 0.063 + 0)*16700
= 6279.2 Ibf
W22 = (A2 + A3 + A4l + A43 + 2%m*t*frl)*Sv
= (0313 + 0 + 0 063 + 0 + 2+0.25%0.25%1)*16700
= 8366.7 Ibf

Load for path 1-1 lesser of W or W1-1 =-29225 Ibf
Path 1-1 Thru (1) & (3) = 25694.62 + 35559.52 = 61254.14 Ibf
Path 1-1 is stronger than W so it is acceptable per UG41(b)}(2).

Load for path 2-2 lesser of W or W2-2 =-29225 Ibf

Path 2-2 Thru (1}, (4) = 25694.62 + 29103.09 = 54797.71 1bf
Path 2-2 is stronger than W so it is acceptable per UG-41{b)(2).

Reinforcement Calculations for Extcrnal Pressure

of reinforcement U

Parallel to the vessel walld = 7.5 in

Dec. 19, 1995
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COMPRESS 5.51 CACS\BSC60A _VSL Dec. 19, 1995
Nozzle n5

Normal to the vessel wall outside 2.5%(ta-Cn) + te = .625 in
Normal to the vessel wall inside 2.5%(tn-Cn-C) = .625 in

Nozzle required thickness

L/Do = 4.173/8 = .5216 Do/t = 8/0.02022 = 395.6479
From table G: A = 0.000332
From table HA-3: B = 4394.8

Pa= 4*B/(3*Do/t)
= 4*4394 8/(3*8/0.02022)
= 14.8105 psi

Nozzle required thickness trn = .02022 in

Required thickness tr from UG-37(d)}(1) = 1879 in
Area required
Allowable stresses: Sn = 14700, Sv = 14700, psi

frl = lesser of 1 or Sn/Sv so fr1 =1
fr2 = lesser of 1 or Sn/Sv so fr2 =1

. A = 0.5%d*tr*F + 2% tr*F*(L - frl))
= 0.5%(7.5%0.1879%1 + 2%0.25%0.1879*1*(1 - 1))
= 7046 in"2

Area available

Al = larger of the following = 466in"2

dHE1*t-F*tr) - 2*tn*(E1*-F*r)*(1-frl)

7.5%(1%0.25-1%0.1879) - 2%0.25%(1*0.25-1*0.1879)*(1-1)

466 in"2

= 2%(t+m)*(EI*t-F*tr) - 2*to*(EL*-F*)*(1-fr1)

= 2%(0.25-+0.25)*(1*0.25-1%0.1879) - 2*0.25*(1*0.25-1*0.1879)*(1-1)

= .062in"2

A2 = smaller of the following = (.287 in"2

= §%(tn - trn)*fr2*t
5%(0.25 - 0.02022)*1*0.25
287 in"2

oot

5*(tn - trn)*fr2*m
$%(0.25 - 0.02022)*1*0.25
287 in"2

Y2 vy,
. A4l = Leg2%r2
=0.25"2*1 = 063 in"2 Ipry /Ua VoS -1 ~022
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COMPRESS 5.51 CAC5\BSC60A . VSL Dec. 19, 1995
Nozzle nS

Area = Al + A2 + A4l
= 0.466 + 0.287 + 0.063
= .816in"2
As Area > A the reinforcement is adequate for Pe = 14.7 at 400 Deg F

UUG-45 Nozzic Neck Thickness Check

Wali thickness per UG-45(a): trl = 0.02022 in (E = 1)
Wall thickness per UG-45(b)(2): tr2 = 0.0528 in

Wall thickness per UG-16(b): tr3 = 0.0625 in

Std pipe wall per UG-45(b){4): tr4 = 0.28175 in

The greater of tr2 or &3: tr5 = 0.0625 in

The lesser of trd or tr5: tr6 = 0.0625 in

Req’d per UG-45 is the larger of trl or tr6 = 0.0625 in
Available nozzle wall thickness new, tn = 0.25 in
The nozzle neck thickness is adequate for Pe.

® fss &
DDC. Ao VOYWeG. - £2%3

Page /7 0« /3




COMPRESS 5.51 C:\C5\BSC60A.VSL
Nozzle n5

Applicd Loads

Radial load Pr = 6494 Ibf

Circumferential moment M1 =0 Ibf-ft

Circumferential shear V2 =01bf

Longitudinal moment M2 =0 Ibf-ft

Longitudinal shear Vi = 0lbf

Torsion moment Mt = O Ibf-ft

Internal pressure P = O psi

Stresses at the nozzle OD per WRC bulletin 107 (psi)

Mean dish radius Rm = 60.375 in
U = ro/Sgr(Rm*t) = 1.03

Stress concentration factor Kn {tension) = 1
Stress concentration factor Kb (bending) = 1

Pressure stress intensity factor, Farr equation 11.7

1=14 @/x)2
1 + (3.75/4.25)"2

1.779

oy

Local pressure stress = I¥*P*Rm/2%t = 0 psi

Maximum combined stress =-2802 psi
Allowable combined stress = +-3*S = -+- 50100 psi

The maximum combined stress is within allowable limits.

Maximum primary membrane stress =-670 psi .
Allowable primary membrane stress = +-1.5%§ = +- 25050 psi

The maximum primary membrane stress is within aliowable limits.

Dec. 19, 1995
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COMPRESS 5.51 C:\C5\BSC60A.VSL Dec. 19, 1995
Nozzle n5

From Value
Fig. read Au Al Bu B1 Cu C1 Du 01

SR-2*| 0.0645 -670 -670 -670 -670 -670 -670 -670 -670
SR-2 0.0342 -2132 2132 -2132 2132 -2132 2132 -2132 2132
SR-3*{ 0.0750
SR-3 0.0711
SR-3*; 0.0750
SR-3 0.0711
pressure stress*

Total Ox stress -2802 1462 -2802 1462 -2802 1462 -2802 1462
Primary membrane
Ox stress* -670 -670 -670 -870 -670 -670 -670 -670

SR-2*| 0.0200 -208 -208 -208 -208 -208 -208 -208 -208
SR-2 0.0103 -642 642 -642 642 -642 642  -642 642
SR-3*[ 0.0226
SR-3 0.0214
SR-3*| 0.0226
SR-3 0.0214
pressure stress*

. Total Oy stress -850 434 -850 434 -850 434 -850 434

Primary membrane
Oy stress* -208 -208 -208 -208 -208 -208 -208 -208

torsioh moment Mt
Shear from Y1
Shear from V2

Total Shear stress

Combined stress 2802 1462 -2802 1462 -2802 1462 -2802 1462

. Y,
Vovsi- /— 022
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PROCESS SYSTEMS INTERNATIONAL, INC. | ENGINEERING NO: V049-1-024

WESTBOROUGH, MA CALCULATIONS PAGE1OF 3§
REV. |DEO# | DATE |BY: CHECK | Beam Splitter Chamber - Design of Support
. , Legs and Base Plates
0 Cing 1 JBAT | 72T ARG

BY: 4 .2. C 4~ | DEPT.: 744

PROJECT: LIGO Vacuum Equipment PROJECT NOQ: V59049
PURPOSE:. To design BSC support structure to meet requirements of AISC Code for

unbalanced vacuum loads.

METHOD: A stiffness analysis of the frame is performed using the IMAGES program.

ASSUMPTIONS:

INPUTS: 1. LIGO project design sketches & drawings.
2. Vacuum pressure = 14.7 psi.

3. Seismic acceleration = .05625 g.

4. Forces from V049-1-032

REFERENCES: 1. AISC Code, Ninth Edition, Allowable Stress Design.

2. ASCE 7-88, Minimum Design Loads T, C‘/g:?; / 'ﬁ/:j(,__ L{;{"j é"'::_;/t .
3. IMAGES 3D, Version 3.0, R.L. Cloud & Associates ‘ i T L SeErmE
4. Calc. No. V049-1-032 “Component Interface Loads”

CALCULATIONS: (SEE ATTACHED)

CONCLUSIONS: Support legs and other frame members meet the AISC Code.

. NOTES: Computer file is BSCSUPP. ¥~ Revision No. 0
Doc. No. V049-1-024
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PROCESS ENGINEERING INC.

PAGE

11

S/N:802506A

Run ID=

IMAGES -

3D

03/21/96
16:54:57

SCLVE BEAM LOADS/STRESSES

Filename=BSCSUPP
=Beam Splitter Chamber Support Structure

Title

Lioad Case

GLoads Node
LLoads Node
Stress Node

GLoads
GLoads
LLoads
LLoads
Stress

Stress

GLoads
GLoads
LLoads
LLoads
Stress

Stress

GLoads
GLoads
LLoads
LLoads
Stress

Stress

GLoads
GLoads
LLoads
LLoads
Stress

.Stress

16
2
16
2
16

2

B3 W b b

V8]

17

17

17

oy oy b0

[+2)

Fx
Axial
Axwial

Corneri

.1840E+05
.1840E+05
.3504E+04
.3504E+04
.2014E+03
.4947E+04
.2014E+03
.1010E+05

.1016E+05
.1016E+05
.2198E+03
.2198E+03
.1263E+02
.1764E+04
.1263E+02
.8211E+04

.5751E+04
.5751E+04
.3504E+05
.3504E+05
.2014E+04
-.1001E+03
.2014E+04
.1813E+04

.1399E+05
.1398E+05
.2025E+05
.2025E+05
.1164E+04
L1247E+05
.1164E+04
.9770E+03

Fy
Y¥-Shear
Y-Shear
Corner?2

***BEAM

.3504E+04
.3504E+04
.2395E+05
.2395E+05
.3201E+04
.6325E+04
.3201E+04
-1245E+05

***BEAM

.2198E+03
.2198E+03
.1193E+05
.1193E+05
-1594E+04
.1533E+04
-1594E+04
-8236E+04

*% *BEAM

.3504E+05
.3504E+05
.5886E+04
.5886E+04
.7866E+03
.2870E+04
.7866E+03
.3727E+04

** *BEAM

-2025E+05
.2025E+05
.3215E+04
.3215E+04
LAZ8TE4+03
.1238E+05
L4287E+03
.3304E+04

Version 3.0

Fz
Z-Shear
Z-Shear
Corner3

NO.

.1547E+05
.1547E+05
.2072E+04
.2072E+04
.2769E+03
.5350E+04
.2769E+03
-1050E+05

NO.

.6T706E+04
.6706E+04
.2444E+04
.2444E+04
.3265E+03
-1783%E+04
.3265E+03
.8236E+04

NO.

.2574E+04
.2574E+04
.2246BE4+04
.2246E+04
.3002E+03
.3927E+04
.3002E4+03
.5841E+404

NO.

.9445E+04
.9445E+04
.1657E+05
.1657E+05
.2215E+04
-1015E+05
.2215E+04
-3304E+04

BEAM LOADS AND/OR STRESSES

Mx
Torsion
Torsion
Corner4d

Lk Kk

.1393E+06
.2785E+06
.4803E-11
.4803E-11
.7064E-13
.5523E+04
.7064E-13
.1205E+0Q5
kA K

.4805E+05
.2224E+406
.0000E+00
.0000E+00
.0000E+00
.1558E+04
.0000E+00

.8211E+04
IEkK

2317E+05

.4633E+05
.9770E-13
.9770E~-13
.1437E-14
.1157E+04
.1437E-14

3006E+03

4 %% %

.3035E+06
.5790E+05
.0000E+00
.0000E+00
.0000E+0CQ
.1006E+05
.0000E+00
.9770E+03

12/31/93

My

Y-Bending
Y-Bending

Maximum

.4803E-11
-4803E-11
.1865E+05
.3730E+05
.4876E+03
.6325E+04
-9752E+03
.1245E+05

.0000E+00
.0000E+QO
.6353E+05
.0000E+00
.1661E+04
.1789E+04
.0000E+00
.8236E+04

.9770E-13
.9770E-13
.2022E+05
.4043E+05
.5285E403
.1001E+03
.1057E+04
.1813E+04

.0000E+00
.C000E+00
.4309E+06
.0000E+00
.1127E+05
.1015E+05
.0000E+00
.9770E+03

Revision No. 0

1:MAXIMUM UNBALANCED LOADS COMBINED WITH DEAD WT + EQ(.056G)

Mz

Z-Bending
Z-Bending

Minimum

.1656E+06
.3313E+086
.2156E+06
.4312E+06
.5636E+04
.5923E+04
.1127E+05
.1205E+05

.4180E+05
.2224E+06
.4415E+04
.3145E+06
.1154E+03
.1764E+04
.8223E+04
.8211E+04

.5176E+05
.1035E+0¢6
.5298E+05
.1060E+06
.1385E+04
.3927E+04
.2770E+04
.5841E+04

.3059E+06
.5790E+05
.1715E+04
.8188E+05
.4484E+02
.1247E+05
.2141E+04
.3304E+04

Doc. Mo. V049-1-024
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Interactive Microcomputer Analysis & Graphics of Engineering Systems

IMAGES-3D Version 3.0 12/31/93
Filename=BSCSUPP RUN ID=XX11111
= NOTICE =
= RLCA/Celestial Software assumes no responsi-

= bility for the validity, accuracy, or

applicability of the results obtained from
IMAGES-3D.

o T e N T T T T p ey

Any questions or comments concerning the use
of IMAGES-3D or the usgers manual should
be addressed to:

RLCA/Celestial Software
2150 Shattuck Ave.
Suite 1200
Berkeley, CA
94704

510-843-0%977

Revision No. 0
Doc. No. V49-1-024
Page 8 of 35



PROCESS ENGINEERING INC.
PAGE 1

S/N:802506A
RUN ID=XX11111
IMAGES - 3D

16:52

03/21/96
137

. = Copyright {(c) 1984-1993. RLCA/Celestial Software =
CHECK GEOMETRY Version 3.0 12/31/93
Filename=BSCSUPP
Title =Beam Splitter Chamber Support Structure
Acceleration of Gravity = 3.864E+02
Force Multiplier Length Multiplier Temp. Multiplier
1.0000E+00 1.0000E+0QQ 1.0000E+0OQ
(For database properties only)
MATERIAL, PROPERTIES
Mat No N a m e
1 STEEL
2 STEEL
3 STEEL
Mat Ex Ey Ez nxy nyz nzx Density
. No Gxy Gyz Gzx axy ayz azx
1 2.900E+07 2.900E+07 2.900E+07 2.000E-01 3.000E-01 3.000E-01 2.830E-01
1.120E+07 1.120E+07 1.120E+07 6.500E-06 6.500E-06 6.500E-06
2 2.900E+07 2.9C0E+07 2.900E+07 3.000E-01 3.Q000E-01 3.000E-01 2.830E-01
1.120E+07 1.120E+07 1.120E+07 6.500E-06 6.500E-06 6.500E-06
3 2.900E+07 2.900E+07 2.3900E+07 2.000E-01 3.000E-0Q01 3.000E-01 2.830E-01
1.120E+07 1.120E+07 1.120E+07 6.500E-06 6.500E-06 6.500E-06
BEAM CROSS SECTION PROPERTIES

Prop No N a m e
1 wgXxs8
2 TB4X4X4
4 TBB8X4X8
5 TB8X8X10
Pr X-Section Moment of Inertia Torsional Shear Shape Fact.
No Area Iy / Iz Const.- J Iyz SFy SFz
1 1.710E+01 7.510E+01 2.280E+02 3.340E+00 0,000E+00 3.83E+00 1.28E+00
2 3.590E+00 8.220E+00 8.220E+00 1.350E+01 O0.000E+CC 1.79E+00 1.79E+00
3 1.000E+02 1.000E+03 1.000E+03 2.000E+03 0.000E+00 0.00E+00 O0.00E+0OC
4 1.040E+01 2.460E+01 7.510E+01 6.410E+01 O.COQE+00 1.30E+00 2.60E+00
5 1.740E+01 1.530E+02 1.530E+02 2.580E+02 OQ.000E+00 1.74E+00 1.74E+00
Revision Ne. 0
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