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Abstract:

The scope of this document is the safety of the West End Tower Vacuum Vessel which will be used at Virgo (Itay).

The system has to comply with the Pressure Equipment Directive (PED) 97/23/CE. The French construction code for
pressure apparatus CODAP (Code De Construction des Appareils a Pression) is used to verify the stresses. With avolume
of 5500 liter and a design pressure of 1.5 bar, the vacuum vessel is classified in PED category I11.
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1 GENERAL DESCRIPTION

The current Virgo vacuum level needs to be improved by about a factor of hundred in order to be
compliant with the required Advanced Virgo sensitivity. Such an improvement requires baking out
the interferometer arms. To separate these arms from the towers that hold the mirrors and allow the
bake-out, four cryogenic vacuum links will be installed.

Cryogenic vacuum links are the classical solution to stop the migration of water from unbaked
towersto interferometer (ITF) arms.

Cryogenic vacuum link

ITF arm

Figure 1, the cryogenic vacuum link.

The outer vacuum vessel will be constructed from stainless steel 304L. Reinforcement ribs are
welded to the outside of the vessel to avoid buckling of the structure. The vessal is equipped with
pump-out and service ports. A stainless steel hydro-formed bellow isforeseen at one end of the
vacuum vessel as a connecting piece between the trap and the tower. This bellow will have a 700 mm
inner diameter and can accommodate expansion of the structure. The other connection is an existing
DN1000 valve. See also Figure 6 at page 8

Inside the vacuum vessel a cold part of the cryogenic vacuum link will be constructed from
aluminum. The inner surface of thislink is cooled with liquid nitrogen. This cold part isisolated
from the vessel by using two air springs and designed in such away that thermal expansion does not
induce stresses in the outside vacuum vessel.



The system will be building up and tested at an extern company. The final performance tests will be
done at Nikhef before installing at Virgo. For this the cryogenic vacuum link will be closed with two
end caps, and one extra the support will be added. See next Figure 2 and Figure 3:

Figure 2, the cryogenic vacuum link how it will build up for testing at Nikhef.

Figure 3, inside the vessel a cold part is mounted (cyan), supported on four ribsat the outside of the vessel.



2 SAFETY

To prevent failure of the system, the system has to equipped with a burst discs on the vacuum vessel
and arelief valve for the nitrogen vessel. The calculations are done based on a burst discs which
opens at a pressure difference of max. 1.5 bar (absolute pressure inside the vessel = max. 2.5 bar)
Both safety systems are venting through a stainless steel safety line for personal safety. See the
following Figure 4-

Relief valve Safety Line
Nitrogen vessel
Burst disc \-\. - / .
Vacuum vessel L i, &
\ "

¥
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Figure 4, two burst discs preventing the vessels. Yellow = vacuum | red = nitrogen | blue = safety line.



3 DEFINING PED CATEGORY

The Pressure Equipment Directive (97/23/EC) was adopted by the European Parliament and the
European Council in May 1997. The PED is a European Single Market Directive that covers pressure
equipment and assemblies with a maximum allowable pressure PS greater than 0.5 bar.

Pressure equipment:
Media

Group:

Phase:

Vessel volume:

Pressure vessel
Nitrogen (N)

Non dangerous media
Gas

V = 5500 Liter

Design Pressure (PS): 1.5 bar

PS. V = 9900 [bar .I]

Tabel 1. defining the PED category for non danger ous gasses. Thered linesindicate the vessel properties.
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Following Tabel 1, the vessel must be classified in category 111
The following modules are available for category I11: B1+D, B1+F, B+E, B+C1, H



4 CALCULATIONS(FINITE ELEMENT ANALYSIS)

Finite element analyses are done for to investigate the expected stresses and deformations. The
French construction code for pressure apparatus (CODAP) is used to verify the stresses. Following
the chosen construction class B and welding coefficient z=0.7, the stress limits according to CODAP
for austenitic stainless steels are:

e Global zones: f=f3=Rn/35
e Weldregions: fw=z.Rn/35
e Peak regions: fpb=15.1;

o Peak/Weldregions: fuw=15.1y

Rn= minimum guaranteed value ultimate tensile strength at room temperature

Finite element analyses are done with the finite element analysis module of 1deas ™. Results of the
stress analysis are presented in terms of Von Mises equivalent stress. In addition the calculated
deformations from the stress analysis and the stability (buckling) are presented. The quality of the
FEA is verified using the strain energy error norm. A value below 7% is recommended by the
IDEAS™ software,

4.1 Operational conditions

Half of the pressure vessel is modeled, as the vessel is symmetric about YZ, see Figure 5 .
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Figure5. the vessel issymmetric about YZ.

The design pressure PS of the vessel is between -1bar (vacuum) and +1.5bar (2.5bar absolute
pressure inside the vessel). Normal operational condition is vacuum. The 2.5bar absolute internal
pressure will be determined by a burst disc which has to open at a max. pressure difference of 1.5bar.
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This can be caused of afailure of the inner cold part which is cooled with liquid nitrogen. The
vacuum vessel will be baked out at 150°C. Operational temperature of the vessel will be 20°C. The
main support of the vessel isthe big valve at the left side, see Figure 6.

Vacuum Vessel Bellow

Valve —

Z-Support —-T

Figure 6, supports of the vacuum vessel.

This support on the left (valve) side can be considered asrigid. At the other end the vessdl is
supported in Z direction by two studs of 12mm and designed in such away that thermal expansion
does not induce stressesin the vessel. The vacuum vessel is connected by a stainless bellow which
can accommodate thermal expansion of the structure.

Theinner cold part, filled with liquid nitrogen, is hanging with air filled bellows on two ribs of the
vacuum vessel, see Figure 7 and Figure 8. The total weight of this aluminum vessel (550 kg) with
liquid nitrogen (300 Liter | 250 kg) on the four flangesis 800 kg (8000 N).



15§ BT I

|
Support

lg ° _

Support

Figure 7. two suspensions of the cold part (nitrogen vessel) inside the vacuum vessel. Blue aretheribsand green arethe
suspensions of theinner cold part.

-— \Jacuum vessel

-~— Nitrogen vessel

Figure 8. detail of the suspension.

Tabel 2, summary of the operational conditions

Operational conditions

Design Pressure -1 bar (vacuum) and + 1.5 bar
Design Temperature 20°C (1.5 bar) and 150°C (vacuum)
Additional load 8000 N (weight nitrogen vessel)




4.2 The FEA model

The FEA model is built up from 3D solid parabolic tetrahedron and 2D Thin Shell parabolic
quadrilateral elements. All loads are applied without any safety factors.
The vessel is verified for two conditions:

1. Pressure+1.5 bar | temperature 20°C

2. Pressure -1bar |temperature 150°C

See for all FEA model constrains the following Figure 9:

3D Solid parabolic tetrahedron

FORCE 4000/4 N

Fixed restrains
(Bolted connection to valve)

Fixed restrains in Z direction
(support below vessel)
Symmetric restrains
Y
Vacuum load: -0.1 MPa X
Internal pressure: +0.15 MPa 2

Figure 9, FEA model with constrains of the vacuum vessel.
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4.3 Material
The vessel will be made from AlIS|I 304L. The material has been salected based on the corrosion

requirements and the welding ability of the material. A summary of the mechanical properties is
givenin Tabel 3.

Tabel 3, properties AIS 304L ( Battelle Sructural Alloys Handbook )

20-25°C 150 °C
Tensile strength Rm [MPa] | min. 520 482
Yield strength Rp02% [MPa] | min. 193 186
Y oung’'s modulus E [GPa] | min. 200 190
Density 0 [g/cm”] 7.85 e
Poisons ratio 0.30
Elongation at break A5 [%0] min. 50
Brinell hardness HB max. 70
The stress limits according to CODAP are:
1. Pressure 1.5 bar | temperature 20°C
Global zones: f=f= I;—’; = % = 148 MPa
Weld regions: fw = % = 073—5520 =103 MPa
Peak regions: fp=15-f; =15 -148 = 222 MPa
Peak/Weld regions: fow =15 - f, = 1.5 - 103 = 155 MPa
2. Pressure -1 bar |temperature 150°C
Global zones: f=fi= z—’;‘ = % = 137 MPa
Weld regions: fw = % = 0'73";82 =96 MPa
Peak regions: fp=15-f; =15 -137 = 205 MPa
Peak/Weld regions: fow =15 - f,, =15 - 96 = 144 MPa

11



4.4 Tube calculation

Design Pressure: PSax = 1.5 bar (0.15 MPa)

Inside diameter: D;, = 1350 mm
Outside diameter: D,,; = 1360 mm
Wall thickness: t=5mm

The vessel can be considered as thin-walled vessel because the Djy/t ratio (1350/5=270) is higher
than 10 (often cited as 20).

. F  PS-D; 0.15- 1350
Radial (Hoop) stress. 0, = — = L= = 20.3 MPa
A 2-t 25
. F PS-Din? 0.15 - 13502
Axial stress: Oyp=-—-= = = = 10.1 MPa
A Doy’ — Di?® 1360%-13502

12



45 FEA results

451 Internal pressureanalysis

FEA Vacuum Vessel | Virgo West Eng Touer
B.C. 3,3TRESS_14,LOAD SET 1.5 EAR INTER

Seleet 3 - SCLUTION SET 1.SBAR INTERHAL PRESSURE
STEESS Von Mises Jveraged Top and bottem shell
Mni 2.57E-02 Mpmwd Max: 1.61B4DZ W2

Part Coordinate System

H/m
Letesoz
1.s3e00z
Lasesoz
La7Ee0z
1298402
LalEsz
1aameoz
1.osEs0z
5678401
PRTT
3.088401
2.288401
5.a58401
s.sa8401
a.a3m401
a.03m401
3.228401
2.azm401
Letmsol
1.08840

2.578-02

-

Figure 10, internal pressure stress result | max stress = 161 Mpa | See detailsin next figures.

2
LoalEsnn

1590z
LoasENZ
Lanmez
1298402
L1k
Lok
1058402
sl [
s.sems0l
8.06E401
72584001
5.45E4L
56801

s.03E400

PR

3.228400

2.42E401

L.61Es1

3.08E40

2.87E-02

-

Figure 11, detail 1 stress at theright flange | max 161 M Pa
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2
FEA Vacuum Vessel | Virge West End Tower Lo6lEs02
B.C. 3,3TRES3_14,LOAD 2ET L.5 BAR INTER

Sclset 3 - 20LOTION SET 1.SEAR INTERHAL PREZSURE R
STRESS Von Mises Averaged Top and botrtem shell

Mini &.STE-0Z HpmwE Max L 61Ee0Z Wz

Pact Coordinate System 1.45E402

Figure 12, detail 2 stress at the transition | max 113 M Pa

2

FEA Vacuum Vessel | Virgo West Zod Tower 161Es02

1.53E402

Min: Z.STE-D2 iz Max LEIEDZ W/mmeZ
Part Coordinate System 1.4sEa0z

1.17Es02

1.25E002

121402

113k

1.08E402

5.67E401

ERTTN

8.06E401

7.28E401

6.45E401

5.64Es01

4.83E401

4.03E401

3.22E401

2.42E401

PRCTIER

5.00E0

2.97E-02

Figure 13, limited stressto 103 MPa (CODAP limit weld regions).
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FEA Vacuum Vessel | Virge West Eng Touer
B.C. 3, DISPLACEMENT_1Z,LOAD 3ET 1.5 BAR

Sclset 3 - SOLUTION SET 1.SEAR INTERHAL PRESSURE
DISPLACEMENT Magnituse Unsvecaged Top shell

Pact Coordinate System

1.70E+00 "
Leizin
Lo
Laamio
Lassioo
L2400
Lastaa0
Liom40s
saznion
-
rass-01
s.mt-01
—
p—
czazo1
2501
R~

0.008430

-1

Figure 14, internal pressure displacement result | max displacement = 1.7mm.

FEA Vacuum Vessel | Virge West End Touer
RESULTSLE

Selset 3 - SOLUTION SET 1.8 BAR OVERPRESSURE

STRAIN ZNERGY ERFOR NORM Scalsr Unaversged Top shell
Min: 4.548-07 Hax: 6.608-01

Part Coorainate Systew

bamensionicas
8.728-01

a.288-01

7.848-01

7.418-01

5.978-01

5.54E-01

6. 10801

5.678-01

5.238-01

s.msE-01

138801

352801

3.498-01

3.088-01

2.618-01

2.188-01

1.708-01

131801

a.72m-02

s.368-02

4.3am-07

-1

Figure 15, strain energy error norm = 4%.
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452 Vacuumanalysis

B2
FEA Vacuum Vessel | Virge West End Tower LoddEsz
B.C. 1,3TRES2 3,L0AD SET 1 VACDIM

Selset L - BOLUTION SET 1 VACUIM

STRESS Von Mises Averaged Top and bottem shell
Mini L 6BE-DZ MimeZ Max: 1.A4E4DZ M/me'Z

Part Coordinate System 2 130z

LTz

Laskaz
1150z
L.oeRs0z
LoLEwz
5358401
8678501
7558401
7.25E801
6. 5001
5. 7EEL
5.06E0L
4.34E01
3. LEL
FRTTIN
2178081
Loasil
7248000

LoesE-0z

-

Figure 16, vacuum stress result | max stress = 144 Mpa | See detail in next figures

¥ode 167201

2

L.4aEs0z

EELTIT

1.30E402

1.23E802

1.16E402

1.08E402

101402

5398401

s.67EL

7. ssEi01

7.23E401

6.50E401

s.78E01

5.06E401

4.34E401

3.61E401

2.85E401

2.17E401

1.4sEsnl

Element 45054 , Nods £308
bata on Top Face : 1.21E402 N/me2
Data on Bottom Face : 1.44E+02 /mr2

7.24E400

1.a8E-02

/F,

Figure 17, detail stressat theright flange | max 144 M Pa
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FEA Vacuum Vessel | Virge West End Tower
D.C. 1,9TRESZ_3,L0KD SET 1 VACUIM

Selset L - 2OLOTION SET 1 VACUM

STRESE Ven Mises Averaged Top and bottem shell
Mini L60E-0Z Npmed Maxi L.44Ee02 Wz

Pact Coordinate System

i
L.4aEs0z
1.37E802
1.30E402
1.23E802
1.18E402
1.08E402
101402
5398401
s.67EL
7. ssEL
7.23E401
6.50E401
s.78E01
5.06E401
4.34E401
3.61E401
2.85E401
2.17E401
1.4sEsnl
7.24E400

1.a8E-02

“2

Figure 18, limited stressto 96 M Pa (CODAP limit weld regions).

FEX Vacuum Vessel | Virgo West End Tower
B.C. 1,DISPLACEMENT_L,LOAD SET 1 VACUUM
Sel=et L - SOLUTION SET 1 VACTIM

DISPLACEMENT Magnitude Unsveraged Top shell
Min: D.DOE4CO ms Max: L.ZOE4OD

Part Coordinate Sya

1.208:00

1.14E490

1.06E430

1.02E400

5. 64E-01

5.05E-01

8.43E-01

7.83E-01

7.23E-01

6.62E-01

5.02E-01

5.42E-01

4.92E-01

4.22E-01

1.61E-01

3.01E-01

2.41E-01

LsiE-al

1.20E-01

5.02E-02

.00E00

Figure 19, vacuum displacement result | max displacement = 1.2 mm.

17




FEA Vacuum Vessel | Virgo West End Tower
MDEL_SOLUTECH_$0LVE
© 2 - SOLUTION SET LINEAR BUCKLING M orthogs 1.68-1L K orchogs 1.5E-11

Figure 20, vacuum first normal mode result | buckling factor = 6.8.
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5 RESULTSOF THE ANALYSIS.

The results are compared with the requirements defined by the CODAP. The limitations of the
analysis are presented, and the compliance with the code is verified.

Assuming the internal pressure analysis, simulation shows that the expected max stress (161 MPa) is
well below the acceptable values of 222 MPafor Peak regions. Detail 1 in Figure 11 shows that the
peak of 161 MPais situated next to the weld region. Detail 2 in Figure 12 shows the transition part
between the two diameters of the tube which has the highest (peak) stressin weld regions. Maximum
is 113 MPawhich iswell below the limit of peak/weld regions (155 MPa). Stressesin other weld
regions are well below the CODAP limit of 103 MPa. Tube calculation aso shows that the general
stresses (20.3 MPa) in the vessel are far below the acceptable value for global zones (148MPa) and
in the same range as the simulation shows (17 — 25 MPa). The stainless steel hydro-formed bellow at
one end of the vacuum vessel has to accommodate an expansion of 1.7 mm.

Assuming the vacuum analysis, the cal culation shows that the expected max stress (144 MPa) iswell
below the acceptable values of 205 MPafor Peak regions. Same as said in the internal pressure
result, Figure 17 shows that the peak of 144 MPais situated next to the weld region. Figure 18 shows
that all weld regions are below the CODAP limit of 96 MPafor weld regions. Buckling analysis
shows a buckling factor of 6.8, where afactor of 3 isrequired, which can be considered as safe. The
tolerances for the fabrication of the vessel will ensure that the shape of the vessel will bein
accordance with the model. The stainless steel hydro-formed bellow at one end of the vacuum vessel
has to accommodate a compression of 1.2 mm.

The global value for the strain energy error norm in the vessel of 4% is below the 7% which is
recommended by the IDEAS™ software.
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6 SUMMARY

Presented is the safety analysis of the vacuum vessel which will be used at the Virgo institute in
Italy. The system must comply with the Pressure Equipment Directive (PED) 97/23/CE. The French
construction code for pressure apparatus (CODAP) is used to verify the stresses.

The vessel will be made of AlISI 304L. The vessel has two design conditions. An internal pressure of
1.5 bar (nitrogen; in case of afailure of theinner cold part) at 20 °C and a vacuum (-1 bar; normal
optional condition) at 150 °C (bake out of the system).

1. Pressure+1.5 bar | temperature 20°C

2. Pressure -1 bar |temperature 150°C

To prevent failure of the system, the system has to equipped with a burst disc which opens at max 1.5
bar absolute pressure.

With avolume of 5500 liter and a design pressure PS of 1.5 bar, the vacuum vessel is classified in
PED category Il11.

Analysis shows that the vessal isin compliance with the requirements put forth by the CODAP. Also
the stability requirements (buckling) lay within the requirements of the CODAP.

20



7 APPENDICES

7.1 Main technical drawings
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7.2 Contents of the PED modules

Module | Description

A Manufacturers attend to internal manufacturing control, themselves producing and storing
the documentation. The authorized body not involved.

Al Manufacturers attend to internal manufacturing control, themselves producing and storing
the documentation.

The authorized body monitors the final verification through unannounced visits.

B Manufacturers draw up the technical documentation and provide samples. The authorized
body examines the technical documentation and undertakes the necessary testing of the samples
and issues an EEC type testing certificate.

Bl The manufacturer draws up the technical documentation. The authorized body examines the
technical documentation and issues an EEC construction testing certificate.

Cil Manufacturers ensure that production conforms to the specifications of the type approval. The
authorized body monitors the final verification through unannounced visits.

D Manufacturers use a documented quality assurance system that covers production, final
inspection and testing.

The authorized body audits, approves and monitors the quality assurance system.

D1 As D but manufacturers must also draw up and file technical documentation for the
equipment.

E Manufacturers use a documented quality assurance system that covers final
inspection and testing.

The authorized body audits, approves and monitors the quality assurance system.

E1 As E but manufacturers must also draw up and file technical documentation for the
equipment.

F Manufacturers ensure that production conforms to the specifications of the type approval or
the construction testing certificate. The authorized body inspects each product.

The authorized body issues a certificate of conformity.

G The manufacturer draws up and submits the technical documentation. The authorized body
examines the technical documentation, manufacture and each individual product.
The authorized body issues a certificate of conformity.

H Manufacturers use a documented quality assurance system that covers construction,
production, final inspection and testing.

H1 As H but manufacturers must also apply for construction approval from the same

authorized body that monitors the quality assurance system.
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