T1400698 - Vacuum Beam tube FEA notes:

Scope:

- Will the back scattering form the vacuum beam tube be a dominant noise at certain frequency?

- If yes, how to mitigate the problem?

To help answering these questions, a FEA model of the beam tube and its support structure has been made. Static analysis have been
performed to see if the static compliance of the model is in agreement with expected values and measurements.

Modal analysis have been carried out to predict the shapes of the beam tube deformation.

Contents:

* Page 2 summarize Robert’s preliminary analysis and gives key numbers (frequencies, stiffness, tube mass..)
* Pages 2 to 6 present the finite element model

e Pages 6 and 8 present a refined model

* Pages 9to 13 is on tubes modeling to assess the quality of the overall model

* Pages 14 to 21 is on the modeling of the compliance of the electric insulators

* Pages 21-22 is on the modeling of the bellows

* Page 23 shows a static analysis of a full section

* Page 24 gives conclusion



Robert’s analysis:

robert.schofield@LIGO.ORG - posted 17:43, Sunday 19 May 2013 (6418)

Beam Tube Motions

Scattering from beam tube baffles is more likely to be a noise source in aLIGO than it was in ILIGO. With this in mind, the motion of the
beam tube was studied. Figure 1 shows beam-line, horizontal and vertical motion for accelerometers mounted midway up the side of the
beam tube near one of the fixed supports. This spectrum was taken at 988m Y from the beam splitter, when the wind was less than 5
MPH. Figure 2 shows beam-line motion spectra for different locations along the beam tube and at different wind velocities. These results

are similar to results at LLO

The beam tube consists of a series of modular segments, with the great majority being

39 m long and weighing about 4000 kg (A+B

segments). The segments are supported close to the middle with a fixed support, and each end hangs from a guided support. The beam
tfube segments are connected at the guided supporis to the next segment in line by bellows that have a measured spring
8.2e5 N/m | Figures 3a and b show that, in the 5 — 20 Hz band| the segmentis act as rigid bodies, |with beam-line motion at the middle and
at the 32 point of a segment being virtually identical, highly coherent and with zero phase difference. Figure 3b also shows that, in
contrast, the motion of adjacent segments is not very coherent. This is likely better news than if adjacent sections moved coherently.

constant jof

The calculated beam-line resonance of a beam tube seament, considering only the bellows springs, would be about 3 Hz | while the actual

’Imwest resonance in the figures is at about 8 Hz.

This demonstrates that the central support is the stiffest spring.|Near th

of the segments are shorier; Figure 3 shows tha

the lowest beam-line resonant frequency of a 33.5 m segment is about

e stations, some

9 3 Hz instead of

8 Hz_ The frequency goes approximately as mass rather than the square root of mass, suggesting, as one might expect, that there is a

’tursmnal component about the central support. A modal explanation of the 8 and 14 Hz resonances awaits modeling.

Since the beam tube segments are moving as rigid bodies in the 10 Hz region, the insulation may not damp the motion much at these

frequencies. We may get a chance to test this as John is going to remove some insulation.




1. Model Overview
1.1 Model Description
CAD Model and import settings:

1&g FEA Simplified Models

-[&] HAM IS FEA

HEPI

SEI BSC ISI FEA

BB Vacuum Beam Tube

; Q% 2 Guided Supports 3 Fixed Supports. SLDASM <X-001=

Q% FEA_Simplified_LIGO Beam Tube SLDASM <X-002>

@; Beam Tube Suppert Anchor Bolt. SLDPRT <X-000>

Q;u; Beamn Tube Support Grommet 21.5LDPRT <X-001=

Q;n) Beam Tube Support System Bottom Bracket. SLDPRT <X-001>
@; Beamn Tube Support System LR Bracket. 5SLDPRT <X-001=

% Beamn Tube Support System Support Rod Washer, SLDPRT <X-000=
% FEA_Simplified_LIGO Beamn TubeSLDPRT <X-001=

I\ Options Elﬂu

- Project Management |SDFEA;DDM ‘ -
- Appearance
. - Regional and Language Options ™ Mamed Selections
Geometry Import S
. - [ns \
[]..@ Common Settings - R Journals and Logs
v - _ - Project Reporting
D"g ieqs\:a:ﬁc‘drler = Auto Detection .. Solution Process Advanced Options
[H- pplet - Mechanical APDL
. Tolerance 0 echanice ¥ CAD Assodativity
[—]@ Mechanical e CFX.
) Face/Face Yes -~ FLUENT [~ Coordinate Systems
@ c Face/Edge Yes - Mechanical
onvergence Edge/Edge Yes Microsoft Office Excel ™ Import Work Points
@ Export — Meshing §
T Fatigue Priority Include All - Design Exgloration ™ Reader Save Part File
@ Frequency E Revolute Joints Yes ¥ Import Using Instances
@ G Fixed Joints Yes
@ Gre:pmhie:? o - I Smart Update
@ Miscellaneous Parts With Contact |0.8 ¥ Process Endosures
.55 Report Parts Without Contact |°'1 ¥ Decompose Disjoint Faces
% Analysis Settings and 5| Defaut Mixed Import Resclution
5y Visibility Type Bonded Solid and Surface -]
@ Wizard Behavior Program Controlled
e b Formulation Program Controlled HEEL ST
Meshing - Browse
51433 FE Modeler - Update Stiffness Program Controlled i
] 3 Auto Rename Connections | Yes Restore Defauts |




1.1 Model Description

Sub-assemblies:

Fixed and guided support: 3D elements

Beam tube, bellows and stiffening rings (not represented): shell elements



1.1 Model Description

Meshing:

Statistics
Modes 326871
Elements 210477

Properties check:

Volume 0.50531 m*®

Mass 3966.7 kg




1.2 Modal Analysis Results Mode 1

Mode | |v Frequency [Hz] |
1)1, 9531
il. 10176 0.000 5.000 10.000 {rm)
313 10.587 2,500 7.500
44, 10.597
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6 |6. 27.245

" 1 T V | v
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- I a0
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10,000 {rm)
] .
! 2.000 (m)
| ]

10,000 ()
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2. Refined Model

Questions about the first model / objectives for the refined model:
- Stiffening effect from contacts elements?

- Can we mesh it all solid?

- Gravity/pre-stress effects in cables?

- Longitudinal modes, bellows stiffness?

Two Sections:

Meshing...

Way longer to mesh/solve than a single section (had not completed after several hours)



2. Refined model results
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3. Tubes Modeling

3.1 Bending and breathing modes

Tube bending mode: analytical eigen frequency (Blevins)

fil

21.6377

Breathing mode
Cylindrical shells of infinite length

(Blevins )
fl =
5.4040
f2 =
15.2848
3 =
29,3072

%% Eigen fregmency for the tube section

ro=TE50%1000;
b=0.01;
m=ro*b"3;

L=15.1;
m=1885/L;

E=2ell;
r=1.245/2;
t=0.0032;
I=pi*r~3%t;

lambda=4.730;
f1 = lambda”2/(2*pi*L~2)* (E*I/m)"~0.5

%% Shell (Tuobe, breathing) Mode

clc

ma=7800;

nu=0.3;

k=2:

lambdal = ({1/12)"0.5 #*tf/r *k #*(k"2-1)/(14+k"2)"0.
fl= lambdal/ (Z*pi*r)* (E/ (mu* (1-nu™~2)})"~0.5

=3;

lambda2 = (1/12)"0.5 #*tfr *k #*(k"2-1)/(1+k"2)"0.
f2= lambda2/ (Z*pi*r)* (E/ (mu* (1-nu™~2)})"~0.5

k=4;

lambda3 = (1/12)"0.5 #*tfr *k #*(k"2-1)/(14+k"2)"0.

f3= lambda3/ (2#*pi*r)* (E/ (mu* (1-nu™2)))~0.5

&5

&5



3.1 Bending and breathing modes

Using shell Elements

[ .
Mode F Frequency [Hz]

1 |1. 0.

2 |2 0.

3 |3 0.

4 |4, 7.1346e-006
5 |5 1.4558e-005
6 |6, 1.6228e-005
T |7 6.196

& |8, 6.1967

g |9, 6.2047

10 {10, 6.2065

11 |11. 9.4166

12 |12, 94187

13 |13, 20273




3.1 Bending and breathing modes
Thinner Meshing (Shell)

=I| Statistics ' zj”
|| Modes 11376 a0 150 5000}
|| Elements 11328 -
Tabular Data
Mode |7 Frequency [Hz]
1 |1. 0.
2 |2, 0.
3 |3 0.
4 |4, 4.5056e-006
5 |5 1.9943e-005
6 |6, 2.3188e-005
7 |7 54318
& |8, 54318
g |9, 5.4409
10 |10, 5.4409
11 |11, 8.7579
12 |12, 8.7579
13 |13, 15.525

2.9208e-5 Min

Noncommercial use only

0.0003691 Min |



3.1 Bending and breathing modes

Solid Elements
Tabular Data

Mode ||7 Frequency [Hz] |
1 1. 8.3653e-004
2 |2 1.4116e-003
3 |3 1.5707e-003
4 4. 1.9305e-003
5 |5 2.444e-003
6 |6 2.4583e-003
T |7 21.018
& |8 21.044
9 |9, 25.293
10 [10. 2575 Flequeney 2 D0E e
B3 o ;Ifnlls,’;;l 14 2:00 PM =
12 112, 27674 :
15|13, 28.2M — = 0.045536 Max
14 114, 28426 0.040487
15[15. 32885 0.035438
ilﬁ' 33177 0,0303849
17 |17.  45.545 3333331
18 A ] 0.015242
1913, 35.084 0.010194
020, 55173 R ——
L8 9.581e-5Min
F;elquencg,-': 25,293 Hz
[dnit: m
4/12/2014 159 P
0.091286 Max
0081147
. . 0,071008
Breathing mode not Predicted 16087
by the solid meshing L T
0040592
0,030453
0.020314
0.010176

3.6865e-3 Min



3.1 Bending and breathing modes

=%% SELECTION OF ELEMENT TECHNCOLOGIES FOR APPLICABRLE ELEMENTS #%*
-—— GIVE SUGGESTICHS AND EESET THE KEY CPTICNS ---

ELEMENT TYFPE 1 IS5 SHELL181. IT IS5 ASS50CTATED WITH ELASTOPLASTIC
MATERIALS ONLY. EEYOPT (8)=Z IS5 SUGGESTED AND EEYOPT (3)=2 IS5 SUGGESTED FCR
HIGHER ACCURACY OF MEMBRANE STRESSES; OTHERWISE, EEYOFT (3)=0 IS SUGGESTED.
KEYOPT (8) HAS BEEN RESET BUT EEYCPT(3) CAN NOT BEE RESET HERE. PLEASE RESET
IT MANUALLY IF NECESSARY.

EEYOPT (1-12)= a 0 2 1] a a 0 2 1] a 0 0

ELEMENT TYFE 1 HAS EEYCPT (3)=2. FCOE THE 3PECIFIED AMALYSIS TYPE, LUMFED MAS3
MATRIX OPTICON (LUMEM, CH) I3 SUGGESTED.

SHELL181 Input Summary KEYOPT(1)
Element stiffness:
Nodes 0--
1 K,L Bending and membrane stiffness (default)
Degrees of Freedom 1-- )
U, UY, UZ, ROTX, ROTY, ROTZ if KEYOPT(L) = 0 Membrane stiffness only
U, UY, UZIFKEYOPT(1) = 1 2-- ) )
Stress/strain evaluation only
KEYOPT(3)
Integration opton:
0 _
Reduced integration with hourglass control (default)
2 _
Full integration with incompatible modes
. . KEYOPT(8)
ANSYS Structural AnaIyS|s Guide: Specify layer data storage:
0 _
. Store data for bottom of bottom layer and top of top layer (multi-layer elements) (default)
http://orange.engr.ucdavis.edu/Docum 1--
. Store data for TOP and BOTTOM, for al layers (mult-layer elements
entation12.1/121/ans_str.pdf yers (mitay )
Note: Volume of data may be excessive.
2 _
Store data for TOP, BOTTOM, and MID for all layers; applies to single- and mult-ayer elements
KEYOPT(9)
User thickness option:
0 _

Mo user subroutine to provide initial thickness (default)
1 _
Read inital thickness data from wser subroutine UTHICK.



4. Including the “Micarta Block”

e

MICARTA BLOCK 44 X 44 X 25 W/ 25
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http://www.professionalplastics.com/professionalplastics/MicartaGrades-DataSheet.pdf

Micarta ® Laminates — Various Grades Technical Information

Fhenolic sheet is a hard, dense material made by applving heat and pressure to layers of paper or
glass cloth impregnated with synthetic resin. These layvers of laminations are usually of cellulose
paper, cotton fabrics, synthetic yam fabncs, glass fabrics or unwoven fabrics. Ywhen heat and
pressure are applied to the lavers, a chemical reaction (polymerization) transforms the layers into a
high-pressure thermosetting industnal laminated plastic.




4. Including the “Micarta Block”

Standard stock grades include:

G10/FR4 Glass Reinforced Epoxy - natural {vellowish to light green) The most versatile all around laminate, this grade is a
continuous glass woven fabric base impregnated with an epoxy resin binder. It has extremely high mechanical strength, good dielectric
loss properties, and good electnc strength properties, both wet and dry. Certifies to Mil--24766/27 GEE-F

G11/FRS Glass Reinforced Epoxy - natural (yellow green to amber) This grade is similarto G10/FR4 , with the addition of a higher
operating temperature and some improved mechanical strength at elevated temperatures. Certifies to Mil-1-247658/28 GEE -F

Typical properties of phenolics
|
ASTM or Property General Impact Non Electrical Heat Glass |[Chemical resistant
UL test P pUurpose P bleeding resistant | reinforced compound
PHYSICAL
D79z Specific gravity 1.35- 1486 11'16,]' 1237-138[136-175  141-184 17-20 1.37-175
YWater absorption, 24 hours, _ _ _ 3 : : :
D570 1/8 inch thick (%) 06-07 06-09 | 0809 |005020 030-0235 005-02 0.20-040
MECHANICAL
. : §,000- §,000- 5,000- 5,000-
DE51 | Tensile strength (psi) .6,500— 7,000 7.000 7 000 7.000 5000 6,000- 12,000 7.000-9,000
D790 Flexural modulus (105 psi) 1113 | 12 | 10 | 17-25 14 ||  20-30 | 10
. 9 000- 9.,000- = -
D7al Flexural strength (psi) 11.000 10 000 10,000 11.000 10,000 24 000 9500




TYPICAL PROPERTIES of GLASS LAMINATES (SHEET FORM)

{ mechanical properties of rod and tube forms may differ

ASTM or UL test Property | G-3 | G-5/G-9 | G-7 G-10 G-11
PHYSICAL
D792 Density (Ib/in3) 0.065 0.067 0.065 0.065 0.065
{g/cm3) 1.80 1.85 1.80 1.80 1.80
D570 Water Absorption, 24 hrs (%) 2.65 0.60 0.10 0.10 0.20
MECHANICAL
Tensile Strength (psi)
De38 -lengthwise 42,000 61,600 20,000 45,000 43,000
-CrosSswise 34,000 51,100 - 38,000 37,000
Flexural Strength (psi)
D790 -lengthwise 40,500 61,600 30,000 75,000 80,000
-Crosswise 34,000 51,100 - 65,000 70,000
Flexural Modulus (Kpsi)
D790 -lengthwise 1,800 2,000 1,600 2,700 3,000
-Crosswise 1,400 1,700 - 2,400 2,700
[ZOD Motched Impact (ft-1b/in)
D256 -lengthwise 12.0 12.5 13.0 14.0 12.0
-Crosswise 11.0 8.5 - 12.0 9.0
D695 Compressive Strength (psi) 55,000 65,000 50,000 65,000 632,000
D785 Hardness, Rockwell M M110 M115 M105 M110 M112

E = 3000 kpsi ~ 20,000 Mpa



Flexural modulus

Celebs And Their Twins From Hundreds Of Years Ago!

From Wikipedia, the free encyclopedia

In mechanics (mechanics is a branch of physics), the flexural modulus or bending modulus!" is the ratio of stress
to strain in flexural deformation, or the tendency for a material to bend. It is determined from the slope of a stress-
strain curve produced by a flexural test (such as the ASTM D 790), and uses units of force per area ¥ It is an intensive
property.

For a 3-point test of a rectangular beam

behaving as an isotropic linear material, Force (F)
where w and i are the width and height of l
the beam, L is the distance between the two y
outer supports and d is the deflection due Ih
fo the load F applied at the middle of the v ‘E'w
beam, the flexural modulus: Supports Deflection (d)
£ L*F < Length (L) 7
bend — 3 137
T dwhdd
L*F
From elastic beam theory  — and
481 F
Flexural modulus measurement o)
for rectangular beam | — —wh3

12
thus fy ..q = F (Elastic modulus)

|deally, flexural or bending modulus of elasticity is equivalent to the tensile or compressive modulus of elasticity. In
reality, these values may be different, especially for plastic materials.




Fixed Support Monolithic

k=F/x~1e7 N/m

T.0139e-3
fh.011%e-8
5.0099e-8
4.008e-8
3.006e-3
2.004e-8
L00Ze-3
0 Min



Shear Stiffness of a Micarta block (no holes first, to check with shear stress formula)

Analytical shear behavior:

Gamma=tau/G
G=E/2/(1+nu)

Tau =F/A
X=gamma * h
->F=(A*G/h) *x
E =20,000 Mpa
Nu=0.3
A=44mm*44mm
H=25 mm
k=5.96e8 N/m

Tirne: 1

0 Max

-L0428e-9
-1.3905e-9
-L7381e-9
-2.0858e-9
-2.4334e-10
-2.781e-9

-3.1287e-

With hole

Tirne: 1
10/22/2014 1139 Ak

6.4139%-9 Max
5.7012e-9
4.9886e-9
4.2759e-9
3.5633e-9
2.8506e-9
2.138e-9
143539
7.1265e-10

0 Min

Global Coordinate System

-3.4763e-10
-6,9526e-10

10/22/2014 11:21 AR

9 Min

k=F/x~3.2e8 N/m

k=F/x~1.56e8 N/m



B Connections

= /& Contacts

. . . R 8, Contact Region
Fixed Support with insulatorstitt .. ", Contact Region 2

e SR W B, Contact Region 3
modeled with steels, butas O . Contact Region 4

------- 3'I,,\ Contact Region 5

independent parts. Contact elements ~© i Contoct Regon ¢

between the insulators andthe = 1, ContactRegion 7
------- #. Contact Region 8

brackets. Check we get the sameresults = T Comtot Regon 1
. . D, B Contact Region 10
as with the monolithic structure. . o CortactRegon 11
------- #. Contact Region 12
------- 3'I,,\ Contact Region 13
------- 3'I,,\ Contact Region 14
------- 3'I,,\ Contact Region 15
------- 3'I,,\ Contact Region 16

76 contacts...

6.1348e-8
5.1123e-8
4.0893e-5
3.0674e-8
2.0449%e-8
L0225e-8
0 Min

9.02e-8m compared to 9.02e-8 for the
monolithic steel structure -> similar result



5. Bellows stiffness

5.1 Using shell elements

2.7437e-7 Max
2,438%-7
2.134e-7
L8291e-7
L5243e-7
L.2194e-7
9,1457e-8
6.0972e-8
3.0486e-8

0 Min

k=F/x~3.7e6 N/m

Got same results with twice many elements
(40,000 elements to 80,000 elements)



5. Bellows stiffness

5.2 Using solid elements

102272014 3:24 PM

1.0279-7 Max
9,1372e-8
7.9951e-8
6,8529e-8
5.7108e-8
4.5686e-8
3.4265e-8
2.2843e-8
1.1432e-8

0 Min

k=F/x~9.7e6 N/m
Meshing too coarse?

Thinner
mesh:
300,000
elements

1072272014 3:45 PM

2.6894e-7 Max
2.3906e-7
2.0918e-7
L.7929e-7
La94le-7
L1953e-7
4.9647e-8
5.0764e-8
2.9882e-8

= 0 Min

k=F/x~3.7e6 N/m

Same results as with the shell meshing.



6. Static Model

_ E o
Robert: “the pusher rod is attached to the bottom center of the 3rd stiffening ring from
the fixed support. | had no load cells, only accelerometers, so no force measurements.”

Static FEA: Nt;-r_icc;:'nmercial use only

2.193e-8 Max
L.9493e-8
L7056e-8
Lab2e-8

121838
9.7465¢-9 '
7.309%¢-9 ) g
4.8732e-0 = =
2,4366e-9 S

0 Min TS ¥

: ‘.-."}."; n.oog 5.000 10,000 (rn)
2.500 7.500



Conclusion / summary:

- The finite element models predict the bellow’s stiffness to be approximately 3.7e6 N/m.

- Some stiffness measurements of the bellows are reported in LIGO document “E960123 Beam Tube Bakeout Design Requirements
Document”. The document reports a mean value of 4677 Ib/in (page 14). This translates into 8.2e5 N/m, which is about four times lower than
the finite element results.

-Robert had a look at the spare section of bellow that is seating on the LHO parking lot (mostly to check the thickness). He found an engraved
value indicating a stiffness approximately twice higher than what is reported in E960123. That is still lower than what the FEA predicts.

- The report E960123 states that “these spring constants have been corrected for the Hyspan calibration error in reporting the original data”,
but it does not provide further details.

- The finite element model predict the longitudinal stiffness of the assembly to be approximately 5e7 N/m. The analysis shows that electrical
insulators (Micarta G10) should not contribute much to the overall compliance, assuming that they are perfectly bounded (enough preload in
the joints).

- The finite element model (several sections of bean tubes, guided and fixed supports) does not predict any pure longitudinal mode. All the
modes predicted involve a great amount of bending of the tubes. So either the full model over constrains the longitudinal motion, or the

measurements underestimate the bending contribution of the tube.
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