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Introduction
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« Cavities + processing + helium vessels by Research + Bare cavities by Zanon (IT) under US- * High power solid state amplifiers by
Instruments (DE) & CERN AUP BINP-Russia
* Cold magnetic shields by UK * Processing + cold magnetic shield + * High power RF lines, circulators, loads
« HOM couplers + antennas by CERN helium vessel + HOM couplers + by MEPHI-Russia
* 4CM by UK (STFC)& 1 CM at CERN with some antennas + cold tests by US-AUP
components from CERN * 5 CM by TRIUMF-Canada with some
» All cavities & CM cold validation tests at CERN (and components by CERN
a few at Uppsala-Sweden) * CM cold validation tests at CERN
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* M. Garlasche "Transport of RFD Equipment to UK™ 11th HL-LHC Collaboration Meeting. 2021
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Risk analysis

= What issues can arise during transport
= Shock
= Vibration
= Contamination/humidity
= Untightening screws
= Misalignment

= What equipment is critical
= Manufacturing Cost/ delay
= Material properties
= Difficulty of risk detection

= Risk analysis on
= Components
= Assemblies

= Deep analyses of risks
= FEM

* K. Artoos “Transport aspects™ International review of the CRAB cavity system design and production plan for the HL-LHC. 2019
* M. Garlasche "Transport of RFD Equipment to UK 11th HL-LHC Collaboration Meeting. 2021
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Risk mitigation

= Some mitigations are applied on the design of the equipment

Random vibration

3. Response spectrum analysis

PSD of the random signal

Analysis of the response of the model

A Response PSD is calculated for every node at each frequency.

A RMS value (1,2 or 3 sigma) for the entire frequency range is calculated for every
node

Cavity support

Displacement, 3 sigma

INPUT — ASTM 4169 — Truck PSD

A3 54180 P Camparirs
K P 5 o

Only for illustration
Stress, 3 sigma TM 4169 random excitation longitudinal
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* K. Artoos “Transport aspects™ International review of the CRAB cavity system design and production plan for the HL-LHC. 2019
* M. Garlasche "Transport of RFD Equipment to UK 11th HL-LHC Collaboration Meeting. 2021
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Risk mitigation
Other risks are mitigated designing transport equipment

Transport frame for the Dressed Cavity Transport frame for STFC RFD cryomodule. Courtesy of T. Capelli
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HOMs transport calculations

= Verify the integrity of the HOMs during transport

= RFD AUP H-HOM

* FEM analyses for transport

= Modal

Shock

Random vibration

= Fatigue

Calculations done on the components
without mitigation methods
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RFD AUP H-HOM transport calculations
1. Modal analysis

= |tis a preliminary analysis needed before
= Response spectrum analysis
= Random vibration analysis

= Natural frequencies and modes

Mode 1 Mode 2 Mode 3

Frequency [Hz]

1 65.9
2 67.0
3 342.4
4 349.0
5 445.5
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RFD AUP H-HOM transport calculations
2. Shock analysis

* Dynamic and non-deterministic load in a very short time

= 2 approaches
= Response spectrum analysis - 10 g and 20 ms in the frequency domain

3 Acceleration Shock Response Spectrum Q=10

10

Experimental value
More critical than MIL-STD-810H

Peak Acceleration [mfsz]
SN

10"
10° 10" 10% 10°
Matural Frequency (Hz)

= Transient analysis - 10 g and 20 ms in time domain

100 T T T T T T

5

Acceleration [mfsz]

0 0.1 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time [s]
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2. Shock analysis — Response spectrum

Results — X direction (most critical)

Response spectrum — Max stress = 75 MPa > 37 MPa = Rp >

E: Response Spectrum
Total Deformation
Unit: mm
1.1731 Max
1.0427
0.91239
0.78204
0.6517
0.52136
0.39102
0.26068
0.13034
0 Min

E: Response Spectrum
Equivalent Stress

RFD AUP H-HOM transport calculations

75.613 Max

32.375

27.75

23.125

18.5

13.875

9.25

4,625
1.9817e-6 Min
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RFD AUP H-HOM transport calculations

2. Shock analysis - Transient

Results -X direction (most critical)
Time-dependant simulation needed to analyse the effect of the high stresses on the permanent
deformation

Important simulations parameters:
Total time = 0.7 s — it is enough to damp most of the oscillations

Damping ratio = 2% (standard value)

Plastic strain with a shock of 10g and 20ms in X direction Peak deformation with a shock of 10g and 20ms in X direction

F: Transient Structural
Total Deformation

Unit: mm

Time: 1.10257812e-002 s

F: Transient Structural
Equivalent Plastic Strain
Unit: mm/mm

Time: 0.7 s

0.00033338 Max 1.2269 Max
0.00029634 . 1.0906
0.0002593 0.95429
0.00022226 0.81797
0.00018521 0.68164
0.00014817 0.54531
0.00011113 0.40898
7.4085¢-5 027266
3.7043e-5 013633
0 Min 0 Min

Evolution of the maximum deformation
125 £\

Peak instantaneous 105

deformation =1.23 mm E g.gg f
<

0.75
Space hook-cavity = 9mm

0.65
0.55
0.45

0.35 | .
0.25 + Permanent deformation

0.15
0.05 Q <
-0.05 S ey 0.04mm

B . . Time [s]
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RFD AUP H-HOM transport calculations

Amplitud-time history [1]

3. Random vibration analysis
Dynamic, non-deterministic loads in a long time Tome

RV = Gaussian process: stationary and zero mean

l Gaussian random process [1]

# of Ocurrences

Also the stresses

: J ”

2 ' e % i
Q. ! -1 “
: | s
£o I ot 0§ K =mean
© . @
= | standard deviation 1 -

i of the mean -

2.
4 J 3
1 4 3 o 7 8 a9 10
Time 10*
Standard Probability
deviation
RMS
lo 68%
20 95%
Limit considered ﬁ‘l 30 99.7%

[1] L.E. Ballesteros “Failure prediction of structures subjected to random vibrations™ http://hdl.handle.net/10150/630147
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http://hdl.handle.net/10150/630147

RFD AUP H-HOM transport calculations

3. Random vibration analysis

= Power Spectral Density (PSD) function

= From time domain — to frequency domain

Average Power or energy of the vibration as a function of the frequency

PSD curve of truck transport [2]
ASTMD4169 Truck profile / RFD Cavity Transport Test

1.0E-01

10E02
1.06-03 /_\

1.0E-04

N

(g2/Hz)

PSD

1.0E-05

— ASTMD4169 High level
1.0E-06

— ASTMD4169 Medium level

1.0E-07
———ASTMD4169 Low level

1.0E-08

Frequency (Hz)

[2] “ASM D4169 -16 - Standard Practice for Performance Testing of Shipping Containers and Systems,” ASTM International,
West Conshohocken, PA, 2016.
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RFD AUP H-HOM transport calculations

= Random vibration analysis

PSD curve of truck transport. From ASTM D-4169 [2] and CERN transport data from STFC to CERN in X direction [3]

Natural frequency = 67Hz

1.0E-01

1.0€-02

g

= W \

1.0€-03

‘é" 1.0E-04 + ',r = ~——
: WW N
o N ™ LAl
2 M T
a.  1.0e-05
1.0E-06 —— ASTMDA4169 High level
—— ASTMD4169 Medium level
ASTMDA169 Low level ) ‘
1.0E-07 Test Transport Cavity X AVG \ ‘
——Test Transport Cavity X MAX i '
Test Transport Frame X MAX ‘ f
——Test"Transport frame AVG"
1.0E-08

Frequency (Hz)

[2] “ASM D4169 -16 - Standard Practice for Performance Testing of Shipping Containers and Systems,” ASTM International, West Conshohocken, PA,

2016.
[3] M. Guinchard, “Mechanical vibration and stress measurements on the RFD cryomodule during transport from UK” EDMS 2755675.
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Random vibration analysis

Results — X direction is the most critical

- B: Random Vibration
Probability of occurrence 68.27% Equivalent Stress 2

68.25% of probability to not exceed 1.6 MPa  scale Factor Value: 2 Sigma
Probability: 95.4499874 %

B: Random Vibration
Equivalent Stress
Scale Factor Value: 1 Sigma

Probability: 68.2689472 % e ;v_lapgu Max

Unit: MPa H 2.9877

. 1.6806 Max 26142
1.4938 22408

= o1som 1.8673
1.1204 1.4938

|: 0.93365 1.1204
0.74692 0.74692

= 056019 0.37346

0.37346 1.8238e-7 Min
0.18673
9.1192e-8 Min

No plasticization but Cyclic load.
Therefore, it could failure by:
— Fatigue (Assessed by the stress life method)

:ﬂ Raﬂld";"s"ibﬁ:"" Probability of occurrence 4,28% B: Random Vibration
quivalent Stress o m Normal Stress- Bending
gcale Fe_a‘cmlr Val7ue:3 S\g;ﬁa 99.73% of probability to not exceed 5 MPa Type: Normal Stress(x Axis)

rqbabl ity: 99.7300065 % Scale Factor Value: 3 Sigma
Unit: MPa

Probability: 99.7300065 %
Unit: MPa

5.0417 Max 5.4437 Max
44815 F 25
39213 2.05
33612 16
2.801 115
22408 07
1.6806 05
1.1204 0.4
0.56019 03
2.7358e-7 Min 9.8425e-8 Min
Hilumi Y (&)Y
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RFD AUP H-HOM transport calculations

Probability of occurrence 27,18%
95.45% of probability to not exceed 3.4 MPa




RFD AUP H-HOM transport calculations

= Fatigue analysis
= Cyclic random vibration load

= ANSYS Fatigue tool RV — stress life (Whoeler)
= S-N curve of Nb

SN curve of Nb: f = 25 Hz and R = 0.1 (draft results, pending publication)
= Linear or bi-linear

Courtesy of A. Galifa

" R=0min/ Omax = -1 (default) NbRRR300_4mm_sheet_RT

= Strain rate (frequency) 100
Linear SN Nb curve: f = 25 Hz, R=-1 £
S 21 o .
Eﬂ 2.05 .g * o .
= £ 50
s — 192 E‘ 7 ®eo o °,
EE 19 b r
E‘E 185 3 25 o
@ 18 i
- 175
,‘:".; 17 0
0 1 2 3 4 5 6 7 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles (log10) No. of cycles to failure
; ; ’ . .
" Three SIgMma method + Damage (Mlner S rule). Narrow band process assumption
(each zero up crossing = 1 cycle)
RMS stress Occurrence Stress Amplitude D= Mo, P20 Mo ¢
level Probability P; [MPa] Nic Nz N3o
0, .
lo 68.27% 1.6 Nig = fo xTx Pi; belng fO —
20 27.18% 3.4 5
- 2ioN1/b
30 4.28% 5 Nig =Nz X (5

: Depends on the point considered
' L i CERN el _
HL !Hc pnmml \ 00 = RMS stress velocity
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RFD AUP H-HOM transport calculations

Fatigue analysis

Results

I Time of transport
C: Random Vibration
Damage 2.5 days

I 2.7109e-24 Max
1e-35 Min

I No fatigue fracture I
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Conclusions

Transport is a daily and challenging activity of the crab cavity project

To protect our components and assemblies during transport

= Risk analysis
= Risk mitigation
= HOMs calculations: RFD AUP
= Shock
= Random vibration
= Fatigue

= Results show no risk for the component ©
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RFD AUP H-HOM transport calculations
Random vibration analysis — max PSD of the norm ASTM D-4169

Results — X direction is the most critical

Probability of occurrence 68.27%
68.25% of probability to not exceed 32 MPa Probability of occurrence 27,18%
95.45% of probability to not exceed 64 MPa

D: Random Vibration - PSD norm X D: Random Vibration - PSD norm X
Equivalent Stress Equivalent Stress 2

Scale Factor Value: 1 Sigma Scale Factor Value: 2 Sigma
Probability: 68.2689472 % Probability: 95.4499874 %

Unit: MPa Unit: MPa
64,457 Max
B 32.229 Max F p
i'gg? 32375
. 2775
21486 23125
B 17.905 185
14324 13.875
£ 10743 025
71619 4625
3.581 1.011e-6 Min
5.0549e-7 Min

Probability of occurrence 4,28%
99.73% of probability to not exceed 97 MPa
D: Random Vibration - PSD norm X
Equivalent Stress 3
Scale Factor Value: 3 Sigma
Probability: 99.7300065 %
Unit: MPa

96,686 Max
ki

32375

27.75

23125

185

13.875

9.25

4.625
1.5165e-6 Min

I Plasticization I
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RFD AUP H-HOM transport calculations

Linear elastic static structural analysis

H: Static Structural - linear
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

E: Static Structural - linear
Static Structural

. Fixed Support

97.589 Ma
B | Acceleration: 180000. mm/s? . o X

32375
— 2775

23125
. 18.5

| 13875

9.2501
I 46251
0.00014725 Min

0.1% of plastic strain and cyclic load.

Therefore, there could be two possible failures:
I: Static Structural - plasticity

Equivalent Stress
Unit: MPa

41.396 Max
H 37
32375

— Fatigue (Cannot be assessed for the moment)

— Ratcheting (It doesn’t happen when we have a Random
vibration because the stress cycling is symmetric)

46251

0.00014723 Min
I: Static Structural - plasticity
Equivalent Plastic Strain
Unit: mm/mm

0.0014662 Max

H 0.0013033

‘— 0.0011403

— 0.00097744
0.00081454
0.00065163
0.00048872

0.00032581
0.00016291

. . 0 Min @ Y
‘ HHI_-I!FEELﬁJHO_J_ECTI \ ZJ

Sz Teresa Guillen, 14th HL-LHC Collaboration Meeting




RFD AUP H-HOM transport calculations

Random vibration analysis

Results — X direction is the most critical

C: Random Vibration

Directional Deformation 3

Type: Directional Deformation(X Axis)
Scale Factor Value: 3 Sigma
Probability: 99.7300065 %

0.053721 Max
! 0.047752
0.041783
| 0.035814
0.029845 7
0.023876
0.017907
0.011938
0.005969 X
0 Min

Probability of occurrence 4,28%

99.73% of probability to not exceed 0.05 mm I 0.05 mm << 9 mm (Space hook-cavity) I
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