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Cryomodule Assembly
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ILC Cryomodaule

A

12652 mm

300mm diam gas return pipe

ILC Type IV (Type B) /o

|||||||||||||||||||||||||||||||

\ [/
1.3 GHz nine-cell cavities (x8)

A

11992 mm
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Cryomodule Cross-sectional View

¢ 300 GUS
200 GUS RETURN PIPE
&
S RETURN PIPE $965.20 o
[ 05 o
$965 .20 Tﬁ | S -
D : <
5 . o
/(//// 3 —
— 1
-1 \ 1
— 1
5 A U7
) f
[ i 0
\.J O D
C% — o
INPUT == ~ INPUT .
COUPLER <~ COUPLER C;
o ® N N
. 80K SHIELD
80K SHIELD
5K SHIELD 5K SHIELD
CAVITY
CAVITY
[T

(a) Module-C for FNAL cavity

(b) Module-A for KEK cavity

Centerfor
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Superconducting

» 7/ Accelerator
Wfﬁiﬁ{zxgn[]&%st S e

2 K two-phase superfluid helium
pipeline

2 K gas helium return line.

5 K shield line and 80 K or 40 K
shield line.

Cold mass at 2 K is enclosed with
two thermal shields

No issues with pressure vessel
compliance for these lines.
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Pressure Vessel Compliance
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1.3 GHz 9-Cell SRF Cavity Assembly @ .-

Accelerator

Niobium SRF Cavity with its Titanium
jacket is considered as a pressure vessel

\ 2

Design must be cleared by high-pressure
gas safety authorities

¥

Determine maximum allowable stress
and buckling pressure using ANSYS.

¥

Nb and NbTi not listed as a material for
high pressure vessel design

ICRBEENERE > 2 —

1.3 GHz nine-cell
Nb cavity

Tuner motor and
piezo-actuators

2-phase He supply pipe

HOM coupler N

Blade tuner

High-power

coupler port
Cited from: The International Linear Collider: A
Global Project, arXiv:1903.01629 [hep-ex]




Steps Involved in Preparing
Documentation
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 SREEEMES & —

= Description of the SRF cavity assembly.
= Mechanical properties of the materials at room and in liquid helium temperatures.

= Mechanical properties of welded joints like Nb-Nb, Nb-Ti, Ti-Ti welds etc.

= Stress and buckling analysis of the cavity assembly using CAE software at maximum
allowable working pressure (0.2 MPa) and tuner displacement.

= Cavity fabrication information.
" Pressure test and examination reports.

* Documentation to summarize above items to be submitted to the high-pressure gas
safety authority.

\
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Structural Analysis

= Structural analysis determines the integrity of structure to withstand loads.

= Structural analysis incorporates the fields of mechanics and dynamics as well
as the many failure theories.

" From a theoretical perspective, the primary goal of structural analysis is the
computation of deformations, internal forces, and stresses.

" |n practice, structural analysis reveals the structural performance of the
engineering design and ensures the soundness of structural integrity in
design without dependence on direct testing.

\
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displacement (in) Magnitude

EQ 728e-06

=2.0459e-6

1.363%9e-6

6.8196e-7

G
20 kip 40 kip
I-‘>6ft~’-|-<-6ft—>l<~6ft 6 ft

A. Bedford and K.M Leichti, Mechanics of materials,
second edition, Springer.

0
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Finite Element Analysis e .-

= FEA is a powerful computational technique for approximate solutions to a variety of
“real-world” problems.

" |t relies on decomposition of domain (solid, liquid or gas) into a finite number of sub-
domains.

= Reduces the problem into finite number of unknowns by dividing the domain into
elements and by expressing the unknown field variable in terms of the assumed
approximating functions within each element.

\ 2021/09/09 12
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Finite Element Analysis e .-

|o——e 2

= Discretization of the domain into finite number of line element
sub-domains.

3 4 4
= Selection of interpolating functions. ylbz , 103 ) ‘<>3
T—Dx T—»x 2 T—bx ?

= Development of the elemental matrix of the sub-

. triangular rectangular quadrilateral
doma IN. area clements
4
= Assembly of the element matrices for each 3 /\ 5
. . . 1 3
subdomain to obtain global matrix. yz H? ; 1
1
- . 6 2
= Imposition of boundary conditions. ,,T—- ,J‘—» ,J‘—»
. . tetrahedral right prism irregular hexahedal
= SO|UtIOn Of equatIOnS. volume elements

= Additional data-analysis if necessary.

Cited from: E Madenci and | Guven., The finite element method and
applications in engineering using ANSYS®, second edition, Springer 2015.

\ 2021/09/09 13



Direct Approach: Linear Spring System
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= Suitable for simpler problems but fundamental
step of a typical FEA.
= Global system of equations can be cast into:

Ku=F

= fi=ku=Kk(u;—uy) =5 f,=-f;

U=1uy— Uy
\ /
l y _k]{ } { } or k@y© = fle)

Here, u(® is the vector of nodal unknowns representing

displacement, k(€ is the element (stiffness) matrix and f(e) is
the element (force) vector. The stiffness matrix can be

represented in its indicial form as ki(f).

alobal node local node
number number
7 6 -5 4 3 3 ™32
3 N : |
4 , 1
Ly 2 7
‘[ 3 element 2 4 -
x
local node _~ 1
number
1 k 2
—ro— AN —o—
r||I-|--1:'|': J';. i,

Cited from: E Madenci and | Guven., The finite element method and
applications in engineering using ANSYS®, second edition, Springer 2015.
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Assembly of Global System Matrix

ISREEEnER > 2 —

; . Center for
Applied
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" Engineering problem model with finite
elements requires the assembly of element
characteristic (stiffness) matrices and element
right-hand-side vectors.

Kul=F

E
K = Ek@

E
F = Zf(e)
e=1

e=1
LR ot 0 0 ]
@, @ €Y)
ky +k _
(e) (2) (3) u 1
+k v _ @ _ Q) 1
0 (k(z) n k(3)) ko +ky; 1 = uz| u(z) = u(3) = u(4) F= fz = 2(2) 1(3) 1(4)
21 21 +kﬁ) 12 U, 2 %4) 1 fi LY+
| 0 0 Ky k. 2 ' £Y

Cited from: E Madenci and | Guven., The finite element method and

applications in engineering using ANSYS®, second edition, Springer 2015.
15



Solution of Global Matrix

= k{9 = k@ and k{9 =
—k(©) the global system matrix becomes

= For the specific values k( ) —
k(e)

1 -1 0 0
-1 3 -2 0
o -2 3 -1
0 0 -1 1

K =k©

" The eigenvaluesared; = 0,4, = 2,13 =3 —
V5,and 13 = 3 — /5. The corresponding
eigenvectors are

1 1 1 1

@ = 1 U@ = -1 u® = 2 -5 U@ = 2++5
1 —1 —2++5 —2-+5
1 1 1 1

\ 2021/09/09

. Center for
Applied
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7/  Accelerator

[CRBEEER > 2 —

@
R 3 @ g
€]
1 2 3 4
undeformed @ o o ™)
| | | |
I 1 | 2 I 3 | 4
mode 1 o 4o e o
| | | |
I 1 2 | 3 I | 4
mode 2 o —s o4 4o
| | | |
1 I 2 | I 3 | 4
mode 3 o—«lk t—% a!)-o Jla—o
1| 2 30 4
mode 4 T O o T

]
-l

Cited from: E Madenci and | Guven., The finite element method and
applications in engineering using ANSYS®, second edition, Springer 2015.
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Applying Boundary Condition

; . Center for
Applied
Superconducting
7/ Accelerator

ISREEEnER > 2 —

= Possible to obtain unique solution with boundary conditions.

= Ifuy; = 0, the nodal force f; still remains an unknown

and the corresponding nodal forces have values of

fo=fz=0andf, =F.

1 -1 ©0 0 0 fi
(&) -1 3 -2 0 ] luz] _ IO]

0O -2 3 —1||us 0

0 0 -1 1 1luy F

Uy

F  3F
" k@3 T ke ™

=

2021/09/09

1 2 3 4
undeformed @ ® ® ¢
| I [ '
physically 1"[ L 2 o : ¢ -
acceptable : E E._.T L—-T
solution mode w=F/K? wu=15F/K w=25F/k°

Cited from: E Madenci and | Guven., The finite element method and
applications in engineering using ANSYS®, second edition, Springer 2015.
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Stress-strain Relationship in ANSYS @ " .-
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= Stress-strain relationship in ANSYS for linear materials
is defined as:

{0} = D{e*}}

{0} = Stress vector = [0 0y, 0, Oy, 0y, Oxz]t

[D] = Elasticity or elastic stiffness matrix or stress-strain matrix.

{1} = {e} — {e*"'} = elastic strain vector X

{e} = total strain vector = [g, &), &, &4y, &y Exz]’ i

Cited from: P. Kohnke, ANSYS® Mechanical APDL theory

thy _ :
{e*"} = thermal strain vector reference, ANSYS® Inc.

= Also, ax’ = Secant coefficient of thermal expansion in the x direction
{e} = {£™} + [D]7*{o}, AT =T — Ty

= For the 3-D case, the thermal strain vector is: ‘ T = current temperature at the point in question

{e™} = AT[az® a3® a3 00 0]", Tyef = reference strain free temperature

18
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Stress-strain Relationship in ANSYS @& " .-

ISREEEnER > 2 —

= The flexibility or compliance matrix for the linear material is:

1 Vey —Vxz
— 0 0 0
Ey Ey Ey
-V 1 e/
—= — > 0 0 0
Ey E}’ E}’
-V —V 1
sz Ezy = 0 0 0 Y
-1 _ z z z
P 0 0 0 1 0 0
Gy
1
0 0 0 0 — 0 X
Gyz Z
1
0 0 0 0 0 —
Gy

Where the typical terms are:
Ey = Young’s modulus in the x direction, v, = major Poisson’s ratio
Vyx = minor Poisson’s ratio, ny = Shear modulus in the xy plane Cited from: P. Kohnke, ANSYS® Mechanical APDL theory

reference, ANSYS® Inc.

For isotropic materials (E = Ey, = E, and vy, = Vy,; = Vy;)

19
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1.3-GHz 3-Cell SRF Cavity
Stress Analysis
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=" The results presented here are just an example and the results presented
here are not supposed to be considered for 9-Cell SRF Cavity structure.

\021/09/09 21
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Tuner Flanges
Titanium Jacket (displacement in x-axis) Titanium Jacket

~ N

Remote displacement
(Fixed in Y-direction)

Remote displacement

(Fixed in Y-direction)
||

‘1‘

|
|
|
!
End flange l§nd flange
. - — |
| ‘,‘l l,’ ‘” /,‘ T /*
I
I o ."L '{f.
| ‘ B 4 ’
' y |

Plane of Symmetry
(in z-axis)

Titanium bellows
3-Cell 1.3 GHz Nb SRF Cavity (springiitmeayis)
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Mechanical Properties e .

BN N Y T

Young’s Modulus

Coefficient of Thermal
Expansion

X 1076 /°C 4.87 5.22

= Elastic properties of the materials will be considered for structure and buckling analysis.

= Coefficient of thermal expansion necessary to include contraction of material during
cooldown.

\021/09/09 23



Case Structure in ANSYS

X Center for
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Accelerator
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w

1 Static Structural Static Structural Static Structural

2 & EngineeringData + ,— M2 & EngineeringData + ,——— M 2 & EngineeringData

3 |8l Geometry W g3 Geometry v 3 Geometry v

4 @ Model v g~ W4 @ Model v ,——®4 § Model v

5 |l Setup v 5 @l Setup v 5 @l Setup v

6 |§& Solution v 4 6 |8 Solution v 4 6 |§&F Solution v

7 [ﬂ Results v o, 7 [ﬂ Results v 7 [9 Results v
Static Structural_Case A Static Structural_CaseB Static Structural_Case C

Case A
Case B
Case C

\oz 1/09/09

0.2 MPa
0.2 MPa
0.2 MPa

0.65 mm
0.65 mm

3 mm

40 °C
-271.4 °C
-271.4°C
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Engineering Data

Niobium Properties
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Titanium Properties

ANnIVersary
Since 1971

—

COutline of Schematic A2, B2, C2: Engineering Data COutline of Schematic A2, B2, C2: Engineering Data * O
A B C D E A B C D E
Contents of Engineering Data = O @ Source Description Contents of Engineering Data = 0 @ Saurce Description
2 = 3 "
"Equation of State and Strength "Egquation of State and Strength
3 % NIOBIUM =1 O] H Properties of Selected Materials™, 3 T NIOBILM ~| [ E Properties of Selected Materials™,
Steinberg D.J. LLML. Feb 1991 Steinberg D.J. LLML. Feb 1991
hd A "Equation of State and Strength "Egquation of State and Strength
e 4 % TITANIUM ;I E Properties of Selected Materials™ 4 % TITANILM ;I [ B Properties of Selected Materials™
1 thItIC bh'IJEtIJrEﬂ Steinberg 0.1, LLML. Feb 1991 Steinberg D.J. LLML. Feb 1991
g Click here to add a new material =3 Click here to add a new material
2 & EngneeringData
Properties of Outline Row 3: NIOBIUM * o x Properties of Qutiine Row 4: TITANIUM * o ox
3 ﬁ Geometry W A B c D |E A B c D |E
4 ﬁ Model v Property Value Urit (%] Property Value Unit (X
% Material Field Variables | Table 2 %8 Material Field Variables =5 Table
g ﬁ Setup w A Density 8590 kgm~3  =|[C|[C %9 Density 4510 kgm~3  =|E |
Isotropic Secant Coeffident of Thermal [ Isotropic Secant Coeffident of Thermal
= . 4 |8 B Epan s 2 B ! B
6 | §E Solution v Xpansion Expansion
5 El Coefficient of Thermal Expansion 4.87E-06 cn-1 LI O 5 E Coeffident of Thermal Expansion 5, 22E-06 Co-1 LI [
7 Q R.EE-LIHE f" [ = El Isotropic Elasticity [ 5 = E Isotropic Elasticity [
7 Derive from Young's... | 7 Derive from Young's... ¥
8 Young's Modulus 1.03E+05 MPa LI [ a Young's Modulus 1.07E+05 MPa ;I [
9 Poisson's Ratio 0.38 ] g Poisson's Ratio 0.32 [
10 Bulk Madulus 1.4306E+11 | Pa ] 10 Bulk Modulus 9.9074€+10 | Pa [
11 Shear Modulus 3.7319E+10 | Pa [l 1 Shear Modulus 4.053E+10 Pa ]
25
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Geometry

== Static Structural

Structure

43 syt

/@ Nb SRF Cavity
M @ Titank_1
V@ Titank_2

| sructure | Layers Selection Groups Views

Options - Selection

Center for
Applied
Superconducting
Accelerator

Click an object. Double-click to select an edge loop. Triple-click to select a solid

Share Topology Share
Display Name sYs

Locked False
Use File Name True

Created 7/20/2021 05:10 PM

Modified 7/20/2021 05:10 PM

Fluid False

Sheet Metal False

C¥Users¥ashish¥Desktop¥Corferences

Unknown Material

ISHBEEmEREtE > 2 —

Anniversary
Since 1971

*’|Struc1ure|Layers Selection Groups Views

=l | &no N -h[

= CAD Model is uploaded to Geometry
= Topology is set to Share

2021/09/09
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Model — Material Assighment

Static Structural

Engineering Data

|Fiter: [wame =]

1B a2 el

| Project

B [ Model (A4, B4, C4)

-, @ Geometry
B

by 0 Titank 2
43, Coordinate Systems
Symmetry
S sl Symmetry Region
A Connections
AL Mesh
@) Named Selections
=1 Static Structural (A5)
Lo 7Y Analysis Settings
{y B Pressure
i S8, Displacement
i AL, Displacement 2
- A%, Remote Displacament
3, Remote Displacement 2
£ A, Standard Earth Gravity
B Solution (A6)
i3] Solution Information
- M Equivalent Stress
s M2 Stress Intensity
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‘Geometry £ Print Preview » Report Preview/

Graphics Annotations

Results

J Details of "Nb SRF Cavity" 7
Geometry s Paperies
=1 Definition
Suppressed No
d | J Stiffness Behavior Flexible
M Qe Coordinate System | Default Coordinate System
Reference Temperature | By Environment
Behavior Nane
ety 'lf = Material
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Nonlinear Effects Yes
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I - J Bounding Box
% Solution Popeie

Material is assigned to each geometry.
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Warning
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Warning
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Static Structural
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- 4B Geometry
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Genmetry -..,.r"" R, B Warnin| Not enoudh constraints appear to be apphed to prevent rg: = Solution (A6)
Element Order Program Contralled xﬂ"“"c harqe W":"af“’” effects are m“‘s W“‘Clh ’:EV have invalid: ,/m Solution Information
< arning | Mot enough constraints appear to be applied to prevent rigi .
B e - Warning| Large deformation effects are active which may have invalid, B Equivalent Stress
ize Fundion Adaptive : Stress Intensity
Mn E Aelevance Center Fine Warning| Not enough constraints appear to be applied te prevent rigi ./0 ess Intensi
F R Warning | Large deformation effects are active which may have invalid BB Erivslant Flactic Cheain
Element Size 3.0mm
Mesh Defeaturing Yes Details of "Mesh"
Defeature Size 0.2 mm "
Setup V4| e ~ oipar
Initial Size Seed Assembly Display Style Body Color
. Span Angle Center Fine =/ Defautts
Snlutnn Bounding Box Diagonal | 636.630 mm - .
.‘ Average Surface Area | 4987.20 mm® . Physics Preference Mechanical
i Do et IR e = Relevance ]
F:.EE-U'E f" Element Order Program Controlled
e L
. . . . . Size Function Adaptive
= Model is discretized in this step. Relevance Center | ine
Element Size 3.0 mm
° ° ° ° Mesh Defeaturing Yes
- Meshlng generated using Adaptlve size control Defeature Sae {02
° Transition Slow
Initial Size Seed Assembly
Span Angle Center Fine
EBounding Box Diagonal | 636,630 mm
202 1/09/09 30 Average Surface Area 4987.20 mm*
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Setup — Analysis Settings

| Fitter: | name -
| B a4 8 e 8

J Filter: | Name j

Proj 3 A
é@ 84 Model (A4, B4, C4) . ] P ezl
5 e Project
- @ Nb SRF Cavity = @ Model (A4, B4, C4)
@ Titank_t E|¢. Geometry
g B Titank_2 B 5Y5
ez} J)k Coordinate Systems
- Adb] Symmetry @@ Nb SRF Cavity
T4 Symmetry Region @ Titank_1
---- Connections -
An Mesh @@ Titank_2
""" E ::;iii‘f:::;.(ﬁ) [l 2k Coordinate Systems
el = = d Symmetry
j?a‘ Er:dssuri . VAIL Symmetry Region
>, Displacemenrt . HESSEENNNN=\ S /N /0 R - e ssnn——— | i
- "L, Displacement 2 &) Connections
£, RemoteDisplacement . == Sy s AR - @ Y 0 ey $@09092=s 0 e
Mesh
EI___ ET:;:‘?:?“MZ Fl-- @1 Named Selections
b=~ - = © 1] Solution Information B ./El Static Structural (A5)
1 ".Itdhl' 1h-u|'tur|:|| (o M8 Equivalent Stress ‘/"' I ti
{ M Stress Intensity
E g J i M8 Equivalent Elastic Strain . g& Pressure
H H : MR Clackic Chrain Tntancity Displacement
ineering Data e e e S
EﬂQ ”Q F | ;e:.lsa;.q:a:ss Settings L] J@# Displacement 2
N:::mrnmomps : Geometry 4, Print Preview ) Report Preview, ./ﬁ,@, Remote Displacement
3 ﬁ GEﬂlTlEtr'!r' J d Current Step Number | 1. Graph 2 Tabular Data /. Remote Displacement 2
Step End Time 15 1. Steps |End Time [s] B Solution (A6)
B x:;:: ;teplspmg Program Contralled 1 1. @ Solution Information
ntrol )
q M ndEl J Solver Type Program Controlled 4’& qu..ll\l'alel"lt Stress
Weak Springs orr M Stress Intensity
5 ﬂ J Solver Pivat Checking | Program Contralled ﬁ Equivalent Elastic Strain
Large Deflection On B Flactic Strzin Trtancihe
Semp .‘ Inertia Relief Off N N .
iics Controls Details of "Analysis Settings”
. Restart Controls
ep Control
E‘ Sﬂlutlﬂrl J Nonlinear Controls
% -" Qutput Controls . Mumber Of Steps 1. I
Analysis Data Management I TToxt Current Step Mumber | 1, I
.-|Ir 9 F'._ES,UHE v’ d Vistbifty ) ) IWammc Not enough canstraints appear to be applied to pr Step End Time 1.5 I
Auto Time Stepping | Program Controlled I
i o a
Solver Type Program Controlled
. S b f b Weak Springs Off
et n u I I l e r O Ste pS, S u _Ste pS etc . Solver Fivot Checkin& Prosram Controlled
Large Deflection on | |
. . . Inertia Reliet M
= Set Large deflection to ON, when non-linear analysis < Rty ot
’ Restart Controls
. Monlinear Controls
is expected. - Gupconron
Analysis Data Management
2021/09/09 31 Visibility
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Setup — Pressure Boundary Condition

"% Mesh

- G Named Selections

| Filter: Name -
Jpﬁj ad J Filter: MName hd
Bl (@] Model (A4, B4, C4) b
& j;m;:sy J "f.j -DD- @ ‘I\'l
et Project
pomiseni = [l Model (A4, B4, C4)
j:'\:m;:ry\mebyRegmn E‘ﬁ Geometry
gmms:emns B Y5
Mes H
E Named Selections x e Mb SRF CEVitY
‘Static Structural (A5] H
i p—— b B Titank_1
g oo B Ti tark_2
v A 1 evement [:I-----J)i:; Coordinate Systems
— e, /] Symmetry
e D i=h- O = rmation s o Symmetry Region
W 7 Static Structural : v4h Symmetry Reg
[ A8 Connections

Q Engineering Data "

I Geometry £ Print Preview , Report Preview, ]
S Method | G try Selecti O -}
Seng e Gty S . &-,[2] Static Structural (AS)
[ Denmiton 1. Steps | Time [s] |[¥ Pressure [MP2] ‘,‘{}1 Analysis Settings
Genmeh’y Type e 02 i Jo. o ] T
_‘ Define By Normal To 0175 CELAS 02 s G- ressure
Applied By surface Effect 015 ﬁ Displacernent
Magnitude | 0.2 MPa (ramped) a1z rd )
|"-"|EII:|E| Swppresied  [No /T, Displacement 2

01—

‘,ﬁiﬂ Remote Displacement

T5e2

|
se2 ; ,/fi” Remote Displacement 2
d et = Solution (A6)
T [Messages #x 4.{1-] Solution Information
/B0 Equivalent Stress

A Stress Intensity
/B Equivalent Elastic Strain

= Pressure boundary condition (BC) to simulate pressurized ISl

¥ Details of "Pressure”

ﬁ Setup
% Solution
[Q Results

b =T (T B I O N R L

AN N ANEAN

helium between SRF cavity and Ti jacket at 0.2 MPa. S —

) . . Eizﬁ;:;::‘ 57 Faces

= Surfaces in RED are provided with pressure boundary e Jrn
condition. S Niagntade |z vin famped
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Setup — Displacement Boundary Condition
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A

=4

7= Static Structural

Details of *Displacement”

—

=) Scope Geometry £ Print Preview ), Report Preview, ]
:__I H - Scoping Method | Geometry Selection
QIFIEEFIFIQ d F| Geometry [1Face Graph 7 TabularData
= Definition 1. Steps | Time [s] [[v X [mm]
Type [ 0325 i . 0.
Define By Components %‘7 1 0325
3 GEnmEtryl 'f" Coordinate System | Global Coordinate System 025~
a X Component |0.325 mm (ramped) il
¥ Component Free 02
ZComponent | Free 015
,q_ |"-"|EII:|E| 'f" suppressed o ard
Se2
o
5 ﬁ Setup v v - 2x

= Displacement BC to simulate tuner movement.

= Displacement in X-direction and movement in other

axis are not constrained.

2021/09/09
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J Filter:  Name =

Ba+r-zai
Project

B [ Model (A4, B4, C4)
Elﬁ Geometry

o 5Y5

5 ) Nb SRF Cavity
ooy 10 Ti tank_1

- @ Titark_2
[ )«t\ Coordinate Systems

=, Symmetry

5--"-"¢d|h Symmetry Region
[, Connections

....... '/% Mesh

- 1 Mamed Selections

/=] Static Structural (A5)
‘,‘{:}{ Analysis Settings

.3 Pressure

,,13” D|5plaoernent2

,,13” Remote Displacement

,,13” Remote Displacement 2
Solution (A6)

: ,,[E Solution Information
,,0 Equivalent Stress

- M Stress Intensity

: ,,0 Equivalent Elastic Strain
- W Flactic Strain Tntancibs

Details of "Displacement”

I/ Scope
Scoping Method | Geometry Selection
Geometry 1 Face
Type Displacement
Define By Components

Coordinate System | Global Coordinate System
¥ Component |0.325 mm (ramped)

Y Component Free
Z Component Free
Suppressed Mo
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Setup — Remote Displacement

Boundary Condition

Static Structural

Engineering Data

| Filter: Name -

HER R
(@] Project
B g1 Model (A4, B4, C4)
- M Geometry
o 5Y5
~wv ) Nb SRF Cavity
g @ Titank_t
v @ Titank_2
vy 2. Coordinate Systems
db] Symmetry
4 Symmetry Region
-, A8 Connections
e ) Mesh
- ) Named Selections
- {=] Static Structural (AS)
7N Analysis Settings
I Pressure
1, Displacement
/A3, Displacement 2
/3, B ement]
/A3, Remote Displacement 2
= Solution (A6)
v {¥] Solution Information
v M Equivalent Stress
e M Stress Intensity
v M Equivalent Elastic Strain

Flactic Strsin Ttancity

Details of “Remote Displacement”

=) Scope

Scoping Method | Geometry Selection

' Geometry 1Edge.

Coordinate System | Global Coordinate System

Geometry

XCoordinate | 33331 mm

¥ Coordinate | 2885.8 mm

ZCoordinate | 0. mm

Model
setup

_‘ Lacation Click to Change
= Definition
Type Remote Displacement
X Component Free
J ¥ Component | 0.mm (ramped)
2 Component Free

Rotation X 0. ramped)

=

Geometry £ Print Preview ), Report Preview,
Graph 1 Tabular Data
Steps [Time(s] [[¥ ¥ Imm] [[¥ RX[1[[# RY [ [[¥ RZ[]
11 0. 0. 0. 0. 0.
21 1 0. 0. 0. 0.

Rotation¥  |0.* (ramped)

RotationZ 0. [ramped)

Suppressed No

Solution

| T LN Y (Y] [ =i .‘

i L iR

Results

SISISISISS

Messages 7%

| [Text Association A
| Werning | Not enough constraints appearto be zpplied to prevent rigid body motion. This may le Project>Model ,,

. " Remote Displacement BC is similar to displacement
but with more control on DOF.

= Line contact on end flanges movement is fixed in Y-
axis and no rotation is allowed along any direction.

2021/09/09
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J Filter:  MName hd

B a8
Project

B (@] Model (A4, B4, C4)
= ﬁ Geometry

E| ..... 5Y5

B Titank_2
[ sk Coordinate Systems
= Symmetry
e w4I» Symmetry Region
- Connections

....... I“% Mesh

31 Mamed Selections

&-,{=] Static Structural (A5)
: v;‘{f_«l Analysis Settings

-ﬁw\ Pressure

,,«'3” Displacement

,,«'3” Displacement 2

PR isplacement

,,«'3” Remote Displacement 2

= Solution (A6)

: ,,‘[II Solution Information

,,ﬁ Equivalent Stress

A Stress Intensity

,,ﬁ Equivalent Elastic Strain

Flactic Strain Tnbtancits

Details of "Remote Displacement”

[=l| Scope
Scoping Method | Geometry Selection
Geometry 1 Edge
Coordinate System | Global Coordinate System
X Coordinate 33331 mm
¥ Coordinate 2885.9 mm
Z Coordinate 0. mm

Location Click to Change
| EE @
Type Remote Displacement

X Component

Free

¥ Component

0. mm [ramped)

ZComponent

Free

Rotation X 0.7 (ramped)

Rotation ¥ 0.° [ramped)

Rotation £ 0.7 [ramped)
Suppressed Mo
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Setup — Temperature Boundary
Condition

| Filter: Mame. -

IEETEEE]

2 caseB (85) "
7 Analysis Settings

. rd Ear

JFiIter‘. MName -

[® gt = el

/=] Case B (BS) -
---‘,/\ Analysis Settings
- A Standard Earth Gravity
ﬁ.\ Pressure
\,‘3” Displacement
- Jii” Displacement 2
,,13” Remote Displacement
ﬁ Remote D|sp|acement2
o
= ‘ Smlh:mn (B6)
@ Solution Information
,’ﬁ Equivalent Stress
A Stress Intensity
,,ﬁ Equivalent Elastic Strain
A Elastic Strain Intensity

-, Displacement 2

A, Remote Displacement

/3 Remote Displacement 2
Th d

1 o

/& Soultion (86)
/3] Solution Information
& Equwalents:rass

s
A Elastic Strain Intensity

e, M8 Total Deformation

/=] Static Structural 3 (C5)

A, Displacement

/2, Displacement 2

T A B, Remote Displacement.
A, Remote Displacement 2

B Thermal Condition

,- Solution (C6)
1 b o . o 3] Solution Information
e — Equivalent Str
= Static Structural 7 vt
. P v Geomet: Print Preview 3, Report Preview,

Details of "Thermal Conditi * Graph 4 Tabular Data

:'_I g ErlgirlEEring DEE 'n*"llr ‘ E:::TngMamad\ﬁeumewsmmun 2 i ?taps EME[SIE ta

i
2]1 1 -2m4

i eoney 3 Bodies . v MBI Total Deformation
Type |Thermal Conaition
3 GEEII'ﬂEtI’ Vmnee 2147 gampeay <0 B ,I:] Static Structural 3 (C5)
'!f' Al | [ n 20, _/\ Analysis Settings
-160.

ﬁ.. Pressure

Jii” Displacement

,,13” Displacement 2

in” Remote Displacement
\,Ei” Remote Displacement 2
,/-I Thermal Condition

= Solution (C6)

: ,{m Solution Information
,,ﬁ Equivalent Stress

= Applied for Case B and C to simulate cooldown ey .

Details of "Thermal Condition” q

-200.

-240.
2714

4 ﬁ Model
| 5 @ setup
'E Solution
7 [ﬂ Results

SINIS IS S
TN

from room temperature to -271.4 °C. = e

Scoping Method | Geometry Selection

Geaometry 3 Bodies

"Dennion

u AI I bOd ies a re Se I ected . Type Thermal Condition

Magnitude -271.4°C [ramped]

Suppressed Mo
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Solution - Case A

= Solution -> insert -> Stress intensity -> select bodies or surface to show

= Stress intensity is the largest of absolute value of difference in principle stresses (o, - 0,, 0, - 05, or 05 - 0,).

A: Static Structural_Case A
Stress Intensity

Type: Stress Intensity

Unit: MPa

Time: 1

8/4/2021 10:38 AM

146.58 Max
130.29

114

97,717

81.431

65.145

48,86

32.574

d 16.288
0.0017272 Min




Solution - Case B

ACC rator
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= Solution -> insert -> Stress intensity -> select bodies or surface to show

= Stress intensity is the largest of absolute value of difference in principle stresses (o, - 0,, 0, - 05, or 05 - 0,).

B: Static Structural_Case B
Stress Intensity

Tipe: Stress Intensity

Unit: kPa

Tirne: 1

842021 10:44 Ak

160.7 Max
142,85
124,99
10714
89,28 AR
71424

53,568

35.712

17.856
0.00023474 Min
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Solution - Case C

= Solution -> insert -> Stress intensity -> select bodies or surface to show

= Stress intensity is the largest of absolute value of difference in principle stresses (o, - 0,, 0, - 03, or 65 - 0,).

- g e — ==

C: Static Structural_Case C
Stress Intensity

Type: Stress Intensity
Unit: MPa

Time: 1

8/4/2021 10:54 AM

667.66 Max
503.48

519.29

44511

370,92

296.74

222,55

1 14837

o 74165
0.00019417 Min




Solution: Maximum Stress Intensity
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Case Nb Half Cells | Ti Tank | Nb-Ti weld Case Stiffener Ring | Iris Weld | Equator Region
[MPa] [MPa] Weld [MPa] weld [MPa]
A 5 A

70 12 147 22 12
76 5 23 B 161 24 14
C 300 18 65 C 668 111 67

= For the high-pressure gas safety regulations, the mechanical properties of the
materials should be > 1.5 times the maximum stress intensity for 0.2% Y.S, and > 4
times the maximum stress intensity for T.S, on individual components.

= Datais different for 9-Cell SRF cavity structure, the stress values are lower.
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Eigenvalue Buckling Analysis
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What is Buckling? e

"|t is a sudden change of shape of a structural component under
compressive or its own load.

" |t can occur even though the stresses that develop in the structure are
well below those needed to cause failure in the material.

" Further loading may cause significant and somewhat unpredictable
deformations.

= Excess loading might or might not lead to complete loss of the structure’s
load-carrying capacity.

\
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Buckled Structures

https://www.structuresinsider.com/post/the- https://www.volpe.dot.gov/infrastructure-systems-and-
difference-between-buckling-compression-shear technology/structures-and-dynamics/track-buckling-research

\ 2021/09/09 42



X Center for
Applied
)] Superconducting
7/ Accelerator
SABEEMEE L2 —

Buckling of a Solid Column

v v v v
\ “‘rﬁ\ %. S| : %.
Buckledshape | 4 | ; \ ’ ;
of column ; \ : vl !
shown by ! ' ! ol 12 '
dashed line \ v : I !
‘f ..l '. o:. J ,':
| F
F=100 N MMM MM MM FOMY ;MM
Theoretical K
’ N T[ZEI — 0.5 0.7 1.0 1.0 2.0 2.0
Euler’s Critical Load, Fr = (KL)2 Seaomvaex | 065 | 080 [ 12 | 10 [ 210 | 20
= Where ‘F’ is Young's modulus. ‘I’ is moment of w Rotation fixed and translation fixed
. . (v) * . ’ End condition w Rotation free and translation fixed
inertia, ‘K’ is column effective length factor. ey | |
% Rotation fixed and translation free
= b*d3 / 12 ) Rotation free and translation free
43

= Stainless Steel E = 200 GPa, |,



Results — First Mode of buckling

P, from ANSYS = 4603.6 N

P., from Theory = 4605.8 N

!
0.00 100.00 {mm)
|

I
50.00

Pinned-Pinned Column

\2021/09/09
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P.. from ANSYS =1154.9 N

P, from Theory =1151.5N |

0.00 90,00 {mm) Ze—4&
L —

45.00

Fixed-Free Column
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Results — First Mode of buckling
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P_ from ANSYS = 9414.8 N

P, from Theory =94235N | ,

sl
0.00 100.00 {(mm)
I 200000

50.00

Fixed-Pinned Column

P_ from ANSYS = 18360 N

P, from Theory = 18423.3 N

i)}
0.00 90.00 {mm)
| I |

45.00

Fixed-fixed Column




Modes of Pinned-Pinned Column Bucklin
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6.8168e-6 Min

1t Mode P, = 4603.9 N ] P, KT P,

2
,Lt Second mode of buckling P, = dm ZEI
27 Mode J P_=18387 N (~ 4 times) | - I
——— Py Ps
) ) P - On’El
Third mode of buckling N
N 3rd Mode Pcr =41268 N ("‘ 9 times) Z‘LI
N SR 2021/09/09 46




Eigen value Buckling Analysis
for 1.3 GHz SRF Cavity
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Eigenvalue Buckling of SRF Cavity

" Goal is to determine the pressure at which the cavity structure will buckle.
= Here only two Eigen modes will be determined.
= For this analysis, Case B is taken into consideration for buckling analysis.

= Cavity structure is easier to buckle in Case B rather than Case C due to lower
tuner displacement.
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- D - E

1 S commabe g
2 @ EngineeringData " j——M 2 Q Engineering Data v .
3 | Bl Geometry v g———m3 5 Geometry v
4 § Model v g——W4 @@ Model v
5 ﬁ Setup v J-/-.E ﬁ Setup v
b Solution v 4 b Solution v
7 @ Results v 4 7 @ Results v

Static Structural_CaseB Eigenvalue Buckling

= Same Geometry is transferred by linking.
= Model with the meshing is also linked.

= Setup is transferred, although pressure boundary condition is suppressed.
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Eigenvalue Buckling — Analysis Setting

| Filter:  Name A

Barza il
(- @ Named Selections
e /2] static Structural 2 (DS)
,{"1 Analysis Settings
/®| Standard Earth Gravity
xq Pressure

S
- /B, Displacement 2
8, Remote Displacement
/B, Remote Displacement 2
/@ Thermal Condtion
=-/8)| Solution (D6)
3] Soution Information
M Equivalent Stress
/& Stress Intensity
/& Eauivalent Elastc Strain
M Elastic Strain Intensity
/& Total Deformation
=[I] Eigenvalue Buckling (€5)
® ,,v?,e Pre-Stress (Static Structural 2)
Al Analyﬁs Seﬂ:\gs

= ,{Q Sdubou(EG)
/3] Solution Information

/& Total Deformation
- /& Total Deformation 2

Details of “Nodal Pressure”

-

=] §mpe

Scoping Method | Named Selection

Geometry A Print Preview, rt Preview,

Named Selection Selection

e

/| Definition
Type | Pressure
Define By 'Normal To

Magnitude 0.2 MPa

Suppressed No

= Nodal pressure condition is provided.

= 0.2 MPa pressure acts on each nodes.

—

Location Y

2021/09/09

Details of "Analysis Settings™

# ¥

El,,@ ﬁge;lv;Iue Buckling (E5)

[/ 750 Pre-Stress (Static Structural 2)

VAL Analysis Settings

;—---ﬁ, Nodal Pressure
E---V@ Solution (E6)
.,m Solution Information

~,,Q Total Deformation

. M Total Deformation 2

Center for

\\ Applied

| Superconducting
Accelerator

SRABEEER > 2 —

Anniversary
Since 1971

F'lter Name ~

Aa>E 8
[#- @) Named Selections

B ,quhcsuummz(os)

,,{‘1 Analysis Settings

,,3: Displacement 2

,ﬂ_g Thermal Condition
a,{g Solution (D6)

,8, Remote Displacement
- /3B, Remote Displacement 2

/4] souton Information

- M Equivalent Stress

- /& Stress Intensity
/4 Ecuivalent Elastc Strain
- M Elastic Strain Intensity
.. M Total Deformation

B ./EE] Eige-value Buckling (E5)
[/ T Pre-Stress (State Structural 2)

./.’\

T

Analysis Settings
Nodal Pressure
Solution (E6)
/3] Solution Information

,,Q Total Deformation

- /8 Total Deformation 2

Options Details of “Nodal Pressure”
Max Modes to Find ‘2 = Scope '
Keep Pre-Stress Load-Pattern Scoping Method | Named Sefection
Named Selection Selection
er Controls " ~ :
= Definition

Solver Type | Direct e T
Include Negative Load Multiplier | No Define By |Normal To
°utput Controls Magnitude | 0.2 MPa
Analysis Data Management i Lo S L
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Eigenvalue Bucking
Total Deformation
Type: Total Defarmation
Load Multiplier (Nonlinear): 385,23
| Unit: mm
7/23/2021 04:33 M

Load Buckling
Multiplier | Pressure

1.0643 Max
0.94607
082782
0.70956
05913
047305

035479
023653
011827
1.7655¢e-5 Min

15t 385.2 77.04
2nd 386.6 77.32

= Eigenvalue buckling pressure
is higher than the
requirement (> 4*0.2 MPa).

E: Eigenvalue Buckling

Total Deformation 2

Type: Total Deformation

Load Multiplier (Nonlinear); 385.62
Unit: mm

7/23/2021 0433 PM

1.0622 Max
0.94422

0.8262

0.70817
0.59015
047212
035409
0.23607
017804
1.5613e-5 Min

= For 9-Cell SRF cavity it has
been calculated to be 33 MPa.
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Non-linear Structure Analysis
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Non-linear Buckling Analysis @ .. &

= Continuation of the Eigen value buckling analysis.
" Buckled structure can be transferred for a static structure analysis.

= Possible to control the level of buckling in the structure that would be
transferred with scale factor, which can be varied from 0 to > 1.

" Original structure scale factor is 0 and 1 being the buckled structure that
would be transferred to the static structure analysis.

" Effect of structural deformities on buckling pressure can be determined.

= 1t Eigen mode was transferred to four static structure analysis studies with
the scale factors being varied from 0.005, 0.01, 0.1 and 1.

\



Non-linear Structure Analysis

D -

Static Structural

@ Engineering Data
ﬁ Geometry

@ Model

ﬁ Setup

&
®

Solution

R ST T S R VI Y IR ST |
[

SISNSISNS

Results

Static Structural_CaseB

Eigenvalue Buckling

E

| T
—— W2 & Engineering Data
4 H3 ﬁ Geometry
W4 §@ Model

5 @ setup

- -

1 Static Structural 1 Static Structural
2 @ Engineering Data  + 4 2 @ Engineering Data
3§ Model v 3@ Model

4 @ setup F 4 @ setup

5 | @@ solution E 5 |§§ Solution

6 |G Resuts F ., 6 @@ Resuls

Static Structural_0.005

Static Structural_0.01

v

e
4
4
7
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19 Upadate Lpuon Use application detault il |
15 Solve Process Setting My Computer
16 Queue

17 B Update Settings for Static Structural_0.005 (Companent ID: Model 5)
18 Process Modal Components

19 Modal Component Key

20 Process Element Compaonents

21 Element Component Key

22 Scale Factor 0.005

23 Mode 1
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- Tabular Data
| 5teps | Time [s] F Pressure [MPa]
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= Boundary conditions remains the same as in Case B, except pressure.

= Pressure (faces in Red) is increased incrementally in steps.

" Pressure increased from 0 — 80 MPa in 8 steps.
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= Buckling pressure was determined by placing a total deformation probe on a point on the
cavity structure where the maximum buckling occurs.

* The total deformation obtained from the deformation probe was plotted against the
pressure condition for various scaling factors.
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Buckled Structures for Scale factors

F: Static Structural_0.005
Tatal Deformation

Type: Total Deformation
Unit: rrn

Time: B (Uncanverged)
8/31/2021 02:44 PM

H: Static Structural 0.1
Total Deformation
Type: Total Deformation
Unit: mm

Time: 7 (Unconverged)
8/31/2021 02:47 PM

31.916 Max 41.689 Max

2837 37.00

24.626 12401

Al 27,601

17.736 23.202

14191 18,602

10.646 14,003

71009 94937

3.5559 4,004

0.010861 Min 0.29499 Min
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x X
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G Static Structural_0.01 I: Static Structural 1
Total Deformation Total Defarmation
Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm
Tire: 8 (Uncanverged) Time: 6 tnconverged)
873172021 02:486 PM 87312021 02:48 PM

58.477 Max 18.778 Max

51.98 16.693

45454 14,608

38.987 12.523

32491 10437

25,995 83522

194093 6.267

13.002 24,1818

65055 2.0965

0.0090731 Min 0.011262 Min
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Results and Discussions @
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= Buckling pressure was 74 MPa for scale factor of
0.005, similar to Eigenvalue buckling analysis.

= Buckling pressure reduces to 54 MPa for the
scale factor of 1.

= For elastic material properties, the 3-Cell cavity
will not buckle upto 54 MPa pressure.

-e8-Scale factor_0.005

—A&—-Scale factor_0.01

——Scale factor_0.1

= Buckling pressure usually should be > 4 times the
MAWRP, and in this case the cavity structure has

sufficient strength to qualify for that criterion. 0 2 4 6 8 10
Total Displacement [mm)]
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