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Abstract:

Structural analyses of large precision cathode strip chambers performed up to the date of
this publication are documented. Mechanical property data for typical chamber materials
are included. This information, originally intended to be an appendix to the "CSC
Structural Design Bible," is presented as a guide for future designers of large chambers.
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1. Overview

The structural design of precision cathode strip chambers is an exercise in producing the
lightest, thinnest, and stiffest functioning chamber out of the highest radiation length
materials. An understanding of the structural function of each component allows the
chamber designer to avoid unnecessary mass.

This paper contains material property data, design formulas, and selected analytical results.
Sections are listed in the Table of Contents, Each section is preceded by a short index and
summary. [lustrations of the chamber support structure draw upon the work of Draper
Laboratories and Simpson Gumpertz and Heger Inc. GEM Technical Notes relating to
chamber mechanical design are listed in the references section. GEM TN-93-350, Gravity
Sag of Sandwich Panel Assemblies as Applied to Precision Cathode Strip Chamber
Structural Design, provides an explanation the importance of shear coupling between
sandwich panels in a chamber. Not cited in the references are numerous unpublished ideas
informally proposed by the authors of this paper. Two examples, Gordeev's "discrete
posts” and Polychronakos' "cast low density fillers", are analyzed in GEM TN-93-460,
Comparison of Gap Frame Designs and Materials for Precision Cathode Strip Chambers.

Originally intended as an Appendix to a comprehensive "CSC Structural Design Bible",
this collection of materials is a snapshot-in-time of the state of the structural design of the
SSC/GEM precision cathode strip chambers as of October 21, 1993. It is recorded here for
the benefit of future chamber designers.

Understanding Chamber Deformation Is Critical gem Z

J
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Outer superlayer chamber gravity sag magnified 1,000 times

+ Nonlinear orthotropic finite element model is used for 3-dimensional
analyses

» Spreadsheet bending model is used for 2-dimensional analyses of sensitivity
to geometric parameters and material properties

+ Maximum gravity sag (A) is sum of long edge bending (B) and sandwich
panel sag (C)

+ CMM measurements of prototype panels and chambers will provide data on
gravity sag, local heat source effects, internal pressure, and creep

GEM PAC Review, 26 May 1993 JA. Horvath E
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2. Precision CSC Structural Design Concept

Contents:
System views of muon chambers (2 pages)
Cross section and plan views of cathode strip chamber conceptual design (2 pages)
Precision cathode etched cobper pattern (1 page)
Sandwich panel and gap frame conceptual design (1 page)

CSC panel fabrication specifications (1 page)

Summary:

The conceptual design of the chambers is shown in the drawings by I.A. Golutvin and Y.
Kiryushin.

The muon system uses chambers whose size closely matches the maximum size single
sheet of copper plated G-10 that can be etched into the precision cathode pattern.

The overall chamber structure is designed to behave as a single beam with shear
connections between individual sandwich panels.
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CSC Panel Fabrication Specs d ond

A——

Panel Definition: A 19 mm (nominal) honeycomb NOMEX sheet
sandwiched between two 20 mil (.5 mm) fiberglass (G-10 or FR-4,
NEMA specs.) face sheets. The fiberglass face sheets are copper
claded on the outward facing sides. The copper on one of the face
sheets is etched to provide a precision cathode plane.

Specifications (prioritized)
1. Flatness
4 mil (100 um) over 1.2 m
2. Paralle] to
4dmilover1.2m
3. Net thickness (incl. face sheets)
20 mm 210 mil (.25 mm)
4. S%uareness
iagonal measurements 10 mil of each other

5. Length and width dimensions
Not set at this time.
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3. Sandwich Skin Materials

Contents:
Survey of sandwich skin material properties, ref. Hexcel TSB-124 (1 page)
Survey of sandwich skin material properties, ref. M.C. Gill (1 page)
Product data sheet for Gillfab 1045, fiberglass cloth/epoxy NEMA G-10 (2 pages)
Product data sheet for Gillfab 1024, fiberglass reinforced polyester, like G-10 (2 pages)
Product data sheet for GE Grade: 11635H, NEMA FR-4 (1 page)
Micrograph of plated and etched fiberglass cloth/epoxy laminate (1 page)
Analysis of generic G-10 woven fiberglass laminate (5 pages)

Analysis of generic fiberglass [(0/+6/-8/90]sym "custora" (non-cloth) laminate (2 pages)
Analysis of genenc fiberglass [(/+45/-45/90]sym "custom" (non-cloth) laminate (4 pages)

Summary:

The TDR Baseline sandwich panel skin material is Epoxy-Gillfab 1045 (equivalent to 1040
in all mechanical properties except maximum service temperature). It meets the NEMA G-
10 electrical specifications.

Generic G-10 was selected as the TDR Baseline sandwich skin due to a long history of Cu
plating and etching experience by industry, its electrical properties, the adequacy of its
mechanical properties, and its low cost compared to "custom" laminate lay-ups.

Since NEMA G-10 is not a mechanical specification, G-10 from different vendors may
have different mechanical properties. Its in-plane modulus varies from 3.0 to 3.3 MSI at 0-
deg. and 90-deg. (angle measured in-plane) but may drop below 1.8 MSI at 45-deg.

"Custom" non-cloth fiberglass laminates made of unidirectional plies provide mechanical
properties optimized for the application but at a premium price. In-plane properties become
isotropic by going from a cloth [0/90]sym to a [(/-45/+45/90]}sym or a [-60/0/+60]sym
custom laminate.
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Properties of Typical Sandwich Facing Materia MECHANICAL PROPERTIES A ofF _1 )
Materiat Vield Sodulus of Welght per Ml | Commonts
Facing —_—e | % N ont OF TYPICAL SANDWICH FACING MATERIALS
pol oo 1 e
Ahsninom Yieild Modulus of WL per Mil
1100 — M14 13.000C 100 108 208 014 mu“.w M EWy m
: chamical resisiance. ecars

2003 — M1 18.000C 1005 108 » 016 Fox swongsh. “m.::.. i Facing Materia! h(psix103) Eif(peix108) (b/#2) Comments

moderate Cost . -
082 — MM 24.000C 1012100 » o4 Bener strength, geed weather sesistent, -

o 00T - o modersis cos! Alyminum-2024-T3 42 10 0014 Good strength, moderaie Cost
o= $ooocT | o 2“,,,"“‘_..,,"_,".‘.7“”’"“""‘ Aluminum-3003-H16 20 10 0014  Modersie strength, good weathering
04— T3 42,0007 10.5x 108 - o4 :— son Alyminum-6061-T6 21 10 0014 Worksbie, corrosion resistant

8808 10 woring, fei COMDEION redustant . . .
TS —-18 08,0007 1032100 » o Ygh swengh e ! Aluminum-7075-T6 60 10 0014 High stiength and geni resistant
s Corvon Sl S0.000 Lakhie - e L ol Ngh welght. 9000 Svellabiny Miid carbon stee! 50 28 0040  Low cost, high weight, hard to cut
with hend toois
Stainisss Swwel: Stainless sieel-316 [ 1] 20 0.040 Heavy, axpensive, hard to bond and
304 snnesied 25,000 21108 4 200 tabricste with hand toois
— mon | mate -~ pod bneusioipunnivmiy Tranium: Annealed Ti-75A 70 15 00235  Low corrosion, high cost, herd to bonc
Woven GraphiteSpery 5,000 txipe ™ 2080 High srength. high module ) N . ——;u ns 0 060 t’
225188 Fiberglass laminates
# Taps Graphitafipeny 187,000 wIx1ws » 0008 Low weight, high cost ” Epoxy-Gilliab 104D as 001 81d. epoxy. 180°F service femp.
TRx-Aas-ries . { Epoxy-Gilltab ms.ﬂs__.. 30 «——>s 33 oo High strength. 250°F service temp.
Phenolic -Gilltad 1002 30 30 001 Good strength, 350°F service temp.
Woven Glsss/ipany 33310 " oose Low 0oat, good svength
10 £183 o * Polyester-Gilifab 1074 3 30 001 Good strength, most fire-resistant
& Topo E-glasatipery tmooe | 60x10% - O - | Modeeats cout. good sengen Polyimide-Gilltab 1028 22 25 001 400°F gervics temp.
T2E 58 .
'S '..% - 170,000 70 108 . on High sengsh, moderate 008!, good POWCW'M'GM 999 16 18 0.01 Low cost
s uere - module Polyesier-woven rovings -
! Gultiab 1027 -3 20 00 Low cost
| Woven Keviet/Epexy 70,0007 ar1x108 1.00 0073 Lovw waight, (0w COmpressive strength
K89-205-7188 32.000C .
0 Taps KevierSpoxy 86,0007 28x 108 190 0on2 Moderse tost Keviar-epoxy-Gititab 1313 18 25 00068  Moderate strength, fight weight
33.000C Kevisr-phenolic-Gilliab 5055 16 20 00068  Light weight, iow smoke
Graphite-epoxy-Gilitab 1089 65 160 0.008 Watch for gaivanic corrosion, high
Fibergies Material, 14.000 092x 108 . o007 Vary low cost CoSt, sirength, stiftness
Polyester Resin Graphite-phenolic 60 150 0008  Watch for gaivanic comosion, high
) 20.000 18510 » 207 Very low comt v
| el d COsL. sirength, stitiness
| 2108 . N
| st P Pyses fpoed e - o b oruet v s Dougles fir plywood 26 15 0003 Low cost, poor westhering. hesvy
Lusn Piyweod 22% 18 1100 » 202 @x0ept for locang cedad. Tempeted hardboard 20 06 00045  Low cost. low strength, hesvy
Tompered Mardwood Good herdwood. low cost,
OO 8 3800 046 x 10¢ F ) 008 #mooth surlace
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GESCRIPTIONS
APPLICATIONS:

FEATURES:

SPECIF ICATIONS:

CONSTRUCTIONs

_AVAILABILITY:

STANDARD
TOLERANCES:

SINILAR GILL
PRODUCTS ¢

lor 2

GILLFAB 1045
APRIL 1906

M, C. GILL CORPORATION o |
4056 Essy Street, El Monts, CA 81731 TDR BASEUNE
Phone (B18) 443-8084 - Telex 67-7467 %AU'DL\HCH 'DKIU

MATERIAC

Gi1iifad 10435 is @ fibergloes cloth-epoxy llnlmte.

Uvwd In structure! spplications requiring 300°F ncrvice tomporo~
ture, especially tn airceaft_neer heet sources, Also a standard_

. w or FRA elsctricel leminste. - - - e

Retains over S0L of Its strength @ 300°F.
Fire rebistant.

High Fflunural axd other mechenical str I ]
Service tesperature ranges -65°F to 300

FAR 23,033 i 29,835. TFire reslstence.
Douglas DHS 1668.

ni1-p-254218, Ty 1, Clln 1.

NEMA G-,

NEMA FR 6.

Hi1-P-22693, Tv 1.

LAL-C-976B, Ty GEE.

Resins Epowy.
Re inforcements
Surface: Matte.

Fiberglass cloth. (yoy m\

Thickness: From 0.01" 1h 0.01" muitiples.
Length: Up to 168",

Width: Up to 72",

Cotlort Natural (off green).

Thickness: & 10%
Length srxd Width:

Product

4+ 0.5, -O"

flifference
NEMA G-11, standard slectrical laminate.

* Polysster Mi1 Spec. laninmte - lower cost but
180YF service tempersture.

1053
1024

'Loﬁt

PROPERTIES OF CILLFAB 1948
- Based on 0.060" Thick Laminath.
(Unless Noted)
VALUE
TROPERTY JEST YD —TNa(HETRIC)
Machanice! sroperties
Tested In warp direction
at room tempersture,
Flexura! strength,kst(MPe) FTE406-1031 [ 1) (586)
Flexura! modulus,ms!(GPe) FTHS406-103) 34 {23)
Tens{le strength,ks’ (e} FTNS5406-1011 1] (379)
Cunpressive strength.ksi(MPae) FYS406-10218 $0 (345)
Bond strencth.m(m BMS 82 . .. .. .. ... ...000  (%0])
vmet 4 ey mmeo e e L

Aﬂ:er z m bo" et
Flexural strength.ks!(MPa) FTMS406~1031 n 53i7
Flexurs! moduius,mst(GPa) FIMS406-1031 3.3 (23)
Tenstite strength,kst {M{Pe) FTMS406-1011 83 (368)
Height ,osf( m/n; )

(0.125 laminate) . 1.28 (6.11)
Specific gravity, FTHS406~5011
Resin content.lavg. FTiS406~7081 36
Bercal hardnsss,min, MODEL 934~} &3
Nater sbsorption, £ mmx. FTNS406-7031 0.20

Flommabi i ity

12 sec. vertical exposure FAR 25.853d
45 degree testFAR 25.855 PRass

izod {npact strength min value

in edge wise direction,

ft-ib/in notch (N-m/25.4 em notch)

flectrice) oroperties
Dielectric strength,volits/mil
Arc resistance,seconds
Dielectric constent,cps
st | megacycle
Standard conditions

24 hrs in water et 23°C
Dissipation Factor.cps
at 1 mega cycle
Standard Conditions

24 hrs in woter at 239C

ASTH D-149
ASTH D-¢98

FTNS406-402)

FTMS406-4021

Self Extingutahing

1.(/

- 330 - 500
180 min,

’..‘

(0.79)
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PRODUCT DATA

GE Electromaterials - !

GE GRADE: 11635H

TYPE: NEMA FR-4 OR MIL-P-13949G GFN

UL FILE NO.: E35132

TEST TEST TYPICAL
PROPERTY METHOD CONDITION | VALUE (.059")
THERMAL
Glass Transhion Temperalure (°C) PC-TM-6502.425(DSC) | A 135 4/-5
2-Axis Expansion (%) PC-TM-6502.4.41(TMA) | A 45
ELECTRICAL
Dielectric Constant @ 1 MHz IPC-TM-850255.3 C-24123/50 47
Dissipation Factor @ 1 MHz IPC-TM-650255.3 C-24723/50 .020
Dielectric Breakdown (kV),ParaWel, ss 1PC-TM-6502.5.6 0D-48/50 75
Arc Resistance (Sec.) 1PC-TM-65025.1 D-48/50 120
Volume Resistivity (Msgohm-CM) IPC-TM-6502.5.17.1 C-86/35/90 > 10°
Surtace Resistivity (Megohm) PC-TM-65025.17.1 C-96735/90 > 10
PHYSICAL
Water Absomption (%) 1PC-TM-850 2.6.2.1 D-24/23 .09
Flexural Strength (PSI} Length IPC-TM-650 2.4.4 A 85,000
Cross A 60,000
Flexural Madulus (PSI) Length ASTM D 790 A 3.0x10*
Cross A 2.5x10°

Izod Impact, Edgewise Length ASTM D 790 A 10.0

(ft-tbsin) Cross A 57
Peei Strength (1-02/M* copper): {PC-TM-650 2.48 A 10

After Solder Shock (b/in) 2 10 Sec. @ 550'F 10
Bow & Twist (%) GE Simulated UV 5
Rockwelt Hardness (M Scale) ASTM D 785 A | no
UNDERWRITERS LABORATORIES
Flammability 3 UL 94 A vo
Temperature Index ('C) Elec/Mech. UL 130/140
Maximum Operating | emperature ("C) UL 130
Solder Limits (Sec. @ emp.) ut :gg:g:gg; ;g

MICKOGRAPH  SHoWNG WIOVEN
{1) 11835H Rigid Giass is an 8 ply 7820 for 08%.082

{2) Avuilable upon request.

{3) This rating is not intended % reflect hazerds presented by this or any other meterial under sciual ire conditions
{4) These values reprasent UL recognition fimits, sctual values are signiicantly higher

vahues heted oes typice? values Tha dets provided hevein is for informetion purposes

F\BER BUNDLES

AD

EPoxY PAD UNDER ETCHED

e Eoch vser of the meters! should perform hes own 1ests 10 determng the sustebeity of —_
Geweed! Electix Conpary EXAMPLE: ::'m-nl for hes pariccular spohcation Statements concernng Possidle o suggested PP EK C-A»T“ OD E -
Coshocron 0K 4381) ﬁ wses of the matensl described hesen ace not 1o e cOnstiusd 83 conshiluting » Licente C-D
614 822 $310 GRAIN wnder any Genersl Etacinc patent covermg such use of 83 recommaendatrons for ute of

- SUCh Matarst i the infrngement of sny Datent

il OF ELECTROMATERIALS IS DONG IS PART TO NELS THE ENVIRONUENT BY USING RECYCLED PAPER
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fiberglass+
J T T v M N_1| o | »p )

1_|INTACT PLY DATA MODULE Temperature and moist

2_|ScotchiEng) 1 T opr 72 72 1.00
3 | Rigid bod of the enlire laminate, i ¢, wet 0.005 0.005 1.00
4 | sStittness | Baseline | Modilied | Mod/B T cure 252 252 1.00
5 Ex 5.60 5.60 1.00] Tglsss 320 320 1.00
) Ey 1.20 1.20 1.00 T 1.00 1.00 1.00
7 nu/x 0.26 0.26 1.00| delT -180 -180 1.00
8 [ 0.60 0.60 1.00

9 ho E-6 4925 4925 1.00{Th ) expansion E-6/deg

10 [Micromechanics data alph/x 4.78 4.78 1.00}
11  wolit 0.45 0.45 1.00] alphly 12.28 12.28 1.00
12 Efx 12 12 1.00|Moisture . lon,/c

13 Em 0.49 0.49 1.00] beta/x 0.00 0.00 1.00)
18] etay 0.52 0.52 1.00] betaly 0.60) 0.60 1.00
18 v'ly 0.83 0.83 1.00

16 Efy 12.42 12.42 1.00|Ply & consti ths, MPaksi

17] etars 0.32 0.32 1.00) X 154 154 1.00
18] v°/e 0.39 0.39 1.00 X 89 89 1.00
19 Gix 5.18 6.16, 1.00 Y 4 4 1.00
20 v 17 17 1.00]
21 |[Piane siress siitiness, GPa/mai 8 10 10, 1.00}
22] Omx 5.68 5.68 1.00{ Fxy* -0.50 -0.50 1.00
23] Qyy 1.22 1.22 1.00]  xix 343 343 1.00
24] Ox 0.32 0.32 1.00  Xm 4 4 1.00
25| Oms 0.80 0.60 1.00)

28 |Linsar combinations, GPa/msi Strength parameters, E-6

27 ut 2.97 2.97 1.00] Fx 73.28 73.28 1.00
28 u2 2.23 2.23 1.00]  Fyy 12077.81] 12077.61 1.00)
29 u3 0.48 0.48 1.00]  Fxy -487.60| -487.60 1.00
30 [ 0.80 0.80! 1.00] Fms 8157.43] 9157.43 1.00
31 ] U5«G*iso 1.08 1.08 1.00] FxEg-3 -4.81 -4.81 1.00
32 |Quasi-i ic f Fy£-3 163.67] 163.87 1.00
33| Etiso 2.75 2.7 1.00] G 1914 1914 1.00
34] nutiso 0.27 0.27 1.00] Gyy 18882] 18882 1.00
3s ) S Gxy 1712 1712 1.00]
38| Density 1.80 1.80 1.00] G 3306 3306 1.00
37] rho/m 1.20 1.20 1.00 [ 25 25 1.00)
38| rhont 2.83 2.53 1.00 Gy 108 198 1.00
39
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fiberglass+
4 of §
] n | s | v | v | v | w | «x Y
1_[INTACT LAMINATE MODULUS MODULE - elastic and hygrothermal constants
2
3 | [Angie] | theta/1 | theta/2 | theta/3 | theta/4
4 | [iheta) 0.0 90.0 0.0 0.0] [REPT}+
8 | [asgrp] 2.0 2.0}] 0.0 0.0 5
[ ] 2X,rad 3 JE+0 OE+00 OE+00| hs/re 8
7 4X,1ad OE+00 6E.00 O0E+00 GE+00 4
[ ]
9 Top 2° 1.00 0.50 0.00 0.00
10| Bott 2 0.50 0.00 ©0.00 0.00
11} del(z°) 0.50 0.50 0.00 0.00: he
12 2E-01
13 3.451
14 Stift Qi Q)2 Q)3 [{Q})/4 {A] [A°]
18 11 5.68 1.22 5.68 5.68 0.68 3.45
18 22 1.22 5.88 1.22 1.22 0.68 3.45)
17| 21a12 0.32 0.32 0.32 0.32 0.06 0.32
18 [-1] 0.60 G.60 0.60 0.60 0.12 0.60
18] 6tal6 0.00 0.00 0.00 0.00 0.00 0.00
20] 6228 0.00 0.00 0.00 0.00 0.00 0.00
21 A S5E-02
22| Compl [[s]l.m/GN [a‘] Eio
23 11 1.48 3E-01 3.42
24 22 1.48 3E-01 3.42
25| 21=12 -0.14 -3E-02 0.08 0.09
26 66 8.45 2E+00 0.60
271 6t=18 0.00 1E-18 0.60
28] 62«26 0.00 -BE-17 0.00 EGPa
29 XMPa
30 N hanical stress(Pa) and sirain V*IiA tho -
31| viiA_ | o.500] -0500] o0.000] o0.000] o0.000 R=X/sig] |
32] V°/3A 0.000 0.000 0.000, 0.000 0.000 rel tho
33 p*n T p*n /c sig*’n /T | sig*n /c { aiphao bela o eps/iso
34 1 2€-08 0.460 2E-05 0.460 6.305 0.122] rel stift
35 2 7E-08 -0.270 2E-05 0.460 6.305 0.122}spec stitt
38 8 sig’no | eps’no 4E-22 -2E-17 0.000 0.000] specR
37 1 -2E-03 -SE-04 o/x -9E-04 0.000 nu/iso
38 2 -2E-03 SE-04] ety 8E-04 -0.001 in(nu) |
3¢ 6 -2E-18 -2E-19 ols OE+00 0.000
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tiberglass+
A | 8] c ] o | € 3 [ [

1_MIC-MAC/N-PLANE: {theia/s), . . Jsymm |

2 | README | Theta 1| Theta 2| Theta 3{ Theis 4 Ply mat: |Scotch[En:
| 3 liply engle] 0.0{ 90.0 0.0 0.0lfrepent] | h, ¢ | n €3 [[Rotate]
4 fpty#) 2.0 2.0 0.0 0.0] 8.0 40.0 197.0{ 0.00,
-3

8 | RA 16.368] 3.41|wensssiasssns| RFPF| 3.41] salely 1.00
7 _|R/degrad 15.35] S50.15/ aseven #anene] RAPF| 15.35] Riim* 15.35
8 [Rieps x (if 18.55] 116.12] SNUM! | aNUM' | Rult 15.35] Rim 3.41
9 _J{NL, MN/m or ikin | [NJim | {NMim® | {Njuh [{E“jim [E“ul/E i <siph>E-6] <beta>
10 1 1.00 3.41] 15.35] 15.3% 3.4 0.83 8.31 0.12
11 2 0.00 0.00, 0.00 0.00, 34 0.83 8.31 0.12,
12 8 0.00 ©.00 0.00 0.00] 0.6 0.04 0.00 0.00
13 jeps/quad .21 2.32] ONUMI | SNUM! | SNUM! | sNum

14 <80°> |<8g*>lmjcsg®>lim’<sg®>ult l<ep*>E-J<op®>hm|cop®>iim® |<cop®>uit
18 1 5. 17. 78. 78. 1.5 5.1 27.8 27.6
16 2 Q. 0. ©. 0. -0.1 -0.5 0.0 0.0
17 [} 0. 0. 0. 0. 0.0 0.0 0.0 0.0
18 inpul:] _ 0.04|Output 1 §.1]Output 2 Output 3

19 T opr_{cmoist | volt Em Efx Xm Xtx  |EmvEm®
20} Baseline 71.6] 0.005 0.45| 0.49 12 4.5 343| o0.04
21 |[Modif 71.8| 0.003 0.43] 0©.49 12 4.8 343] 0.04
22 {Mod/Baese | 1.000[ 1.000{ 1.000] 1.000; 1.000{ 1.000 1.000] 1.000|
23 |Mod-Base 0.0] 0.000}HoVWet 0.49 12 4.5 343

24

28

28

27 |Ply data linked to Daia Flle:

28 {Scotch{En) 5.6023| 1.2003 0.26] 0.6009] 0.4935] 251.6 320

29) 154.136] 88.534] 4.4993] 17.126] 10.45 1.2] 71.8] 0.005

30 -0.5{ 4925 0.45 1.8] 0.518 0.5 0.2 0.9

31} 4.77778] 12.278 o 0.6] 0.316 0.01 0.01 3600

32 2.715 14.2] 0.775 1.76] 0.04 0.04 ) [

33

34

38

36

37

s

39
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Elastic Modulus ot Generic (0/+45/-45/90)sym Fiberglass Laminate (quasi-isotropic)
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fibergiass+ io/"‘f/-‘]'/‘h e
PAELS
J | x | t [ N | o | p Q

1_{INTACT PLY DATA MODULE Temperalure and molst

| 2 | h{Eng) | T opr 72 72 1.00)
3 | Rigd of the entire laminate, Il c,wet 0.005 0.005 1.00
4 | Stittness | Base¥ Modified Mod’B T cure 252 252 1.00
s Ex 5.60 5.60 1.00] T glass 320 320 1.00
[] [ 1.20) 1.20 1.00 I- 1.00 1.00 1.00]
7 nu/x 0.26 0.26 1.00] del T -180 -180 1.00
[ Es 0.60 0.80 1.00,
9| hof6 4925 4925 1.00| Thermal expension E-8/deg:
10 M hanics data alphix | 4.78 4.78 1.00)
11] wvoirt 0.45 0.45 1.00] eiphy | 12.28 12.28| 1.00
12 Eix 12 12 1.00| Mok fon jc
13 Em 0.49 0.49 1.00] betas 0.00 0.00 1.00)
14| ey 0.52 0.52 1.00] betaly 0.60 0.60 1.00
15| w1y 0.63 0.63 1.00,
16 Ety 12.42 12.42 1.00{Ply & consti sirengths, MPaks!
17] etals 0.32 0.32 1.00 X 154 154 1.00|
18] v'rs 0.39 0.39 1.00 X 89 [T) 1.00
19 Gh 5.16 5.16 1.00 Y 4 4 1.00]
20 (3 17 17 1.00
21 [Piane siress siitiness, GPa/msi 8 10 10, 1.00
22 Oxx 5.68 5.68 1.00] Fxy* -0.50 -0.50 1.00
23 Qyy 1.22 1.22 1.00]  Xix 343 343 1.00]
24 Oxy 0.32 0.32 1.00]  Xm 4 4 1.00
25 Oss 0.60 0.60 1.00
26 |Linear binati GPa/ms! Strength p Hors, E-¢
27 Ut 2.97 2.97 1.00] Fo 73.28 73.28 1.00
28 1) 2.23 2.23 1.00] Fyy 12077.61] 12977.61 1.00
29 u3 0.48 0.48 1.00] Fwy -487.80] -487.60 1.00
30 U4 0.80 0.80 1.00{ Fes 9157.43] 9157.43 1.00
31| USaGrieo 1.08 1.08 1.00] FxE-3 -4.81 -4.81 1.00
32 [Quasi-isovopic constants FrEDd 163.87] 163.87 1.00
33| E*iso 2.75 2.78 1.00] Go 1914 1914 1.00
34] nutiso 0.27 0.27 1.00] Gy 18882] 18882 1.00
3s Gry 1712 1712 1.00
36| Density 1.80 1.80 1.00] Gm 3306 3306 1.00
37] thom 1.20 .20 1.00 [ 25 25 1.00
38| rhont 2.53 2.53 1.00 Oy 198 198 1.00)
39
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fibergiass+
I ®» T s T * 1 v | v 1T w | x Y
1_[INTACT LAMINATE MODULUS MODULE - elastic and hygrothermal constants
2
3 | jangie] | thetast | thetar2 | thetes3 | thetesa
4 | jineta) 0.0 45.0 -45.0 90.0] [REPT]e
8 | fw/grp] 2.0 2.0 2.0 2.0 [
6 | 2Xred OE+00]  2E+00] -2E+00]  3E+00] helrs,@
7 | axsed OE+D0]  3E«00] -3E+00]  BE<00) []
[]
9] Tepr 1.00 0.75 0.50 0.25
10| Bont z° 0.75 0.50 0.25 0.00
11} de)z°) 0.25 0.25 0.25 0.25] he
12 4E-01
13 2.988
14 sunt [0 jo1/2 joys | (oye 1A1 1A}
18 11 5.88 2.48 2.48 1.22 1.17 2.97
16 22 1.22 2.48 2.48 5.68 1.17 2.97
17 2112 0.32 1.28 1.28 0.32 0.32 0.80
18 66 0.60 1.57 1.57 0.60 0.43 1.08
19| 6ta1E 0.00 1.12 112 0.00 0.00 0.00
20| 62.28 0.00 1.12 -1.12 0.00 0.00 0.00
21 Al SE-01
22] Compl jal.m/GN e’} Elo
23 11 0.92 4E-01 2.7
24 22 0.92 4E-01 2.75
25| 21.12 -0.25 -1E-01 0.27 0.27
28 [13 2.34 9E-01 1.08
27| 61e18 0.00 4E-18 0.00
28] 6226 ©0.00 -2E-17, 0.00 £GP
29 XMPa
30 N hanical sty 'a) and strain VA tho
31 VA 0.250 0.000 0.000] -0.250 0.000 R=Xsig} |
32] V°3A 0.000 0.250] -0.250 ©.000) 0.000 rel tho
33 o*n /T | p*n fc | sigin T | sig*n Iic o | belao | epsiso
34 1 2E-05 0.460 2€-05, 0.460 6.305 0.122] rei stiff
3s 2 7E-06]  -0.270 2E-05 0.460) 6.305 0.122{spec stitf
36 6 sig'no | eps*no 2E-22]  -8E-18 0.000, 0.000| specR
37 1 2€-03] SE-04] erx -9E-04 0.000 nufiso
38 2 -2E-03] .SE-04] ely 8E-04] -0.001 tn{nu)
39 [] 8E-20] -4E-20] efs OE +00 0.000

20t
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[o0/+45/-45/96] omm

WQ
j a | 8 ] c ] o | E F 6 ., H [
1_|MIC.MAC/IN-PLANE : flthetavs], . . Jeymm 1
2 | README | Theta 1] Theta 2] Theta 3] Thets 4 Ply mat: |Scolchf]
3 0.6] 45.0] -45.0/ ©0.0 h 8 | hE3 [fNotate]]
4 | joys) 20 20 20 20| 8.0 80.0] 294.0] e.ool
[
s | R 20.30] ©59] 9.59] 6.58] RFPF| 5.58] aately 1.00
7 |Ridegraded 21.04] S7.06] 67.08] 16.65| RAPF| 16.65] RAm* 18.65
s x (] 29.64] 81.69] 81.69] 63.50] Ratt | 16.65] Rtim 5.58
®_[iN]. MNim or Win | [Njim [ (Njlim® | (Njuht [E*jlim  [ESW/ESd <alphoE -8 <beta>
10 1 1.00] 558] 18.85] 18.85 28] 089 831 o012
11 2 0.00] 000 0.00] 0.00 28] o069 8.31] 0.12
12 [] 0.00] o000l o0.00] 0.00 1.1 o.es 0.00{ 0.00
32jepsiquad | 1.42] 1.43] 1.43] 3.62]14178 20.837
14 og’> |eag® <8*>lim ] <ag">ull |<op®>E-J<op®> limi<cap>iim*®
15 1 3. 14. 42. 42. 0.9 5.1 222 22.2
18 2 0. 0. 0. o] 02 -14 22 72
17 ] 0. 0. 0. a. 0.0 0.0 0.0 0.0
18 input:]  0.04/Output 1 5.5 2 Output 3
19 T opr_jc.moist | wolt Em Etx Xm Xix mEm®
20| Baseine| 71.8] 0.005] 0.45] 0.49 12 45 343 0.04
._?L]W“gl 71.6] 0.005] o.a8] o©.49 12| as 343] 0.04
22 |ModBase | 1.000] 1.000] 1.000{ 1.000] 1.000] 1.000] 1.000] 1.000]
23 [Mod-Base 0.0] 0.000[Hotwet | 0.49 12 45 343
24
25
28
27 [Py deis linked to Py Data File:
28 JScotchiEn] 5.6023] 1.2003]  0.26] 0.6008] 0.4835| 251.8 320
29| 154.136] 88.534]| 4.4993] 17.1268] 10.45 1.2| 718 0.00S
30 05| 4925] 045 18] 0.518 0.5 0.2 0.9
31] 4.77778] 12.278 [ 06| 0.316] 001] o0.01] 3s00
32 2751 1a2] 077s] 1.76] 0.04] 0.04 o] 0

¥ o ¢




GEM TN-93-494

4. Sandwich Core Materials

Contents:
Survey of various core materials and their densities and mechanical properties (3 pages)
Data for HRH-10 aramid fiber/phenolic resin (Nomex) TDR Baseline core (4 pages)

Data for polymethacrylimide foam (Rohacell) core materials (4 pages)

Summary:

The TDR Baseline sandwich panel core material was aramid fiber/phenolic resin (Nomex)
honeycomb. Hexcel corporation calls this line of Nomex honeycomb material HRH-10.
The lowest density/shear modulus ratio HRH-10 material, HRH-10-1/8-1.8, was selected
as the baseline. It has 1/8 inch cells and weighs 1.8 1b/ft3 (0.029 g/cm3).

Lower cost and better properties per unit mass were available with aluminum honeycomb
materials but they were not chosen because an electrically insulating material was required
to separate cathodes without introducing capacitance in the core.

Honeycomb materials have two different shear moduli due to their construction. HRH-10-
1/8-1.8 has a shear modulus of 1.5 ksi in one direction and 3.8 in the other. For CSC's
the highest shear modulus would be aligned to the long span of the chamber to better resist
gravity sag.

An alternate core material is polymethacrylimide foam (Rohacell). The lowest density
Rohacell available is 31-1G at 1.9 1b/f13 (0.031 g/cm3). Its shear modulus is 1.99 ksi in all
directions. Since it would be approximately half as stiff in shear in the long direction for
essentially the same mass as HRH-10-1/8-1.8 it was not chosen as the TDR Baseline core
material. Its virtue is its isotropic properties which allow it to better resist local loads such
as would occur it the sandwich panel were used for a flooring sheet.
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BASELNE. Cote MATL. Du:. DS-%000  Ler ¢
Honeycomb
®
HRH*-10
Aramid Fiber/Phenolic Resin Honeycomb
Data Sheet 4000
Festures Type Designetion
High Strength st Low Densities HRH-10 honeycomb is designated es follows:
?““ﬁ””‘a"i.wmu. Matorie! — Colt Size — Density
:i:e istent (sei extinguighing) Example:
-resistant
Water and Fungus Resistant HRN-10 — 18— 30
Excetiont Dieleciric Prop :
Goed Bonding Suriaces Where _
Good Thermal and Electrical insulator o asionees horwycomb trpe

Applications

HRH-10 has been widely accepted throughot the ssrospace
industry and ssveral commercial aress as & very fough,
environmentally resistant core material in sandwich panels. it hes
besn designed and used in fial and contowred shapes, with 8 wide
variety of {acing materisis and adhesives, and it has sxtensive
service in both structursl and non-structure! parts. Most of the interior
panels of commercial jets such as the 737, 747, MD 11, 787, 767,

firs-resistance. Exterior sircrafl parts such as radomes, fairings.
helicopier blades. flaps. e1c. sre designed with HRH-10 because
the features listed above. Surfboards and high performence bosts
sre but two additional applications where this core has been used
because of its toughness and resistance 10 corrosive attack. The
“OX" configuration is & hexagonal honeycomb which has been over-
xpanded in the “W- direction, providing a rectanguiar cell shape
winch tacilitates curving of forming in the “L" direction.

HRH-10 is manutactured from Nomex® sramid fiber sheets. A
thermosetting adhesive is used 1o bond these sheets st the nodes,
and. sfter expanding 10 the hexagonel or OX-Core” configuration. the
bilock is dipped in phenolic resin. Afler curing the resin, slices are ot
10 the desited thickness. For special applications, such as air
dissctionalizing. the honeycomb can be provided without the phenolic
resin. Using this process. a wide range of coll sizes. paper
tucknesses and densities can be produced. The standerd product
ing is shown in Table I.

Regesernd Trademanh, Hence!
-’wmw

3.0 — is the nominail densily in pounds per
cubic foot

Dimensions! Nomencisture
T « Thickness, or cell depth

L « Ribbon direction, or width
W « Long direction, or direction
perpendicular to the ribbon

HAH-10 will be supplied FO.B. Cass
Grande, Arizona. Lead times will vary with
particuisr core types selecied.

December 1980

DS-4%000 20fr4
Table I: Mechanica! Properties of HRH-10 st Room Temperaturs
Hescol Honeycomb Comprassive Plale Shesr {(muvsy
v Bare Sbiitred L Direction W Dissction
e — Swangth Srength  [Moduhss | Swengih | Moduus | Sbength | Modukas
psi psi s pei [*] P ksi
Hexegonal yp min L] min L] o min yp wp min wp
HAH-10—1116—3 4 195 180 | 208 170 20 155 18 .0 8 e | 29
05 85| s g [ 0 75T s e qgj
3 00 235 | 25 270 20 175 155 > 00 88
HAH-10—18-—4.0 520 400 575 <70 20 35 25 8. 140 "5 47
HRH 10— 1850 700 560 | 770 @20 37 | 3 25| w2 175 150 | Sa
HRH-0—18—60 1050 850 | 125 95 S0 ] 35 30| 130 | 200 70 )] 65
HRH-10--18—8.0 1675 1370 | 1830 1450 78 J 480 400 | 0 | 200 200 | 95
HAH.10—18—90 2000 1525 | 2100 1600 0 | 15 45| 178 | 00 250 [ o
HAM-10-316—15 80 15| 100 w8 [ 7% a0 © 2| 16
HAH 10— 3/16—18 120 o5 | 130 105 8 0 75 s 50 4| 19
HAM-10—316—20 145 120 | 160 140 1" 10 80 3 6 45| 21
HAH-10—316—-3.0 0 235 | 28 270 20 [ 15 w &S Wo 85| 34
HEAN-10—-316—4 0 500 43 | Se0 4720 2 | 28 25 78 40 M0 | 47
HRH-10--3116-6.0 835 780 | 1020 S 6 J 40 30| 130 [ 225 20| 65
HAH.10—1/4-1.5 80 65 0 75 (] L 30 s 2! 13
HAH-10—14—20 140 15 | 155 128 " 1w s 40 sc 4| 20
HRH 10— 114—3 1 25 200 | 310 268 21 185 180 €5 0 78] 30
HAH-10—1/4—d.0 40 380 | 40 390 2 | 250 205 80 125 w0 | 385
HRH-10--38—15 % 7| 105 o0 8 7 88 30 s 2 15
HRH 103820 140 115 | 155 128 3 0 72 37 55 3 | 2a
| HRH-10—38—30 20 200 | 20 2% 17 185 180 86 s 0| 3
HRN.10—3u—~18 7p Sop! sop 8% o] p S5p| 34 | Mp 2] 13
| OX-Core
jHAH.100X—316—18 | 110 @05 | 120 o8 7 e &5 20 ? S| 30
HRHI0OX—316—30 | 329 280 | 350 285 7 ns 95 30 135 no| eo
HRH.10:0X—316-40 | 600 S00 | 650 850 2 | 13 105 . 10 130 | 84
HRH10/OX—14—30 | 350 280 | 38S 310 17 o - s 30 135 WMo | &0
Notes: - MATER e
Tes! data obtained at 0.500 inch thickness. ¥ TIR BASLUNE CoRL
P = inchcates imited testing has been petiormed.
Additiona! Properties
mmmammeeﬂmmm.
Dislectric

Constant
Tmmmu:ummmmmnnwﬂmum

Poisrzaon paratel to both the °L" and "W~ dicection was used.

1! Cors j  Polerizesion Pacsitel to 1 . Polarizatien Persliel to W
L)

| ' € Paraliei L € Parallet W € Porsliel L € Paraliel W
i 18 { 109 100 1.04 10

| 20 110 1.10 108 1.04

I 30 1 1.1 107 108

i a0 113 113 110 107

i 50 118 118 134 109

. 60 119 119 118 '
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Special Configurstion and Shapes
Honeycomb cores can be custom designed with non-standard mechanical property
combinations to mee! a varisty of special applications. in addition to the hexagonal and over-
expanded (OX) cell shapes HRH-10 Is available in Flox Core' a vovy tiexible core matenal
(See Data Sheet 3700). HRH-10 can be provided d or f d to your specific
requirements, including flat pleces cut to slza. simple tapers, edge chamlering. doubler
reliefs, or machining to complex and compound curvatures. Hexcel has unique capabililies to
machine parts to unusual contours and 1o shape honsycomb by a variety of heat forming
techniques. Contaci the nearest Hexce!l Sales Office for addition information.

Standard Dimensiona
HRH-10 honeycomb is available in the following standard sizes with the tolerances as
Indicated.

Products L w Tmaximum | T minimum 8q. FL
Peor Panel
HRH-10 Materiats a2 96" 1 8 36" 0.200° 29.3
sz 96" 16" 3 0.200° 320
S2° 22 10°26° 38" 0.200° 397
HRH-10/0X Materials W22 96°16" %" 0.200° 253

Tolerances on cut thickness are as follows:
0.200" 0 2.000" tolerance will be 1 0.006"
2.001" to 4.000" tolerance will be 2 0.010"
4.001" and over tolerance will be 3 T/100

Special thickness tolerances as well as other °L", "W~ and “T~ dimansions are available upon
special request. For large volume requiremants it may be possible 1o supply panels to your
specific size al little or no additiona! charge. Tolerances on °L" and “W" for pieces cul to size
will depend on the core type and pane! dimensions. Tight tolerances are not always possible
because of the flexible nature of this core type.

Specificstions

HRH-10 has been evaluated and approved for numerous corporate specifications and meets
the requirements of SAE specifications AMS 3711B and MIL-C-81986. Amendment 1. in
addition, HRH-10 mests the following parameters end properties.

Configurstion — The cell size of hexagona! core will give the nominal cell dimensions in
inches across the fiats (nodes) of the celi. Cefl size determination will be made by measuring
melonmhov10eomnmmlhmsmwombuhmundmmmensuns Double
faps will be permitted as iong as the core blankets are within d . Unbonded
m:mnmmmmwwm.mwmmmthnmmsm nominal celt
size is created and the minimum mechanical properties are obtainabile.

Density — The tolerance on honeycomb density when measured on & minimum of
100 cubdic inches of core will be £ 10%.

Fisme Retsrdence — HRH-10 will mest the “self axtinguishing” dlumuﬂon of FAA Air
Crash Worthiness Rules and Reguiations Section 25.853.

Water Migrstion — HRH-10 does not exceed 1 cell water migration in 24 hours whan tested
per MIL-STD-4018B.

Mechanical Properties — Table | Kisis the HRH-10 product line and machanica! properties
when tested per MIL-STD-4018 using 0.500 inch core thickness. The “typical” values repre-

sent the mean ge of & relati ly iarge number of test values obtained from many blocks
of honey The “p inary” values mark ‘wnha‘p gre results from s limited amount
of testing. “Minimum® pmpemes are g m individua! values when tested at

ambient conditions per MIL-STD- 401B.

Therma! Conductivity DS -4000 % ofF 4
Severat honaycomb cores have been tested for thermal . The figure below shows the results of this
evaluation for HRH-10. The thermal conductivity constant varies with cell size and core thickness because the

air convection affects inside the cells. Note the following values were obained with the heat fiow from top to bot-

tom ol the panal.

i [
Y
Bl 07 —e. 38" oo
“lx /l
| 06 =] 1 144° oo
- ’ ) s — .
os o e oo
! ’ g — 118° con
] |
04 |
E o o8 10 15 20 28

Honeyocomb Thickness — inches
Properties at Elevated Tomperstures
NHHwhasbun(esmd!msanmdwmw elevated temperatures and time exposures up o 500
hours. Bec the Ni 450 10 500°F, the properties drop off rapidly at those temparatures; how-
sver, when returned to ambient conditions, almost all its original strength is regained.

-

Percant of Room Tempersiure
Strengih Retained
7
g

Copyright © 1990 — Hexce! - ARl Rights Reserved
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ROHACELL 1G 15 8 lightweight. rigid. high-quality, polymethacryimide foam.
i is especiaily suted for use 85 8 core matenal for composite consiruchion.

(240)

Typical mechanical properties Lo NEST DRRSITY
o MONACELY WONACELL ASTM
PRESSED GRADES Test
Properties Dimens S11G_ 711G 11016 P170° P190" Method
Densty Wbsteu i 1003 1o)4 4 69 106 19 D622
Jergiestrength__ PSi 142 7270 "388 " 488 1.070 1.210 0638
Comoressive strength _ PSI 57 __ 128 213 427 wza{388y 11101455 D1621
Flexurat strength PS) 114 228 356 640 1.490(1.420) 1.780(1.710) D790
Shearsuength  _ PSI §7 114 185 341 e40ia27) 182(427)' c273~
Modulus of elesicty — PSi 5120 9050 13.100 22700 45500 54.000 D638
| Shea: mogiE | PSi_ [7996 Y2000 4270 8250  17.000 26.300 D2236
Shea'modulus __ PSI_ 1850 2700 4120 7110 12500 14.200 c273
Elongatonatbresk % 35 4 45 45 5 6 D638

Vo5 £2-c € 22°0 P2 4%F) 07 S0% 10 8" v Mmgey 1) P1ID 976 P1I0 90 COW COMDIIINT "ON SO HOOC vauee

L i aa Y ] O CVAB” 10 e DIgNE O e 1hee
Standsrd sheet sizes: Sheet thickness e Q;-l@’
RO-ACELL31IG __ _492x8B4in___ _12m o2 6n f“'

4
ROMACE._ 511G 492x984m .04 1022m (,’"_. )= 6-0v/0 ALF A5
ROMACELL71IG 4922984  12m 10200  Mgterals less than 016 in thick are STIFE v
ROHACELL 101G 216x85m 19 only __ onlyavaiable 246 x 492 n DAL
ROMACE.LP:70  236x984m _ 11m only . @ CONPALL)
RORACELL P19C 236x984in 09 only ~C 1 TOR

[ — BRI Ln
Applications 97;": = 0.00063% b( oK £
ROHACELL G has a vanety of uses in composite
Construchon 85 a core matenal e g Comprassive strength (ASTM D1321) 88 8 funetion of lempersture
® Aucra* construction (SO st 20° 2 v 3
® Rada:or fechnology
® Electroncs

® Const-uction of sporting goods fennis rackets,
€anoe paddies Cross country ang downhdl
skis elc

® Freight conlaners

® Marne construction such s hulis, decks. bulk-
heads and rudders

® Mode' butding i ndustry and architeclure o
® Thermat expans:on molding mandrels o
Shosr medvive sng machanies!
Tonaite strength (ASTM DI39) s 8 ping (ASTM D22368) se o tunction of emporsture.
s s S0 3 - 30C - 15 ° 180 0. ¢ o0
ol e

0w g
e
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rohacell

dmensional stabiy

=

WF

ROHACELL WF is a lightweight. rigid. high-quality. polymethacrylimide foam It was developed 10
satisly the demand of the serospace industry for 8 high strength core materal for advanced composie
constructron ROHACELL WF foam will withstand autociave processing at lemperatures up to 360°F
and pressures up fo 100 ps' over 8 2-hour tme penod (depending upon density and heat treatment)

ROHACELL WF has an 1sotropic Structure, so pressurs can be apphed from afi directions with excellent

L,

.

L

Typical mechancia! properties
ASTM
ROHACELL' WF GRADES Test

Properties C nenson 51 WF 71 WF 10WF  200WF  300WF  Method
Densiy Lbs/cu f 31 {0 35)44 69 125 18 7/6,3) D1622
Tenste sirength PS! 227 312 525 852 1.491 0638
Compress-ve strength PS! 128 213 511 1,190 2.272 D1621
Flexura' strengin (] 227 412 738 1,704 2840 D790
Shea- strengtr PSi 14 185 341 710 1136 C273
Mooyt o' efasic ty PSi 10 650 14910 25.560 34 000 53 000 D638
Snea’ moou'ut PSt 2840 4 686 8.236 D223¢
Shea: moouus PSI 2698 4118 7 100 21.000 42 600 C273
Elonga’ o~ al break ot 3 3 3 35 35 D63e
W 2Toz e 23ATIET g e SN0 vt mpy ) GuUEE NS M T VRIURS 8°¢ BV 9D VDO FROUeS
Standsrd sheet sizes: Sheet thickness
RO-ATE L 5" WF 433>787m 004:m 1020, Matenals lexs than 016 in thick
RO-ACE.. 7TWF___433x787m ___012mt020m enais jess an0 0 thckare
HOCACELL110WF__4332787m __ 010m 10177 m only aveiable 217 x 393 1n
ROSECE,LJOCWE  352:748n  025mtoT26m
RO-aCE_L 30CWF__433,688n _ 15m ony

Comprassive strangth (ASTM D1821) as ¢ function of temperstiure
Applicstions o T . L T A5
® Ascra® composHe structure P T e o S i '—'*"!'-;“-?-!00
® He icooter roto* blades P ¥ o Pp P e v T AR et v ™
® AnienasRadomes O o e : : ATty m‘. v 35
® High temperature Suppor structures il .. jaer R
» Edge members for honeycomb ' ‘ — —1 L\ aac
® Hig~ temperature stable modeils ';"‘"'; N : T l ‘.:%"
® Winding and toohing mandrels O 7 R + -é g
Compressive Creep of ROHACELL WP
Tomp-easc Wes LT
MoracerGage ST IWTEW ] W

TRes Wora st TOER 0T T 0% BT NOH[ MW W%

Tomressc-
niy

fnoherterece 48 25 - 15 188 -
E"\"OSS(’
"y

08 21 03 06 02 08
"8 281,08 088 DR CI O InI YOS

08 22

Chemica! Resistance
ROHACELL s tesistant to many organic solvents
s however, not tesistant o alkaline media More
detaded chermcal resistance data 1s available upon
request
Flasmmabillity Data
ROHACELL produces s small amount of smoke as
# burns but the fumes do nOt contam corrosive
decompostion products The decomposiion
products of ROHACELL are no mare toxic than
those of burrng wood. when tested according 10
accepied procedures The burning behavior vares
among grades and depends in part on the thickness
of the matera! and the facing matenials When
provded with suftable skins composite parts not
covered a1 the edges meet the condtions of FAR,
paragraph 25853 (a) and (b).
Handling Characteristics |
Machining. ROHACELL can be machined on high
speed woodworking and plastics machines Special
machmes for ngid foam plasics are also suttable
Al product dust should be removed from the ares
during machimng

ROHACELL shouid nof be cut using 8 heated fia-
men' since harmitul vapore may be formed

Thermoforming. ROHACELL foams are readily
thermolormed a: temperatures of
1G

320°F 10 360°F
WF 400°F 10 420°F
WF hea:tre’ec  410°F 10 440°F

However since the heat retention of the materal is
low care should be taken that the matenai does not
coo! betore ther™o'o ming 1s complete

in add:.0~ 10 Smple forming and shaping with a
de and cavry block ROHACELL can be formed by
vacuum thermolorming. blow molding and vacuum
bap technioues

These methods can be used 10 8 limited extert for
ROHACELL 110 1G but are not recommended for
the P170 and P190 grades

Hest Treating of ROHACELL WF
The processing behavior of ROHACELL WF at ele-
weled iemperatures 1s greatly improved by heat treat-
men! Heat treating condions for
51 WF —48 hours at 360°F
71 WF—48 hours a1 360°F
110 WF—20 hours at 320°F and 28 hours st 360°F
200 WF—20 hours al 320°F and 28 hours at 360°F
300 WF—24 hours at 360°F
Hea: reated ROHACELL WF should edher be used
promplly stored in 8 morsiure impermeable fim
pouch ot kep! in an oven at 140°F

Priof 10 formeng or heat trealing predry
ROHACELL foam at 250 ¢ 10°F for two hours

QR 08t S

¢
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rohacell PMi foam

Sonding. Most commercial adheswves are sutable
Polyester and epoxy resins give frm ngid bonds
The cure should take place under sufiiceen! pressure
o make sure the celis are properly filed with the
bonding resin

Synthetic. rubber-based solvert adhesives are also
acceplable Solvent rom adheswve systems must be
peimied to fiash off before assembly as ROHACELL
is very resisiant 10 soivent dfusion

To bond ROHACELL to other materials in com-
poste construction, # is usually acceptable to use
adhesives sudable for the other material, for
exampie

Metals—E poxy resins, rubber or polyurethane
adheswves:

Acryic sheet—Methacryfic resing.

Fiberglass reinforced polyester (FRP) gheet—
Polyester or epoxy resins, polyurethane adheswves

Fim agheswves may also be used to bond pre-
cured skins or may be co-cured as required

Peinting or varnishing. All commercial paints
varmishes. and lacquers. including niiroceliviose
facquers may be sprayed or brushed onto
ROHACELL For a smooth. glassy surlace the
material 1s fdleg and sanded The high heat
resistance of ROHACELL even atiows coating with
sprayed metal

FRP Laminstes. Ususl iaminating methods may be
used eg . hand lay-up fiber sprays and moiding
methods Minmum pressures are requyed 10 obtan
good peel strength ROHACELL foam can be co
cured at temperatures in excess of 350°F

Snce ROHACELL foam resists styrene it 1s not
necessary 1o seal s surface when poiyester resins
are used

Thermopilestics. ROHACELL fosm may be
co-molded wih both reinforced and unrenforced
thermoplasiics Piease contact our development
engmeers for more information

important Notice

The wiormaton Bngd MBETEns NeTen 28 DEVED 10 DE 10130 Dut
§10 701 10 DE COMHURT 85 & WHITty O 1ISDIEILTRM O™ 10t WhC™ we
amsume 9pe’ y Use’s should sutCeve  Ta
HON BNG 91N 10 G NG The SUARDHy 10 (e Own DETCU'S” Du”
POSE O 8 iOMBION O DIOTICIS 1990110 10 heve~ NO WARRLNTY
OF FITNESS FOR A PARTICULAR PURPOSE 1S MADE

Nothvng have:n 1§ 10 DIt R 85 DE-T 1300 MAUCEMENT Of TECOMme
8107 10 DIBCICE BNy DIMEIRT WERON wihOUL § ICense
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GEM TN-93-494

5. Epoxy Filler Materials

Contents:
Data sheet, Fiberite 954-3 cyanate resin, 350F cure temperature (2 pages)
Data sheet, Hexcel F185 epoxy resin, 250F cure temperature (6 pages)
Data sheet, Fiber-Resin FR-337/338 carbon or aluminum fiber reinforced RT epoxy (2 pages)
Data sheet, Ciba-Geigy Epccast 1617 A/B syntactic RT epoxy (1 page)
Data sheet, Grace Eccofloat TG-24/24A low density syntactic (2 pages)
Mechanical data, Anocast low density syntactic (1 page)

Material comparison chart, Ref. GEM TN-93-460 (1 page)

Summary:

* Alternative material choices show the most promise of achieving mass reductions
without compromising chamber stiffness and without increasing design complexity.
Materiais having high stiffness-to-density ratios are needed only for load-bearing
locations (under bolts, near support connections, etc.) thus requiring less material to
carry a given load.

- Castable epoxies with high-modulus fillers are optimal for all load-bearing
components.

- Ultra-low density materials are optimal for lightly loaded components.
* An optimal cathode strip chamber structural design simultaneously minimizes muon

scattering (mass effects), shear deformations, gravity sag, stress levels, and
complexity.
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954-3 CYANATE RESIN
« Low microcmeidrg, Fiborite® 984-3 Ia & 380°F (1 Syanate
;&n‘wm MWI-MDWFZ:.:)'C%PC)
cyanate resmn Sorvice temperature. Fiherite 954-3 Is formulatea for

autoolave or prees moiding. Standard cure is two
hours at 350°F (177°C). Service temperstures are
maximized by a post-cure of £28-450°F (220-232°C).
o -Q07°F 'p 280°F (-128°C Fibertis 954-3 can be impregnated via hot mait or
0 121°C) eervice #olution techniques on all available fibers and fabrics.
wmnm. The recommended lay-up procedure for this meterel
Is L-7. The recommended cure procedure is C-9.

325°F/wet. Typlcal aepications for 954-3 inckude primary and
Sacondey Space structures and other apolicatons

+ Attractive slectrice] Propertias are
propertes TYPICAL NEAT RESIN PROPERTIES
20°F | RrWR
aT |o 1S CWet)
o 3B0°F (177°C) cure Tonglle STeng. it a2
Tensls Modukum, Mt 04
Yerstie UL Svain, % 24
Termle Sregts, Py | p28
* Very 'ow minimum Torwis Mocha, GPy | 270
viscosily Torste L2 Stah. % 24 :
PMuiSrengtn e | 173 | 128 12
AeunMoosa Vel | 00 | ox 0%
¢ Avafiabie in 8 broad fANG® | | muere Sewng Ao | 11027 | sage | 7724
of fiders and forms Fiexual Moddve, 0% | 208 | 220 207
s pe and Uptalw, W2 % 06
Tg (OMA-Tan 8), °C 200
Oungky, gfor® ERT
* Ausociave or press-moid Notes: (1) Post-0urea 2 howrs et 450°C
procesaable (2 Wet = 7 gy imymermon at 180°F.
Boonime e

mduwmumm.ynw-nmmmauat—-m
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@ FIBERITE FIBERITE® 8543
CYANATE RESIN
T =
DIMENSIONAL STABILITY
. sLy 4
Hygrosieir . pom 10 )
Water Absoroion, % . LS ar
CME. ppm. | w= 98
NOTEE:
Hygrostm:n dividad by %M = OME

Psesdo-solrepee
*R. Brand andd £ Destry; SPIE Cord, 1600. 300. Apdl 1962 (Composie Opta, M)
% Biair 2 J. Zakrzewsia, SPIE Cort!. 1680. 300. ADrE 1992 (Lookheed MSC)

mm
90" AHVEQ
054-9 RESIN OUTGASEING
[__ 2 ] ABTM
LANTS
Tom Mane Loas 030% 10%
} volatie Condenssbis Memrials 00™% 0. 1%
Water Vapor Secoversd 00e% -
NOTES:
Tesmc por ASTM E 585
Tt “28 S0 SLNNNC -he -t
mvnm-u“”nﬂ“ﬂ»u**p#ﬂ—-cmu-
oot re e
i e ProTImaes SN SRMRTERS.
2843004 PR 2, W M. G}
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Hesin Systems for Advanced Composiles

A Structural Adhesive and Co-Curing Grade Epoxy Resin
250°F Cure

“Tiademnerk. Hezce!

F185~ is an advanced epoxy formulation
designed for autoclave curing to offer ve:
high sandwich and metal bonding strengths
with moderate laminate strengths. This
system offers the highest available fracture
toughness and strain to failure of the
250°F cure resins.

Festures

Uncured:

2 Single assembly sandwich layup procedure
L Controlied flow

J Excellent tack and drape properties

Cured:

U Excellent fracture toughness and sirain fo failure

0 Set extinguishing

0 Balanced tool and bagside peels on sandwich panels

uVefyhghsandmchandMalbondingsuanglhs

U Good iaminate properlies

U Certified to MIL-A-25463 A, Type 1, cnassz and
MMM-A-132 A, Type 1, Class 2

May 1968

Neat Resin Pr -
at_ R esin Properties 1l

Specilic Gravity ... ... 1.286 g/cc
.................................................... 171°F
Eqmlibwm Moisture Absorption . . ... .................ccnnnu.. .. 7.0%
Linear Coefficient of Thermal Expansion . . . .. ... ....... 4.75 x 10-5 infin/°F
TensleStrength .. ... ... ... ... .. ... ... ... ... 7.2 ksi
TensileModulus . . ............. ..ottt 0.42 msi
Tensie Sain . . ... ... ... ... e >9.5%
Fracture Toughness. Ky . ... ... ... oo, 4.05ksi Vin
362MPa Vvm
Strain Energy Release Rate. Gy . ... ......................... 345 Ibfin
6.04 KJ/m?
Gel TIMB @ 250°F . . ... ... e 5-11 min.

Gl Tong rrnsnny

Rheometrics Curve of F185
2 Deg.Mlin., 10 Rad/Sec,
RDS-7700, S0mm Pistes
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Temparsture (*F)

5-5

190

130

5-¢
Cure Cycle g s
15
Mo 90 * L
8 260°F 2 10°F
Cool Down
S°F /min Maximum
Hea! Up
2-8°F/min
Yime
Cure Procedure:

A. Apply vacuum of 22 inches Hg minimum.

B. Apply 85 + 15 - 0 PSIG pressure for laminates.

C. Apply 45 + 15 - 0 PSIG pressure for sandwich.*

D. Vent vacuum bag to atmosphere when pressure reaches 20 PSI.

E. During cool down when the part temperature falls below 140°F, pressure can
be relieved and the test panel removed from the autoclave and debagged.

“Typical for HRH 10-1/8-3.0 honeycomb.

(-6

Hendting Satety e
The Hexcel Corporation recommends that each of its cusiomers observe
Operators working with this product should wear ciean impervious gloves to
reduce the possibility of skin contact, aiso to prevent contamination of the
material

Airborne graphite as a result of sawing. grinding. etc., can present electrical
shorting hazards, reler 10 NASA Techmical Memorandum 78652. For further
information refer to the Material Salety Data Sheet.

Storage

F185 prepreg shouid be sealed in a polyethylene baeg and refrigerated, prefer-
ably below 32°F {0°C}. Following removal from refrigeraled storage. slow the
prepreg fo reach room lemperature belore opening the polyethylene bag to
avoid moisture condensation. Shelt lile — 6 months at 0°F, 3 months at 40°F.

Shipping

Prepreg fabric and tape is generally shipped in 2 ssaled polyethylene bag in an
Disposs! of Screp

Disposal of this material should be in a secure landfill in accordance with State
and Federal regulations.

Copyright € 1908 — Hesce! — A fughus Reserved

For Use Ondy — in g whather 1he Mmalenist it ullsbie for § paricise: SDPACENen. Such faciors o3
Ouarat product despn and the s 10 wiuch & wetl b8 SubIIed showd be con

Statemenes 1ailowng 10 possDie USe OF Our PPOKICT 00 RO QUIFSTILES IRAE SuCh USe 1 e
that they sre o2 such wse by any government agency The loregosng may not be
29700 by 3% S of Semer

Adminisieative Otice:
Oubien, Cadicrres 94588, 11565 Dublin Bouleward. (415) 8284200

Salss OFces:

Adngion. Tezss 20010. Sulls 570, First Chy Bank Buliing. 20t E. Abwam. mnzuan
Asianta. Georgrs J0082. Sute 230. 4725 Pesctwees Comers Chole, (404) 449

Bellevue. Washingion 98004. Sulte 106, 3075 — 1121 Averue. N E . mmz«
Bemel Connecicut 06801, Two Siony Hil Roed. (203) 798 6311

Hurtington Beach. CaMomia §2647. Sue 305. 7711 Conter Avenue. (714) 898 3922

Haxce! internahonel — 14555 Dublin Bouleverd. Dubln CaMioenia S4SES {4 15) 8264200

Mescet S A — Parc ik . Fue > B 50. 84040 W . Beigum, 87-800765

Hexcel UK — Calhenne House 63 Geitord Rosd. Lighteater Survey. England 276 74550

Heace! - Gemin — 3. A C 69608 Vilgurd Cedes. Fiance. 78 934561

Honcel Brasié — Av Joao Guitherrwno_ 423, Sels 48. S0 Jose Dos Campos — SP. Beash CEP. 123 231186
Mesxcel Far East — 22-1 ichiban-Cho. Chvyode Ku. Tokyo 102, Japan 3239 3941
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Cacon Fiecc Fuxc

38 & @B 3SLOLSS DOVO22) 7 W
% 6°-0%-o

FBER-RESN CORP

- LCNI2-10298, Type 1, Grade A: FR-317/Em. £38 (Pourable)
Grads §: . Paste

- 10298
- 3-10: e
X1 BAXO:

The pot 3ife of FR-337 with herdeners #37 or #36 la 33 - 43
or

sinutes. The pot life of PR-).

20 - 30 minutes.

g
|

crs 33,000 - 3,000 g . .
e can. lemcloesn)  Tess G M
L5>) Good I
Abhasive nrzqn. Platvise, PSI L
Per NIL-A-2348) . Lo
eR. T >3,%00 »3,9500
e1s0 V. »2.000 >2,000

PIBER-ALIIN ConP ML 9 68 0133 0000222 1 BBH-LY-05-10

Strength, PSX ‘3.”‘ 1’.’.'.
Nodulus, P31 2.2 x29 SPR10

Mmmnmmnmrh
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Systems Group FURANE acrcspsce Products =
L0 Angtis, CA SUEB107Y EPOCAST * 1617-A/8
e e o res0r 008 o erracre &
o Seft Paste

o Ous Hesr Work Lie
o Flame Raslstant

BESCRIPTION
Epecast 1617-A/B s & sif-extinguinking spony sysmctic eampound developed as a8 odgr smlant
fuhuye:-bw-u.ma. Special features of high strength, low density, and ease of houdiisg

TYPICAL PROPERTIRS AS RECRIVED ————

Promarty ASL2-A 1812-A/R

Celer Off-whise Ambder |Off-white

Specific grevity ——————> 0488 103 0.70 | ASTM-D-192
Viscosity, ceatipose Paste 30,000 Paste ASTM-D-2393
Flash peiat, COC, F %0 210 e ASTM-D-92
Week life, 100 gma at 77°F, minwtes — — -0 ASTM-D-1338
Shelfl life a1 77°F, usopened, mosths ¢ ¢ '—- FTM-20¢
Solids, % — — 100 ASTM-D-1644

of 3617-A, add 29 parss by weight of Epssass 1617-B.  Mix borh
B A S e
scparstas during storage, stir thorsaghty befere adding Epocast 1637-B.

CURE SCHEDULE: 24 hours ot _toom MMSNEAtWY 87 5 houre at 129°F.

“Symtactic cellular polymer is produced by
dispersing rigid. fosmed microscopic perticles in
a tivid polyser amd stabilizing the system * in
other words. it is & polymer f1lled with
microbal loons



WYRA-tav dENnITY

SYWWCLTIC
€z o P Y
E=- o8 Ml

lor o

GRACE Syntactics

TECHNICAL BULLETIN

ECCOFLOAT® T@-24A

RIGK -PERFORNMANCE, LOW -DENSITY SYNTACTIC FOAN

ULYEA-tow DEASIYY

SYWTACTIC

€= 033% ghc
E » 0.0 mil

Toere

GRACE Syntactics

TECHNICAL BULLETIN

ECCOFLOAT® RG-24

pain and corresponding buoyancy
foss of ECCOFLOAT TG-24A is
smafl, provided the msterial s not

material wlth gay sther meteriel or in sny

ECCOFLOAT TG-24A s 8 very high pr - y M ——
peviormence syniactic foem avallable | . - e e e 4 y
in blocks The baskc ingredients are el T " Yypical Praperties )
hydrospece-quaiityGisss i - . s,
Microbsiioons® and high-strength | Denglly, (MIL-S-241544) Lbs Jouft (gkec) 2a2f0 385803
sesin.  The material I8 homogensous Crush Prossure, (MRL-5-241S4A) psi
in thet pleces cul from a biock will | Caugh Depth, (ASTM D2738) R (meters) 10,125 (3.089)
have the same properiies as the Service Pressure, ps! 3.000 {207)
origing! biock, excepl for Surtece | Service Depth, 1. meters) 6.757
eea-t0-volume ralio eflects Water Absospiion <% (24 Howrs)
™ Ulienate Unlexic) Conpressive Strength
EORMS AVARABLE. standerd
§ commercial form of ECCOFLOAT "sc“‘“mm“"'. ot st PO 2.700(180)
TG-24A is mokied blocks one-halt
“mmo.oum.mhm.u IASTM D8SS) pal fhgicm?) 180,500 12067
dimenatons 6” x 12" x 12° (15.2cm x | Bulk Modulus, (MK.-S-24154A) pel (hgiem?) 215,000 (15.130) S - ’
30 Scm x 30.Scm). Larger shapes cen | Speed of Sound #.sac. trvesc.) 8.510 (2584) ““m—.““m&_ pootdy - ‘ WB - "
be made by adhesive bonding or | Acoustic impadance tayls $40 A o3  JRw, s 10K P w W Lt i 4, [ RSl ©
” 1 attach of thess MI”F.”.”” ‘m -mu&:‘.—n-::—.u-.:; - - mmr
blocks The malerial is readily apwed | Dislactsic Constent - . epony Uttisnate Tensile Strength, psi (Kgicm?) .
o hined with ol woois_ | Loss Tangent 0029 ond high-pesiommpnce glase
ond the cut suriaces do not require | Distecieric_ Skength (Average) 32 SCRUUOTE? tohones overnge | UNmate Uniaxiat Compressive Stvengeh,
any preparation belore use. used t00 Close 10 s Crush depth.  designated hesein and is not iended > Motuies ase menule waing pei (Mglcm?) 2010 (1413)
Hardware can be atiached with bolis  The choice of use depth must be for the application or use of the mm:.um .
or schesive. based upon the Reture of the malerisl with any other malerial or In ¢ closed Pracise convel Shear Strength, psi (Kgicm?) 1080 (74.5)
poylcad, tme i depth, endthe any process nol speciicatly e s Setatere o ssentiel
BANGE OF APPLICATIONS: service Mo 10 be expected of the described. The Inlormation is Modulus of Elasiticity in Compression,
Ahough Intended primarily (0r use 88 materiel. intended o8 8 genecsl guide only end BURZACE PROTECTION pel (Kglem?) 118,000
8 buoyancy materis! for de does not constituie 8 warranty of emam———
¢ nis and submersibles. This information. whils belleved 10 be whaisoever and RO e
ECCOFLOAT TG-24A can perionm 8 complately relisble. ls not be telen a8 GRACE HEREBY DISCLAIMS ALL ' o called P
varioty Of ofher hunclions. s sirengih  warranty for which we assume legsl EXPRESS  AND  WPLIED 0ODE® T PR Gomaged o pescoiood web boyend Gtk gt po ey et Suse ook omatre
makes ¥ uselut for cerain siruckural  responsibiiily nor 88 permission o1 WARRANTIES ARISING FROM THE Integratly mekts o tough FRP shell on ol dow Sl The perk ® wasennty ot 209 wh
spplicstions. and Hs scoustic recommendation to practice any USER'S RELIANCE ON OR USE OF moduls aatesior qusioces While sther "w‘:""“*':-" mm
behavior is good for devices requiving  patented invention withoul license. R THIS 1 Wh-?m _‘Mm-:"'”": ANBING FROM TNE UBEWS FELWSICE OR
transparency 10 sound in sea waler, ig offered for m. € Svatnune ast include the siniescing stincs of the UBE OF THIS INFORMATION
such 8s 90N windows investigation, and veriication. Grace Symsetics hie. rosuitng in o elight & n ECCOMDE shet
Waipste Srest ‘oversll madule dongity.
DEIERMNATION OF USE DEPTH. WARRANTY :-un.ltm Whanaux Srsee Bymmeties
: SCCOFLOAT PESFORMANCE
All syntactic buoyancy materials 817) 821-2250 This infosmetion is. 15 the buet of W.R 68 Weipsle Siroet
sbsorb some waler when subjecied Thig informetion is. 10 the best ECCOPLOAT RG.2¢ Busyoncy Wodsiss e G90ce § Co s ORACE") Conton, Be. 97021
10 hycvostatic pressure.  The weight . ‘s ("Gracs) poe <ot 30 ach o8 of o dats incated Thin 1817) 821-4380

“Copysight 1008 by EMERSON § CUNMING,
-
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REE vk
MILOSPNELE - FILLED £rorY Mo vciitomines
ANOCAST AAREAD coRP. | CHAGR™ O
rag 28~ sys-MI%
UGHTWEIGHT PC TARGET FRAME SYSTEMS
"SYSTEM

1 2

Resin Sl NDLAST Maf.
o
1
k< 14

Hardener
Black 2 (pws“"l
Glass spheres 24 20 - 93RS
Fleure Stength, psi 1225 - *Slor AMURLLY
Fewal Modukaof | 13500 | -- ;‘:’:f:
P (0 Wk “pRent

Compressive Strength, psi| 1755 S sy ucrien
{ Young's Modulss, psi (£)| 98.85 | 142700

Density, b/cu ft 26.2 Ms
042 (0.55)

Water Absorption, wi%

For, Yoowe's muwww = E = 9F 195 i
o PExerAL Mpueer = E¢® 159, So0 pal
THEN, v = O3B

. £Q-Y)
weeee  E¢ = T N0T9)
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Edge Fillers (normalized to G10 woven laminate)
tho E 4] n.rho nE neo w mt* m2*
density modulus radiation normafized normalized normalized width normalized
material {g/cm3) (ksi) length density modulus radiation for equal (lower s (lower = rhofE
{cm) length better) belter)
Fiber-Resin (FR-337) 1.66 5.000 34 0.86 1.52 1.75 0.66 0.38 0.32 0.57
G10 woven faminate 1.926 3,300 19.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00
glass fiber filled epoxy 1.85 1600 21.2 0.96 0.48 1.09 2.06 1.89 1.81 1.98
Ciba-Gelgy (1617) X 0.7 350 56 0.36 0.11 2.89 9.43 3.27 1.19 3.43
250F epoxy (954-3) 1.19 400 55 0.62 0.12 2.84 8.25 2.9 1.80 5.10
Anocast low-dens. * 0.42 100 91 0.22 0.03 4.69 33.00 7.04 1.53 7.20
(esth below based on 25/75 ratio of SIO2/Epoxy)
Ciba-Gelgy (1617) 0.7 350 66 0.36 0.11 3.40 9.43 2.77 1.01 3.43
A t low-dens. 0.42 100 107 0.22 0.03 5.52 33.00 5.98 1.30 7.20
¥ (pILsT E5TInem s DASED o% To/se R oF S0, /Kpexr )
Core Materlals (normalized to Hexcel HRH-1--1/8/1.8)
tho G [
density shear radiation hzed Nzed zed normalized
material {g/cm3) modulus length density shear radiation rho/G
{ksi) {cm) modulus fength
Rohaceli 31 IG 0.0305 1.99 1,400 1.06 0.5686 1.00 1.86
Hexcel HRH-10-1/8-1.8 0.0289 3.50 1,400 1.00 1.0000 1.00 1.00
Ree.  Grm TN-93-Y60

10/20/93



GEM TN-93-494

6. Radiation Length

Contents:
Radiation length data for selected materials, ref. M. Marx, SUNY SB (1 page)
Routine for calculating rad. length of a compound, ref. T. Wenaus, LLNL (2 pages)

Radiation length estimates for typical CSC structural materials (1 page)

Summary:

Materials with high radiation lengths are most desirable for muon chambers.

-4
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RAYATION LEAKTNS FOR SRiEcrEd MATERIALS

[REE HIKE. MARK
SUNY sB

cor s == ATOKS AND NUCLEAR PROPERTIES OF ———
TTS Stute, e = P * Nuelent” dE Raiation h* ’Dﬂmly Refractive
Materd 2 A Nubgr® Nocbwr® Nuckeawr”  Nucdear _..i -———-m W/em?) index n !
total inelastic  enllision  isteraction  d ’ e (0w (netfelc
crom L] lengrh fragth MeV lo/em?] fem| ()i b g
section  sectin Ar " A s Py () s for gua for gw
| ¢ bam|  [g/cm fe/em’| o
ey foarn] o s T T ) 0.0708(0.080) 1.112(140)
™ o1 007 00X - "1 20 1226 % 0.16210177) 1128
Dy N e & %! 1 Mmoo 0.125(0.178)  1.m24(38)
He 2 am . . ; ¥ 0534 -
U 3 em  oa 0asT 4 n4 n.oon W e -
Be 4 a0 0.268 0.19 88 ™2 5 ub'm o T =
- ¢ um om0 62 o4 i “Ha- N o 12000
Ny T M 037 0.265 [1¥] . y 28 0.0 1.14(1.43) 1.22(266)
0 &2 7o 1.
O 8 1600 0420 %6 LTS nHM 4.0 1.207(0.90)  1.002(67)
- Ne 10 218 0807 037 esl 1064 12 uo X ™ -
A 3 W® ot o e 10 16 um ¥ 2.3 -
o s m% o o e urz 151 1888 140 Lo0m)  123(283)
e : - 338 454 -
249 ¢ 151 1817
T 22 4788  O9MS 06 ™9 X e 5 —
N R R R LS
Cs n 0 : - ; y 8.323 -
s 10 1238 2%
Ge N NN 1N oas M) 10 ‘ 12 .31 -
R O B R
Xe MWL : : ‘ 193 -
w WOl 2w e 03w oo -
[ ™ 108 2861 1708 1133 18s. s o 036 138 -
[ A 2900 v 1162 ™ L1 ’ ~0.32 1895 -
v ©_ mma 33 1w 1o 199 1.00 .00 X
T e, CEEP—
A, 30°C. | stm. (STP in paren) 620 ”o 182 %66 (:mm owmw %) 1LoumTIM))
Hi0 ©.1 "9 20 . x0s 1.9
Shewkling ronerere (K] 99 L0 27 .-
$i0 (nartz) 670 w2 n 27.08 < 12.3 >ﬁ> 1.488
By (hubble cbaner 26°K) a3 508 2 am amoo ~0.083° 1.100
D3 (bubble chamber 31°K) a7 847 201 ne ~0.440' 1110
H-Ne mixture (50 mole percent) ! 6.0 5 1M v 1u 0.407 1.092
Dord emulsion G3 820 [E] T 110 2% s -
Nel (] 182 132 "0 25 367 1.7
BaFy " 146 1.3 " 2.08 w 1.5
BCO (BisGey0;3) 4 156 127 790 112 71 218
Polystyrene, scintillator (CH) ¢ 58.4 820 1.96 as Q.4 1632 1881
bl b
Lacwe, Plaﬁlu 4c.H.oaJ 8.2 Y] 185 0055 w4 1.16-1.20 w14
Polyethylene (CHa) .9 .8 200 MU war9 0.92.0.05 -
Myler rc.H,o:) ©.7 .7 186 W9 297 1.9 -
Borosilicate glam (Pyrex)! 6.2 [ 172 2.3 127 EX-] 1474
Coy 624 ™S 18 362 (1810) (1.977) (any
Ethane CyHg 5873 nn 235 4566 (J4035)  0.80%(1.3%8)% (1.038)"
Mrthane CH, o7 .0 241 85 (e%0) 04230717 (644
labutane Cyflyo 53 4 1 s2 (1) (267) (1210)
NoF ©n 91.57 1% 108 2.388 159
L 6.0 2 196 w3 149 26: 1%
Precm 12 (CCHF2) gae. 2°C. | atm. 08 108 182 287 a0 (493 1001080
Siics Aetogel® ©®s5 8.7 180 95 ww 0103 104025
NEMA G10 plate? 626 %2 157 30 19.4 17 —
EPoxY RESIND S0t | +. 14
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YEF TOHRRE WENAULS , (Lwl
FORYRMU ROVMNE #or Compurivg RADATIW LEMT

Compute radiation lengths of compound materials.
paramster (rel2nave.0478) | Relectron®*2°Navogadro
structure /element/

u‘ .

character"15 name -
ond structure
structure /compound/
integer natom
record /element/ ¢!
realw
eond structure
record /element/ C,H,O.N,Si
record /compound/ stuft(20)

parameter (n_rohacehd) RovaceLL €-
record /compound/ rohaceli(n_rohacel)
parameter (dene_rohaceis0.03) @p—— ©O,03 "/“'\’

parameter (n_slo2=2)
record /compound’ sio2(n_sio2)
parameter (dens_sio2=2.64)

aipha=1/137.
C2a8

C.A=12.

C.X0n42.7
C.name='Carbon’
HZ=1.

HAs1,

H.X0=81.20
H.name=Hydrogen'
0.Z=8.

O.A=18.

RenAcELL
POLYMETHACRYLIMIDE
Cq Hip O N

rohaceli(1).¢keC
rohaceli{1).natom=9
rohacell(2).el=H
rohace!l(2).natormn=13
rohacell(3).ei=O
roharali{3).natome2
rohacell{4).el=N
rohaceli{4).natorms1

7 or1l
8i02(1).0k=Si __.__.E.,_
sio2(1).natoms1
8i02(2).0=0
8i02(2).natorm=2

***  load stuff with desired compound

denssdens_gsio2
nelk=n_sio2

do i=1,nel

_ stuti(imsio2(i)
enddo

Jdens=dens_rohacell

nel=n_rohacel

do =1,nel
stufi(imrohaceli(i)

enddo

amoi0.

2moks0.

do i=1,nel
amol=amolsstuti(i).el.a’stufi(i).natom
zmolszmolestufi{i).el.2"stuti(i).natom

aofi=0.

20fi=0.

xOeffinveO.

do i=1.nel
stuti(i).westuti(i).el.a°stufi(i).natorm/amol
astizaefi+stuti(i).el.a’stuti(i).w
zotinzeti+stuti(i).ol.z*stuti(i).w
x0eflinvexOeHtinv+stufi(i).w/stutf(i).el.x0

enddo

az=aipha‘zelt
foxaz®*2°{1./(1.4+82°°2)+.20208-.0369°a2°°2+ .0083°a2°°4-.002°a2°*6)
xixlog(1440/20f(°° 666)/(log(183/2efi"°.333)-Ic)
x0inved.“sipha‘rel2nav/asti zeff*(zeflexi)*
+ (log(183./ze11°*.333)-ic)
x0=1./x0inv/dens
x0efi=1./x0effinv/dens
print * ‘Material constituents:*
do i=1,ne!
print * stuti(i).el.name,'Natoms=" stuff(i).natom
enddo

.print *,a2 fc.xi,x0inv,amol
print *,'X0 in cm. Formula: x0,' Weighted mixturs: *x0ef
ond

Torre Wenaus LLNL GEMA3 wenaus@lini.gov Pariculars: fingsr wenaus @linl.gov
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S OA
[CrPrb- s ;:ozﬂ FioaD &) %=, % =5
20~ E’
¢ = 1.85 = alz.¢¥) v (1-a)(1-17)
.75 = a(2.6¥=/1a) + 119 a= %!{5'-/;",729 -
[ 85 = (0.46) 2.6y + (0.5%) 1./9 DA
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GEM TN-93-494

7. Comparison of Gap Frame Designs and Materials

Contents:

Analyses and recommendations regarding chamber gap frame design (18 pages)

Summary:

An original design of a discrete post gap frame by Anatoly Gordeev is compared to the
continuous gap frame design of the TDR Baseline chamber.

Ultra-low density castable materials suggested by Vinnie Polychronakos are compared to
other syntactics and filled epoxies.

A method of determining the relative desirability of chamber materials in load-carrying and
non load-carrying applications without detailed structural analysis is presented.

Based on comparative analyses, recommendations are made for the applicability of these
suggestions in the context of maintaining adequate shear rigidity and minimum mass.
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1. Summary, and Conclusions

The following key points summarize this paper:

« The reductions in chamber mass achieved by i ing small, discrete posts in the gop
frame design evaporate when we restore the lost ar stiffness by appropriate sizing of the
posis.

o Altemative material choices incorporated in a continuous gap frame design show the most
pramise of achieving mass reductions without compromising chamber stiffness and without
increasing design complexity. Materials having high stiffness-to-density ratios are needed
only for losd-bearing locations (under bolts, near support connections, eic.) thus requiring
Jess material to carry a given load.

- Castable epoxies with high-modulus fillers are optimal for all load-bearing components
of the gap frame region .
- Ultra-low density materials are optimal for lightly loaded components.

« An optimal cathode strip chamber gap frame design simusl, fv minimizes muon
scatiering (mass effects). deformations, gravity sag. stress levels, and complexity.

In addition. from the design perspective it is important to avoid close interdependence berween
electrical and structural component descils along the perimeter of the chamber if there is no
significant mass reduction.

- The develapment of an optimal design for sructural and electrical systems is greatly
complicated if bp:u! are expected 10 Sx:wf the same real estate (discrete posts and
electrical components in the same perimeter 20ne).

- rate 1ones the chamber perimeter for elecirical components and sructural
ds:rr':il: permis flexibility during the design process 1w accommodate the inevitable
changes in electrical component sizes and lavout.

- A design incorporating o perimeter bolting pattern outside of the gap seal is easier 10
sealwf:l.l fewer parits. The discrete-post design requires that each bolt he sealed at both
ends while maintaining a proper pre-lnad through the chamber assembly; a difficult
desipn task that is more expensive to implement.

2. Background and Introduction

An un-optimized, “continnous” gap frame design (similar to Fig. 17) was prepared for the GEM
P.AC. Review held in May 1993. This design i a continuous shear connection
between sandwich panels. 1t used bolts along the penimeter of the chamber assembly to maintain
the necessary shear connection.

design was subsequently (Fig. 15) which incorporated discrete posts
between panels in a chamber assembly. Bolts, which p: through the center of the posts from
mrpmclmdxmLestzNiskdt:slwmmmmﬂgcmbly.m were located
inside the perimeter pap frame scal and shared real estate with anode electrical components in 2
zonc along the perimeter of the chamher. The dimensions of the perimeter region of the chamber
were reduced thus reducing overall mass.
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In GEM TN-93-350, Gravity Sag of Sandwich Panel Assemblies as Applied to Precision Cathode

Strip Chamber Structural Design. Julv 12, 1993, we saw that high modulus/low density gap
frames reduced gravity sag and that the honeycomhb edge filler material appeared 10 contribute
nothing to the structure (except around bolts). However, the beam bending theory used in that
paper also predicted that the pravity sag of a stack of seven sandwich pancls would be 39 rimes
higher il shpping occurred between panels. In other words. disrupting the shear connection
around the perimeter hetween panels could increase total gravity sag by as much as a factor of 39
(times the beam bending prediction of approximately Imm).

in GEM TN-93-350. we also saw that shear “slipping” between sandwich panels in the gap region
results in shear deflection as well as local distortions of chamber cross sections. In

bending™ we assume the slabs shown in Fig. la. do not slide on each other. Shear “sliding™
produces the increased gravity sag seen in Fig. 1b.

|

274 a

T,

b.
Figure 1: Shear Deflection Due To “Slipping"

The portion of this “worst-case factor of 39 that occurs depends on, among ather things. chamber
perimeter region design and material choices. The underlying assumption of heam theory is that all
beam cross sections will remain flat during gravity sag. and that even the most narrow or soft pap
frame will not permit slipping hetween sandwich panels.

Designs meant to reduce chamber mass may also increase shear deformation. One must maintain
bending and shear structwral rigidity to control gravity sag when lightening the chamber. Changing
from a continuous pap frame to a discontinuous. discrete-post irame removes mass from the
chamber perimeter while reducing chamber stiffness. Locating thesc discrete posts hetween
electronic components is possible only if sufficient space is available. The removal of material
from the perimeter region must be balanced with the added shear deformations that result. Fig. 2,
taken from a finite element analysis of a structurally inadequate gap frame design, clearly illustrates
the loss of cross-section flatness near a comer support point.

Figure 2: Loss of Cross Section Flatness Due To Shear

4 o I¥
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This paper is a follow-up to that earfier work. Weevmﬂlsﬁ{ardd!mwnf
gravin: sag and use it to compare the structural adequacy of cf pe gesig and
matenals. We analyze mcmmdtwmrm.wmw or their
effectiveness in reducing mass without compromssing chamber Maierial removal.

loss i structusal rigidity that occurs for these ten chamber perimeter design and material
conlxnnam:l? ? Jm‘ﬂwmndantm’ for further optimization ion. (Future work will include
investigation of “external” stiffening techniques.)

3. How Chamber Struciure Influences Gravity Sag

m:ﬂu&hm&ﬁsﬁp‘ﬁﬁmbg&huﬂue@b&dnumw.
Simihﬂy.iﬂhemlmrfsmnmsﬁﬂmghmm.&eshuorod)pagclmy.sb with
respect o cach other. Sandwich panc} skins casty mast of the structural mass in 8 chamber
design. Table | shows the dominance of the pane} skins as 3 bending-load carrier. The application

of beam bendin, wm-uﬂmmmwmmamrmmuwy
m&mmdainmﬁlkd{mxycmedgefﬁhpmdkmmhbk 1.
The high-modulus components, if located imely. will carry 8 larger share of the total load.

appropriately A vihen
Table | shows the mass distribution and load sharing for a chamber in “pure bending™ for the
material choices listed.

Table 1. Effectiveness of Chamber Components In “Pure Bending”

% of wowal %ol total % of mass camed
component chamber mass chamber mass minus
added by component | carried by component % of mass added
0.5
GIlo Izmmm 3 77 38
panel skins
25mm
unfilled cpoxy 18 ? -11
core filler
plass-fiber / epoxy 12 9 -3
gap frame
0.017mm . v 3
cothork planes
lhmeycomb 11 L} -11
core
25k
had-fw 16 0 -16

In an “ideal” chamber with hphksheﬂddh:nm&ewzlskmsmymmoﬂhehad
bmmaddon!yi!%wlhcm:!egnnss.Ho-em.somemksmhhl:lnmve.mm
fmdmmmtocmiummwwmwmhcmmmhdnd
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load. hnsecmmudnnmphyndimctmkinhen&nguiﬁmss.hmkymthqﬁmry
components of shear stiffness.

The ultimate struceural effectiveness of candidate gap frome materials can be estimated in advance
Mm&fﬂeﬂuﬂmh&qa;ﬁnﬂemmmwsﬂmhdzmlm.

In this section. we observe the following:

. uummmmwnmwwmmmwm
load-bearing applications. G10 laminsic is a less desirable frame material since it has
in-plane shear properties of unfilled epoxy. requires a 250°F cure, and is not castable,

*  Cassable glass-fiber filled epory is the most ising of the room-temperature (R.T))
m.m&h-mmwmmmg

*  Carbon-fiber filled epoxy is ideal as 2 honeycomb core edge filler where its electrical
propertics are acceptable

¢ Ulma-low density moterial is ideal for lightly loaded componers. The ulra-low
mﬁdenhd:dhenllmhsmybwmodﬂns. The amount of this material needed to
carry & given load is larger. so the size (and mass) of higher-density components attached
to # also increases.

¢ High-modulus low-densir: fibers are the most desirable epoxy fillers. Some examples are
carbon. aluminum. glass, or keviar fihers.

We know that 2 desirable chamber frame material has low densiry, high madulus, and high
radiation lengsh. Howeves, no single parameter is meaningfut in isolation. For instance.
i ing bubbles into a bulk material not only reduces material density but also reduces
modulus. we must use more of that maierial 10 recover the lost stiffness.

The following analysis combines material density, modulus, and radiation length into m* values
that are proportional to the deleserious mass effects of that material on the muon system. Suppose
we construct the rectangular cross-section beam shown in Fig. 3 from one of the candidaie
materials listed below.

carbon-fiber filled epoxy such as Fiber-Resin FR-337 (castable. cure @ R.T))
G10 waven-glass laminate such as Epoxy-Gillfob 1042 (plics. cure @ 250 °F)
glass-fiber filled epoxy (castable, cure @ R T))

syntactic epoxy such as Ciba-Geigy 1617-A (castable, cure @ R.T))

. unfilled epoxy such as Fiberite $54-3 (castable. cure € 350 °F)

ultra-low density epony (precast biocks)

QN BWN -

Figure 3: Beam Used For Material Comparisons

The beam carries an externally applied distributed load g plus its own distributed weight pw h.
The heam sag at the center due to bending is:

beam sag = K(—!%;ﬂ = KI-E’:-GK)%
where q is an external distributed load. p is the beam density. w- is the beam width. h is beam

height, and K. K1, and K2 are constams which account for beam length. height. and support
conditions. Each of the two load sources, ¢ and p w b, contributes to beam sap.

When the distributed load greatly exceeds the heam weight (¢ >> pw h). then :
beam sag = KIE';

and we reduce heam sap by minimizing JAE w). The width of 2 beam (that produces the same
gravity sag as the haseline for normalization) divided by the radiation length. /,. produces the
parameter m] * which is:

ml®t = : = E.".
f ] B’

where the subscript b denotes the properties used for the bascline for normalization. The p
m/* (small for 2 heam with low width and high radistion length) is a valid indicator when
distributed load greatly exceeds the beam weight (g >> pw h).
When the beam weight grestly exceeds the distributed Josd (pw b >> g). then:

beam sag = D%

and we seduce besm sag by minimizing p/ E. The ratio of p/ E divided by the radiation length
produces the parameter m2* which is:

. ml* =
ﬁ; . .
where m2* (small for 2 beam with low density, high modulus, and high radiation length) is 2 valid
indicator if the beam weight preatly exceeds the distributed load (pw h >> ¢).
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The results are summarized in Table 2 for the six materials. (Quantities normalized are with respect
10 G10 laminaw )

Table 2. Material Comparison

cbon-fiber Gio chapped SYWACUC wnfiticd wiws-low
filled epoay laeminger glass-fiher epony epoxy densiey
RV E-G1040 | filledepony 1BIT-A F-Y54.3 epory
coe @RT. | coe @200 | coe ®RT. | coe @ RT._ | cuee @ 3SOF | precau hiacks
4
demsisy 1.66 in 185 020 1.9 042
glom’
E
modulus 34,500 22.%0 11.0%0 2410 2.%0 680
MP»_fksi] 13.000) 13.300) 11.600) 1330] 1400} 1800}
L
340 194 n2 56 - 66 ss 91 - 107
sadlaien keagh o o
mormalized
pl/E ..57 1.00 1.98 3.4 s.10 7.20
required
width 0.66 1.08 2.06 .43 8.28 330
(g>>pwhi
YK
f q dominmes e.38 1.00 1.99 2717 - W 2.9 S99 - 1.4
_(g>>pwh) M ™
m2*
M p domingses .32 1.00 1.81 1.8 - 19 1.80 1.3 . 1.83
(pwh>>q]) (&) (8]
Table 2 notes:

“Smaller is betier™ for values in the last four rows of Table 2.
m/ * and reguired width sre VALID INDICATORS IF (¢ >> pw h)

m2¢is a VALID INDICATOR IF (pw A >> ¢}
(") denoles estimates hased on SI¥S( 10 25775 mass fractions of Si02/Epoxy

The last two rows indicate that 8 carbon-fiber filled epoxy is at least four (1. MW0.32) times more
desirable {using m2*) than an ultra-low density epoay. The advamage exceeds a factor of fitizen
(5.98%.38) for higher loads (using m/*). Material mechanical properties and radiation lengths
The third row from the botiom indicmes that. for load-carrying spplications (g >> pwh). low-
materials for load-carriers as the gap frame.

¢ or V]
S. Comparison of Continwous and Discrete-Pest Gap Frames D

ixﬁeqrmdp:ﬁtyng. Wemmﬁ;d:e&duwdmvivmby
suhtracting 2er0-shear deflection 10ta) deflects ig 4i 3
t deal 2 X ton. Fig 4 illusirawes the

Figure 4: Quarter-Symmetric Finite Element Mode!
Thf*m-wmhwﬁmmuwmh'm' "
inerfaces cannot accur. Movement is restricied 1o material distortion. The peactical e
maumnwmmmwmm-mm.
In Tahle 3. case “A™ has a continuous glass-fiber filled frame locsted outside the
Wmﬂtmmmw&gﬁg 5 shows case “A”, the

¢iap ssele ferse- o B.900C-00

Figure 5: Displacements x 500 for Cass "A° (Normalization Bassiine)
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Table 3 summarizes the results of finite element and beam bending gravity sag calculations.
Table 3. Comparison of Gap Frame Designs and Materials

(Nose 1) (Noer 2] (Now 31 | (Now 4] | (Note 31 | (Note 6)
normalized percent sormalized
case | gap frame | sandwich core totel shear total % change
edge filler | deflection | deflection mass in mass
of side of side
frame frame
continsous | continwess
A fiber mw fiber 1.00 10 1.00 [ ]
epoxy
continuous euiﬁm
B -fiber fiber 148 16 1.02 +2

C unfilled wafilled 1.7} 24 0.92 -8
cpoxy epoxy
contl i
D ultra-low witra-low 1.86 n 0OR! -19

density epoxy | density epoxy

continwous | conlinuous

E ultra-low wofilled 1.82 w 0.89 -1
density epoxy cpoxy
conti conti
F -faher unfilled 1.67 21 095 -5
epoxy epoxy
continuous no
G glass-fiber edge filler 2.21 47 0.83 -17
filled
15mm x 15mm hnr-mi
H | discrete-pest uitra- 225 9 0.78 -22

giass-fiber density epoxy

Y
ﬁ;ﬂlhﬂa Inter-post
1 | discrete-post ultra-low 2.13 45 0.80 -20
glass-fiber density epoxy

__cpot
60mm x 15mm | inter-post

J | discrete-post | carbon-fiher 1.04 18 093 -7
glass-fiber filled epoxy
cpoxy
Table 3 m

. includes 25kp for chamber utilities and added width for continuous gap frame cases
X ‘lchngcmthemofnndmchpml.mlm honeycomb edge filler mass. and
utilitics (25kg for all cases)

o o 1}
T ————————————

Aiudmsmemhmwnb(mtm-d&

in mass for the discrewe-post designs. cases “H™, T, and 1~ .*wdr&mﬁ

Wmmun«m»mnmummmﬂ Case

T, &cmﬂe«duxx -post design evalusied. sagped 4% more than the baseline case “A™ bot
seduced chamber mass by only 7%. Case T uses 60me = 1 Senm iber filled epoxy discrete

pm_ﬁ:hm&utuﬂbew the space aliowed clectromics.

exiend she entive khndkchbasﬂmnﬁ;lldhwnﬁu—ﬂu

filled epoxy edge fifles benween them,

Cmmnfmem“ﬁ'-ﬂ'ﬂ"wu& hfgﬂt
mewum».mqnm &eeuse‘ﬁ“nl lighser than
A", qu-uu*ammm-{k sondwich panels. The

msbu-@&pmmnﬂfmhhzﬁmdm sandwich

cores are the added deformation. This suggests that we
Evibuac hcrmac b ycomm kst bl bt iy 1> S s s, Shca
stresses in discrete posts [ast since Stress concentation factors of shout

Sheas deformations or “slipping™ mmm-&nmhmﬂtna
degradarion in gap wniformiry. This effect is visible (wsing a displacement scale factor of 500) in
case “H" shown in Fip. 6.

n case "W deflects 99% more
then the center for case “A™.

 —

pp—

(2.25)
(1.99)
Figure 6: msxmhc“"fMLdeapm
Fig. 7 illustrates the forces and moments that csuse these panel curvasures.

Figure 7: Moments and Shear Forces in End-Region Gap Frame
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The ends of the panels near the supports must resist moments and shear forces This warps the
pancis locally and degrades gap spacing. The degradation is not visibk: in case “B™ in Fig. R that
has a continuous glass-fiber filled epoxy gap frame and honeycomb edge filicr.

Note: Nuwbers in psrentheses sre dispiscements
aormelized with respect to the deflection of the
corresponding locstion in cese “A”. For
example, the center of the chamber

n cose “B” deflacts 30% more

then the center for case "A”™.

(1.48) -
~

(1.38)

¥
’ Figure 8: Displacemants x 500 for Case *B*

The degradation in gap spacing is visible on the right in Fig. 9 for case “T with deflections
magnified SU0 times.

Note: Nombers in parentheses sre dispiscements
kized with respect to the deflection of the

corresponding location in case "A”. For

exanpie, the center of the chember

in case “J" deflects 3% more

than the center for case "A”. A
(1.04)
N ~—~
al - (.03

% A .f""
—————

The numbers in parentheses are the normalized deflections st those locstions. For instance. in Fig.
9 the center of the long edge deflects 1.0¢ Nmes more shan shat locosion in case A~ The discrete-
ymdmpucae"f has acceptable 10tal deflection. but contoins kigh swesses as discussed kaser
m secuon 8.

The magnitude of the spacing evror observed in Fig. 9 for case “J~ exceeds 15 microns. This
side effect of shear is » potential problem and merits sdditional cvaluation. Discrete-
post designs such as cases “H™, T, and “T~ require the highess modulus gop frame because theee
& Jess shear area svailable (0 carry the load. The local shear load o individual posts requires shar 2
honeycomb edge filler be used bevween she discreve-post locanons. Local stresses around posts
will he subject 10 stress concentrasions of 3.0 based on handbook estimates.

6. Continwous Gap Frame Detalls

The comparison analyses in this paper wse 3 continuous gap frame 15mm wide along the chamber
sides and ends. Fig. 10 shows an isometric view of 3 contineous pap frame.

15

N

>

Figure 10: Isometric View of Continuous Gap Frame

The widest allowable ~di post™ that can be accommodated due 0 electronics as configured in
Fip. 14 s 15mm. We use a | Smen value for all gap frames in this analysis in order to provide 2
fasr hasis foe stiffness companison.

7. Discrete-Past Gap Frame Detadls

The skeich shown in Fig. 11 and the elecwonics leyout in Fig. 14 define s discreie-post gap frame
desipn incorporating 48 perimeter bolts per chamber.

N
N

Figure 11: lsometric View of Discrete-Post Gap Frame
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"—_—-‘.
:“gesthwhew. They are locsted on 200mm centers in the 4R-post desipn used

The electrical layout in Fig. 14 is for the outer superiayer only. Similar layouts would be required
zwm%mwmmwmumumm :

8. Loads snd Stresses
A beam with s uniformly distributed Joad has 8 shear force disribution as showe in Fip. 16.

+ b.

Figure 16: Load and Shear Force Distribution

We estimate the maximam siress in 2 continuous gap frome by assuming that the chamber weight
m-MMMqu&kmﬁ*mm“uﬂ.m
stress that is due to chamber overall hending. Using a chamber weipht of 180kg (40X8h) and a
continuous 15mm-wide gap the maximum shear siress is 0./ 5MPa (22psi) and the normal
msﬂMﬁprl mwmdlﬂw}’a{zﬁp&)mu-&e
chamber support-points snd diminishes (0 zero at the cemroid of the chamher midway between the
mwmﬁg 16. The pravity vector is assumed to he normal 10 the panels for this

Wemumm--&aﬂw  frame by calcolating the shear load carmied
Tplmﬂusbndutepoﬂn*efmndasbeul’m e and moments (as
d-o\vnnﬁg ). combined stress at the post ends. and 8 stress
concentration factor. Siress concentrations occus at the small-radius fillets at the ends of the
discrete posts. Unq:chahumdlﬂlg(&ﬂb)udnmcmhwd}ﬂ
mhnedwwmmmm)hmw
«mmmmnm:mmﬁmssmrumx This occurs at the
fillets in the discrese posts near the chambher ends

s oF
’-——-—‘

Lkmwdzﬁmm is 30-simes higher shan a comparable continuous-gap-frame

{:MMN
CIEOR .. & steess
1um=?mwm

Chamber gap frames should ar least be continuous in the vicinity of e chamber ends where
suppost points ase located and shear fosces ase highest.

9. Practicsl Considerations

Am”&ﬁhm.iwm Socated in the same zone fcollocsed
dcap)m‘e chamber siructural and electrical designers. No allowence is made in the
Mrmwhbprm changes i circwit wace locetions, or longer
CORBNNOuS Ahn the saffest discrese-post design evaluosed is not
:mu cormers mear support locations

MJm“dhmmwdﬁlhnnmﬁk
side). This maerial is made wp of sandwich panel skins and honeycomb which
sccounts for shout 2% 10 the chamber mass. 2lsn posssbly sliows for 8 discontinuons
frame 10 be used where stresses are low. Mmddmmcﬂhkmmd
on the lacal shear stress. and an optimization can proceed uncomsirained by the clectronics layout
details. The mass ssvings may however be smal! and not worth the desail desipn effort.

ultra-low density epoxies are only sveilable in pre-cast blocks thet must be machined and

mnwmmmmmwmumh
wadesirable and may increase fabrication labor requirements.
The finite clement analyses in this seport assume 2 between alt the
e B e ke o e R L,
some combination of the following methods:

* friction al past interfaces thai is developed and maintained by bok pre-loads

«  direct shear into perimeter bolts (the "Leggo blnck” effect)

* adbesive

10. Design Recommendeations

The chamber perimetes design secommended hese is stucturaliy efficiest and lends itself 10 further
mass reduction. An optimal chamber desipn is one which minemizes muon scontering {mass
effects), shear deformations, sag, stress levels, and complexity. In other words. each
muWupmwmmkm“d&W

Fig. 17 shows a cross section of the recommended chamber edge desipn. h possesses the
foltowing desirable ¢ pives

o Edge bolts are located ontside of the perimeter clecmonics panern. This alliows the sumber
and spacing of bols to be dictated by swructural mecessity only. {Locally discontiomous
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pfmmgxmm&mwmhmmh 18 of 7
. ww,mwm"“‘,mmw This eliminates the noed for pas 11. Further Design and Analysis Tasks
The next paper in this series will illustrate 8 ‘mhmzspmmk '

scals on all of the boh ends
recommendations
«  Edge bolts are threaded rods or adbes. The length and diameter of theeaded rods or tubes sct forth hese. This will be used

0j-L

are chosen based on the minimum required to Derform the clamping function. Washers at
the ends reduce Jocal compressive syess.

The gap frome is continsous. This climinstes the secondary bending stresses, gap spacing
qﬂﬁm“wwnmm L

The gap frame maserial is glass-fiber filled epoxy. This is a castable masesial that has
isotropsc mechanical properties and is an electrical insulator.

The core edpe filler is continuons. The width can be minimized in combination with future
evaluations of hipher shear-modulus core materials.

The Hler motevial is either lled Either
mdpﬁmw is Mﬂdm‘lmﬁnﬂ epoxy.

mmwmmmdmmm-vmpw
orrving components. This reduces the volume of maierial in a component and in all other
cwhmheauckdmu

Ulwa-low mw:wmprmwrw The wise fixation bars
and wire position bars are to be made from

box wire fixstion ber

Figure 17: Cross Section of Recommended Edge Design

Other sccommended future tasks include the following:

Produce &Qhkd-mmhumﬁm&uﬁ
bond assumed - mmummmmmwm

sad alernate patiens).
mmwummmma“dm

Mhﬂu”m&syﬂmﬁkgﬂdh&unﬁmhmﬁ&
sandwich pancls while maintainmp stiffuess.

Evaluate 2 “discontingous™ pap frame in conjunction with the recommended design.

Evaluate the effect of sn external chamber stiffening techniques (metallic “cape”™) on
chamber mass and stiffncss.
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8. Gravity Sag as a Function of Sandwich Core Material

Contents:
Summary of gravity sag results for three core materials (1 page)
Analysis of TDR Baseline HRH-10-1/8-1.8 "Nomex" core (7 pages)
Analysis of WR-I1-3/8-2.5 ;'Shelter Core" (7 pages)
Analysis of WR-II-3/ 84.0 "Shelter Core" (7 pages)

Summary:

On the basis of gravity sag alone, the stiffer WR-11-3/8-2.5 "Shelter Core" is the best
choice. However, since the density is 2.5 1b/ft3 as opposed to the 1.8 1b/ft3 for the TDR
Baseline HRH-10-1/8-1.8 core material, the benefit of the slight added stiffness is erased.

The density of the sandwich core material heavily influences the performance of the muon
system, hence higher density core materials must provide a much larger stiffness
improvement in order to be considered.
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S R6MmFIC

MAY 3 2 e, 0~ -1.
< 10-3/8-1.8 (honeycomb) " oé?

EC 6.6319a407 < tmm2 (8 _.0e0403 Ib/In2)
€A 6.63190+02 ¢ g-em/sec2/mm2 (e-08 softer)
€8 S .53100402 ¢ g-mmisec2/en2 {(e-08 softer)
C3C outer bas  (28me epoxy trsme) S&‘-‘)\FIL GAB 1 03720+02 ¢ g-om/sec2/mm2 (e-05 softer)
c fite cnofills basettine-2 (rev 1) GBC 1.0372e+07 c g-mm/sec2/mm2 (1.66403 Ib/in2) .
c Revised kinematic mounts. - P? GCA 2.82780407 c g-ww/sec2/mm? (3.8e+03 Ib/in2) -
¢ Revised for nodes on can 1ines. 'D ] PRBA 0.3 c Potsson-bs
c This fite is used to generate NIKE3D tnput. PRCA 0.3 ¢ Polsson-ca
PRCB 0.3 c Poisson-cb . JUSUB
c ingrid input for CSC outer super tayer chember RHO 2.80940-08 c g/mm3 (1.8 1D/113) Koo 7T
c 8 wirte layers AOPTY 2.0 ¢ globally orthotropic definition
c (K - At 1.0 c n for s-vector
c edge frawe ws28am A2 0.0 e y tor s-vectlor
< ond frame weZGmm a3 v.0 c z for a-vector
b4 - — DY 0.0 c n for d-vector
< s 02 1.0 c y for d-vector
e sandeich panels (7) te20mm (18am core + 0.6mm skins) 03 0.0 c x tor d-vector
c geps (8) tel0mm ENDMAT
¢ Procedure for UNICOS: MAT 4 1 € epoxy MC fitler
e ingrid leinfite run ingrid € 2.70000+00 © grem/sec2iem? or OPa (O .4e+08 ps!)
c stp 0.1 merge nodes PR 0.28 c poisson's ratio
L] contime meke NINE3D input AHD 1.18000-03 C g/mm3 (120 1B/IL3 = 0.01 tbs 12 ML)
o mv ingrido cuttile. change nese ENDMATY
o vt outtite.l edit cecd2. !
c :91eld wvetue comments START ¢ sendeich pene! skine
< [ m!yprlntlnt.t-'omn 121418 ;: 12800 ; =V
[ 20 percent of core -1701. -1876. 1876. 170%.
[ ] 3 buffer slize ~826. -400. 800. 628 .
° 1 storsge option In core 0.0
° 1 Incompatible modes for bricks WATE 1 c Epoxy-Glitfab 1040 (G-10)
< .:® ] shett geometric stltfness f1eg LCY 14 : c repeat the part 14 times
[ ] chenge boundary condi tions “Z -100. : MZ -80. :
L] node 4 (code 7) n.y.z trans. fined/att rot. free MZ ~70. : MZ -SD. : MZ -40. : MZ ~20. : MZ -10. :
° node 18 {code 3) 2 trens. tized/atl rot. free “Z 10. M2 20. ;MZAO. : MZGO. : MZ T70. :
c node 111 (code 8) ¥.2 trans. tined/atl rot. free MZ ®0. ;3 MZ 100.
LREP 1 2 3 8B 8 7 ® 10 11 12 13 14 : c ume the 14 clones
box 848 horvath END
tw 1
W30 o gonerate NIKEID Input START o© sandwich pane! fremes
ANAL STAT o static snsiyeis 121 18 ; 1288 ;: 12
NBSTEP & o rumber of time stape ~-3701. -1876. 1876. 1TOV.
OELT 2.6000~-01 o time step size ;“2.5”-.00. 800 . .
c six-step load curve D221 332 cr the y b reglon
wco 16 0.00.0 0.2 0.08 0.4 0.1 0.80.2 0,804 1.0 1.0 MATE 3 < HAN-10-1/8-1.8 (honeycosd)
LCT 7 : MZ =100.; MZ ~TO.: MZ -40.; MZ -10.: MZ 20.; M2 80.; M2 80.:
GRAY o 1g In z-direction {normal to panet) LREP 1 2 34887 ;: c repsat the part 7 times °
0.0 0.0 ©.81488s+03 ENO
MAT 1 1 SHELL ¢ Epony-0iiltab 1040 (0-10) SYART c gesp fremes
€ 2.281%0¢10 ¢ g-wm/esck fmmd (3.30¢08 psi) 1216 16 : 12089 ;: 12 :
PR 0.26 © poisson’s ratio -1701. -1876. 1878. 1701,
AND 1.9202¢-03 ¢ p/med (120 1B/413 » 0.0% Ib/ee2 7ML ) -8268. ~800. 600. 828.
THICK 0.8 c mm thickness g-g ;0; 332
T ¢ remove wire reglon
ENDMA MATE 2 c Epoxy-Giiifsb 1040 lm)"
WAy 2 ¢ o Epony=-0111tab 1040 10-10}) LCT 8 : M2 ~80.: MZ -50.: M2 -20.: MZ 10.; MZ 40.: MZ 70.:
€ 2.2819e410 © g-sm/sec2inn? (3.30+08 pai) LREP 1 2 34 68 : C repeat the part 8 times
PR O. c potsson's ratlo
AMNO 1.92020-03 c g/mn3 (120 1b/9t3 » 0.01 th/ L2010 )
ENDMAY
€m0 64U‘F|L
START c sandsich pene! honeycomd 7 OF 7
113 ;17 ; %2
-1876. 1878. —_—
~800 .
0.0 20.

WATE 3 c MRH-10-1/8-1.8 (honeycomb)
wr 7 : Nz —100.:‘l—‘ﬂ’.;-l40.;.1-'0.:“220‘:“250.:“2.0,:
Elllr*"z""'; c duplicate T times
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DAEME DR

MAYT 3 2 c W 1-3/8-2.8 tm:
- grem/sec?

€C 2 19ee08 ¢ {23 .00403 b7 in2) B bF-l
EA 2.20189+0) e .a-lnc)!-! {o-08 softes)
. EBQ 2_.20190+03 © grumizsac?iean? {e-08 softer)
GAB 4 84030402 < g-mmisec2/ma? {(e-086 softer) R
CBC auler bas (nee hc/no 1481) 54‘”['“ AQ GEC 4 84030407 c p-mm/sac2/med (7 .Ose03 1D/InZ) .
c flle cnewhecd baseline~2 (rev t) GCA 8.90920+407 ¢ g-wm/secZfmmZ (13.00+03 1D/ In2)
c Revised Kinemstic mounts. PFRABA 0.3 ¢ Pelsson-be
€ Reavised tor nodes on centeriines. S OF 7 PRCA 0.3 ¢ Poisson-ce
c This file I8 used 1o generate NIXESD input. PRCS 0.3 ¢ Polsson-cb
RHD 4.01310-08 ¢ gramd (2.6 1B7E13) ¥
€ ingrid input for CSC ocuter superiayer chamber AOPT 2.0 c .l..l ty orthetrepic definition
[ 8 wire tayars At 1.0 €= a~vec tor
e 123402mm wei260am he200mm a2 0.0 cy '.' s~vector
€ edge frame we26mam A) 0.0 € 2 fer avwvecter
© and frame -zs— 0Y 0.0 € = for g-vecter
© 44 & Loy o 1.0 c y lor O-vecter
e Reneyesnb—+r-TRUTT R T IS990~ 03 0.0 c x for g-vector
c ssndwich paneis (7) te20mm (10um core ¢ O.Gmm skins) EMDBAT
< geps (8) tetOmam
MAT 4 Cc epony NC tiller
o Procedure for UNICDS: € 2.70800008 ¢ grenfeeclian? or OPs {0 4008 psi)
[ Iingrid ¢=sinfite run ingsid ™ 0.2 c polesen‘s retio
o atp 0.2 serge nodes RHO ¢ t0000-03 o g/amd (120 ID/FE3 « 0 .01 ID/IL2/MN.)
e . continue make NINEID (nput ENDMAT
© wmv ingsido outftte.l changs nane
L v outt .4 edit cecd2 . ! SIARY © sandwich pene! shins
] card:tield value comments 12 % 18 ;: 1280 ;: -%;
e 8:1 Ld only print tast step to hep ~170t. -1876. 1876. 170%.
3 .- 0 percent of core -428. ~400. 800 . .
e :3 3 butter size 0.0
e 9:4 t storage option tn ceore WATE ' ¢ Epony-Gititeb 1040 (0-30)
[ 8:8 1 incenpatidie wedes far bricks LCYT 14 . c ropent the part 34 times
[ ] 8:9 1 shell geometric stiffness flag MZ -%90. : MX -80. :
© boundary condttions M2 -TO0. ; MZI -60. : MZ -40. : MZ -20. : MZ -10. :
[ node 4 {code T) x.y.z trans. fined/sll rot. free uz %0. 1 MZ20. 1 MZEOD. N2 ED. : M2 70. :
© node 18 tcode 3) 2 trene. fined/atl rat. free “Z 90. i M2 Wwe. ;
a node 111 (code 8) ¥.2 teana. tizedsall rot. free LREPr ¢ 3488087 ® 10 11 12 13 34 : c use the %4 clenes
END
bex 948 horveth
tv 1 START ¢ senduwich pans! frames
u3ID © generste NINEZD input 12 14 98 : 1 200 : ¢ 2 ;
ANAL STAY o static ansiystie -1701. ~-WA78. 1878. 170Y.
NBIEP o © of time steps -428. -800. G00. 226 .
OELY 2.8000-01 c time 3tep size 0.0 20.
D221 332 ¢ the M reglion
€ siz-step load cur MATE 3 c WR $0-3780-2.8 lm'
tcb 1 & 0.0 0.0 02.“ ©.40.f1 0.8680.2 0.8 04 1.0 1.0 LCY 7 ;: MZ ~300.: MZ -70.: ¥T ~60.;: M2 -I0.; M7 20.; MZ SO.: MZ 00 . :
LREP 1 2 3 4887 ;. c ropest the part T times
GRAV o 1g in z~dirsction (normat to penel) END
0.0 0.0 ¥.91488e+0)
SIAMRT ¢ gop fromes
MAT 1 T SMELL c Epony-G1iiiab 1040 (G-10) T2 14 18 : 1289 ; 12
€ 2.20100+10 c g-em/seckien? (3.3e+08 pat) -~1701. ~tGFG. WrE. 1701.
PR 0.2¢ © polissen's retie -526. -800. 000. 823.
AHO 1.92620-03 ¢ g/amd (120 1D/113 = 0.0V ID2IDMIL) 0.0 10.
IHICK 0.6 © am thickness D221 332 etmvlro,c.'lon
ENDMAY MATE 2 < Epony-0iliftab 1040 (G~
u:ts;uz-u.;uz-ﬁc;uz»m'an--zco.;lzm;
MAY © Epoay-Siititad 1040 (8-10) LREFP 1 2 348568 : c repast the pert 8 times

2
€ 2.20100+10 c g-am/sec2/an2 (3.30+08 ps))
PR 0.28 © potsson's ratie
RHO 1.92620-03 c g/am3 (120 ID/€L3 & 0 .01 1ID/E12/MIL)

o SAenew HC
!'3;11:.02: zog.‘,

o 0 20
- -2.8 (honeycemb) ) .
“'ta;:ln—\::?':!—m:ll« MZ -90.: M2 20 : MZ 50.. MZ 80 .:

LNEFP ¢ 2 346687 :‘.lle.‘.!ll..l
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geps (8) tet0=m

- tor s
ingrié 1sinfldte cun lngeitd
atp 0.1 merge nodes
centinue mahie MIXEID tnput
oy ingrtde outttte.l cheangs nene
vt sutftte. ! edit ovch2 |
care: tield vetus canments®
$: L ) onty print t1ast step te hsp
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e:3 3 Sutter of
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AL STAT < stetio snalysis
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9. Parametric Studies

Contents:
SL-3 CSC with and without 10mm thick x 25Smm wide aluminum stiffeners (2 pages)

Gravity sag as a function of chamber design parameters (9 pages)

Summary:
10mm thick by 25mm wide aluminum stiffeners added to the top and bottom of the side
gt;xlx:es i? the long direction reduce SL-3 barrel chamber gravity sag by 40% while adding
.5kg of mass.

The location of the support points away from the ends of the chamber has the greatest effect
on the gravity sag (see the section on support locations).

Frame width has little effect on gravity sag since mass is added at non-optimum locations
near the section neutral plane.

Sandwich panel overall thickness has a large effect on gravity sag since increasing core
material has little effect on mass.

Increasing the central sandwich panel thickness has some beneficial effect with no change
in mass.

Adding G-10 extensions has a moderate effect on gravity sag.



{SL-3 basrel chamber (TDR Baseline)
motric__ | & slowable material cholces density (vin3) | density (glcmd) d ofF ¢
chamber w (mm) : 52.362 MAT1 22,759 0.069 ¥ o
chamber length (mm) 137.795 MAT2 11,034 0.067 B85
sandwich h (mm) 0.787 MAT3 34.483 0.060 .08
sandwich face (mm) 0.020 MAT4 68,968 0.098 278
9ap h (mm) 0.394 MATS 124,138 0.322 ‘8.9%r
98p frame w (mm) MATS 2.759 0.043 R
core frame w (mm) MAT7 690 0.015 C D42
extension w (mm) ) MAT8  syntactic (CG 1617-A) | 2414 0.025 B A0
extension h (mm) MAT9 mylar 3.793 0.050 .3889
"Tu piating w (mm) MAT10 nomex @ 1.8I/M3 0 0.001041873 | 0.020804
precise cath. cv.. (%)
coarse cath. cvr. (%) composition component % of lotal wit. % of tol. carried | %casried-%wt. | mass
Cu plaling t (mm) {ref=0.017 MAT2 glass-fibec/epoxy gep ame 12.2 8.6
prec.cath.substr. t (mm) 0.005 wimylar)| MAT6 epoxy (F 954-3) 350F | core edge Gler 17.4 6.6
crs.cath.substr. t (mm) MAT4 aluminum exiensions 0.0 0.0
hardware susitities {g) MAT1 G10 lsminate sandwich skins 39.4 7.5
MATt0 nomex & 1.88v3 sandwich core 10.8 0.0
chamber h (mm) . MATS copper cathods planes 45 7.3
sandwich w {mm) 1330.0 MATY mylar cath. subsirate 0.0 0.0
core w (mm) 1280.0 hrdwe + util 15.7 0.0
core h {mm) 19.0 mode-1 freq. = 18.5 heortz | fotais = 100.0 100.0
sandwich skins Irame core edge filler | exiensions sandwich core cathode cathods subsirale Todals
smEina =] 7.829E+11 | 8.717E+10 6.659€+10 | 0.000€E+00 0.000E 400 7.375E+10 0.000€+00 1.010E+12
Ina =| 3.440E+07 | 7.900E+06 2.414E+07 | 0.000E400 0.000€ +00 5.941E+05 0.000E+00 6.704E4+07
weightt =|  0.1755 0.0543 0.0774 0.0000 0.0481 0.0199 0.0000 0.3752
mass/t = 17.9348 §.5500 7.9135 0.0000 4.9189 2.0291 0.0000 38.35
engh =]  3.500 3,500 3,500 3,500 3.500 3,500 3,500 ---
E<| 22,759 11,034 2,759 68,966 o 124,138 3.793 233.448
mass density =| 0.0C1926 0.001850 0.001190 0.002718 0.000029 0.008932 0.001387 0.018032
wi. density =] 1.885E-05 1.810€-05 1.164E-05 | 2.660E-05 2.827€-07 8.740E-05 1.357E-05 1.765E-04
| l % «| 0.728 I 0.728 0.726 9.000 {dead load) 0.72¢ 0.000 ---
a=] 2 3.037€+07 2.320E.07 | 0.000E+00 0.000E+00 2.569€.07 0.000E +00 3.520E408
Ine = 82.65 18.98 58.00 0.00 0.00 1.43 0.00 161.05
weight!! = 1.00 0.31 0.44 0.00 027 0.11 0.00 214
messA = | 2.594E-03 | 86.026E-04 1.144£-03 | 0.000E+00 7.114E-04 2.934E-04 0.000€+00 5.546E-03
langth = | 137.80 137.80 137.80 137.80 137.80 137.80 137.80 ---
E=| 3.300.000 1,600,000 400,000 10,000,000 0 18,000,000 550,000 ---
mass donsity = | 1.797E-04 1.726E-04 1.110E-0¢ | 2.536E-04 2.696E-08 8.333E-04 1.294E-04 1.682€-03
wi. density = 0.069 0.067 0.043 0.098 0.001 0.322 0.050 0.650
displacoment = | 20.58 26.58 28.58 0.09 {dead loed) 28.58 0.0 ---
sum A =| 9.3100E+03 | 3.0000E403 | 6.6500E+03 | 0.0000€4+00 1.7024E+05 2.2717€402 0.0000€ +00 1.894E+05
sum Ay =| 9.3100E+05 | 3.0000E405 | 6.6500E+05 | 0.0000E4+00 1.7024E407 2.2717€E+04 0.0000€ +00 ---
Yra=sum AY/sum A =| 1.0000E+02 | 1.0000E+02 | 1.0000E402 | 0.0000£+00 1.0000E+02 1.0000€ +02 0.0000€ +00 ---
sum AYA2 =| 1.2750E408 | 3.7875E+07 | 9.0440E+07 | 0.0000E+00 2.3153E+09 2.8658E+06 0.0000E +00 2.574E+09
Yna AY =| 9.3100E+07 | 3.0000€407 | 6.6500E407 | 0.0000E+00 1.7024E409 2.2T17E+06 0.0000€ +00 ---
sum loo =| 1.9396E+02 | 2.5000E+04 | 2.0005E+05 | 0.0000E+00 5.1214E406 5.47T11€-03 ©0.0000€ +00 5.347E+06
AY*2-Yna*AY =| 3.4401E+07 7.8750E+06 2.3940E+07 | 0.0000E+00 6.1286E+08 5.9407E+05 0.0000€ +00 ---
tion 100 =| 3.4401E407 | 7.9000€406 | 2.4140E+07 | 0.0000€+00 6.1799E.08 5.9407€405 0.0000€ +00 6.850E+08
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allowsble material choices
MATH G10 leminate
MAT2 plass-tiber/epony
MAT3 C-fibersopoxy (FR-337)
MAT4 aluminum EXTRNIIOWS
MATS copper . :
MAT6 epoxy (F 954-3) 350F 2,759 0.043
MAT7 uitra-low density | 690 0.015 ). 4
MAT8  syntactic (CG 1617-A) 2.414 0.025 :
MAT9 mylar 3.793 0.050 1:2869 .
MAT10 e 1.8mm ) 0.001041673 | 0.028894 ¢ catailS
. LEVGD
composition ponent % ol otal wt. | % of ot camied | %carried-%wt. | mass (ko)
(re!=0.017 MAT2 glass-fiberiapoxy gap kame 11.5 48 19.43
prec.cath.substr. t (mm) | 0.000 0.005 w/mylar MAT6 epoxy (F 954-3) 350F | core edge fiter 16.4 3.7 27.70
crs.cath.substr. t (mm) 0.000 t MAJ4 alsminum extensions 5.6 44.1 5"51_:
hardware sutiities (g) 55.0 MAT1 G10 laminate sandwich skins 3r.2 43.3 -
MAT10 nomex @ 1.8W/M3 | sandwich core 10.2 0.0 17.22
chamber h {mm) 220.0 MATS copper cathods planes 42 4.1 7.10
sandwich w (mm) 1330.0 MAT9 mylar cath. subsirate 0.0 0.0 0.00
core w (mm) 1280.0 hrdwr + util 14.8 0.0 25.00
core h {mm) 19.0 mode-1 req. = 23.9 hertz ] totals = 100.0 100.0 168.72
ar1.2
sandwich skins] gap frame core edge filler | exensions sandwich core cathode cathode subsirate Totals
wumEina =| 7.820E+11 | B.717E+10 6.659E+10 | 7.9B4E+11 0.000E +00 7.375E+10 0.000E+00 1.809E+12
Ina =] 3.440E+07 | 7.900E+06 2.4146407 | 1.158E407 0.000E +00 5.941E+05 0.000E+00 7.861E4+07
weightt =|  0.1755 0.0543 0.0774 0.0266 0.0481 0.0199 0.0000 0.4018
mass =]  17.9348 5.5500 7.9135 2.7180 4.9189 2.0291 0.0000 41.08
length =|  3.500 3.500 3,500 3.500 3.500 3.500 3.500 ---
€=| 22,759 11,034 2.759 68,966 0 124,138 3,793 233,448
mass density =| 0.001926 0.001850 0.001180 0.002718 0.000029 0.008832 0.001387 0.018032
wt. =| 1.885E-05 1.810E-05 1.164E-05 | 2.660€-05 2.827€-07 8.740E-05 1.357€-05 1.765E-04
j- : ﬁ:ﬁ ; % ; 0.434 0.434 0.434 __{dead toad) 0.434 ©.000 ---
SomEina. = | 2. 3.037E+07 | 2.320E+07 | 2.781E+08 0.000E+00 2.569E4+07 0.000E +00 6.301E+08
na. = 82.65 18.98 58.00 27.81 0.60 1.43 0.00 188.87
weight! = 1.00 0.31 0.44 0.15 0.27 0.11 0.00 2.29
massd = | 2.504E-03 | 8.026£-04 1144603 | 3.931E-04 7.114E-04 2.934€-04 0.000E+00 5.939€-03
langth = | 137.80 137.80 137.80 137.80 137.80 137.80 137.80 ---
E=| 3.300,000 1,600,000 400,000 10,000,000 0 18,000.000 550,000 ---
mass density = | 1.797E-04 1.726E-04 1.110E-04 | 2.536E-04 2.696E-06 8.333E-04 1.294E-04 1.682E-03
wt density = 0.069 0.067 0.043 0.098 0.001 0.322 0.050 0.650
displacement = 17.09 17.09 17.09 17.09 (dead lvad) 17.09 0.00 ---
sum A =| 9.3100E+03 | 3.0000E+03 | 6.6500E+03 | 1.0000E+03 1.7024E405 22717402 0.0000€400 1.904E+05 |[(mm~2)
sum Ay =| 1.0241E406 | 3.3000E+05 | 7.3150E+05 ] 1.0750E+05 1.8726E407 2.4989E404 0.0000€+00 .- (mm~3)
Yna=sum AY/sum A =| 1.1000€+02 | 1.1000E+02 | 1.1000E+02 | 1.0750E+02 1.1000E+02 1.1000€+02 0.0000€+00 --- (mm)
sum AYA2 =| 1.4705E408 | 4.4175E+07 | 1.0441E+08 | 2.3125E407 2.6728E+09 3.3429€406 0.0000E+00 2.995E+09 |(mm~4)
YnaAY =| 1.1265€408 | 3.6300€+07 | 8.0465E+07 [ 1.1556E+07 2.0599E+09 2.7488E+06 0.0000E+00 --- (mmAad)
sumioo =| 1.9306E4+02 | 2.5000E+04 | 2.0005E+05 | 8.3333E+03 5.1214E4+06 5.47T11€-03 0.0000E4+00 5.355E406 |{mm~d4)
AY*2-Yn.a*AY =| 3.4401E407 | 7.8750E+06 | 2.3940E+07 | 1.1569E+07 6.1286E+08 5.9407E4+05 0.0000E+00 --- (mm~dg)
section loo =| 3.4401E4+07 | 7.9000E+06 | 2.4140E+07 | 1.1577E407 6.1799E408 5.9407E+05 0.0000E+00 6.966E+08  |{mm~4)
“ideal chamber™ v4.0
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chamber thicknees = 410mm

(6 x 10mm «+ 7 x 50mm)
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thisknges
chamber thickness = 284mm
(6 x 10mm + 7 x 32mm)

andwish
thishnoss

chamber thickness = 130mm
(6 x 10mm + 7 x 10mm)

« sandwich thickness varied fom 10mm to S0mm (chamber thickness goes from 130mm 10 410mm)
chamber thickness = 200mm
(8 x 10mm + 7 x 20mm)

* frame width varied from 10mm ® 60mm

sencwich thickness variad from 20mm to 32mm (chamber thickness goes from 200mm 10 384mm)

* outer C8C, 6 ges geps @ 10mm, 3800mim x 1288mm, akin thickness = 0.8mm
« gkin thickness varied from 0.8mm to 5.0mm

« maxdimum deflection (0.000mm panel sag has been acdded to beam bending)
« outer CSC, 6 gas gaps @ 10mm, 3500mm x 1289mm, 25mm wids frame
« maximum deflection (0.060mm panei sag has been added to beam bending)
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«inner CSC, 6 gas gaps @ S5mm, 3300mm x 700mm, 25mm wide frame 2 o 9
* sandwich thickness varied from 20mm to 32mm (chamber thickness goes from 170mm to 254mn) ———
« skin thickness varied from 0.5mm to 5.0mm

* maximum defiection (0.060mm pane! sag has been added to beam bending)

chamber thickness = 170mm
(6 x 5mm + 7 x 20mm)

« outer CSC, € gas gaps @ 10mm, 3500mm x 1289mm, frame width = 25mm 4 oF 4
« central sandwich thickness varied from 20mm to 80mm (chamber thickness held constant st 200mm)
« gkin thickness varied from 0.5mm to 5.0mm

« maximum deflection (0.060mm pane! sag has been added to beam bending)




of 4
outer CSC, 6 gas gaps @ 10mm, 1289mm wide, 25mm wide rame, skin thk. = 0.5mm -E-———

+ chamber length varied from 3000mm to 3500mm
* sandwich thickness varied from 20mm to 30mm (chamber thickness goes from 200nun to 270mm)
* maximum deflection (0.060mm panel sag has been added to beam bending)

/]

- e

] o ¥ p/
o* % Whog,
0¥ L~ 0
0’ / 0.45
a‘." / 04 g
of / 0.;5
ﬂg ! 03 g
04 o
of /

<P chamber thickness = 200mm
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chamber thickness = 270mm ]
(6 x 10mm + 7 x 30mm) :m“"
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Outer CSC. 6 gas gaps, 7 panels @ 20mm, 3500mm x 1289mm x 200mm
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deflection vs. skin thickness



 outer CSC, & gas gaps @ 10mm, 3500mm x 1289mm, akin thickness = 0.5mm, frame width 2 oF 4
. s = 0. s = 26mm

+ central sandwich thickness varied frorn 20mm to 80mm (chamber thickness

o T goes from 200mm to 260mm)

* maximum deflection {0.060mm pane! sag has been added to beam bending)

chamber thickness = 200mm
(6 x 10mm + 6 x 20mm + 20mm)

+ outer CSC, 6 pas gaps @ 10mm, 3500mm x 1289mm, 25mm wide frame
—memmﬁm1mmwnm(mnmpwm)

« skin thickness varied from 0.5mm to 5.0mm (WWMMIM)

» maximum deflection (0<060mnp-n|mhsboonaddedtob@mbuwhg)

fle: extvskin.out



«inner CSC, 6 gas gaps @ Smm, 3300mm x 700mm, 25mm wide frame ? or 9

« frame extension varied from 0 to B0mm (added to top and bottom) am———
« skin thickness varied from 0.5mm to 5.0mm (chamber thickness heid constant at 170mm)
« maximum deflection (0.060mm panel sag has been added to beam bending)

q-¢
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10. Thermal Deformation

Contents:
Summary viewgraph (1 page)

Slab thermal deformation calculation (2 pages)

Summary:
Thermal deformation of a slab is proportional to the first power of temperature and CTE,

the second power of length and width, and inversely proportional to the first power of slab
thickness.

io-1
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Thermal Deformation Levels Are Acceptable gem )

e Thermal deflection of a homogeneous slab subjected to a linear temperature
gradient through its thickness is

thermal

where, L = length
W = width

_ 5,5 = L*+ W) & AT

L w

8h

@ _ coefficient of thermal expansion = 11.3x10°/°C

= thjckness
T =2 C/9.0m x thickness
chamber length (mm) width (mm) | thickness (mm) | deflection (mm)
outer superlayer 3500 1300 200 0.004
middle superiayer 2600 1100 188 0.001
inner superlayer 3500 770 170 0.004

GEM PAC Review, 26 May 1993

]
J.A. Horvath mﬁ
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| _superdayer | length |  width | thickness epha _ dele T deflection _ |
- {mm) {mm) {mm) (10E-6/deg. C) {deg. C) {mm)
SL-1 Gwer) | 3500 | 1300 | 200 __ | o0.0000113 0.044 0.004
7| sL2” middie) 1100 1100 188___| 0.0000113 0.042 0.001
si.-3 {outers) 3500 770 170 "0.0000113 0.038 0.004
- doits T = (2 deg. C _* thicknaes) / (9000 mem)

dcflection = (length*2 + width*2) sipha doits T / (8 thick




GEM TN-93-494

11. Support Point Location and Gravity Sag

Contents:
Analysis of gravity sag of TDR SL-3 barrel chamber vs. support point location (3 pages)
Calculation of shear, moment, curvature, and deflection functions (6 pages)

Beam deflection "special cases" chart, ref, Don Carter, LLNL (1 page)

Summary:

The optimum support points for a uniformly loaded beam are located 0.223L from the ends
of the beam.

Support at the extreme ends results in a gravity sag 48.6 times higher than the optimum.

14-1
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—8—— 2¢0.2 / b:0.70
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———— 8202 / bs0.90
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louter_superiayer 6-gap CSC ]
length (mm) L : fongth (in) = 137.80
(dist. to tst supp't)/(length) ; (dist. to st supp't)/(length) = 0.00
(dist. to 2nd supp)/(length) 00 (dist. to 2nd suppY)/(length) = 0.04
dist. to 1st suppt (mm) A = 0.00 dist. to 1st suppt (in) = 0.00
dist. to 2nd suppt (mm) B = 3.500.00 dist. to 2nd suppt (in) = 137.80
distributed foad (Nfmm) W = 0.41 distributed load (bfin) = 2.32
distributed load (g/mm) W
Modulus of Elasticity (MPa) E Sk 500

Moment of inertia (mm4) |

1st support reaction {g) F1 = 71175
2nd support reaction (g) F2 = 711.75
et = 0.000€+00
2 = -7.288E4+08
3 = 0.000E+00
cd = 0.000E+00
5 = -7.266E+08
8 = 0.000E+G0
c? = -2.491E+08
8 = 3.633E+09
9 = -5.086E+12

focation (mm) x
¥ (x<a) or (x=a)

deflection (mm) = -1.486
¥ (x>8) or (x<b)

deflection (mm) = -0.825
¥ (x=b} or (x>b)

dellection (mm) = -1.488
deflection at x {mm) = -0.825

Assumgp  SECTIW

N DIMENSINS

S =
ﬁ:
7 =
8 =
9 =

5

I

|

PROERTIE S

159.54
159.54

0.000€+00
-2.524E+05
0.000E+00
0.000E+00
-2.524E+05
0.000E+00
-2.198E+04
1.262€+06
-6.957E+07

-0.058

-0.032

-0.058

-0.03

101.63

location x| deflection]
-0.825
0 0.000
100 -0.075
200 -0.150/
300 -0.223
400 -0.284
500 -0.363}
600 -0.428
700 -0.490)
800 -0.548]
900 -0.601
1000 -0.649)
1100 -0.682
1200 -0.729
1300 -0.761
1400 -0.788
1500 -0.805
1600 -0.818
1700 -0.825
1800 -0.825|
1900 -0.818
2000 -0.8C5
2100 -0.786/
2200 -0.761
2300 -0.729
2400 -0.602
2500 -0.649
2600 -0.601
2700 -0.548)
2800 -0.490]
2300 -0.4281
3000 -0.383]
3100 -0.294]
3200 -0.223
3300 -0.150
3400 -0.075
3500 0.000

(MIRMATE TOR SL-3 BAMRZL CHAABER )

6-gap CSC beam model
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GEM TN-93-494

12. Bulge Due To Internal Pressure

Contents:
Summary viewgraphs (4 pages)
Chamber with external plenum, quarter-symmetry model and deflection results (10 pages)
TDR Baseline with 3 internal posts, quarter-sym. model and deflection results (8 pages)
Chamber without plenum or posts, quarter-sym. model and deflection results (7 pages)
Hand calculation of bulge using simply-supported edges for upper bound value (3 pages)

Spacer post design detail and comments (1 page)

Summary:

Panel bulge is proportional to the 4th. power of unsupported span, 2nd. power of
outermost sandwich thickness, and 1st. power of outermost sandwich skin thickness. A
hand calculation using simply-supported edges (no edge moments) provides an upper
bound to the expected value (0.359mm for SL-3 TDR Baseline chamber). A finite element
model provides the actual value and the deflected shape (0.064mm for SL-3 TDR Baseline
chamber). The internal spacer posts carry high tensile loads to react the pressure load.

An external plenum, or bladder, eliminates the bulge on all cathode planes and transfers it

to the external bladder itself. Spacer post tensile loads are reduced to the minimum amount
needed to maintain contact for controlling the cathode-to-cathode spacing.
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External Plenum Simplifies Spacer Posts tnp

Cathode plane bulge
is eliminated

example uses two pienum
sandwich paneis and gaps
(10mm sandwich panels
with 0.5mm skins and
Smm plenum gaps)

spacer posts inside plenum plenum expands 0.6mm under
0.2" H20 internal pressure

ol
disp. scele factor = 0.100C+03
» External plenum eliminates bulge on all cathode plane sandwich panels

* Spacer post design is simplified since only small tension is needed to pull
panel stack together (no internal honeycomb reinforcements are needed)

¢ Leak-tightness requirement is eliminated since spacer posts would terminate
inside the plenum

GEM PAC Review, 26 May 1993 JA. Horvan U5

Effect of Internal Pressure on Baseline Chamber gem 2

« A finite element mode! of an outer superiayer chamber with a 25Smm epoxy
honeycomb edge filler and a 25mm G10 gap spacer frame produces a 64 micron
bulge for a 0.2 inch H20 positive internal pressure.

« A finite element model of an outer superlayer chamber without spacer posts

predicts a 175 micron bulge for the same internal pressure. There is a sensitivity
to panel edge moment restraint.

Pout

Pou

« Panel bulge is proportional to
4th. power of unsupported width
2nd. power of outermost sandwich thickness
1st. power of outermost sandwich skin thickness

« Outside plenum or additional internal posts being evaluated

GEM PAC Review, 26 May 1993 1 s Horvan |
t-2



Spacer Posts Use Tension To Reduce Panel Bulge gem Z
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 Outer superlayer chamber without spacer posts bulges 175 microns under
0.007 psi (0.2" H20) internal pressure

« Three spacer posts reduce the maximum bulge to 64 microns

« In both cases only the external sandwich panels bulge since pressure is
equilibrated on both sides of the internal panels

» Chamber internal pressure produces tension in the spacer posts

» Spacer posts must be designed to restrain against overpressures without damage

AP DAr Diim.. 2K Mo 1007 JA. Horvath llg
Spacer Posts Limit Bulge Locally gem Z
3 spacers (Baseline 2)

quarter-model of outer superiayer CSC

o,

e

10 spacers
reduce buige 80% below Baseline 2

disp. ecale factier + §. 10000«

* Internal spacer posts limit panel bulge by applying restraint at discrete points

* A plenum at the outer surfaces would uniformly restrain bulge without spacer
posts

GEM PAC Review, 26 May 1993 JA. Horvath &L:
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AL CSCPREFSURE )/ BLADDER / 2P0 )T PASE 2

DWRECTORY ¢
MIDIFIED BASEAINE % WiTH BLADDERS 4DDED (15— vor ¢ sovrem) o.r hO
o-oo; Pt

. §O Ya

CSC outer - 8.2° H20 NITH BLADDER (23mm epoxy fr
tior ¢ 0.10000€+8)

"—'\
ExXYEeml  PLEMURK
, BLADDE &
| of Mo

H" on ﬂ")“'c” 3 o,“‘-

===
0.556 mun.
2 (DISPLACEMENT PARCAMIFICATI_
uls FALTOR = loo)
disp. scale factor ¢ ©.100C+03
CSC outer = 0.2° W0 WITH BLANDTR (ZSmm epory r
time ¢ (.10000C+01
BLAWEY
7 oF 10

(msr. A&, = 100)

2

b
disp. scole factor *

©.100c+023
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CSC outer - 0.2° HIO HWITH BLADDCR (E%mm epory fr
time ¢ 0.10000E4+01

pLAdPEL
3 of o
: (yroP. MAe = Lo0)
disp. scale factor + 0.1000+03

C8C outer - B.7° HZC WITH BLADDER (25mm epony fr

time « 0.10000€+01
BLADDEL
4 of 10

(b1sP. MAG. = 500 )

disp. scele factor * 0.580€£+403

12-5



CSC cuter - 0.2° HIO WITH PLADNER 1« 28mm eposy fr
time ¢« 0.10000C+0)

BLADOER
& of 10

11|

i
Lo
\

DISPIMEMEVT SUHE  PACTIR = | o
(Do MearFreaTan)

disp. scele factor ¢« 0.1000+01 (nefeoult’
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PLADDER G oe 1O

C8C outar - 1 2" HZ0 WITH BLADDER (26me epoxy frame)

€ wodified to simulate external bisdders on a 4-gap chamber
c flle ceprprbt N

c @Biadde: added top snd bottom

€ Ouar ter-syametry mode)

< Ba ine-2 with thres spacer posts

c This le is used to gensrate NIKE3D Inpust .

e ingrid Input for CSC outer super layer chasber

c 8 wire tayers

e 193402rmm we1280me he200mm

c otge trame we28mm

L end frame we2Gmm

o sandeich pansis (7) te20mm (10mm core ¢ O.Smam skins)
o oups (@) t«10mm .

© Procedure tor UNICOS:

© ingriag i=inttie run Ingrid

© otp 0. ¢ merge nodes

c . oontinue mehe NIKEID input

] ®v Ingrido outtile.t change name

[ vl outtiile.! odit cscb2.1

[ ocard:fleld value cosments

[} L] only print jast step tc hap

< 00 percent of core

] 3 bufter size

L3 1 storage option In core

© 1 Incompatidbie modes for bricks
(] k] shell geometric stiffness tiag
© boundary cond!tions

[ node 171 (code 8) x.z trans. (lixed

box 848 horvath
tv

N30 © generate NIXNEID input
ANAL BTAT © statlc snalysis
NSTEP 4 a rumber af time steps

DELTY 2.800e-01 o time step size

¢ sizx-step (esd curve

LCD '8 0.00.0 0.26.00 0.4 0.' 0.6 0.2 0.0 0.4 1.0 1.0

© GRAV o 19 In 2-direc’ion (normal to panel)
< 0.0 0.0 #.014800+0)

MAY 1 1 BMELL ¢ Epoxy-Gilited 1040 (G-10)
€ 2.28190+10 o p-mm/sec2/mn2 (3.30008 pai)
PR 0.28 c polsson’s retlo
AMO 1.82020-02 c g/mm3 (120 1L/1t3 = 0.01 1b/1t2/M0L)
THICK 0.8 c s thickness
ENDMAT
MAT 2 9 Epony-G111fab 1040 (0-10)

PR O polsson’s ratio

L]
€ 2.2819¢010 © g-am/sec2/an2 (J.30+08 ps))
. <
RHO 1.92820-03 c g/ms3 (120 1D/CtI & 0.01 1L/ 112/MIL)
NOMA T

UAT 3 2 c HRN-10-1/8-1.8 (honeycomb)
EC 6.6310e+07 € g-mm/pec2/mm2 (8.0040)3 ID/in2)

]

<

]

c

c

<

<

c

RHO c

AOPY 2.0 c

At 1.0 c

A2 0.0 [ ]

A3 0.0 ]

oY 0.0 L]

0z t.0 c

03 0.0 c
ENDMATY

[

[

L3

c

anonene

BLADDEL 7oF |0

g-mn/sec2/mn2 (e-08 softer)
g-sm/sec2 /mn? (e~08 softer)
g-mm/sec2/am? (e-08 softer)
O-mua/sec2/mm2 (1.6e+03 1b/in2)
g-mm/30c2/mn2 (3 .0e+03 tb/in2)
Polsson-be

Folsson-cs

Polsson-cb

g/mm3 (1.8 (D/7913)

gtobatty orthotropic definition
for e-vector

tfor s-vector

for a-vector

for d-vector

for d-vector

for d-vector

NS ENE X

epoxy HC titler

O-mminacR/mad or OPe (0.4e+08 psl)
poissons ratio

g/mm3 (120 1ID/1L3 @ 0.0V b/ 122/MIL)

epoxy center spscer qtr-posts

Invokes coltapsed thin sheltl formulstion
9-em/sec2/mm? or GPs (0.4e+08 psi)

polsson's satic

9/mnl3 (120 ID/1t3 » 0.01 ID/e27MIL)

outer dimension In s-directio/2 at ctr.n {wm)
outer dimension in t-direction (mm)

spoxy spacer half-posts

invokes collapsed thin shell formuistion
g-mm/seck/mn? or GPa (0.40+00 pei)
potstons ratioc

@/mm3 (120 1B/¢43 = 0.0V tbset2/MIL)
cuter dimension In s-direction {(mm)
outer dimension In t-direction (mm)

START ¢ sandwich pane! skins (bladder externat f.9. no pressure)

T 13 38 ;: 1 13 18
0. 87e. 170%.

c repast

1
2 c use
END

P - 3

t1 ¢t 131 10001%

111 31 % 010101

ATE t c Epoxy-Otittad 1040 (G~10)
¥

the part 2 times

.o MZ s,

the 2 clones

START c sandwich pane! skins (internal oep~top)

113 18 . 1 13 16
0. 18768. 1701

0. 600. 826.

c.0

EEEd )



of Io

st 1t t ¢ w:o‘;:
8111 311 o START ¢ bisdder gsp frames
8t it %2721 1 en.s78 0. 0. ~1. o downward pressure (g/mm-30c2) 11318 : 11316 : 12 C' of |o
c 0.2in. W20 0. 1era. 170%.
MATE 1V cm;v-ﬂl!llnm(ﬂ-!ol 0. 600. 826.
LCTI ® ;: c© repeat the part 8 tines 0.06.
Mz -108. : M2 -80. ot1Y 222 ¢ remove wire gep region
Mz -80. : MI -20. ; MATE 2 ¢ Epony-0tiffab 1040 {G—10)
uz 10. . M2 €0. : MZ 70. ; MZ 100. : LCT 2 : MZ -106. ; MZ 100. :
mrtz:asotu;cm-tm-eow LREP 1 2 : C repeat the part 2 times
END END
START c sandwich panal skins (internal gap-bottom) START ¢ sendeich penel honeycombd
113 6 ; 1 13 18 : -1 ¢ 113 . 1 13 : 12
©. w78 1701, o. 878.
0. 600. 028. ©. 800.
0.0 0.0 20.
21319 131 100019 MATE 3 G WAN-10-1/8-1.8 {honeycomb)
mst1 31t 0wl LCY 7 : MZ -100.: MZ «70.;: MZ -40.; M2 -10.: MZ 20.: M2 60.: M2 80.:
i1 7221 1 asere 0. 0. 1. c upserd prassure (prmm-seck) LREP 1234687 : o duplioate 7 times
c 0.2in. ¥20 EeNO :
MATE ¢ clponv-.lll'ﬂmo {9-10)
LCT 8 : © ropeat the part s times START ¢ blsdder sendwich panet honeycomd
w2 -100. : Mz -70. : MZ -40. ; MZ -10. : 113 : 113 : V2
MZ 20. : M2 80. 0. 1678.
MZ 80. ; MZ 108. 1 ©. 800.
Lﬂ!'tl’l'l"llemm.olw o0 10.
END MATE 3 € HRH-10-1/8-1.8 (honeyoamb)
LC'!:HZ-!!G.;IZ'-.;
START c sandelich panel (romes LREP 1 2 : c© duplicate 2 times
1!31.:!.3":'!: -
0. 1876. 1701
o. . . SEMA © spacer posts
0.0 20. rt 0. 0. -100.
D114 222 :crm"" the honeycomb reglon et moooooo 0. 0. ﬁ
MATE 4 < sponry bad (4] 0. 0. -70.
ey 7 s M2 =100.: M2 -70.3 WX ~40.; MZ -%0.: Mz 20.: %z 80.: W2 80.: vt 000000 ©. O. -80.
IREP 1 2 346887 3 o repest the part 7 times ¢t 000000 ©. O. —40.
END rt 000000 ©O. O. -20.
rt 00000 ©O. ©. -10.
STARY eln.ddo; .:nﬂ-:d‘\-unl frames rt CO0000 O. :l z':
113 18 1 1 13 18 ¢ 3 vt 000000 €. O. .
0. 1878. 170%. +t 000C00 O. O. 0. rt 000000 8. 0. 8O. bLA‘thK
0. 600. €28. r: Mm :~ :- : 1 000000 838. 0. 100.
0.0 0. _— s - 0. . [ c end ceor spec
oYt 1 222 ac¢ the v region 7¢ 000000 O. O. 80. %245 ‘2:0 dinate itication
MATE 4 c epouy WC (iiter ¢t 000000 0. 0. 100. 2316128
LCT 2 ; MZ -918. : WI 108. : rt 000000 638. 0. -100. 3¢e18 128 / o
tREP 12 i © repeat the part 2 times r1 000000 838. O. -80. et 1812 o oF/
END ¢t 000000 838. 0. ~70. a8 16128
¢t 000C00 ©38. O. ~SO0. se7 18128
START c gap frames ¢t 0OCO00 ©38. 0. -40. 718128
11316 ; 1 13 18 3 ¥ 2 : ¢+t 000000 ©38. 0. -20. a9 18 t 28
Q. 1878, 170%. rt OOODOD ©38. 0. -10. ® 10186 320
0. 80D. 828 rt OCOCD0 838. 0. 10O I RIRE RE L
0.0 10. ¢t 000000 €38. 0. 20. 1 12 18 ¥ 20
o111 222 OI‘MIIUO”IOGA’M ¢t OO0000 838. O. 40. 213181 28
MATE 2 c Epoxy-0i1itadb 1060 (G-10) rt 0O00CO ©38. 0. 50 31018128
u;'.:u-.o,;nl—so.:udo.;lﬂ|o.:l200.:llz1l)~= rt ODOCOO 638. 0. 70. “w 18 18 11t
LREF 1 2 3 4 6 8 : c repest the part 8 times e ITt1E LY
7 1916111
o110t
9 20 16 % ¢
2029 18 1 ¢
2t22 16 1 1
2223 16 Vv ¢
2320 1@t Y
24 26 1 0 1 3
28 26 1@ 1 Y
206 27 1@ 1 1
27 20 1 8 0 ¢
© c end of element generation
END
END




CHINEL /S SCPRISURE/ BT PASE T

DILCLTORY,
Bhetwe + (wirk 3 s v o o
0. 007 P"‘
S0 Pu
CSC outer « 8.2° HRO pressure (28am epoxy frewe) ,
time * 0.10000C+01
—
IDTEAWA.  POSTS  ower
$)° 1>‘.‘:A1gjt\ 15'051"’“55 T
| orf
(7]
L1
éa " "
ZZ
[
4// « (1]
= z = u“ * t 0,048 mun.
moy, ] 4 1)
1, n 7
3
eIvyqgi ™ '(_o‘“"‘-'.
0,00 . DISPLAENCNT  SCALE  FALTOL
(MAGuIFICATIVNY = 4,000
oL
sisp. scale fagtor ¢« ©.1000+04

CSC outer - 0.2° W20 pressure (2%mm epony freme)

time ¢« 0.10000€+01

28T BASEL
2 OF i

(nsp. MA& . = §,000)

disp. scele factor ¢« @.100€+04
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C8C outer - 0.0° MZ0 pressure (29mm epovy freme)
time ¢ 9.10000C«@)

: (o8P

disp. scale factor « Q.1000+04

CSC outer - @.2° HZ0 pressure (ISmm eposy frame)
time ¢ 0.10000C+0}
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Ti-1271

2.005T BRASET

C8C outer - L.<* M20 pressure (28am epeny frame)
ftle ceprpres
Quer ter-synme ity mode!
Baseiine-2 with threes spacer posis
This fite is used to generste NIXE3D tnput.

SoF¥

tngrid input for CBC outer super layer chasbar
6 wire iayers
L] e

12Gmm
sendwich paneis (7) t«20am (18mm core + O .Sam shins)
geps (8) teillam

ocedure for UNICOS:

ingrid teintiile run Ingrid
stp 0.1 serge nodes
continue meke MIKE3ID fnput

av ingride sutftie.d

vl outfite.!

card: flalid velus ocesments

8:1 L3 enty print lest step to hep

change nase
edit cscb2 .

storage option in cere
incompatibie modes for bricks
she!!l geomstric stitiness flag
mm cond! tions

sonoenodNROO0NON NAODOOON

node 171 (..‘. 8) n.z trons. fined
bon 848 horveth
tv §
N30 e te NIXEID Input
ANAL BTAT a stetic onsiysis
NS TEP e mmber of tine steps

o time Stap size

L] oh—-naluom
16 0.00.0 0.20.08 0.40.t 0.0 0.2 0804 t0 1.0

o GRAV ® 1@ in 2-direction (normal to panel)
L 0.0 0.0 S.8%488e+03
MAT 1 1 SMELL ° WII"‘ 00 (0-10)
€ 2.28100°10 o g-smfesc2/en? (3.30+08 psil)
PR 0.28 © polsson s ratle
AHND 1.82620-03 © g/am3 {120 1D/ 1L3 = 0.01 1bs 02 /00L)
™ice 0.8 o mm thichness
ENDMAY
“AY © Epony-8itifed 1060 {9-10)

. c o~emisecRion? (3.30+08 pst)
0.20 ¢ poisson‘s ratie
1.82620-03 © glfan3 (120 1B/113 © .01 0/112/4L)

MAT 3 2 c MAH-ID-1/8-1.8 (honeycomd)

© g-mmisec?/and (6.00403 b/in2)
e g-emisec2ien? (o-08 softer)

o g-emi/gsec2/iam? (e-08 softer)

€A 8 83180002
€8 §.63100+02

OAB 1.0372¢ 42 o g-em/seciond (008 sotfter)
GBC 1.0372e+67 ¢ g-em/seclian? (1.8e+63 I/ in2)
GCA 2.62760+07 < gremizec2ionl (3.80003 107102}
PRBA 0.3 ¢ Potsson-be
PRCA 0.3 c Polssen-ca
PRCB 0.3 c Potssen-cb
MO 2.80040-08 c g/amd (1.9 1b/ELI)
ADPY 2.0 c giohally erthotrepio definitien
At 1.0 e n ter a-vecter
A2 0.0 € y fer a~vecter
A3 0.0 c 2 fer a-vecter
Dt 0.0 c » fer d-vecter
o2 1.0 ¢ y for d-vecter
o 0.0 © z for d-vecter
ENDMATY
MAY 4 1 © HC fidler
€ 2.7008e°08 c g-an/sec2/end or GFa (8.40408 pail)
PR 0.2 ¢ potssen's ratleo
BH0 1.10000~03 ¢ gfem3 (120 D/113 » 0.0 IB/ILRINIL)
EMDMAY
WAY 8 © spexny center Spacesr gir-pests
BEAM ©c tnvekes celliapead thin shwil fersuistion
€ 2.7000000 € g-am/seckiend or GFa (0.40°08 pet)
R 0.2¢ o potesson‘s rattc
AMD 1.10000-03 © g/fmm3d (120 /613 « 0.0V Ib/eCR2MNL)
stht 2.8 c ouvter dinensien in 9-directiesl? at ctr.n (sm)
tth 2.6 c suter disansien in t-directien (am)
ENOMAT
MAT & ¢ © epany sSpaces hetf-poats
e ¢ tnvehes cofiapeed thin shetl fersstation
E 2.70000+00 € gren/sect/on or GFs {0 .40400 pai)
"R 0.20 c peisson‘s rotis
RO 1.10080~83 ¢ g/end (120 1B/013 = 0. 01 INIFL2/0L)
sthd 2.8 e outer dimsnsion in o-direction (mm)
tthl 8.0 © outer dimension in t-direction (mm}
ENDMATY
STARY c sandwioh pemet! skins (esternatl §.¢. no pressure)
113 % : 1 13 : =%
0. 1876. t70%.
O. G00. 626
0.0
Bttty 139 WO
Bttt 3913 100
MATE t < Epesy-S11itab 10460 (8~-%0)
e 2 epadt the part 2 times
M2 -100. : W .2
LRESP ¢ 2 ;. c use the 2 clenss
€0
START c sandwich pane! skine (internal gep-top)
913 %8 : 1 13 % : ~¢
0. WI8. 1701,
©. 800. 828
0.0
2111 131 WM
8% 11T 3t & O
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p‘““v_w M6 7 oG PRESS VRE /7 NePeST BASLL
R s /]
MopisiEh WMsltLing = W rMER POT 0.’ Ho
0.007 pet
. 80 Pa

CEC outer = B.2° WI0 'prouuu (F3m spory frowe)

tiog + 0. 10000C +81
No wremvac PosTs

NofosTBASEL

P ?

A T ‘ of 7
Vo A T e
’ = o L i
e e
DS Sss e oSS AL
R A AATSL L Pt
SISTIISIESEIZZ 2255,
SoTS=SIE==IIZZS L2756 g
R e R LA 7l
mm SSIFERR I PSS 7
B B >SS
RIS IE ST ™
QSIS v
SSS72 5.
S0
3, \ v
. L 0. V15 aven
" I . L DISCLACEAINT  MALNIMEATION
disp. scale factor ¢+ @, 100004 FALR = 1:°°°)
CH outer - 0.2° HIO peessure (28mm epory (rome)
time + 0.10000C<01
NofolT BASE L
U

? \b|3'. “h‘g 1‘000)
[

disp. scele factor + 0.1000404
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COC outer - 0.2° MIC pressure (29w gpory (rame)
timg ¢ @ 000001

o PRIT HASE L
Y e

‘J' {visf. MA&. = 1 000)

disp. scole (ocier ¢ 0. 100004

4L - 1%



Si-

S oF
DofosT BASEL 4 oF T No S THASEL Sof?

0AB 1.0372. .2 c g-mm/secR/mmd (e-08 so".rl

GBC 1.0372e407 c g-mm/sec2/mm2 (1.60403 1b/in2}
C8C outer ~ « ." H20 pressure (26mn epoxy frame) GCA 2.82780307 c p-mmisecZ/mm2 (3.9e+03 1b/In2)
c flile cepuprnp PRBA 0.3 c Polsson-ba
e Ousrter-symmetry model PRACA ©.3 c Polsson-ca
c Base! ine-2 with thres spacer postis PRCH 0.3 ¢ Poisson-cb
c This ftle Is used to generate NIKE3D input. RHO 2.88940-08 ¢ g/mm3 (1.8 1b/713)

AOPY 2.0 c globetlty or thotropic definition
@ ingriad input for CSC outer superiayer chamber At 1.0 c » for a-vector
L 6 wire layers A2 0.0 c y for a-vector
[ 1°3402mm we1280mm Nhe200mm A3 0.0 ¢ z for a-vector
e edge frame -25-- Dt 0.0 ¢ x for d-vector
L] ond trame 02 1.0 c y for d-vector
c sandwich pnmu (7) tao20mm (10mm core ¢ O.8mm skins) 03 0.0 c z for d-vector
a gaps (8) t=10mm ENDMAY
c Pr dure for H MAY 4 c epoxy HC fisler
< ingrid Isinfite run tngrid € 2.78000+09 c g-mm/sec2/mm2 or GPa (0.4e+08 psi)
o stp 0.1 merge nodes PR 0.26 c poisson's ratlo
o continue make NIKEID input AHO 1.18000-03 < g/mm3 (120 16/t3 = 0.01 1b/122/MIL)
° wv ingrido outtife.! change name ENDMA T
c . eodit cachb2. 1!
© comments MAT 8 1 c epony center spacer Qqtr-posis
¢ onty print fsst step to hsp BEAM o tnvokes colispsed thin shell formulation
[ 0 percent of core E 2.78000+09 c rulul‘ﬂ:?lnn! o' OPa (0.40408 p3!)
°© 3 buffer size PR 0.28 c polsson‘'s rat
] 1 storage option In core RHO 1.1800e-03 c g/mm3 (120 owua ® 0.01 I1D/rt2/M1IL)
o [ ) 1 Incompatible modes for bricks sthi 2.8 c outer dimgnsion In s-directio’2 at ctir.n (mm)
] o:9 1 shetlt gecmetric stiffness fleg tth) 2.8 ¢ outer dimenstion In t-direction (mm)
c change boundary conditions ENDMAY
[} node 171 (code 8) x.x trens. fixed

MAT @ ¢ o epony specer half-posts
box 848 horvaeth AM c tnvokes collinpsed thin shel! formulstion
tv € 2.78000+08 o g-mm/sec2/mm2 or GPa (0.4e+08 p3i)
NY ©c generate Nllﬂu input PR 0.28 ¢ poisson‘’s retlo
ANAL STAT c static Iys AHD 1.1800e~03 c g/em3 (120 1b/7tS = 0.0V 1D/ TL2/MIL)
NSTEP & o rumber of ""‘ steps sthi 2.8 c outer dimension in s-direction (mm)
DELY 2.8000-0% a time step wize tth) 8.0 c outer dimension In t-direction {(mm)
ENDMAT

c sin~atep load curve

iCO 16 D.OOC.0 0.20.08 0.40.1 060.2 0.60.4 10 10 STARY ¢ ndeich pane! skins (external |.s. no pressure)
1913318 ;1 1318 : ~-? ;
c ORAV e 19 In z=direction (normal to panet) 0. 1878. 170%.
c 0.0 0.0 9.81488e+03 0. 800. 028,
0.0
MAT 1V SHELL c Epoxy-0itifab 1040 (G-10) a1 11 131 100011
€ 2.281090°10 o g-mm/secZ/om? (3.3e+08 psi) 8119 311 010107
PR O c poisson’s rstio MATE 1 c Epowy-Giitfad 1040 (G-10)
c g/mm3 (120 10/7€13 = 0.0 b/ 1t2/MIL) LCY 2 ;: c repeat the plrl 2 times
c mm thickness MZ ~100. ;: MZ 100.
LREP 1 2 ;: ¢ use the 2 clones
END
MAT 2 ¢ Epoxy-0iltfad 1040 (G-10)
E 2 lﬂloﬂo © g-mmi/sec2/mn2 (3.3e¢08 psi) sum c sendwich punol cklm {internal gap-top)
© poisson°s ratio 13 18 : 1 13 16
RND | .3.2.-03 c g/mm3 (120 10/¢13 = 0.01 1b/712/MIL) 0. 1878, 170%
ENDMAT 0. 800. 6826.
0.0
MAT 3 2 c HRN-10-1/8-1.8 (honeycomb) 8111 131 10001
EC 8.6310e+07 ¢ g-mm/sec2/mm2 (8.06403 1b/in2) B111 311 010100

€A 8.63100+02 c g-mm/sec2/mm? (e-08 softor)
EB 5.83190+02 c g-mm/sec2/mn2 (e-08 scfter)



- 1%

Do STEMEL & oF 7 NOPSTBATEZ  70F1

1 49.876 0. 0. -1. ¢ downuward prossure {(g/mm~su.2)

PRI .- c 0.2in. H20 BEAM c spac. posts
MATE 1 c Epoxy-Giiitab 1040 (G-10) 1000000 0. 0. -100.
LCT 8 : c repsat the part § times . 7t ODDDOO ©0. 0. -80.
Mz -80. : v: 000000 ©. 0. -70.
. i Mz -20. : rt 000000 ©. 0. -80.
:: ;:? ; MZ 40, ; MZ T70. 1 000000 ©. 0. ~40.
LREP 1 2 3 46 8 : c use the 8 clones 1 000000 O. 0. -20.
€nND -: xoono 0. 0. -v0.
r 0000 O0. 0. 0.
START c sandeich pane! skins {internsl gep-bottom) rt 000000 ©. 0. 20.
1318 ;: 1 13 16 : ~1 ¢ rt 000000 ©. O. 40.
0. 1878. 170%. rt 000000 ©. 0. 60,
0. e0D. 828. r: oocmng 0. 0. 70.
41 00000 0. 0. 80.
:.4': vr 1t e “: %t 000000 ©O. 0. 100.
111 311 01010 Ion-0c2 rt 000000 838. 0. -100.
:n 1991 221 149.8700. 0. 9. :;up;’:‘d :;:-’uro (g/mm ) rt 000000 238 O —ooC
-Zin. r1 000000 ®38. 0. -70.
MATE ' c Epoxy-0i1iiadb 1040 (G-10) 71 000000 838. O. -80.
LCT 6 : © repeat the part 8 times £t 000000 ©38. 0. -40.
MZ -70. ; MZ ~40. : MZ -10. vt 000000 838. 0. -20.
MZ 20. : NZBO. 1 r: 000000 ::u. :. -10.
0. rt{ 000000 838. 0. 10.
Ul:ll’llstll: o use the @ clones rt 000000 @38. 0. 20.
END r: 000000 ©38. 0. 40.
£t 000000 ©38. 0. 80.
AT c sandwich panel fremes r¢ 000000 @€38. 0. 70.
n::su:lnuzllx rt DODOOO & . 0.
0. 1878. 170%. rt DOOOOO €38. O. 100.
©. 800. 828. ':t ‘c'ondzzl coordinete specificetion
N 1
293 222 o the Y region 2316128
ey Er™i08. "z’ 170" wz 0.: Mz ~10.: Wz 20.; Wz 80.: Mz 0. R REH
IREP 12 348687 : o repest the part 7 times 68181 28
€7 18 120
7818120
ART ¢ p fromes 89 16 128
ntuw’:tuisxil: ® 10 16 128
1204 10 11 168 1 28
0. ie7e.
0. 800. €28, '; :: : : : z:
1 2
03 i 222 oremove Tire 9op regton 131616128
111 ¢ad 106 ~9 . 15 18 16 1 1
tore 02780" uz 80.: Mz -20.: MZ 10.: MZ 0.: MZ 70.; 1817 1819
LREP 1 2 3488 ;: o© repest the purt @ 17 18 1819
Evo 201811
{1 ]
sendwich panel honeycomb 2021108 11
81:“:,:|":‘!: 2122 v 8 1 1
0. 1878 223181 1
0. 800. 2324 108 1
26 26 18 3 ¢
©.0 20.
- -1. honeycomd ) .
e Bz a8 M e 10, wz 20, wz 0. w2 80 HERERR
LREP 12 34887 : c duplicate 7 times 2720 16 1 1
END EM!)’ c ond of element generstion
{ c do not Include spacer posts éun: do not include spacer posts
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Sample Problems ' SAMVDNICH  PAVEL BULLE G RESSURE

UVDE Fo¥
B. Simply Supported Plate Kon N PRESSURE  LoA]

(from MIL HDBK-23) (\'{ EF. HEXCEL Tsh-— nzq)
SS Uniform Load
" " - = . 2
o« W ,L"I ol 1oean p = 20 pst = 0.139 Ibs/in
$s RN IR
o e e
! a =gt | Simply supported all four edges
ay>b
ShMELE howumes AY ToTy MG et
1. Determine Plate Coefficients: 4. Check Core Shear Stress:
b 48 o . Kb _ (037)(0.139)48) _
3 = % = 0.50 ¢ b 1020 2.42 ps
G, 43.000 85(0.93)°
T e E e— FS. = =32.7
R G, 21,200 2.03 2.42
USER = 25 (see Figure 8) *Correction Factor for 1" Thick Al. H/C, TSB 120
v 7Etyh’ 5. Check Facing Dimpling:
T 26 hG A 2E¢ [t ]’
O'cn = T 's'
. 70101 x 107(0.020)(1.0207
Oa = 089 ik 64,560 psi
FROMFIGURE 8 K, = 0.0105 ' .
FGURE 10 K = o3y 64,560 psi > 24,000 . NOT CRITICAL!
2. Check Panel Deflection: 6. Check Facing Wrinkling:
_ 2K1pb‘x Ect, '/2
Et I OE.. = 0.82 E [E' t,;]
2(0.0105)(0.139)(48)*(0.89) y
= = 0.066 (70,000)(0.020) 2 .
¢ ? Cce = 0.82(10.1 x 10° =
(10.1 x 10°)(0.020)(1.020) cn ( )[( 101~ 10‘)(1.000)] 97,500 psi
3. Check Facing Stress: 97,500 psi > 24,000 . NOT CRITICAL!
o - Kabb'  (0103)(0.139)¢48)" 1617 psi 7. Check Factor-of-Safety:
hty (1.020)(0.020) MINIMUM F.S. (FACE YIELDING) = 148
24,000
FS. = m = 148

i1 -)¢

Hexcel Corporation 18




Figure 8 -- K., for determining maximum defiection. 2. of tiat
rectangular sandwich panels @> b
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Figure 9 - Kz for determining facing stress, Oy, of fiat
rectangular sandwich panels @a> b
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Figure 10 -- K, for determining core shear stress. 7c. tor flat
rectangular sandwich panels a> b
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GEM TN-93-494

13. Chamber Mode Shapes and Natural Frequencies

Contents:
Summary of TDR chamber natural frequencies (1 page)

TDR chamber with G10 frame, outer superlayer, details of mode shapes (7 pages)
TDR chamber with G10 frame, middle superlayer, details of mode shapes (7 pages)
TDR chamber with G10 frame, inner superlayer, details of mode shapes (7 pages)

TDR chamber with epoxy frame, outer superlayer, details of mode shapes (6 pages)

Summary:

Natural frequencies of 3.5m long chambers tend to be low due to their length and limited
thickness (limited by overlap of chambers and maximum muon track lever arm). The
limited thickness produces a low stiffness. Adding mass to increase stiffness also
produces particle scattering and thus should be avoided.

Changing the "frame" material from relatively "stiff" G10 to "soft" epoxy reduces the
lowest natural frequency by 25% due to loss of shear stiffness in the chamber. This
linkage between frame design and chamber stiffness is documented in GEM TN-93-460,
Comparison of Gap Frame Designs and Materials for Precision Cathode Strip Chambers.

13-1
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Bare Panel* Natural Frequencies Begin At 19 hz

X No AbDED mpes

FoRr
frequency (hz) for first six modes
mode # 1 2 3 4 5 6
outer superlayer 20.6 22.4 30.0 57.4 61.3 63.8
middle superlayer 28.9 38.9 45.6 90.3 90.6 92.0
19.7 32.0 66.8 77.6 83.4 1137

inner superlayer

e Bare panels are sandwich panels, edge fillers, and gap frames.
(Not included are detector wires, copper plating, circuit boards, gas pipe, heat sinks,

bolts, cables, or connectors.)

e Bare panel frequencies are within 5% of loaded panel values.

The effect of added mass is estimated using the expression for a spring/mass system.

An increase in chamber mass of 10% will decrease the natural frequency by 5%.

1 k
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Outer Superlayer Chamber: First Six Modes gem
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Middle Superlayer Chamber: First Six Modes
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Inner Superlayer Chamber: First Six Modes

gem

IRE CTOR Y

L.

130.0am frane’

€58 e toge
tles « 0.12000000%

Fi

@leg. suale fasier o B.JENKISI 1seTemts?

Ti-47

O ner npivisgte 138.5am irenes
e = 0.87302°08

olop. esele fanter « O.10K-03 tdefeuiss

LN /S cSCBASEL )/ KINEMODE / 1wyEREND
KINEMATIC pmounTS AT FNDC

SeLID  £ID FEAmME ASSUME)

€O taaer seperioger 112.8un ¢eoset
e 0. 2000800

32.0 hz

¥)

«

F)

6iep seels taster + T 3000001 toutoulte

0 tener separiiy e | LL.Jae ¢roems
tlaw ~ & SI00C-03

Slop. scele tante - 0200001 sdofendil

e

ssele fasver o 0.3000+8) terfentt’

GEM PAC Review, 26 May 1993

J.A. Horvath l&"

r L AL

(3uyzd ab)

L a0 |



B tanes owow lager 11500 $eumet
Stam ¢ . et om

O b ovwew boysr 1170 toame?
IR 1)

A

L

Gler. wele imie ¢« 0. MR 1ates i

U tanwe wpen domge 117 G (gt
oo ¢ @ LB 0

Wl srese Imie ¢ B MRS @eett)

O tamme e oy 17 0an troum
teas - © SOPWN 08

L

oter eesie tmie ¢ 0 BRI (eemint

090 tnmge oupes hoges £14 Bum Segmet
i + 0 SN @

-

ey st taior o B R wtenit)

“ap. mate tasier o G. MO tavionitt

@los. seate banter ¢ S MOM W tavtemitt

O o waper iage 112 Sen teowmt
thee ¢ 0. 200w %)

L

Glep st tamier ¢ BN tartemit}

OB b o foee 117 Ban boqmmt
Rk 17

J

§-10

Sien. ssste tasrer o 6. M W (@otantt !

sL-1
Mode L

Se-1d
MoDE T

(Fuvza o))

(3evad 1))

FINN

L T

L LD

L9 <




R e o bugee 11000 Sepus)
e @ Gitatem

L.

@lap 3Ite tarie © @ I B) sewtenis s

O tome seper bage 11F Sam booee
tbap + B GITIQ D

G10s Mele taier T @ 1OMAI tantouit!

O 1o owew toge (11 Sam Sowm
-

o @raos

L

e wete tmte

O tonue supee loyer 117 Sun teamd
-

© Vs comtanit

=

O mete tare

s @IS testesitt

4

X e owper taysr (2.0 Sreami
LR 2

Sty

Glep weste lonter ¢+ MR teBiemitt

€O tamne supwe Iy 2
priiangy-rt--4

sL-4
MoDE. %

G100 et fotiee o 9. MG teteniet

Loner e logt 118 Dum e qme!
tiee © & WM 0

e ——)

Sl stete tanrer ¢ 0.TBNS Lowemitt

St-14
MoDg 4

olte stele tarie o 8. MER OB tewteuitt

13-1%

( FYgd O |

(dwvaz 99)
L#° 4 J3ANN]



IONEL TDoe ?
(¢o PrAnE)

e ot

INNEL
(¢ FRANE)

9 Adow
¥1-7S

S 3w
F-7S

b -4V

1S N § + M) meere Suin

L L T
1y g 1) o) et ey 20

(1Y (G MN'E + wiwy S10e dars

EOC T TRTY =Ty

LT I T Y

&

ees 15 wmt @

W mreis 0
1o gt ket cadve cowey

. Ay Mo G0

B

(S50 e

meias ey
w1 whey cetne a3

R MBS - ALy MW Eis

MR 0 . ey
10umay wmy £y} ehey i vy 3

DY MRS s iy MR Wi

i T T

Ly 1o @

L LI
ohe) oane

. mymy srem e

&

Coreesemr 10 20 @

e m—a
1Ay wmp g1 k) e

+ ey mom e

. -y
a—

o .-y
-—

73

S s

| B . 1

L L1 | Y
L1 | ¢
| . i

| S - | -

LirteqniidudPidbusid
10081 ko) oo oy W)

or -
-y ey o

- n

. oy
»



DENRY ! 4170 4o BASE L/ M)NoFIL

(SeFT  ZIEL FICLRE v WL,
Le, EPoxY VFRAME

C5C evter superiaysr based (25as froae) ! CSC sutor suparlagor besed (23me (ramed L TR
tiae = B.97819C.82 tiae « B.112350+83

&
slep. ssale fecter = §.168E+81 tdefauit) dlep. scale fector « 0. 100C+81 tdefsult}

t
-

(I‘

Ll
CIC suter superlayer Desal (Z3an trane) * CBC suter superiaysr base3 (23an (reme) A
tise = £.23219%+0 tise = §.23226L+03

r i

diep. scale focter » B.100L«B3 (gefsuit)

slep. scale facter « 0.1000+01 tdelavit}

CSC suter supor loyer Besed (2Sam irome) $
223441483

diep. scelo focter = §.1000+81 tdefouit)

Fuydd A X043

9 a0}



O e e g Wt (Fum tom)
IR )

L

pregperer R L IR T

R e omr wwed (P touen
e 4

Ser ete taie ¢ B VS (Bieitr

X oot Guper iogw Dased (Momn trem
DRI D)

L

A0 ete terve 0 @ MG Semiaiy

CO weder oupor lag® Saned (Wi romm '
G e 8 NI

peel

e Gale Terier ¢ @ WIS (mrtsett)

B oo owser ioge Sened (e trom
than + B IR @

pneE—

g st tmewr ¢ BN imt

€Ot ot ougwm togee Gmned (Fan doem!
e o O SN

#io. seate tanter o B Ml el

% i wow iog Seme) (e teame
tler o 8 IEBKAY

N st tariew ¢ 0. MR 00ttt

R wAer cper lag Smned fum Voome

RNt

) S L%

15 -40

Sles seeie tamier ¢ 0. VRN raimitt

qg0G WY Axey3

) 30 7 MYJ2 lxos3



R orier sper boyer Gmsel (Bhee beam
ey © 8.0

e owpw loge Sasl Liem toom !
o o O8I0 90

~

. L

fm et temier ¢ @ IR Uniontet N wwele bt o SRR et
W wrr cam nord ifhve toam U e ot g ane) 1l dosss !
it G« @ rven i

EFoxY
FRANE

| SL-3
J J

010 veete tuie o @ 1SN seminettt e wele taie ¢ 0V sesteitt M° DE ;

K i o iap wmesd (P 1ot
tlan o 0. SN0 ?_-1’.5:"::. ool i soan

. Gop Sl terte o @ MW caenitt ®p wok tevier + B MEEEN \EEulet

N wie oo bayer Guend 18000 ome®
e - 8 EMIN S e ':-ﬂ‘—.::-. —ed e tonur

groxy
FEAME

- -

(rowy )

sw-%

o o ‘
Sl saate terte ¢ 0. MLV seeiamint M 005 q

15-17

3uyis AFXyY3

910 b

g Iwye Axyay



G Gwedr ouper oy Subed (Sins tr e U GAw 2o lagn Seve) LEhen toem
e ¢ 0. 300400 LU XY )

" wete tmre ¢ B ML) rami Wy e gt ¢ B.0BRWN tapteyit)

N ower oww by Sgnol 1T doque: T i wupes bogee Gnad Phum Sogmm
thas « 0. PERIM e & IO 0

EPXY
FRANE

SL-%

J J
Wles eente tanie 1 B R samteus Sles oiete lente = 6 MW tenim it MO’E r

o) 30 Fyda A‘o‘;

1% -1¢



GEM TN-93-494

14. Chamber Twist

Contents:
Summary of results and requirements for TDR Baseline (3 pages) -
~ Analysis of chamber twist due to an applied force-couple (3 pages)
Calculation of chamber torsional rigidity from applied torque and observed twist (4 pages)
Description of finite element analysis model (4 pages)

Edge straightness for 4-corner support with imposed 1mm corner displacement (2 pages)

Summary:

An applied torque produces a twist value. This information produces torsional rigidity
values for each superlayer chamber which can be used to predict chamber twist for various
mounting orientations and offsets of the center of gravity.

TDR Baseline chambers were extremely stiff in torsion due to their continuous side frame
which formed a closed section beam.

When all four corners are supported in z (quasi-kinematic) and a Imm displacement is
imposed on one corner, the long edges remain straight to within 2 microns.
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ToFd

Frlnnd By: John Norvath €/10/93 0:06 AM

from: John Horvath (6/10/93)
To: Curt Belser

Subject: Time: Y:43 AN
OFFICE MIMO chasber twist sumssry Date: 6/10/9)
Curt. Ners are individusl chamber twist values (one row of 3 fids w/t the
opposite rov of 3 fids on & chamber) and torsional stiffness values tthe “LJ”
term in alpha<TL/(EJ) ) for the 3 o’clock position in the barrel:

position £3 (kg u"2/nec"21 alpha (mradians)
outer SL-3) 1.1040+0% 0.69

niddie (SL-2) 0.8710409 0.50

ioner ISL-1) 0.4980409 0.7

are the relative twist valuss w/t (SL-1) cospared to the allowsbles as set

Bere
out in Mitseleakher & Ostapchuk‘s GEM 1%-93-333 ("Aligement Requirements for the
GEM Muon Systes™i:

location predicted Rz a)lousble R2
(SL-3) w/t tSL-1) 1.29 szad 23 mrad
(SL-2} w/t (SL-1} 3.40 meod 15 mrad

Chamber swist csn be reduced Dy saveral sethods:

1. reduce chamber mass {1 am sssuming consarvatively high values of
$001b/4151b/3001b for SL~1., 2. & 3 respactively.

2. bring chasber cg closer to bracket connection face {i.e. put
electronics and utllities oa bracket support side of chamber.}

3. increase chamber torsional rigidity lajready very good) .

[y
LI SN

3 2
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Do TER 1. 104 »70” o. 61 sC-b
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Ty~ MiopLe O,“"‘f‘f x}0 O,SD JL-'\.
e | 0,49Mtx1" 0.7 Se-t
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st Kg(se-1)
™whe R *r ()L ‘1\

oureE Towtl
meo R (5L-2)
oL 12% (SL-B)
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1& (J’L—‘L\ + Y\;. (SL-') = 0.4+ 0.7 - L2tk
Le (J-5) + B3 (SE-) = 0an w0915 Lutmsp

i

i
(L) - Ra(st-))=0.%-0m= -o.qu..
Lal5t-3) + Ra(St-n)= gir+0m- /,,q~},,
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ML oIRD \ ‘Ll\NMtE' H
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Alignment Requirements for the GEM Muon System

REF.  §EM TN-9H-%5%

o

Table 2: The local alignment regirements (02 = 30mm)

Factor Parameter | Requirement | o5,

Monitor o™ 254
resolution
and 10
Monitor c;"“""“ 204
positioning [ 104
Monitor Distl? 30mm
defocusing Diat? 30mm 104
Disti¥ 30mm
T [ Dma +1.5mm
o | D +1.5mm

A D +1.5mm
\ R™e +1mrad

e
\|  Rma +1mrad
Superlayers Rmd +3mrad 12u
positioning T~—Dg= | Eomm . 1]
D3« +3mm
Do +3mm
) R2¥ +1.5mrad w# l" .
” R +1.5mrad
\| 7RM) |7 t5mrat=
— N~ =11
Chamber O flat 1004 104
non-flatness | Sagmae 200u
Total g 25u 21u

14-3
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ToROUTEL- 2 of ¥

MO 1.9282¢ I ¢ g/em3 (120 Ib/7113 = p. Ot IDsIt2/7M00)

MAT 3 2 c HAH-1D-1/8-1.8 (honeycomd )

’ EC §.83180+07 ¢ g—mm/secZ/me2 (8.0e+03 Ib/in2)
WOQT‘EE AN 2 €A §.53100002 ¢ g-mm/sec2/mm2 (a-06 30fter)
—_— - €8 6.83190202 < g-em/30c2/me2 (008 softnr)
GAB 1.03720+02 ¢ g-"m/sec? /=2 (e-O05 u!'orld’
I3 GBC 1 0372ne07 c g-mm/anc2/em? (1.80+03 b1
CSC outer ba: (25mm epoxy frame) GCA 2.62760407 ¢ g-mw/sec?/me? (3.8a403 Ib/in2)
€ fite torouter baseline-2 (rov 13 ) PRBA Polason-be
€ Revised kinematic mounts. PRCA 2.3 b Polsson-ca
€ Revised for nodes on center!ines. g; pi ,'.”Mu,,_:h
€ This (i1e 13 used to gonerate NIKEID tmput. pteah 88940-08 o gimms (1.8 167¢¢3)
c Ingrid input for CSC outer superiayer chamher “ﬁ: 3: : :'," l:!“‘o;::"w'c definition
[ @ wire tayers Az 0.0 c y tor s-vector
c 1234020m @+ 12680mm Me200mm a3 0.0 € z tor a-vector
< W':"‘. vo2Emm 01 0.0 © % for d-vector
< ond {reme we2Bmen 02 1.0 € y for d-vector
c s-nd-::h P3neis (7) te20mm (19mm core ¢ O.Sam skins) o 0.0 ¢  for d-vector
< osps ) t=10mm °
ENDMAT
€ Procedure for UNICOS:
epo! *
c lﬂ’l‘.g |-u;n|. run ingrig n; ;:M : r-::s:u::.;r GPa (0.40408 pal)
: (’:0:'?;‘& ::.MHES; input PR 0.28 ¢ poisson‘s ratio s 9420
[ ] ®mv ingridc outflle. | change name an““" € o/ (120 16s¢¢3 = 0.01 1» g
c vl ocutfite.} edit cach2?
c card:fleld vatue comments 20ndw pene
L e:3 2 concentreted nods! losde NUMCL 3':'; |: " ‘?2 L .'-’h:"‘..
< s only print isst step to hep -1701. -1878. 1876. 170%.
c °0 percent of core .28 .-000 800 m :
< 3 buttar size o0 . ) :
[ 1 Sterage option in core a
MATE § c Epony-Qliifad 1040 (G-10)
© M incompatibie modes for bricks LCY 18 : c repest the part 14 times
< : 1 shet! geometric stiftness flag ¥Z ~100. : M7 -80. :
4 boundsry condi tions MZ -70. : MZ -60. ;: MZ ~40. : MZ -20. : MZ -10.
< {code 7) =.y.2 trane. ¢ined’atll rot. tree ¥Z 10 : MZ 20 : N2 40 : MZ 80 : o2 :
c ad . (cods 7) x.y.z trans. fixedsail rot. free MZ 90. : MZ 100. : e Tt CC
c add point loads 234 s ® : vse the 1 ones
PR 1234867890 1234867600 12348 o (23488 TEsS VIR DN o the 14 o
c 42 3 1 1.000me08 ‘15 CofdS
© 114 3 1-1.0000+08 START ¢ sendeich pane! ir:-u
121418 :1209 ;1 :
Son 248 horvath ~1701. -1878. te78. 1701.
N30 - © generate NIKEID input ;‘:‘m 500 . : N
ANAL STAY € static snalysts . M "o '
NSTEP & € mumber of time steps 3““:{2" eSC:o:v ..k'””.' reaion
DELT 2 .800e-~D1 € timo step stze wcY 7 ;-z_wo,;u-ro.;-z-«).:u-m.:uzo.:nzso,:uzlo.:

c sin-step load curve LREP Y 2 3 4806 7 ; € ropeat the part 7 times

LCO 16 0.00.0 0.20.08 0.4 0.1 0802 0804 1.0 1.0

€ turn otd gravity (OFF) A e TN
€ GRAV € 19 in 2-direction (norma! to panet) -1701. -1878. 1e78. 1701.
< 0.0 0.0 9.0148580+03 N a - :
0.0 10.

MAY 1 1 SMELL ¢ Epony-81i11¢ad 1040 {0-10)

E 2.28190410 ¢ g-mm/sec?immZ (3.36+08 ot} D221 332 cremove vire gw region

PR ©.28 c polsson‘s ratlo
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THICK 0.8 c mm thi
1

Eroma TOKNTEK ¢ oF ¢

21 ¢ Epony-Gliltsd 1060 {G6-10)
€ 2.28190+10 C g-mm/sec2fmm? (3. 30+08 pst) 6-10)
rRoO.28 ¢ polsson’a ratio teT e : 42 —s0"; Mz -80.. MZ 20 1'MZ w.: wz 0.; wz 70.:
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-800. 800.
0.0 20.
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:::Ef’: :l ~100.;: MZ -TO.: MZ —40.: MZ -10.: NZ 20.: MZ SO.: NZ 80.:

LREP 1 2 3 4687 ;: c duplicate 7 times
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Long-Edge Displacement Deviation from Linear
vs. Normalized Long-Edge Location
for SL-3 (Outer) Chamber
with imm Imposed Comer Displacement
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15. Copper-On-Mylar Cathodes

Contents:
Summary viewgraph for SL-3 CSC with Cu-on-mylar cathodes (1 page)
Deflection as a function of mylar thickness for 54 and 7y copper cathodes (1 page)

Spreadsheet bending analyses showing mass distribution (2 pages)

Summary:
Copper-on-mylar cathodes have very little effect on chamber gravity sag.

The thickness of the mylar and adhesive must be accounted for in determining cathode-to-
cathode gap size.

Only the precision cathodes need to be copper-on-mylar since the coarse cathodes do not
have precise etched patterns.
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Structural Effects of Mylar/Cu Cathodes ¥ W

nommalized chamber deflaction (0.015mm-Cu wio mylar

A eF'i
Minor structural effects of mylar/Cu cathodes o .2,
A
* 5.4% increase in bending deflection (for outer superlayer CSC)
* 4.3% increase in chamber mass (for outer superlayer CSC)
somponent ]
(kg) (%) (%)
500u G10 panel skins 62.8 38.9 80.5
glass/epoxy gap frame 27.7 17.2 6.8
epoxy edge filler 19.4 12.1 9.0
Su copper cathode 2.1 1.3 22
100p mylar film 7.0 4.3 1.5
honeycomb core 17.2 10.7 0.0
hardware & utilities  25.0 15.5 0.0
* Mylar-to-G10 adhesive also adds small amount of mass
* Consider using mylar/copper material on precise cathodes only
ety vao pre Geame mareenc, RER GEM Tm-13-24d
Chamber Design Workshop Augusi 27, 1993 J.A. Horvath llg
, d ey
Normaiized Chamber Deflection
&3 a Function of
Mylar Cathode Substrate Thickness
and Cu Cathode Thickness
s M ‘
- i i
e |
0.100mm mylar, o
1.08 - i 0.008mm Cu cathode.
detiection » 1.084 -t -
1.07 b
108 . - ; , 7. g !./‘
"\ L -
1084 o / S B
1.04+ ::::et’:‘nc-u:;mu J
ol T o Sromem -
102 ““"“/ S = Cu-o.owm'rﬁ}—«
100 f— el | L I e -
] |
002 004 008 008 01 012 014 016 018 02
f mylar cathode substrate thickness (mm)
DR shPLLVE oo p WAL SUBSTRTE :.h: mm:m
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ﬂa—sggm 17-micron Cu cathodes (TOR Baseline)
metric English (in, ) | allowable maierial choices ] o L
; 52.362 MAT1 G10 laminale 0.069
137.795 MAT2 glass-liberfepoxy 0.067
0.787 MAT3  C-libedepoxy (FR-337) 0.060 ™ ﬁ
0.020 Mr MAT4 sluminum 0.098
0.394 MATS copper 0.322 BASELUNE
0.984 MATE  ‘spoxy (F 954-3) 350F 0.043
0.984 MAT7 ultra-low density 0.015 ‘7A C‘\
0.000 MAT8  syntactic (CG 1617-A) 0.025
0.000 MAT9 mylar 0.050
47.244 MAT10 @ 1.8mM0 0.001041673
[ L
| it %, of ol carried | %carried-%wi. | mass
0.001 {rol=0.017 MAT2 glass-iberlepoxy 8.8 36 19.43
0.000 0.005 wimylar)] MAT6 epoxy (F 954-3) 350F 6.6 -10.8 27.70
0.000 MAT4 sluminum 0.0 0.0 0.00
55.0 MAT1 G10 iaminate 775 38.1 62.77
MAT10 nomex © 1.8IbA3 0.0 -10.8 17.22
) MATS copper . 7.3 2.8 7.10
sandwich w (mm) 1330.0 cath. subsirate 0.0 0.0 0.0 0.00
core w (mm) 1280.0 hrcher + usl 15.7 0.0 -15.7 25.00
core h {mm) 19.0 mode-1 breg. = 18.5 heriz 1 = 100.0 100.0 0.0 159.21
woight (1) = 350.3
sandwich skins | gap frame core edge filler | extensions sandwich core cathode cathode subsirale Totals 1
somEina =| 7.820E+11 | B.7176+10 | 6.650E+10 | 0.000E+00 0.000E+00 7.375E+10 0.000E+00 1.010E+12 rnm mmAg)
ina =| 3.440E407 | 7.900E+08 2.414E407 | 0.000E400 0.000E+00 5.941E405 0.000E400 8.704E+07 |(mm~a)
weight! =]  0.1755 0.0543 0.0774 0.0000 0.0481 0.0199 0.0000 0.3752  {(N/mm)
massh =|  17.9348 5.5500 7.9135 0.0000 4.9189 2.0291 6.0000 38.35 (g/mm)
longth =}  3.500 3,500 3.500 3,500 3.500 3,500 3,500 --- (mm)
=] 22,759 11,034 2,759 68,966 ° 124,138 3,793 233,448  |owPn)
mass density =| 0.001926 0.001850 0.001190 0.002718 0.000029 0.008932 0.001387 0.018032 |(g/mmn3)
wi demsity =} 1.885€-05 1.810£-05 1.164E-05 | 2.660E-05 2.827€-07 8.740E-05 1.357€-05 1.765E-04 |(N\mm~3)
displacement =|  0.728 0.728 0.726 0.000 (dead loed) 0.726 0.000 .- mm)
sumEina = | 2.7276+08 | 3.037E+07 | 2.320E+07 | 0.000E+00 0.000E+00 2.569E+07 0.000£+00 3.520E+08 | in2)
hna = 82.65 18.98 58.00 0.00 0.00 1.43 0.00 161.05 (inrg)
weight/! = 1.00 0.31 0.44 0.00 0.27 0.11 0.00 2.14 (W/in)
massA = | 2.594E-03 | 8.026E-04 1.144£-03 | 0.000E+00 7.194E-04 2.934E-04 0.000E+00 5.546E-03 | secr2n)
length = | 137.80 137.80 137.80 137.80 137.80 137.80 137.80 .es (in)
E=| 3,300,000 1,600,000 400,000 10,000,000 0 18,000,000 550,000 . (Ib/in"2)
mass density = 1.797E-04 1.726E-04 1.110E-04 2.536E-04 2.696E-06 8.333E-04 1.294E-04 1.682E-03 (b sec 2in’d4)
wi density = 0.069 0.067 0.043 0.098 0.001 0.322 0.050 0.650 (1b/in~3)
displacement = | 28.58 20.50 28.58 0.00 (dead load) 20.58 0.00 --- (mils)
sumA =] 9.3100E+03 | 3.0000E+03 | 6.6500E+03 | 0.0000E+00 1.7024E+05 2.2717E+402 0.0000E+00 1.894E+05 |[(mmA2)
sum Ay =| 9.3100E+05 | 3.0000€+05 | 6.6500£405 | 0.0000E400 1.7024E+07 2.2717E404 0.0000E+00 --- (mm~3)
Yna=sum AY/sum A =| 1.0000E+02 | 1.0000E402 | 1.0000E+02 | 0.0000E+00 1.0000€+02 1.0000E+02 0.0000E+00 .ee (mm)
sum AYA2 =| 1.2750E+08 3.7875E+07 9.0440E4+07 0.0000E+00 2.3183E+09 2.8658E+06 0.0000E+00 2.574E4+09 (mm2r4)
Yna AY =| 931006497 | 3.0000E407 | 6.6500E+07 | 0.0000E+00 1.7024€408 2.2717E+06 0.0000E+00 --- (mmA4)
sum loo =| 1.9396€+02 | 2.5000E+04 | 2.0005E+05 [ 0.0600E+00 5.1214E406 5.4711E-03 0.0000E+00 5.347E+06  |(mm~q)
AYA2-Yn.a AY =| 3.4401E+07 7.8750E+06 2.3940E4+07 0.0000E+00 6.1286E+08 5.9407E+05 0.0000E +00 --- (mm~4)
tion loo =] 3.4401E+07 | 7.9000E+06 | 2.4140E+07 | 0.0000E+00 6.1799E+08 5.9407E+05 0.0000E +00 6.850E+08 _|(mm~4)
"ideal chamber” v4.0
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h-SY

0.069
chamber length (mm) 137.795 MAT2 glass-liber/fepoxy g 11,034 0.067
sandwich h (mm) 0.787 MAT3 C-tiberfepoxy (FR-337) | 34,483 0.060
sandwich face (mm) 0.020 MAT4 aluminum : 68,966 0.098
gap h (mm) 0.394 MATS copper 0.322
gap krame w {mm) 0.984 MAT6 epoxy (F 954-3) 350F 0.043
core frame w (mm) 0.984 Infor |  mar7 ultra-low density 0.015
extension w (mm) 0.000 MATS syntactic (CG 1617-A) 0.025
extension h (mm) 0.000 MAT9 mylar 0.050
Cu plating w {mm) 47.244 MAT10 nomex O 1.81/M3 0.001041673
precise cath. cvr. (%)
coarse cath. cvr. (%) T_ composilion % of tol. carried | %carried-%wt
Cu plating t (mm) 0.000 (rei=0.017 MAT2 glass-liber/epoxy
prec.cath.subsir. { (mm) | 0.004 0.005 w/mylar) MAT6 epoxy {F 954-3) 350F
crs.cath.substr. { (mm) 0.004 MAT4 aluminum
hardware+utilities (g) | 55.0 MAT1 G10 laminate
MAT10 nomex © 1.8IbM3 .
chamber h (mm) MATS copper 2.2 0.9
sandwich w (mm) MAT9 L . 1.5 -2.8
core w (mm) T hedwr 4 usl 15.5 0.0 -15.5
core h (mm) mode-1 freg. = 18.0  hertz ] N\ fotals = 100.0 100.0 0.0
W" {b) =
sandwich skins] _gap rame | core edge filer | extensions sandwich core cathode | cathode substraie ol
sum Eina. =| 7.829E+11 | B8.717E+10 6.650E+10 | 0.000E+00 0.000E+00 2.169E+10 1.447£410 9.728E+11  |(Mpa mmne)
ina. =| 3.440E407 | 7.900E+06 2.414E407 | 0.000E+00 0.000E+00 1.747E€+05 3.815E406 7.043E4+07 |(mm*4)
weight! =|  0.1755 0.0543 0.0774 0.0000 0.0481 0.0058 0.0195 0.3808 (N/mm)
massi =] 17.9348 5.5500 7.9135 0.0000 4.9189 0.5968 1.9971 38.91 {g/mm)
length =| 3,500 3,500 3.500 3.500 3,500 3,500 3,500 --- (mm)
E=| 22759 11,034 2,759 66,966 0 124,138 3,793 233,448 |#Pe)
mass density =| 0.001926 0.001850 0.001190 0.002718 0.000029 0.008932 0.001387 0.018032 |(g/mm~3)
wi. density =| 1.885E-05 1.810E-05 1.164E-05 2.660E-05 2.827E-07 8.740E-05 1.357€-05 1.765E-04  |(N/mma3)
displacement =| _ 0.785 0.785 0.765 0.000 (dead load) 0.785 0.765 .- (mm}
sumEina = | 2.727E+08 | 3.037E+07 2.320E+07 | 0.000E+00 0.000E+00 7.555E406 5.041E+06 3.389E+08 (b in"2)
Ina. = 82.65 18.98 58.00 0.00 0.00 0.42 9.17 169.21 (inA4)
weight/l = 1.00 0.37 0.44 0.00 0.27 0.03 0.11 2.17 (Ib/in)
mass/ = | 2.594E-03 8.026E-04 1.1446-03 | 0.000E+00 7.114E-04 8.630E-05 2.888E-04 5.627E-03 |(1b sac*2in)
length = 137.80 137.80 137.80 137.80 137.80 137.80 137.80 --- {in)
E=] 3,300,000 1,600,000 400,000 10,000,000 0 18,000,000 550,000 ae- (ib/inA2)
mass density = | 1.797E-04 1.726E-04 1.110E-04 2.536E-04 2.696E-06 8.333E-04 1.294E-04 1.682E-03 |(ib sec”2/inr4)
wt. density = 0.069 0.067 0.043 0.098 0.001 0.322 0.050 0.650 (1b/in*3)
dispia t = 30.12 30.12 30.12 0.00 (dead lcad) 30.12 30.12 --- (mils)
sum A =] 9.3100E+03 | 3.0000E+03 | 6.6500E+03 | 0.0000E+00 1.7024E+05 6.6816E+01 1.4400E+03 1.907E+05 [(mm+2)
sum Ay =| 9.3100E+05 | 3.0000E+05 | 6.6500E+405 | 0.0000E+00 1.7024E+07 6.6816E403 1.4400E405 . (mm~3)
Yna=sum AY/sum A =| 1.0000E+02 | 1.0000E+02 | 1.0060E+02 | 0.0000E+00 1.0000E+02 1.0000E+02 1.0000E+02 --- {mm)
sum AY*2 =| 1.2750E408 | 3.7875E407 | 9©.0440E+07 | 0.0000E+00 2.3153€+09 8.4287E+05 1.8215E407 2.590E+09 [(mmA4)
Yna. °AY =] 9.3100E+07 | 3.0000E+07 | 6.6500E+07 | 0.0000E+00 1.7024E+09 6.6816E+05 1.4400E+07 .- (mmad)
sumloo =| 1.9396E+02 | 2.5000E4+04 | 2.0005E+05 | 0.0000E+00 5.1214E+06 1.3920E-04 1.2000E+00 5.347E+06  |(mm~de)
AYA2-Yna*AY =| 3.4401E407 | 7.8750E406 | 2.3940E+07 | 0.0000E+00 6.1286E408 1.7471E+05 3.8153E406 --- {mmAd)
section loo =| 3.4401E+407 | 7.9000E406 | 2.4140E+07 | 0.0000E+00 6.1799E4+08 1.7471E+05 3.8153E406 6.884E+08 _[(mm~4)

*ideal chamber™ v4.0
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16. Miscellaneous 4-Gap CSC Finite Element Analyses

Contents:
No frame on long edges, frame on ends only (2 pages)
No sandwich core material, frames on all edges (2 pages)
Support along ends and along one long edge (2 pages)
Massless solid "post"” added to center of chamber (3 pages)
12.5mm wide G-10 frame, skin thickness = 0.5Smm (2 pages)
25.0mm wide G-10 frame, skin thickness = 0.5mm (2 pages)
25.0mm wide G-10 frame, skin thickness = 1.0mm (2 pages)

Baseline 4-gap CSC analysis using non-linear NIKE3D analysis code (2 pages)
Baseline 4-gap CSC analysis using linear GEMINI analysis code (2 pages)

Summary:

Various extreme conditions are explored in order to develop an understanding of the
relative importance of components or support conditions.

Non-linear analysis using NIKE3D allows the prediction of membrane sag of 0.5Smm G-10
skins without sandwich cores, providing an upper limit to the effect of skin-to-core bond
failure. Supporting along one edge gives an upper limit to the effect of chamber "pairing"
in phi. Varying parameters such as frame width and skin thickness provide insight into the
sensitivity of gravity sag to these values.
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file: 7i
readme ' / 1L/ﬁ;
directory: 1ZLE= o.J

»411762:csc:noedgefall.]

objective:

Test effect of quasi-kinematic mount on overall deflections.
Remove side frames and observe change in deflection pattern.
Compare with 25mm and 12.5mm wide frames to study shear coupling.

Quasi-kinematic mount (4 points in z)
node 1: x y z displacement restrained (code 7)
node 15: x z displacement restrained (code 6)

node 113: z displacement restrained (code 3)
node 120: z displacement restrained (code 3)
skin thickness = 0.5mm

3500mm x 1289mm x 140mm
4 gaps @ 10mm, 5 panels @ 20mm

observations:
max. deflection = 4.449mm

deflection at edges = 4.449mm

deflection at center = 4.263mm
Curvature due to shear-free edges is apparent.
Deflection is only four times greater than the 1.161mm value for 25mm frames.
Panel separation varies severely along length. (Most apparent from side.)
Top three gas gaps close at center of span (analysis shows overlap).

panel deflection = 0.053mm (4.6% of total)

(Solution time = 604sec. or $25.17)
(Total run time 60.5 sec.)
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CSC 3000x1289x140 J.Horvath 2/1/93
time = 1.000000400

L.

disp. scole factor = 1.000e401

CSC 3000x1289x140 J.Hervath 2/1/93
time = 1.00000e+00
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file: teog
readme

e ik
directory: § " C,
.4117672:csc:nocorefall.] iq/\f
objective:
Remove all honeycomb material to see effect of it's presence.

Quasi-kinematic mount (4 points in 2z)

node 1: x y z displacement restrained (code 7)
node 15: x z displacement restrained (code 6)
node 113: z displacement restrained (code 3)
node 120: z displacement restrained (code 3)
skin thickness = 0.5mm

3500mm x 1289mm x 140mm

4 gaps @ 10mm, 5 panels (no cores) @ 20mm

observations:
max. deflection = 14.43mm
frame deflection = 0.4992mm (3.5% of total)
skin deflection = 13.93mm (96.5% of total)
Catenary sag of skin dominates.
Skin weight not carried by side frames as with honeycomb core.

25 step load curve needed for solution.

79 stiffness reformations needed for solution.
(Total run time 1,183 sec. can be reduced by using 8:9 = 1)
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©¢0210c.1 CSC 3000x1209x140 JAM
time = 1.000000400

«0210a.1 CSC 3000x1209x140 JAM
time = 1.00000e+00
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EDCE SUuPT
file:

1

2 readme ’ 'EAL

3 T=o0.7

4 directory:

5 .4117672:csc:edgesup(all.] frimas T T P
6 e

7 objective:

8 Observe effect of supporting one long edge in vertical direction,

9 This represents a bounding condition for linked panels (the improvement

Fen
o

achieved if the paired panel edges are infinitely stiff.)

=
N -

Quasi-kinematic mount (4 points in z)

node 1: x y 2z displacement restrained (code 7)

node 15: x z displacement restrained (code 6)

node 113: Z displacement restrained (code 3)

node 120: 2 displacement restrained (code 3)

Also nodes 17, 19, 21, 23, 25, 27, 29, 31, 33, 35, 37, & 39 (code 3)

(SR
St s W

18 skin thickness = 0.5mm

19 3500mm x 128%mm x 140mm

20 4 gaps @ 10mm, S5 panels (no cores) @ 20mm
21

22 observations:

23 max. deflection = 0.661mm

24 compared to max. deflection of 1.16lmm w/o edge support.

N
w

26 (Total run time 60 sec¢. can be reduced by using 8:9 = 1)
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file:
readme

directory:
.4117672:csc:ctrpost[all.]

objective:

Identify effect of center post on deflections by adding a
248mm x 575mm post through the center of the CSC.
The post has the mechanical properties of G10 but is massless.
This represents an extreme bounding condition on the beneficial
effects (if any) of the gas gap spacers on overall deflections.

Quasi~kinematic mount (4 points in z)

node 1: x y 2z displacement restrained (code 7)

node 15: x z displacement restrained (code 6)

node 113: 2z displacement restrained (code 3)

node 120: z displacement restrained (code 3)

skin thickness = 0.S5mm

3500mm x 1289mm x 140mm

4 gaps @ 10mm, 5 panels (no cores) @ 20mm

Solid massless Gl0 post (247.8mm x 575.0mm) at center of CSC.

observations:

max. frame deflection = 1.048mm
compared to frame def. of 1.108 without large post.

Reduction in panel sag from 0.053mm to 0.0l12mm due to unrealistic
250mm post width in model.

(Solution time 77 sec.)
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C3C 3000x12094140 (12.5am frame)

L.

= 1.000000¢00

disp. seale faster = 1.0000403

CIC 3000x1208x140 (12.5am freme)
tims = 1.000000+00

;,ul""

Ligtm~ (256D

amEEN

L

,_Il

6:05H A ( w.4 ‘)\)

digp. scele fesier » 1.0000083

CSC 300021208%148 (12.%am freme)
fime = 1.000000400

disp. senie fester = 1.0000403

CSC 3080:1288x2148 (12.5am trems)
tize = 1.000080000

dlep. scetle lecter = 1. 8000003
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file:
readme

directory:
.4117672:¢c8c:frm12.5(all.]

objective:
Observe the effect of reducing the frame width from 25m to 12. 5mm.
Do this by removing material from the outer edges (reduce total width).

Go fomar
;iL!= O, .om
'L/ﬁb

Quasi-kinematic mount (4 points in z)
X Yy 2 displacement restrained (code 7)

node 1:
node 15: x
node 113:
node 120:

skin thickness = 0.Smm
3500mm x (1289mm - 25mm) x 140mm
4 gaps @ 10mm, S panels (no cores) @ 20mm

frame width 12.5mm

observations:
Max, deflection = 1.21lmm
frame deflection = 1.158mm (95.6%)

panel sag = 0.053mm (4.4%)
Reduction of frame width by 50% (from 25mm to 12.5mm) caused a
4.3% increase in maximum deflection (from 1.161lmm to 1.211lmm).

28 Solution time 80.3 sec. ($3.35)
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z displacement restrained (code 6)
z dispiacement restrained (code 3)
g displacement restrained (code 3)
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CSC 3000u12002140 JAN (q-hine.) 2/1/93
time = 1.000000+00

L.

disp. ssaile foster = 1.000e403

CSC 300012002148 JAN (q-kine.) 2/1/93
fime = 1.00000e+00

(a5.47)
{108 o (FRANE eR)

A pem—

—

—

f

0. ._S?,M (‘. iO')u)

disp. scaie facler = 1.0000¢03

pIKESD

/——’
CSC 300021200148 MM (q-bAine.) 2/7/93
fime = 1.000000000

!
Q“’\“ - ¥ IFRAC
(4 soppexyy 1 2)

o *4;“’, - ’u{ 1-"'\'

L. 2

disp. sevls faster = 1.0000003

CSC 3080212804140 JaM (q-kine.) 2/1/83
time = 1.080000000
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4
o
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file:

readme

directory:
.411762:c8c:ver0202:quasi(all.]

objective:

f:d,)’

& /0 ,fﬁuﬂv* 7 U5 e,
I

Test effect of quasi-kinematic mount on overall deflections.

Compare to case where all four corners are pinned in x,y,z.

Quasi~kinematic mount (4 points in z)

node 1: x y z displacement restrained (code 7)
node 15: x 2 displacement restrained (code 6)
node 113: z displacement restrained (code 3)
node 120: z displacement restrained (code 3)
skin thickness = 0.S5mm

3500mm x 1289mm x 140mm

4 gaps @ 10mm, 5 panels @ 20mm

observations: —

max. deflection = 1,161lmm -
frame deflection = 1.108mm (95.4% of total)
panel deflection = 0,053mm (4.6% of total)
Deflection of frame in simple bending dominates.
Panel weight carried by side frames.

(Total run time 60.5 sec.)
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€SC 3000212002140 1AM (q-kine.) t=tmm
time = 1.000000+00

¥y

L.

disp. sesle fesier = 1.0000403

CSC 300812082140 AN (q-kine.) toiam
time = §.000000¢00

(91.2)

[.0€7 Anem (gR4ME DEF.

| Bk

o,Olq A ( S’,"“}o)

disp. ssaie fecier & 1.000e¢03

CSC 3000512000148 JAN {q-kine.) fwiam

fime = 1.0000004+00

Kbue. . ,'.m]

disp. scale tecter = 1.0000003

CSC 30002 1200u140 JaK (q-kine.) foiam
timo = 1. .06000e¢00

y

dlap. scols factier » 1.0000003
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file:
readme

directory:
.411762:¢csc:ver0202:tlmmfall. ]

objective:

Test the effect of increasing thickness of all skins to 1.0mm

Compare with t = 0.5mm base case.

Quasi-kinematic mount (4 points in 2)
node 1: x y z displacement restrained (code 7)

node 15: x z displacement restrained (code 6)
node 113: z displacement restrained (code 3)
node 120: 2z displacement restrained (code 3)
skin thgickness = 1.0mm

3500mm x 128%mm x 140mm
4 gaps @ 10mm, 5 panels @ 20mm

observations:
max, deflection = 1.131lmm

frame deflection = 1.067mm (94.3% of total)
panel deflection = 0.064mm (5.7% of total)

Deflection of frame in simple bending dominates.

Panel weight carried by side frames.

Increasing skin thickness 100% reduced maximum deflection
from 1.161lmm @ t = 0.5 to 1.131mm @ t=1.0 (2.6%)

Panel weight increased 4.1kg.

{(Total run time 60.1 sec.)
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GEMM

C:f.”:h:?::;;::’:;“o"ﬂh 2/1/93 c:f:ﬂ:al:?::;;::’:‘.’“.r"”l 2/t/93 (Mo ozmm(f'c fﬂu’,f_)

DVP. X |, 000.

y B 1
L" Ll
disp. scele faclor = 1.0000803 disp. scale facter = 1.000e403
€SC 3000x1289x140 J.Horvath 2/1/83 CSC 3000x1289x140 J.Horvalh 2/1/93
time = 1.00000e+00 time = 1,00000e400

008 . (91.67)
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disp. scole faclor = 1.000e403 dlisp. scale foctor = 1.000e403
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file:
readme

directory:
.411762:csc:ver0202:ver0202g{all.]

objective:

Model CSC with GEMINI.

Compare turn-around time of GEMINI run with NIKE3D runs.
Compare these linear GEMINI results with non-linear results.
List advantages/disadvantages of each.

Pinned corners (like NIKE3D directory .411762:csc:allpins[all.])
skin thickness = 0.5mm

3500mm x 1289mm x 140mm

4 gaps @ 10mm, 5 panels @ 20mm

observations:

max. deflection = 0.664mm
frame deflection = 0.608mm (91.6% of total)
panel deflection = 0,056mm (8.4% of total)

Deflection of frame in simple bending dominates.
Panel weight carried by side frames.
Comparison with NIKE3D
GEMINI NIKE3D

max. def. 0.664 0.686

frame def. 0.608 0.619

panel disp. 0.056 0.067
run time 41, 8sec. 60.5sec.
GEMINI advantages:

Shorter cpu time.

GEMINI disadvantages:

No orthotropic material model.

No material input generation through INGRID (must use SLIC)
Lengthy model setup time due to hand editing.

Not a significant cpu time savings.

16-4¢
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CSC 3000x1289x140 J.Horvath 2/1/93
time = 1.000000+00

4

L.

disp. scale tfeslor » 1.000e403

CSC 3000x1289x140 J.Horvalh 2/1/93
time = 1.000000+00

0.1 men (902 )

( FLARE OEF

1 B
|

0.067 aw (0.1 d’»\

o

diep. scale factor = 1.000e¢03

MELESD

CSC 3000x1289x140 J.Hervaih 2/1/93
time = 1.00000e400

[4
1 seeers Y, %, % Wi

= o5

SK v A

D'J?ﬂ b 8 |,000.

disp. scele factor = 1.000e403

CSC 3000x1289x140 J.Horvalh 2/1/93
time = 1.00000s430
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disp. scaole facter = 1.000e+03
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file:
readme

directory:
.411762:csc:allpins(all,]

objective:
All four corners restrained in x,y,z-displacement.
Compare with quasi-kinematic and kinematic support.

Pinned corners

node 1: X y z displacement reatrained (code.7)
node 15: x y z displacement restrained (code 7)
node 113: x y z displacement restrained (code 7)
node 120: x y z displacement restrained (code 7)
skin thickness = 0.5mm

3500mm x 1289mm x 140mm

4 gaps @ 10mm, 5 panels @ 20mm

observations:

max. deflection = 0.686mm
frame deflection = 0.619mm (90.2% of total)
panel deflection = 0.067mm (9.8% of total)

Deflection of frame in simple bending dominates.

Panel weight carried by side frames.

Compared to quasi-kinematic support, deflection is reduced
from 1.161lmm to 0.686mm (41% less)

(Total run time 60.5 sec.)
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GEM TN-93-494

17. Creep

Contents:
Adhesive bond Line summary viewgraph (1 page)

Sandwich panel material viewgraph (1 page)

Summary:

Bond-line shear between sandwich panel skins are prone to creep. Proper selection of
adhesives and low stresses will reduce susceptibility to creep over life of the structure.

The abstract for GEM TN-93-508, Estimating Creep Deformations of Large Precision
Cathode Strip Chamber Panels, by S.J. Wineman reads as follows:

"Existing work on the creep behavior of honeycomb panels and glass-reinforced epoxy
anel skins was reviewed. Creep data for glass-reinforced epoxy is used to obtain a lower
ound for creep deformation of the panels. An upper bound for creep deformation would

depend on the properties of the adhesive and the fabrication process. Therefore, creep tests

of prototype panels are needed for a better estimate of creep deformation.”

17-1



lg Adhesive Bond Line Shear Stresses Are Low

bond line between
skin skin and gap frame
shear stress < 20 psi
honeycomb /
edge filler

HITERTHIN

omb
HUHT
T

T

gap frame

-1

bond line between

honeycomb and skin
shear stress < 1 psi

e Thermoset adhesive bonds resist creep (oven cured)

¢ Room temperature adhesive bonds are stable if the bond line shear stress is
less than 700 psi which is 10% of ultimate

e Stress in region of external supports is controlled by design of the connection

L11050593-01
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LL‘; Sandwich Panel Materials Influence Long Term Stability

In general, high temperature bonds are stable and room temperature
bonds are not.

Bond lines under shear are most likely to creep if stress is above 10% of
ultimate or the operating temperature is high.

The critical bond line between the honeycomb and the face sheets is only
0.005" thick. Precise control of adhesive viscosity that is needed to form
adhesive fillets is difficult for room temperature bonding systems.

Bonding is best performed at the same humidity the part will experience
during operation. Water can take years to equilibrate by diffusion.

Glass fibers are "dirt cheap”, but Kevlar fibers are more water resistant.

Standard edge seal materials with 50% fiber content can transmit loads and
are well suited for honeycomb edge bolt regions.

"Nomex" is a generic term covering a variety of performance specifications.

Employing a plastics specialist to review vendor processes is essential.

jah050593-15
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18. Single Sandwich Panel Gravity Sag

Contents:
Two independent finite element analyses of single TDR panel gravity sag (2 pages)

Hand calculation of single panel gravity sag (2 pages)

Summary:

A single TDR SL-3 sandwich panel simply supported at the ends sags about 20mm under
its own weight.

18-1
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Analysis of Fiat Rectangular Sandwich Beams PANEL

N Figure 7
\/ Beam Chart
Figure 8 SALIMUM | MATIMUN
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qe ¥ Vistrom Figure? M 05 |08333PL| 002604 | 0.128
hb '
Bl
Detiection Ky and K, from Figure 7 , I 0sP | o2srL | 0.02083 0.25
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GEM TN-93-494

19. Superpanels

Contents:
Superpanel layout, SL-2 panels at 5.0m x 1.9m (3 pages)
Superpanel gravity sag calculation (1 page)

Summary:
Maximum gravity sag of 4mm is now dominated by center w/t edge panel sag. This could

be reduced without adding much mass by using stiffer sandwich panels (i.e. sandwiches
with thicker core to separate skins more).
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GEM TN-93-494

20. Finite Element Model Error Analyses

Contents:
Element mesh density error analysis (7 pages)

Sandwich skin shell element error analysis (5 pages)

Summary:

The required mesh density of Hughes-Liu shell elements for adequate representation of
sandwich panel skins is determined by performing a series of analyses with different mesh
densities. The maximum deflection is plotted against the number of degrees-of-freedom
and an asymptotic limit is established. Excessive mesh density slows down convergence
while inadequate mesh density underestimates deflection and overestimates stress.

The use of shell elements rather than solid elements for sandwich skins introduces a slight

error due to the geometric definition of the element. For a sandwich skin thickness of
0.5mm the shell approximation error is about 4 percent.

20-{
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CSC 3000212092140 joh deudle chech 2/1/93
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disp. scale fecier = 1. 000e+03
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