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Abstract:
The relationship between gravity sag of a precision cathode strip chamber and its
sandwich panel structural design is explored parametrically. An algorithm for estimating
the dominant component of gravity sag is defined. Graphs of normalized gravity sagas a
function of gap frame width and material, sandwich core edge filler width and material,
panel skin thickness, gap height, and support location are calculated using the gravity sag

algorithm. The structural importance of the sandwich-to-sandwich “gap frame”
connection is explained.
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AS APPFLIED TO CATHOE STRIP <HAMBERS A "sLAB"
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When a bending load is applied, the stack will deform as
indicated in Fig. 10-13(b). Since the slabs were free to slide on one another,
the ends do not remain even but become staggered. Each of the slabs be-
haves as an independent beam, and the total resistance to bending of n
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Fig. 10-13

slabs is approximately # times the resistance of one slab alone. If the ex-
periment is repeated afier the slabs have been fastened together so as to
prevent their sliding on one another, the entire assembly would behave as
a single beam having a thickness equal to n times the thickness of one slab.
In the case of elastic action, the bending resistance of the assembly would
be approximately n? times the bending resistance of one slab. From this
simple experiment you can see the importance of a beam betng able to
resist longitudinal shear forces so that this “'slipping™ will not occur.
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THE CORE- oF A =ANDWICH PANE(L BERAVES LIKE TE
"WERB oF AN I-BEAM PREVEMTING  SLID/MNG

BETWEEN THP AND BoTTaMm FLAMNGES,
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FLANGE
I-SHEAM SAUNWICH PANEL

The facings of a sandwich panel used as a increases the stiffness of the structure by
beam act similarly to the flanges of an I-beam  spreading the facings apan, but uniike the
by taking the bending loads — one facing in I-beam’s web, gives continuous support to the

compression and the other in tension. flanges or facings. The core-to-skin adhesive
Expanding this comparison further, the rigidly joins the sandwich components and
honeycomb core corresponds to the web of allows thern to act as one unit with a high
the I-beam. This core resists the shear loads,  torsional and bending rigidity.

Figure 1

Sandwich Constructian Face Sheet

Honeycomb

Adhesive

N ) Face Sheet
FACE SiEgTs
CARY W-PLAME CoRE

TENSION Cf ChARRES

¥ AUD SLEAT JSRMAL LoAG TO0 PREVENMT SKin  RULKLIVG i
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= QAP DETwEEZN sAMDWIGE PARECS (0,0 £ GAP = Z0.mm)

- suP_ ol No-5clP (4LUED) BETWEEN PAMELS

TRE RESULTS oF THE ABoUE AMNALYSES ARE PLOTTED
ON THE FolLLowINgG PAGE.
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ARALYS (L Raw )

CoONCLUS [0S DPRAWR FROM &GLRAFPH:

THERE 1 A FALTA. OF DT INCREASE 1IN ASSEMBLY STIFFNESS
BETIWEEN A "SLiP” AnD A "MO-3LIPY STACK OF 7 PAMELS
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DIFFERENTLY,

THE SPEQAL CASE ofF A STAK of 7/ 2osem -THICK
SANDWICH PANELS W ITH 10mw SKINS AND GAP=0.0

r RoPUCES E =m- VALUE. ExACTLY,
Rer£o ™ I'N°“?"-l'l° m 1‘5L\P-Abuu@

C"UQ 10 mava, SKINS ON A 20 ML SARDMICH 1S A
sSo\D PANEL, GAF =0,0 IS5 A SoLID ASSEMBLY.)

IV LENERAL, THEKE 1S A DECREASING PAYOFF POk IACKEASIG
SKIN TRICKNESS Fol A FIXED SANDWICH THICKLNESS,
(NOTE: STIEFNESS AXIS 15 LOGARITHMIC,)




normalized moment of inertia

Normalized Moment of Inertia

Vs. Skin Thickness, Gap Thickness, & Gap "Slip”

Seven 20.0mm-thick Sandwich Panels
("ideal" zero-shear glue assumed)

"n-squared" Rule-of-Thurmb
is exact for a "solid slab"

j
x / {skin=10mm, sandwich=20mm, gap=0mm)

gap = 20.0mm ("IDEAL" glue}

e
ke

factor of 39 INCREASE IN MOMENT OF
INERTIA going from slip-allowed to no-slip
/ stack of seven 20mm-thick sandwiches

0.01

% with 0.5mm skins and 10mm gaps

gap = 15.0mm ("IDEAL" glue)

gap = 10.0mm ("IDEAL" glue)

gap = 5.0mm ("IDEAL" glue)
gap = 0.0mm ("IDEAL" glue)

“n-squared" Rule-of-Thumb

0.001 -

- skin thickness = 0.5mm (baseline)

JIL L O

ANY gap size (SLIP ALLOWED)

0.0001

T L T LI B I LA L) T 71§ 1 TFfr o1 TTITITlITrrrp v

1 2 3 4 5 6 7 8
skin thickness (mm)
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solid file: skinvgap.moi
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GRAOTY SAG oF AN ASSEMBLY OF SANDWICH PANELS 7'[?

THE CALCULATION OF STIFFMESS AS A FURCT 1an)
OF DKIN THICKNESS IS NoT  DIRgeTLY APPLICAPLE
To <HAMBER. DES|GM.

STIFFNESS WoukDd BE DIRELTLY APPLICABLE 17 SHAMBER
WEIGHT WAS AN NSIGMIFICANT  FRACT AN oF THE
ToTAL OAD OAN THE CHAMBER,

FoR. cATHRoDE =TRIP q%r'\at:ﬂs THE. WEIGHT oF THE
STRUCTURAL.  DMPORNENTS 15 Mbou'r 909, oF THE

TOTAC “oAD. (momw—ITRUCTURAL ELELTROMICS | uTIC) TIES
AND  ALGNMENT HARDWARZ COMPRISE THE KES‘T)

SINCE  INCREASING PANEL- suw THICKULESS NeT oaly
INCREASES ASSEMBLY  STIFFNESS, BUT ALIO JOCREASES
CHAMBRER WEIGHT., THE. | MPo KTANT  INDICATOR
Fofll, CHAMPER STRICTURAL. DESIGN For STIFFMNESS
1> &RAVTY SAS.

THE following PACE  CoNTAINS BEAM DEFECTION
EXPRESSIONS For. VARIOUS SuPPORT LOocCATI0MS,

THE. MBST  <anSERVATIVE (AGEST &4FIAVITY SAC) ocwculRS  FoR
SY\MPLE. SVUPFPURTS AT THE. EXTREME EMD  POINTS.

(‘Ma OP TIMUM LocATRNS Fokl SLPAKRTING A uMiFopr M
BEAM  ARE AT PoInTS O.2LH L. Prar THE M0,
THIS 1S cASE 4 o~N THE tJ-\-A—KT)

THE. GRAVITY SAEL  oF AN ASSEMBLY OF <=ANDWICH
PANELS SOFPORTED AT THE EXTREME eans (mosT
CoNSERVATIVE <ASE) HAS BEEN CALCOLATED

VSING A SPREADSHEET,

NEW TARAMETERS ARE MNOW WTEADYCED.

The cfoasSeseeTioN TNELTIA  WAS A FunCTIoN of
CRLOSS~SECTION PIMEASIOMNS ONLY,

THE BEA 4RAVITY SAG s A FuNCTpwyN oF THE
CROGS - SELT 10N MOMEMT o0& |NERTIA (PREVIOUSLY
CALCuATED), MATERIAL MODULUS  MATERIAL DENSITY,
BEAM LENGTH, APD SULFPORTS.
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normalized gravity sag

Normalized Gravity Sag

Vs. Skin Thickness, Gap Thickness, & Gap "Slip"

Se

ven 20.0mm-thick Sandwich Panels

("IDEAL" massless zero-shear gap frame and glue assumed)

1

0.1

0.01

0.001

\ Factor of 39 increase in gravity sag for a
/ stack of 7 sandwich panels with 0.5mm
skins and t0mm gaps (with "IDEAL" glue)

¢ pAsy 4 [0y ar piny i £y px a0y fa b
‘1# "; ‘JJ; T a7, ‘C; £ \} rera 1 '\\'
Rl s ; : ‘ ol i o3
[ lum] r"J E [ Im (n
L | A | S [N | e (W) o |- |&
™~ skin thickness = 0.5mm (baseline)
LY L |—|—r| L L3l B B ) l_l LR rrl LI LB L LB LELEE B L R ]
1 2 3 4 5 6 7 8 9 10
skin thickness (mm) solid
slab

Factor of 49 increase in gravity sag
{n-squared Rule-of-Thumb is exact) for
stack of 7 solid slabs with gap = 0.0mm

—e— ANY gap size (SLIP ALLOWED)
—&-  gap = 0.0mm ("IDEAL" glue)
—A— gap =50mm ("IDEAL" glue)
~&— gap = 10.0mm (“IDEAL" glue)
~gen gap = 15.0mm ("IDEAL" glue)

—=— gap=20.0mm ("IDEAL" glue)

file: skinvgap.nogf
jah 7/12/93
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THE EFFECT OF GAFP FRAMES ON DEFCELTION D/m

I THE. PREVIOUS ANALYSIS THE 3TALK oF SAMDWICH PANELS
(WITH GAPFS BETWEEAM PANELS) WAS A3SUMED BONDED
ACROSS THE GAPS W TH "IDEAL MASSLESS GLUE.

In MEcHAMCS, THIS 6E~qu. ANALTSIS ASSUMPTION
19 STATED AS “cRosS-sEcTions REMAIN  FLAT DURWE BEUDH'“-

FOR. PLANE BEMD| NG,
D
Al 2 1

|
i 4. "S‘Sﬂ\cx_oP
» % o ABS
AI /A ! le 'o
,b STheK. OF
<EAE. T =X —::.% .S 3 SLABS
IN PLANE
/k /\ SENDIS.

B

AlLL cRusS-SECTION PLANES (ﬁ.-h} 5-—5} \
REMAIL FLAT DURING BEmMDING

To AIZUE THIS LINKING BETWEEN SLABRS THE ¢APS
MUST Bl SPANNED AT SUFFICIENT LOCAT oS AND iR

A MAMNER TRAT RESISTS THE SHEAR LoAD 1mDuceDd
BETWEELD SLARS,

SHEAR BETWEEN SLABS <AUSES THE ABOVE SECTION PLAMES
To WARP, THIS RESULTS 10 AN ADD) TIOWAL. COMPONENT
OF SAG CALLED “eupan DEFLECTION -

THE SANDWICH PANELS ARE LINKED TOCETHER
INTd A YsAnpwicH oF SANBWIGHES” By THE
GA?P FKAME, JIDEAL THE GA¥F FRAME SHoulD
PREVEMT o NEAR. DEFOKMATION (SLIPPING) .

(A Y 4 FRAME.

stown W
LRass— SECTioM

THE EFFECT oF AP FRAME wiDTHS _AND MATERIACS on
ASSEMmeLY GRAVITY sk 15 <ACCULATED UsSInNG
ARDOTHEK.  SPREADSHEET,, AS Fouldws:
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THE  MoDuLud OF ELAITICITY oF THE &AF PEAME
MATEEIAC 1S5 A MATERIA- PROIPEKTY,

THE. "MOMENT o0F |VEETIA 0F THE 4GAF FRAME
IS A PuUmNCTIion OF THE AmMmauuT AND THE
IOCATION of THE AP FEAMGE (CEQMETRIC
Dis TRIBUTIW ),

THE WE 44T/ un T LEWNCTH OF THE 6AFf FEANE
MATERIAC 1§ A FuNcrior oF Bor# THE
MATERIAL AND THE &EOMETEIC DiSTRIBUT/OW,

. 3 "
THE. GAFP FRAME wite “LoAD THE opAwndwicH
PRNELS P THE AP FRAME EFFECTIVE oriprvEsd
15 LOwWEK  THHAN THE SA~NDwWICH PhurL E. S,

f/fﬁ cAP FRAME Wit “C_A-/eﬂ'f” PARLT OF THE

SANDWIC H PANEC wWERHT [(F THE AP FERME £ 5.
1S  HIGHER  THAN THE =A0dWICH PANEL E. S,

i
HoLEVEL,  HE ASComMPTION THAT CRSS-SECTRAS
REMAIN FLAT" mIikL NOT BE TRUE 1P THE
GAY¥ FRAME Allow! SREAR DEFOELMATION Y0 occuk,

TRE ABPoUE ANALYLLS  ASSUMES THAT EVEA) THE mMsIT
MARROW AND SOFT  &AF FRAME wite AT 2MEAR.

Folk SANDWICH ASIEMBUES, THE EFFECT of <4£AR DEFORAATION
N THE MNonEYaomMB CoRE MUST PE.  <anNSIDEFED,

As wBLL AT THE cEZ6METRY AND PROPERTIES oF THE
AP FRAMES,

'
!
|
I
i

14



ST

o
-q

normalized gravity sag
o
~J
wn

0.65

o
o

0.55-

0.5

Normalized Gravity Sag

Vs. Gap Frame Wldth & Gap Frame Material
Seven 20.0mm-thick Sandwich Panels, No Core Edge Filler,

Skin Thickness = 0.5mm, Gap Height = 10mm, NO SLIP ALLOWED

| | I I | [
Materials "less stiff” than the sandwich L’/‘l
panels are pantially “carried"” by the panels. ,x’”l

The “IDEAL" gap frame material

L
A

adds no weight to the assembly and
ALLOWS NO SLIP (no shear deflection)
between panels.

e T

fl:/'{l-" o —Y

o

L=
=
:
m
i

epoxy gap frame

"Vinny's" gap frame

Materials "stiffer” than the sandwich

——
1 panels "carry" part of the panel weight. | —G— G10 gap frame
HERN
\A\‘\% —— "IDEAL" glue gap frame
\A\*\“\ —A— aluminum gap frame
gap frame width {mm) jah 7112/93
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Normalized Gravity Sag
Vs. Skin Thickness & Gap Frame Material

Seven 20mm Sandwich Panels, 10mm Gaps, 25mm Gap Frame, No HC Core Edge Filler,
("IDEAL" zero-shear glue assumed)

X

0.95-

1 \ Although its modulus of elasticity is
0.9 ;25 times that of epoxy, aluminum —£— 25mm-wide epoxy
T gap frame reduces gravity sag by o
=] ] only 30%. -\~ 25mm wide "Vinny's
: 0.85 ] ~&—~ 25mm wide G10 .
@ ] —A— 25mm-wide aluminum
S, ]
5 08 4 \
@
o ] .
E 0.75 /
o 1 L
./ L |
074, A4
0.65- M | i
| N skin thickness = 0.5mm (baseline)
0-6 | T L 1 T ! L T Lr L) L) T T T L T L] L) T L] T ] T 1 ¥ T T T i | T T
0 1 2 3 4 5 6 7 8 9 10
skin thickness (mm) file: skinvmat.gf25mm
jah 7/12/93
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THE EFPECT OF SANDwWIcH CORE EME FILLEL
—_———————— - e

LORE EBDEE FILEBR |S smPLy A SupsTITUTE
FOoR. THE =ANDWICH ODRE MATELIAC,

ITS GFFECT oN DEFRECTRN ;5 PROPORTIONAL

T TS RERNATIVE “Brrecrive sTiFFNESE ' (A DIScus/ED
IN RELATION TD GAF FRAME LFrFECTS).

THE oLy MINeR DIFFERENCLE |4 THAT <fRE
EDGCE- FILLER DISALALES HOMEY cLomMB MATELIAL, SV
MOmEYCOMBE MNAS elD MOopULUS W THE. PLAWE OF
THE. PANELS LWEHT AND  STIFF EDE FilueElS suck AL

416 PRoviDE SOME BENEFIT, BUT ADD MASS,
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Vs. Sandwich Core Edge Filler Width & Core Edge Filler Material
Seven 20.0mm-thick Sandwich Panels, 25mm-wide Epoxy Gap Frame,
Skin Thickness = 0.5mm, Gap Height = 10mm, NO SLIP ALLOWED

8T
normalized gravity sag
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The "IDEAL" core edge filler material
adds no weight to the assembly but
removes core mass (replaces it with
massiess zero-shear glue).
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Assumed Material properties

The following material properties were used in the normalized gravity sag calculations:

\9

material elastic modulus | mass density | elastic modulus | mass density
(pst) (Ib secA2/in"4) (MPa) {g/cm”"3)
G10 laminate 3,300,000 0.000180 22,759 1.926
epoxy 400,000 0.000111 2,759 1.190
“Vinny’'s” 98,395 0.000039 679 0.420
aluminum 10,000,000 0.000254 68,966 2.718
Nomex core --- 0.000003 --- 0.029

Effect of Support locations

The normalized gravity sag graphs assume some constant support point locations. The
chamber mass is assumed to be uniformly distributed along its length. The chart of beam
deflection expressions shows that the maximum gravity sag is reduced by a factor of
48.6, i.e. (5/384)/0.000268, by going from support at the extreme ends to support at
points (.223L from the ends. Actual chamber sag will fall between these limits to the
extent that weight is evenly distributed along the chamber length and shear deflection is
prevented by proper panel-to-panel connection,

Conclusions

The magnitude of chamber sag is highly dependent on chamber support location and
design of the gap frame. The gap between sandwich panels must be able to resist shear
deformation. The major component of gravity sag is due to beam bending if shear
deflection can be avoided. Gravity sag increases by a factor of 39 going from an “ideal”
shear connection to slip-allowed between sandwich panels.

The mechanical connection between panels (gap frame and posts) will determine the
magnitude of additional gravity sag introduced due to shear deflection. The design
parameters that influence this value are the geometry of the gap frames around the
perimeter of the panel, its mechanical properties, and the reliability of the panel-to-panel
attachment technique (preloaded bolts, adhesives, pins, etc.)
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