

TDL002-044


Stiffness of perforated plates

1. introduction

It has been proposed to change the size of the holes in the backplane of the CMS electromagnetic endcap calorimeter. The question is, what increase in plate thickness is required to avoid a degradation in the overall plate stiffness? This note describes an exploration of the effects upon stiffness of  the perforations and concludes with a prediction of the required increase in thickness.

For the purposes of this note I have assumed a nominal hole pitch of 150mm , hole sizes in the range 40 – 70 mm diameter, and a plate thickness of 50mm.

2. Traditional beam theory.

Consider a section cut from a plate in bending, spanning a hole pitch in each direction:

Approximate the round cutouts with square ones as shown. Then assume that the resultant block behaves like three connected beams:

This simplified structure will be too insufficiently stiff because of the extra material removed by the square, rather than round, holes. At the same time it will be too stiff because the smaller beams at the end cannot completely transfer forces and moments across the full width of the wider middle beam where they join. I assume these effects will roughly cancel out. To see how stiff this assembly of three beams is, I considered a moment loading. This makes it easy to calculate the deflection of each beam; the moment is the same for each. The stiffness is simply the inverse of the deflection so by finding the combined deflection we can easily see the combined stiffness. The deflection used can be either the slope or the displacement; the slope is the easiest to do. I checked by working out the displacement which turns out to be rather more complicated – to get the displacement in the third beam you have to consider the slopes and displacements of both other beams – but it gave the same result in terms of stiffness.

The slope in each beam is given by 
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, in which the usual abbreviations apply. The slope at the end of the third beam is simply given by the sum of the three slopes:


[image: image2.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

+

=

3

2

1

3

2

1

I

L

I

L

I

L

E

M

combined

q


Which can be simplified in terms of the widths and lengths of each beam. Define a “perforation factor” p equal to the ratio of hole diameter to hole pitch. When p is 0, there are no holes, when p is 1, the hole diameter is equal to the pitch, the holes merge, and there is no beam. With the proposed pitch of 150mm, hole sizes of 40mm, 50mm, 60mm and 70mm give p values of 0.267, 0.333, 0.4 and 0.4667 respectively. The degradation in stiffness given by the considerations above (derived in my notebook for 1999, pages 91-99) is

degradation factor
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Values are given in the table:

Pitch
diameter
p
degradation from simple beam theory

150
40
0.266667
8.84%

150
50
0.333333
14.29%

150
60
0.4
21.05%

150
70
0.466667
28.99%

3. Finite element studies: thin plates

In order to verify the simple work above, a macro was written (appendix 1) for ANSYS version 5.3, to build models of a section of plate with holes of various sizes. I decided to put in three holes in order to check the assumption that a single hole-pitch could be used as above to represent the whole plate. I also built a model having no holes as a comparator. I used a point load (rather than a concentrated moment) and looked at the linear (rather than angular) movement of the end point. The load was 200N (100 at each corner), the thickness was 5mm, the Young’s modulus was 70 GPa. The model I made was constrained for symmetry down both sides in order to make it behave like part of a large plate. As an addition check I made a model with no such side constraints and compared it the predictions of simple beam theory.

Beam theory: 
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The results are summarised below.

Perforation factor
Constraint
Deflection

(mm)
Factor from FE
Factor from theory above

0 (No holes) (Shell93, 24 elements)
Beam – no edge constraints
109.4 

(cf 111 from Roark)



0 (No holes)
Plate – symmetry edge constraints
101.1

(0.1022*)

(0.1024**)
0.00%
0

.1

102.71
1.59%
1.10%

.2

108.44
7.26%
4.76%

.2667

114.4

(0.117*)
13.16%
8.84%

.3

118.2
16.91%
11.39%

.3333

122.6

(0.127*)
21.27%
14.28%

.4

133.3
31.85%
21.05%

.4667

147.2

(0.154*)
45.60%
29.00%

.5

155.4
53.71%
33.33%

*
result using 50mm thick plate

**
result using refined mesh 8 by 48 elements

The check with no constraints is encouraging in that it gives an answer very similar to that from the simple beam theory. When the edge constraints are added, the beam stiffens by about 10% as one would expect (1-(2).

However, there is a significant divergence between the degradation predicted by FEA and that predicted by my simple theory. As a check, two cases were run with a thickness of 50mm – as one might expect the FE results showed a reduction in displacement of almost exactly a factor of 100. Another check on the FE model was to refine the mesh for the simple case with no holes – the answer was not affected. Interestingly, when I tried a rather different geometry (100mm pitch) the degradation results were closer to the simple theory.

A couple of cases were run using Mechanica from Pro-Engineer, with very similar results.

4. finite element studies – solid elements

Because the hole size is comparable to the plate thickness, there is some question as to the applicability of the thin plate theory. A model was tried using Mechanica, with solid elements rather than plates. The results were virtually unchanged.

5. COnclusions

I conclude from all of the above that:

· The simple theory I derived does not really describe that rather more complex situation that really pertains.

· The degradation factors for holes of sizes 40, 50, 60 and 70mm are about 14%, 21%, 32% and 45% respectively.

· The stiffness does scale fairly well with the cube of the thickness

· The degradation involved in going from 60mm to 70mm holes will be about 21%. This can be compensated by an increase in plate thickness of about 7% from 50 to, say 55mm.

Justin Greenhalgh

Engineering Department, CLRC, September, 1999

Appendix 1 – macro.

/PREP7 

p=150   

t=50

*ASK,h,Please enter perforation factor (0.2),0.2

r=p*h/2 

!*  

ET,1,SHELL93

!*  

R,1,t, , , , ,  

!*  

UIMP,1,EX, , ,70e3, 

!*  

K,1,0,0,,   

k,2,3*p,0   

k,3,3*p,p/2 

k,4,2.5*p,p/2   

k,5,1.5*p,p/2   

k,6,p/2,p/2 

k,7,0,p/2   

circle,4,r,,7,180,2

circle,5,r,,7,180,2

circle,6,r,,7,180,2

lstr,1,2

LSTR,2,3

LSTR,3,10   

LSTR,8,13   

LSTR,11,16  

LSTR,14,7   

LSTR,7,1

al,all  

DL,       7, ,SYMM  

dl,9,,symm

dl,10,,symm

dl,11,,symm

dl,12,,symm   

FLST,2,2,3,ORDE,2   

FITEM,2,1   

FITEM,2,7   

DK,P51X, , , ,1,UX,UY,UZ,ROTX,ROTY,ROTZ 

FLST,2,2,3,ORDE,2   

FITEM,2,2   

FITEM,2,-3  

FK,P51X,FZ,100, 

smrtsize,6

amesh,1

sbctra

FINISH  

/SOLU   

SOLVE   

FINISH  

/POST1  

PLNSOL,U,Z,0

finish

/clear
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