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Summary of EC Superelement Results
for OH Inter-Module Connecting Forces

e Bob Wands, Kay Weber, Joe Zurawski

Introduction

The purpose of this report is to summarize the OH module
connecting forces found as a result of the super-element modeling of the
EC internal module structure. Although not presented here, this approach
can also provide MH connecting forces and assembly deflections.

The Basic Superelement Approach

The EC calorimeter module assembly consists of three distinct
module types as shown in Fig. 1. There are 16 OH modules which are
assembled into a ring and supported at 56.25 degrees on either side of
the centerline. The 16 MH modules are assembled concentrically within
the OH assembly, and their weight is supported by OH along an arc
from plus or minus 56.25 degrees about the centerline. The IH module is
a single unit, and is supported within MH by bearing on MH at the
56.25 degree locations as indicated in the figure.

The closed-form calculation of the forces and moments between
modules in such a structure is not trivial. Although it is possible to
arrive at a solution by superimposing solutions for thin rings under
various loadings, the thin ring approximations assume that the energy of
the structure is well represented by the bending energy alone; that is,
that membrane and shear deformations are not significant. A large error
would be expected by applying this method to the analysis of the EC
structure, since the module assemblies are not good approximations to
thin rings, and their shear behaviour is difficult to characterize, since the
rings are not continuous but in fact are stiff, discrete modules attached
to adjacent modules at a finite number of points.
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A numerical approach using finite element analysis was used instead
to calculate the forces between modules. A well-developed technique
known as substructuring (super-elements) was applied to permit
economical analysis of intermediate assembly steps as well as primary
stress evaluation of each module. This technique consists of three basic
phases: 1)The ”generation” phase breaks up the assembly into ”super
elements” (in this case, individual modules) which are then modeled in
detail (many nodes and elements). The detailed model of each module is
then mathematically condensed by the finite element program such that
the only active degrees of freedom are those at the points of connection

” phase assembles the

between the individual modules. 2)The ”use
individual super-elements into the final structure, or any desired
intermediate assembly of modules. This model can be run very
economically due to the small size of the stiffness matrix. 3)The ”stress

pass” phase uses the displacements found in the use phase as input into

the detailed super-element model of the module to extract stresses.

The Finite Element Model

OH Module Super-element

The OH module was modeled with the dimensions shown in Fig. 2.
The model used only the outer skin and four internal steel plates to
characterize the module stiffness. Super-elements representing both 1/16
in. and 1/32 in. skins were generated. The internal structural plates were
1.87 in. thick in both super-elements. Two load vectors were generated
for each super-element. One of these was the module weight, which was
applied as concentrated nodal loadings on the edges of the module. The
other loading was thermal contraction, which allowed the possibility of
assigning a uniform temperature to each module and thereby estimate
cooldown stresses and their effect on connection forces. Eight super-
elements were generated, and symmetry was exploited to account for the

full arch assembly.




Each super-element was condensed from it’s detailed description down
to an element containing 18 nodes, each with only three translational
degrees of freedom. These "master” nodes are indicated in the Figure.
Sixteen of these nodes were used to connect adjacent OH modules in the
super-element use phase, and can be thought of as representing a
connection scheme which uses four connectors on the inside radius and
four connectors on the outside radius of each module. The remaining two
nodes were used only on OH modules 1,2, and 3 to provide support
points for the MH module assembly.

For clarity in presenting connection force results, the inner radius
connectors at any interface of OH modules are numbered 1-4, with 1
being the backward-most (farthest from the collision center). The outer

radius connectors are numbered with a similar convention.

MH Module Super-element

The MH module was modeled with the dimensions shown in Fig. 3.
The model used only the outer skins and the endplates to characterize
the module stiffness. Two load vectors, weight and thermal contraction,
were generated with the super-element. Nine super-elements were
generated, two of which were half modules, and symmetry was exploited
to account for the full arch assembly.

Each super-element was condensed from it’s detailed description down
to an element containing eight ”master” nodes (one at the corner of each
endplate) each with only three translational degrees of freedom. These
nodes were used to connect adjacent MH modules, and can be thought of
as representing a connection scheme which attaches the MH modules at
the inner and outer radius of the endplates only. Some of these nodes
also serve to provide contact with the inner radius of the OH arch for
transferral of the MH weight.

IH Modeling

The effect of IH on the assembly was modeled by applying
concentrated nodal loads to the MH arch at the location where IH will
be supported in the final assembly. The loads were adjusted to account

for the actual center of gravity of the IH module.




Boundary Conditions and Connection Modeling

The model represented only one-half of the EC assembly, with the
effects of the other half accounted for by a symmetry boundary condition
on the vertical plane containing the module assembly centerline. The
weight of the modules was carried to ground through OH module 3, as
shown in Fig. 4. This module was given a two inch thick steel plate
along it’s underside where the supports are applied. The supports are
allowed to translate freely in the horizontal direction, which requires that
the arch assembly itself develop any horizontal reactions necessary for
equilibrium. This should be conservative.

The MH arch was supported on the inner radius of the OH arch
with "gap” elements, which allow two surfaces to maintain compressive
contact only, or separate if necessary. They were used without friction,
and so allowed relative sliding of the MH and OH arches at the contact
points.

The simplest means of assembling super-elements is to generate them
such that adjacent elements have identical node numbers at connecting
interfaces. This will result in an “automatic” connection at this point.
This method was used wherever total connection in all directions was
desired between modules.

Some runs were made in which the connectors on the inner radius of
OH were "disconnected” in the sense that only compressive surface
contact was allowed. This was modeled by applying an offset to the node
numbers in the super-elements,(which eliminated the automatic
connecting), and then using “gap” elements at the four connectors on the
inner radius of each module interface. Nodal coupling was then used to
enforce full connection at the outer radius connectors. In some cases, it
was desired to "reconnect” the inner radius connectors only at the
bottom modules. This again was done by nodal coupling.

In some cases, it was desired to eliminate the ability of a given
connector to sustain forces parallel to the module interface. This was
done by constraining the two nodes at such a location to move with
identical displacements perpendicular to the interface, but giving them

freedom to displace relative to each other parallel to the interface.




Results

The connecting forces between OH modules were calculated for eight
different models. These forces are presented in detail in the Appendices.
A cover page to the Appendices shows the sign conventions and other
details needed to interpret the results. The results will be summarized for
each case in the text below.

In earlier work it was found that a 1/32 in. skin on OH 3 (the
support module) resulted in unacceptable stresses. Therefore, in the
following Models 1-6, all OH modules have 1/32 in skins except OH 3,
which has a 1/8 in. skin.

Model 1.
Characterisitics:

1. OH module skin thickness = 1/32 in. except OH 3 = 1/8
in.

2. OH modules fully connected at four locations on the inner
radius and four locations on the outer radius of each module
interface.

3. Loading is OH, MH, and IH module weight only.

The connecting forces for this case are given in detail in Appendix
A. To summarize, the largest connecting force on OH is found at
theta=67.5 degrees at the second outer radius connector, and is 38000
lbs.

The forces which are transmitted to the inner radius of the OH arch
from the weight of the MH arch and IH module for this case are shown
in Fig. 4. '

Model 2.
Characteristics: Same as for Model 1 except
1. Loading is OH, MH, and IH module weight plus a thermal
gradient as shown in Fig. 5.
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The connecting forces for this case are given in detail in Appendix
B. To summarize, the largest connecting force is found at theta=67.5
degrees, at the third outer radius connector, and is 67000 lbs.

Model 3.
Characteristics:

1. OH module skin thickness = 1/32 in. except OH 3 = 1/8
in.

2. OH modules completely connected only at four locations on
the outer radius of each interface. The inner radius of each
interface supports only compressive loading, and is free to
separate if necessary.

3. Loading is OH, MH and IH weight only.

The connecting forces for this case are given in detail in Appendix
C. To summarize, the largest connecting force is found at theta=45
degrees, at the first outer radius connector, and is 63500 lbs. All but one
of the inner radius compressive-only contact points separated at theta=O0,
22.5, and 45 degrees.

The forces transmitted to the inner radius of the OH arch from the
weight of the MH arch and IH module for this case are shown in Fig. 6.

Model 4.
Characteristics: Same as for Model 3 except:
1. Loading is OH, MH and IH weight plus a thermal gradient
as shown in Fig. 5.

The connecting forces for this case are given in detail in Appendix
D. To summarize, the largest connecting force is found at theta=0
degrees at the first outer radius connector, and is 73000 lbs. It can be
seen that the inner radius compression-only connectors are more active in

this cooldown scenario.




r\

Model §.
Characteristics:
1. OH module skin thickness= 1/32 in. except OH 3 = 1/8 in.
2. OH modules fully connected at only the first and fourth
outer radius connectors at each interface. The second and
third outer radius connectors can sustain no force parallel to
the module interface (shear). The inner radius connectors at
each interface support only compressive loading, and are free

to separate if necessary.
3. Loading is OH, MH and IH weight only.

The connecting forces for this case are given in detail in Appendix
E. To summarize, the largest connecting force is found at theta=45

degrees at the first outer radius connector, and is 64000 lbs.

Model 6.
Characteristics: Same as for Model 5 except
1. Loading is OH, MH and IH weight only plus a thermal

gradient as shown in Fig. 5.

The connecting forces for this case are given in detail in Appendix
F. To summarize, the largest connecting force is found at theta=0

degrees at the first outer radius connector, and is 73500 lbs.

Model 7.
Characteristics:

1. OH module skin thickness= 1/16 in on all OH modules

2. OH modules fully connected at only the first and fourth
outer radius connectors at each interface. The second and
third outer radius connectors cannot resist forces parallel to
the module interface (shear). The inner radius connectors at
each interface support only compressive loading and are free
to separate if necessary.

3. Loading is OH, MH and IH module weight only.




The connecting forces for this case are given in detail in Appendix
G. To summarize, the largest connecting forces occurs at theta=45
degrees at the first outer radius connector, and is 66500 lbs. This force
compares with 64000 lbs at the same location for Model 5, which is
identical to Model 7 except for OH module skin thickness. This implies
that the forces are not strong functions of skin thickness in the range
being investigated.

The forces transmitted to the inner radius of the OH arch by the
weight of the MH arch and IH module for this load case are shown in
Fig. 7.

Model 8.
Characteristics:

1. OH module skin thickness = 1/16 in on all OH modules.

2. OH modules fully connected at only the first and fourth
outer radius connectors at each interface. The second and
third outer radius connectors cannot resist forces parallel to
the module interface (shear). The inner radius interfaces from
theta=67.5 to theta=180 degrees can support compression
only, and are free to separate if necessary. The inner radius
connectors from theta=0 to theta=45 degrees can sustain
both normal compression and tension, but cannot sustain any
force parallel to the module interface.

3. Loading is OH, MH and IH module weight only.

The connecting forces for this case are given in detail in Appendix
H. To summarize, the largest force occurs at theta=45 degrees at the
first connector on the outer radius and is 76500 lbs.

The forces transmitted to the inner radius of the OH arch by the
weight of the MH arch and IH module are shown in Fig. 8.




Conclusion

This report includes only information on the OH connecting forces
for various assumed connector schemes. The super-element machinery is in
place to model other connector ideas, and provide information on overall
deflections, MH connecting forces, and primary module stresses.
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Interpreting the Appendices

A typical block of data is reproduced below:
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Explanation of terms:
Theta  This is the angle of the OH module interface represented by
the following data, and is measured in a clockwise direction
beginning from the 6 o’clock position on the EC assembled
— structure. See Fig. 1.
Node This is the node number of the master node at which the
connecting force RESF is found. It is of no real use to the
reader, and was included only to check the program.
FX,FY These are the forces in the x and y coordinate directions at the
master node, and are used to calculate RESF
Phi This is the angle which the force RESF makes with the module
interface. It is always referenced to the module on the left and
has the convention shown in the sketch below.
P




RESF This is the actual connecting force at the master node, acting
on the interface at the angle phi. There are eight connecting
points at each interface, and so eight RESF’s. The first
connecting point in each data group (node 11 in this example)
is the inner radius connector farthest from the collision center,
or inner connector 1, as shown in Fig. 2. The next connecting
point (node 12 in this example) is inner connector 2, etc. The
fifth connecting point (node 15 in this example) is the outer
radius connector farthest from the collision center, or outer
connector 1. The next connecting point (node 16 in this
example) is outer connector 2, etc.

Normal Force
This is the total normal force (membrane force) between the
two modules at the theta interface. The sign convention is that
a positive normal force will tend to separate the modules
(produce tension)

Shear This is the total force parallel to the interface of the modules.
The sign convention is that a positive shear force tends to
move the module to the right of the interface toward the center
of the assembly.

Moment This is the total moment at the interface about the centroid of
the section. The sign convention is that a positive moment
tends to put the inner radius in tension.

Force on Inner Radius
This is the vector sum of the forces on the four connectors at
the inner radius.

Force on Outer Radius
This is the vector sum of the forces on the four connectors at
the outer radius.
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