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LIGO BEAM TUBE STUDY REPORT

(Dynamic Response of the Beam Tube to the Hanford, WA Site
Ambient Vibration Spectrum)

Introduction

This analysis was undertaken in support of the LIGO Baffle / Scattering Review held at the
California Institute of Technology on January 6 and 7, 1995. This review focused on the
optical qualities of the LIGO beam tubes and baffles and their impact on LIGO’s overall
performance. Calculations estimating LIGO performance parameters had assumed a beam
tube free from dynamic responses that would amplify seismic motions introduced to the tube
through its support hardware. This report describes “order of magnitude” calculations
performed to provide insight into the structural dynamic behavior of the beam tube and its
support structure and the dynamic response of the system they compose to random vibrations.

Beam tube structural dynamics calculations were presented during the January review. At the
review’s conclusion, homework was assigned that lead to improvements in these calculations
(more accurate finite element models and results). The following information will be
addressed in this report and bears the indicated refinements:

o 3D beam calculations have been improved to account for the weight and possible
damping enhancement of a 10-cm-thick layer of external insulation applied to the tube.

. The stiffness properties of the bellows connecting the two sections of tube has been
more accurately modeled.

o A 3D shell model of the system was developed to describe the ovalization vibration
modes of the system in addition to defining the beam-bending modes described by the 3D
beam model.

. Transfer functions and dynamic responses are plotted as absolute quantities.

o Transfer functions of the beam and shell models are expressed as continuous functions
of frequency and are compared with a 2D model of the system generated by an independent
contractor.

o Structural dynamic response of the models excited by an input power spectrum are
expressed as continuous functions of frequency.

Objective

The objective of this analysis was to determine the transfer function matrix elements,
expressed as continuous functions of frequency, of the LIGO beam tube and its support
hardware and estimate the dynamic response of the tube to the seismic input spectrum
characteristic of the Hanford, WA site.

Method

A general purpose finite element code was used to determine the response of tube extension
and bending modes (using 3D, kirchoff beam elements) and tube ovalization modes (using
thin, isoparametric shell elements) supported by grounded hardware (modeled using 2D spring
elements).




Assumptions

The input power spectrum is applied directly to the base nodes of the support elements
thereby neglecting the effects of soil and structure interactions. It is assumed that the tube’s
vibrational behavior can be characterized by modeling only 2 rigid pipe supports and a single
guided support encompassing an arbitrary bellows. It is further assumed that small strains and
linear/elastic materials characterize the deformations. Finally, it is assumed that the diagonal
matrix elements are much larger than the off diagonal elements.

Finite Element Models

Two finite element models were developed to perform the analysis. The model using beam
elements to describe the tube possesses hundreds of degrees of freedom (dof’s) whereas the
shell model of the tube uses more than ten thousand dof’s and requires commensurably longer
execution time (the order of dof’s squared). The beam model is 3 dimensional and well
describes the stiffness of the supports in three orthogonal directions but is incapable of
describing ovalization or so called “shell” modes of the tube. Solutions of gravitational-
induced sag obtained using the beam model were found to agree closely with 2D beam-based
finite element calculations performed by an independent contractor. This 3D beam model
demonstrated a low frequency mode of vibration, associated with the low transverse stiffness
of the guided support, that was not resolved by the contractor’s 2D model of the tube and
support structure.

Dynamic response estimates for an input consisting of the Hanford, WA vibration spectrum,
assuming modal damping of 2% of critical, were calculated using the 3D beam model whereas
no responses were generated by the contractor. Neither this initial 3D beam model nor the
contractor’s 2D model accounted for the weight or possible added damping of the tube’s
external insulation. A subsequent version of this 3D model was developed and included the
increased weight, approximately 22%, and damping, assumed to increase modal damping by a
factor of 2 times that of fabricated steel (from 2% to 4% of critical), associated with the
insulation. The impact of the addition of the insulation’s weight on the dynamic behavior of
the system is well known, the increased damping effect of the application of this material is
not understood. The system’s dynamic response scales linearly with increased damping,
however, the performance of the damper is generally a function of frequency and in this case a
strong function of the method of application of the insulation material. Whereas a well
adhered, low Q damping material could increase the effective modal damping of the
tube/insulation system to 10% of critical, because of a lack of detailed information regarding
the LIGO scenario a value of 4% was chosen for the analysis. More accurate analytical
results would require the generation of effective damping test data for input.

A 3D shell model was developed to accurately describe the ovalization vibration modes of the
tube/support structure system. This model also accounted for the weight of the 10-cm-thick
layer of insulation and assumed modal damping of 4% of critical.



Results Discussion

The results included in Table 1 present a comparison of calculations performed using the 2D
and 3D beam models as well as the 3D shell model. Though the Table bears only a few of the
largest transfer function matrix elements expressed as gains (simply the dimensionless
magnitude of the complex-valued functions evaluated at a particular frequency), plots of the
transfer functions of the tube/support system for each of the 3D models are contained in
Appendix I. In all cases, the transfer function plots express the squared magnitudes of the
complex-valued transfer functions and are dimensionless quantities expressed as continuous
functions of frequency.

Close inspection of the transfer functions of the 3D beam and 3D shell models reveal the
fundamental nature of the system. The tube is a very long, slender entity. Such a body can be
accurately described as a beam and does not require the more elegant (and computationally
intensive) description afforded by a shell representation. This is clear in the fact that the
characteristic shapes (spectral behavior) and magnitudes of the transfer functions of the beam
and shell models are nearly identical. Were the tube’s length short and its inner diameter
large, many previously unseen modes having a significant participatory modal mass, and hence

large gain, would have been added to the spectrum generated using the beam model. In fact, .

the first “apparent” true ovalization mode (significant shell behavior in the absence of beam
bending) is mode 13 occurring at 45 Hz. This mode is actually a facet of the boundary
conditions applied to the model, which could be improved upon if necessary, and is not
characteristic of the physically realizable system. Hence, its significant gain should be
disregarded The first true shell mode is mode 17 occurring at 55 Hz which does (not lexhibit
some participatory modal mass, hence has a modest gain associated with it. The saffie is true
for all subsequent shell modes exhibited at higher frequencies and necessarily excited by a
rapidly diminishing input spectrum.

Furthermore, the first coupled shell mode (significant ovalization and bending, one full wave
of bending, expressed simultaneously) is mode 11 occurring at 40 Hz. The gains of nodes
around the girth of the tube at the half-wave point (where ovalization could be somewhat
isolated from bending) were compared to the gains of nodes at the quarter points of the body
(where bending would produce a maximum for this mode). The modal mass associated with
the beam bending behavior of the mode far outstripped that of the ovalization. This
comparison further demonstrated that greater energy is associated with the tube’s bending
vibration modes than its shell modes. The transfer functions and modal plots of the shell
model contained in Appendix I clearly indicate that the shell modes of the body have gain
associated with them. The accuracy of the model’s input, however, is not accurate enough to
merit confidence in gain factors of 2x or 3x.

Plots of the mode shapes and dynamic response of the 3D beam model with insulation weight
and modal damping of 4%, excited by the LIGO Hanford, WA site input power spectrum, can
be found in Appendix I. This is the most reasonable of all cases run. Shell responses are not
included for reasons stated above. Furthermore, the units of the response plots found in the
Appendix are nonideal---- responses are plotted in power units of (micro-inches)’/Hz... It is
believed that the transfer functions are the most valuable information produced by this work.
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Table I. LIGO Beam Tube Structural Dynamics Analysis

Results
2D Beam Model 3D Beam Model 3D Beam Model 3D Beam Model 3D Shell Model
w/o Insulation w/o Insulation with Insulation with Insulation with Insulation
&= N/A E=0.02 £E=0.02 E=0.04 E=0.04
Maximum Static
Deflection (mm) 1.5 1.5 1.8 1.8 1.9
Vibrational Mode Support Support Support Support
Princ. Direction Z Z YA VA
Frequency (Hz) 32 3.1 3.1 3.0
Gain, node point 32x,nl2 36x, nl2 17x, n12 19x, n61
Vibrational Mode 0.5 Waves 0.5 Waves 0.5 Waves 0.5 Waves 0.5 Waves
Princ. Direction YandZ Y Y Y Y
Frequency (Hz) 12.5 14 13 13 11.5
Gain, node point N/A 30x, n19 30x, n19 15x, n19 15x%, n1790
Vibrational Mode Support Support Support Support
Princ. Direction Z Z Z Z
Frequency (Hz) 18 16.7 16.7 18.5
Gain, node point 15%, nl2 15x, nl12 8x, nl2 6x, n61
Vibrational Mode 1.0 Waves 1.0 Waves 1.0 Waves 1.0 Waves 1.0 Waves
Princ. Direction YandZ Y Y Y zZ
Frequency (Hz) 40 43 39 39 40
Gain, node point N/A 10x, n12 10x, n12 5x, nl2 5%, n61
Vibrational Mode Extension Extension Extension Extension
Princ. Direction X X X X
Frequency (Hz) 60 55 55 52
Gain, node point 30x, n12 30%, nl12 15x, n12 15x, n61
Vibrational Mode 1.5 Waves 1.5 Waves 1.5 Waves 1.5 Waves 1.5 Waves
Princ. Direction Yand Z Y Y Y Y
Frequency (Hz) 83 75 . 69 69 69
Gain, node point N/A 20x, nl9 12x, n19 5x, nl9 5x, n1790
Vibrational Mode Coupled Coupled Coupled Not Calculated
Princ. Direction X X X
Frequency (Hz) 180 165 165
Gain, node point 10x. n12 10x. n12 5x.nl2

Note:

For the beam models, node 12 is located at the bellows, node 19 is located approximately midway

between the bellows and the fixed support, and node 3 is located approximately one quarter of the
distance between the bellows and fixed support, measured from the fixed support. For the shell

model, nodes 61, 1790, and 117 are analogous to nodes 12, 19, and 3 respectively.
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APPENDIX 1




General Information

Finite Element Model Schematic
LIGO Input Power Spectra
Mechanical Drawings of:

1. Fixed Support

2. Guided Support
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3D Shell Model

Static, Gravity-Induced Displacement

| Natural Frequencies of Vibration
! Deformed Mode Shapes
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3D Beam Model

Static, Gravity-Induced Displacement
Natural Frequencies of Vibration
Deformed Mode Shapes
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Figure 1: Mode 1, 3-D Beam Model Insulation Included




F_Hode=2 5.3 Hz

Y X
i
|
‘ L
|
{
I
!
}' F_Mode=2 5.3 Hz
{
¥
I
[
’ .
(
2 2

Figure 2: Mode 2, 3-D Beam Model Insulation Included
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Figure 3: Mode 3, 3-D Beam Model Insulation Included
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Figure 4. Mode 4, 3-D Beam Model Insulation Included
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Figure 5: Mode 5, 3-D Beam Model Insulation Included
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Figure 6. Mode 6, 3-D Beam Model Insulation Included
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Figure 7. Mode 7, 3-D Beam Model Insulation Included




F_Hode=d 33 Hz

F_Mode=8 39 Ha

l Figure 8: Mode 8, 3-D Beam Model Insulation Included
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Figure 9: Mode 9, 3-D Beam Model Insulation Included
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i Figure 10: Mode 10, 3-D Beam Model Insulation Included
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Figure 11: Mode 11, 3-D Beam Model Insulation Included
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Figure 12; Mode 12, 3-D Beam Model Insulation Included
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Figure 13: Mode 13, 3-D Beam Model Insulation Included
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Figure 14; Mode 14, 3-D Beam Model Insulation Included
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Figure 15: Mode 15 3-D Beam Model Insulation Included



3D Shell Model

Transfer Functions /H(f)?
With Insulation Weight
4% Modal Damping
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3D Beam Model

! Transfer Functions /H(f)/?
With Insulation Weight
2% Modal Damping
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3D Beam Model

| Transfer Functions /H(f)/*
With Insulation Weight
2% Modal Damping
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3D Beam Model

Response to LIGO Input Power Spectrum
With Insulation Weight

4% Modal Damping
Units are (micro-inches)’/Hz !
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