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1.0 EXECUTIVE SUMMARY

Work documented in this report was performed by Southwest Research
Institute (SwRI) for the U. S. Bureau of Mines (USBM) under Contract Number
H0377052. The contract was initiated under the Health and Safety Technology
Program and covered the time period from September 1977 through December
1982.

Initially the purpose of this contract research was to determine
the level of safety in enclosures which had been certified as explosion
proof (XP) under Schedule 2G [l]. Results and discoveries in the inictial
work led to an expansion of the contract to cover five major areas of
resecarch. These are:

Selection of the computational method

Margins of safety in XP enclosures

Weld quality in XP enclosnres

Reliability of XP enclosures with windows and lenses
Performance tests for XP enclosures

0O 0 000

Several tasks we<we performed in each of these major areas. Key findings
and conclusions are:

Selection of the Computational Method

O The ANSYS finite element computer program has all of the features
requi-ed for the analysis of XP enclosures, and it was chosen for
the analyses presented in this report.

© MARC has most of the features required for the analysis of XP
enclosures, but lacks steady-state heat transfer in shell elements
(at the time of the survey) and was judged not to be as user friendly
as ANSYS.

O ADINA has many of the features required for the analyses performed,
but lacks thin shell elements an: pre- and poSt—processors.

Margins of Safety in XP Enclosures

0 Dynamic effects, produced by explosions of methane and air, are
insignificant in mcst enclosures. Dynamic effects may be important
if unusually high pressures occur (pressure piling) or if the
enclosure is unusually large.

9 There are wide variations in the margins of safety for different
enclosures. One enclosure had a factor of safety less than one.

0 None of the enclosures tested ruptured at an internal pressure
of 150 psig.

¢ Weld joints in one enclosure partially failed at pressures as
luw as 60 psig, and permanent deformations of 0.31 in./ft were

22



produced in the enclosure by a pressure of 150 psig. These are
substantially larger than the allowable permanent deformation of
0.040 in./ft permitted by MSHA in the Explosion Test.

0 At locations other than the cover seal, only one enclosure leaked
during the hydrostatic test at pressures below 150 psig. A small
leak occurred at 140 psig in the first hydrostatic test of one
luminaire. The leak was at the sealing surface of a window to
the enclosure body.

Weld Quallty in XP Enclosures

0 Small manufacturers do not have well-documented welding practice.

O Large manufacturers have welding procedures and most adhere, at
least partly, to AWS welding codes.

0 Joiat design is similar for all of the manufacturers, but knowledge
of foint efficiency was poor.

Reliability of Enclosures with Windows

0 Enclosure resonances fall within the range of vibrations (5 Hz -
10,000 Hz) measured on typical mining machines.

O Amplification factors (ratio of acceleration amplitude measured
on the enclosure to the input amplitude) were as high as 23 on
some enclosures. These amplification factors were based on
accelerations measured normal to window surfaces.

0 High local stresses and moderately high bending stresses are induced
in windows and lenses by the Schedule 2G Impact Test; however,
impact energies in the mine far exceed those produced by the impact
test, and so all windows should be protected by guards.

O Low stresses are produced in free windows and lenses by the
Schedule 2G Thermal Shock Test. Much higher stresses are introduced
if the entire enclosure is heated to 150°C, and the window is
then quenched from one side.

0 Heat and UV light degrade polycarbonate windows and adhesive
materials that are used in some XP enclosures. Accelerated aging
tests are needed and were developed for the qualification of such
materials for use underground.

O A more suitable material than polycarbonate for XP enclosure windows
and lcnses may be polycarylate, a plastic with good heat and (V
resistance.

Performance Tests and Acceptance Criteria

0 A Ruggedness Test should be based on the possibility of impact
by rock falls and mining equipment such as a shuttle car.
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0 The maxizum potential energy which can be generated by rock fall

is very high, and it is impractical to design for such an energy
level.

© Protection from 607 of roof falls requires that exposed surfaces
be designed for a kinetic energy of 3700 ft-lb/ftz, based on data
from past roof falls.

0 Battery box covers should be designed to withstand the proposed
Ruggedness Test unless future work shows that the exposure to
roof falls of battery operated equipment is less than that of
the mining machine.

The key findings given above and other results which are documented
in the report led to thke following recommendations:

0 A design guide should be prepared for XP enclosures to unify the
design effort of enclosure manufacturers.

0 A structural performance test, such as the one described in Appendix
E, should be used by MSHA in the certification of enclosures.

0 MSHA should require that XP enclosures be fabricated according
to an American Welding Society (AWS) Standard. AWS Dl4.4 is
recommended .

0 Materials, such as polycarbonates and adhesives, which are known
to be degraded by heat and UV radiation should be approved for
ugse in XP enclosures only after appropriate environmental testing.
Recommended accelerated aging tests, which are designed to represent
the mining environment, are given in Appendix K.

o Vibration tests should be performed on selected enclosures to
determine how well they withstand, over their expected service
life, vibration levels on typical mining machines.

0 Before a Ruggedness Test 1s finalized, additional work is

recommended to relate, if pcssible, damage to mining equipment
produced by rock fall to the severity of the rock fall accident.
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2.0 INTRODUCTION

2.1 BackBrOund and Overview

For the past several years the U. S. Bureau of Mines (USBM) has been
preparing to update Schedule 2G [1]. In support of this effort the Bureau
has funded contract research to provide information and data which are
necessary for such a revision. The work reported herein, performed under
USBM Contract No. HO77052, was awarded as part of this overall research
effort.

The purpose of the initial research performed under this contract
was to determine the margine of safety in explosion—proof (XP) enclosures,
which were designed and certified according to the current schedule.
Results from this work provide baseline data on the current schedule from
which a new schedule can be formulated. The aim of the Bureau is to provide
equal or greater levels of safety in the revised schedule.

Margins of safety in XP enclosures were evaluated by a combination
of analysis and testing. An analytical program was first selected based
on a review of avallable analytical methods. Section 3.0 describes the
survey which led to the selection of the finite-element computer program,
ANSYS, as the primary analytical tool.

The analyses and hydrostatic tests performed on the enclosures are
documented in Section 4.0. Both ANSYS and closed-form solutions were
used to calculate maximum strains and stresses in the enclosures. These
analyses treated elastic and plastic material behavior, weld joint strength,
bolt deformations, and both static and dynamic internal pressure loads.
Corresponding strains and displacements were measured during the hydrostatic
tests for comparison with analytical predictions. Safety factors, computed
as described in Section 5.0, were based on both the analyses and the
experiments.

As a result of the work on safety factora, other areas were discovered
which required aditional research. For example, the study of dynamic
loads produced by internal explosions of methane and air led to a literature
survey on pressure piling which is reported in Appendix D. Weld faflures
which occurred during hydrostatic tests revealed the need for an evaluation
of weld quality i{n the fabrication of XP enclosures. A survey was conducted
to evaluate the welding practices of six enclosure manufacturers. This
survey is described in Section 6.0, and notes on the welding code
recommended for the fabrication of XP enclosures are included as Appendix I.

The reliability of enclosures with windows was also evaluated as
part of this study. These evaluations, reported in Section 7.0, addressed
the effects of vibrations on windows or lenses in enclosures; the
suitability of the Schedule 2G Impact Test and Thermal Shock Test for
the qualification of enclosure windows; and the degrading effects of the
mine environment on adhesives and polycarbonate naterials that are used
in explosion-proof luminaires.
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Finally, the Mine Safety and Health Administration (MSHA) and the
USBM plan to base future certification of enclosures upon a series of
performance tests similar to the Explosion Test now conducted.
Consequently, SwRI was asked to prepare performance tests for strength
and ruggedness and to propose acceptance criteria for battery box covers.
Results of these tasks are documented in Section 8.0. Recommendations

based on tlie studies performed under this contract are given in Section
9.0.

2.2 Relationship to Other USBM Contract Research

Other investigators are performing or have performed contract research
for the USBM which is related to the work reported herein. The reference
list includes citations to the work which could be applied in this study.
One contract in particular (USBM Contract HO387009 [2]) has ongoing work
which relates directly to this research. This work is also being conducted
by Southwest Research Institute, and part of it represents coatinuations
of studies documented on this report.

Specifically, Contract HO387009 includes the following tasks which
relate to this work.

Accelerated Aging of Polycarbonates and Adhesives - This task followe
the test plan, documented in Appendix K, for the accalerated aging
of enclosure window materials.

Quality Assurance for XP Enclosures - The need for this work was
discovered through the survey of weld quality in XP enclosures and
the aging problems associated with some window materials in XP
luminaires.

Thermal Analysis of Windows in XP Enclosures - This work is a direct
extension of the work reported in Section 7.4. Finite-element
solutions cover more realistic window and enclosure geometries.

Preparation of a Design Guide for XP Enclosures - This work, initiated
under Contract HO0377052 (under which the work reported herein was
performed), was transferred to Contract HO387009 so that results

from the accelerated aging tests and the thermal analyses could be
included in its development. Much of the information in the guide
will be raken from the material presented in this report.

Preliminary results and conclusions from the above work are cited in
appropriate sections of this document.
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3.0 SELECTION OF COMPUTATIONAL METHOD

3.1 Computational Requirements

Guidelines for selection of a computational method were based primarily
upon requirements for static and dynamic analyses of enclosures.
Additionally, the availability of the program to the USBM and to the mining
industry, ease of program use, and future requirements that may arise at
the USBM (such as the need to predict temperature distributi,ns throughout
the enclosures) were considered.

The following analytical requirements were identified:

(1) Compute deflections, strains, and stresses in four different

‘ enclosures for static internal pressure.

(2) Compute deflections and strains beyond the elastic limit of
the material.

(3) Compute the size of gaps between cover and flange which will
occur in the enclosures when loaded.

(4) Compute the response of enclosures for dynamic pressures which
vary with time.

To meet these requirements, the code selected must have certain features
which can be broadly classified under the categories of Modeling
Capabilities, Response Types, Loading, and Input/Output.

Modeling Capabilities. To accurately and efficiently describe the
geometry of enclosures, the code selected must have a library of finite
elements which includes general shells, three-dimensional beams, three-
dimensional solids, and gap elements. For axisymmetric enclosures,
axisymmetric shell and solid elements would greatly improve modeling
cefficiency. In addition, for elastic-plastic analyses, substructuring
can reduce the solution cost because parts of the structure which remain
elastic can be identified and partitioned from the remainder of the
structure. Friction will occur between the cover and the flange and might
be important for some types of enclosures. A friction element in the
finite element library would permit the effect of friction to be
investigated.

Response Types. For the analysis of enclosures, it is important to
consider linear and nonlinear static, as well as linear and noulinear
transient, types of analyses. Nonlinearities are those produced by material
plasticity and changes in geometry associated with gaps which may occur
in the structure or large deflections in general. However, before these
analyses are conducted, a model analysis should be performed to calculate
the natural frequencies and mode shapes of the structure. This 1is necessary
to allow the analyst to determine which, if any, modes of the structure
will probably be excited.
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In addition, to meet anticipated future needs of the government and
mining industry for the design and qualification of Schedule 2G enclosures,
the method should be able to calculate transient temperatures of the
enclosures and perform transient thermal stress analyses for these
temperatures.

Loading: The loadings can be classified on the basis of whether
the analysis is static or dynamic. For both the static and dynamic cases,
the program should have the capability of applying concentrated nodal
loads or distributed pressures over the faces of the elements. The program
should also be able to calculate the static deformations and stresses if
the steady-state temperature distribution is specified.

The dynamic analysis should have the capability of applying time
dependent concentrated and distributed spatially varying loadings. A
thermal transient analysi{s should be able to be superimposed on the dynamic
analysis {f the temperature time history is known.

InEut/OutEut: It is extremely important for the program to have
the capability for nodal and element generation. This greatly simplifies
the input since repeated nodal locations and elements are formulated from
master sets. A computer graphic capability is also indispensable because
it is very difficult, if not impossible, to "debug” the finite element
input without being able to view the structure. The ability to view the
deformed shapes and resultant stress contour plots is an invaluable aid
in reviewing and interpreting the numerical results. These plots allow
the user to quickly determine if gaps are developed in the structure and
to identify the location and intensity of stress concentrations.

The restart capability is also an important feature in nonlinear
problems. It allows the user to conduct an analysis for a certain t:Ime
duration, to look at the results, and restart the program from the last
calculated time step. The capability also allows for solutions which
may have bifurcations.

3.2 Computcr Code Survey and Evaluation

In our selection process, numerous finite element computer programs
were scanned tn gsee if their features matched our requirements. The choice
was quickly narrowed to five general purpose programs which have most of
the features required. Thesge were:

ADINA
ANSYS
MARC
NASTRAN
NONSAP

NASTRAN was not selected because it lacked gap elements, and current
government versions lack provisious for metal plasticity. Letters were
wvritten to the developers of the four other programs to obtain up-to-
date information on program features and to establish the availability
of the program for installation at government facilities.
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The inquiry concerning NONSAP was directed to Professor Wilson,
University of California, Berkeley, who developed the program in cooperation
with Dr. Bathe, at MIT. Professor Wilson indicated that development work
on NONSAP was stopped in 1973 and that the program has been superseded
by ADINA, which is under development by Dr. Bathe at MIT. Therefore, at
this point, NONSAP was dropped from further consideration.

Of the remaining programs, all are currently being maintained and
can be implemented on a government computer or accessed on the CDC Cybernet
system. Table 3.1, which summarizes program features that are {mportant
for the analysis of Schedule 2G enciosures, was compiled for these three
remaining computer codes. Information was taken principally from replies
by the program developers and from the User's Manuals for the progranms.
Based upon the information of Table 3.1 and upon our general knowledge
of the programs, the following recommendations regarding their use for
the analysis of Schedule 2G enclosures were made:

ADINA. This program was not recommended for the analysis of the
Schedule 2G enclosures. ADINA seems to be more of a research tool and
requires a great deal of sophistication on the part of the user. It also
does not have thin shell elements. These would have to be formulated
from the three—dimensional solid element, and the loss of accuracy 1is
uncertain. It would be impractical to use more than one element through
the thickness.

Processors for geometry and stress contour plotting are not available
with the ADINA program and must be obtained elsewhere. This would be an
expensive capability to develop.

MARC. Although MARC had most of the capabilities required for a
complete analysis of Schedule 2G enclosures, it does not have shell elements
for steady-state or transient heat transfer. For these analysis types,
it was found that the three-dimens{onal solid must be used, which would
significantly increase the analysis costs, both in engineering manpower
and computation times.

Also, from a purely subjective point of view, MARC does not appear
to be user-oriented. Program documentation indicates that the analyst
must have a solid background in theoretical mechanics and finite element
methods.

ANSYS. The general purpose finite element program ANSYS was chosen
for use on this project. Table 3.1 shows that ANSYS has essentially all
of the features necessary for the analysis. The only capability which
ANSYS lacks is an elastic—plastic quadrilateral shell element. Lr. Gabriel
De Salvo of Swanson Analysis Systems, Inc., indicated that there is no
inherent problem in adding this elemen* type to the ANSYS library; however,
Dr. De Salvo expressed concern about the accuracy of the quadrilateral
plastic element [3].

ANSYS has been in ugse at SwRI for over seven years. During this

time we have been impressed by the program's capability to solve a wide
range of problems. Program documentation 1s extensive and easy to read.
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TABLE 3.1. PROGRAM CAPABILITIES

SRALL DEPORMATION LANCE DEFORMATION
BLAITIC LLASTIC-PMASTIC CLASTIC-PLASTIC "ga 3rYR
seacge | Dymemis | Sceris | yeesig | 3usedc | Oynegs | Stesev-Scase | Jrensienc
MODELING CAPAMLITIEY
risne gjemeety
A sl 1,2* | 1,2 1,2 1,2 1,2 1,2 1 1
| e 2 TPY Y 1,2 1,2 2
Cury enen;
A swera 2 2 2 2 2 2
L7 shata 2 2 2 2 2 2
Sslis
(Indicate Mam, Wo. 1,2 20 20 20 2 20 20 20 20
&Nodes) 3 21 21 21 21 21 2 21 21
[ 1,2,3)1,2,3 1,2,3 ] 1,2,3 | 1,2,3} 1,2.3 - i
Priczise 1,2 1,2 1,2 1,2 1,2 1,2 bl -
ryceyen 1 1 na na na na 1 1
[
Narumnic .. 1'3 ne » - . 7 [
Linear Tramatame - 1,2,3 . aa (" [ . 1,2,3
Nea-Lineer Trassiemt e - s 1,2,3 - 1,2,3 - 1,2,3
Tigenvaiues and Ligewverters ~ 1,2,3 - a " " ne .-
LOADING
3sesie
Congoncrotad 1,2,3 ns 1.2.3 [} 1.2.3 s 1,2.3 had
Disersdueed 1,2,3 ' 1,2,3 [ 1,2,3 - 1,2,3 b
™ereal 1,2,3 ~ 1,2,3 ne 1,2,3 e e bl
Srmseis
Concontreced - 1,2,3 [y 1.2,3 - 1,2,3 . 1,2,3
Distributed .- 1,2,3 - 1,2,3 - 1,2,3 »e 1,2,3
Thermsl Tresstene [ 1,2,3 ) 1,2,3 ne 1,2,3 bl .-
farmsnte - 1,3 - 1,3 . 1.3 - -
Time Desendent " 1,2,3 [ 1.2,3 " 1,2,3 bl 1,2,3
1NPYT/OUTPYT
Wede And Clemsnt Gomereties 1,2,31,2,2 1,2,3 | 1,2,3 11,2,3 ] 1,2,3 1,2,3 ,2,3
Cevmetry Plocting 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
Contour Plocstiog 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2
Tise Devendent Plecting na 1,2 na 1,2 na 1,2 na 1,2
file Nemivwiosion 1,2,3]1,2,3 1,2,3 | 1,2,3 {1,2,3}| 1,2,3 1,2,3 1,2,3
Testart 1,2,3(1,2,3 1,2,3 | 1,2,3 {1,2,3{ 1,2.3 1,2,3 1,2,3
.ADINA has no conventional shell finite elements. It has a ANSYS = 1
three-dimensional solid element which can be used as a thick MARC = 2
shell. ADINA = 3
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ANSYS has a User's Manual, an Examples Manual, Verification Manual, and

a recently published Theoretical Manual. Institute analysts have also
found the staff at Swanson Analysis Systems, Inc., to be very coorerative
in answering any questions about the program.

3.3 General Procedure for Analysis with ANSYS

The ANSYS program provides an efficient solution to enclosure analysis
problems. The computer soclution is generally accomplished with the
following steps:

1. Select the type of analysis to be performed (elastic, elastic-
plastic, dynamic or thermal).

2. Model the problem in terms of the program approximations (grid
geometry, element type specification, element property
specification, etc.).

3. Prepare the input for the computer program.

4. Check the input data.

5. Run the data with the program to yield a solutiomn.
6. Interpret the results from this solution.

7. Modify the structure and/or model until an acceptable solution
is obtained.

The selection of the type of analysis to be performed will be clear
from the type of information required about the enclosure. Vibrational
response requires a dynamic nodal analysis, thermal shock analysis requires
a transient thermal analysis, and so on.

For each type of analysis, different types of modeling elements
must be selected. ANSYS has a large number of element types available,
allowing flexibility in the modeling of the structure. The program has
a very large capacity, so that the model may include great detail. The
program also is efficient for small problems, so that a series of simple
models may be run at little cost. A single model may be used for the
heat transfer analysis, the stress analysis, and the dynamic analyses,
with only a change in the element type. OJnce the model-of the structure
has been defined, utilization of ANSYS's multiple level element and nodal
point generation subroutines can reduce the amount of data required to
define the enclosure (for the program) and the time required to prepare
the input data.

In all enclosure analyses the data was checked before submitting 1t
for a solution. This was done in ANSYS by a geometry plot run, which
produced plots of the geometry or sections of the geometry, as viewed
from a specified orientation. Nodal points and elements were numbered
in these geometry plots. The geometry plot was generally made as soon
as the elements and nodal points were defined. This report contains several
of these geometry plots as figures.
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After the entire input data deck was completed, a check run was
generally made. This run reads all fnput data, checks formats on the
cards, produces additional geometry plots if desired, checks for the
completeness of the materials data, checks for inconsistencies in the
element definitions, and tabulates the computer resources require’ for
the final solution. A successful check run usually assures a successful
solution for the actual analysis run.

The computer solution from an ANSYS finite element analysis usually
resulted in a large quantity of printout, in the form of tables of
displacements and/or stresses. This is not, generally, a convenient format
for interpretation so graphical displays of the output results were usually
obtained. ANSYS output graphics included stress and temperature contours,
distorted shapes, amplitude-frequency plots, response spectrum plots,
and force, displacement, veloclity or acceleration versus time plots.
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4.0 ANALYSIS AND TESTING OF SCHEDULE 2G ENCLOSURES

4.1 Enclosure I Analysis and Testing

4.1.1 Two-Dimensional Elastic Analyses

Two-dimensional calculations were performed for the larger
of the two box-like enclosures provided to SwRI by USBM. This enclosure,
identified as Enclosure I, is shown in Figure 4.1. The purpose of the
two-dimensional analysis was to check stresses which can be expected at
known pressure levels and to study deflections in the flange to which
the cover is bolted.

4.1.1.1 Finite Element Models

Four two-dimensional finite element models were
generated. These four models were created to study the behavior of the
flange-side shell and side shell-bottom weld connections and the bolted
connection between the cover and the flange. The strength of Schedule
2G enclosures s very dependent upon the strength of the welded and bolted
connections, and these models were used to evaluate modeling approaches
for these joints and to approximate stresses and deflections in the
enclosure. Each of the four models is described below, and thiey are shown
in Figures 4.2-4.5.

Case I (Figure 4.2):
0 Elastic flange with area below weld modeled using solid elements
0 Flange rigidly connected to cover at two attachment points
0 Side and bottom shells attached using shell elements
Case II (Figure 4.3):
0 Elastic flange with area below modeled using shell elements
0 Flange connected to cover with bolt and one attachment point
0 Side and bottom shells attached using one sclid element for weld
Case III (Figure 4.4):
O Elastic flange with area below weld modeled using shell elements
O Flange connected to cover with bolt and one attachment point

© Side and bortom shells attached using refined solid element model
for weld and ad jacent shells
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Case IV (Figure 4.5):

© Rigid flange cross—-section with flange connected to side shell
using constraint equations

0 Center of rigid flange connected to cover with bolt and constraint
equations

o Side and bottom shells attached using refined solid element model
for weld and adjacent shells

All the models were pressurized with a 100-psi internsal
pressure. The pressure was applied to the gap region between the flange
and side shell and to the area between the flange and cover extending
out to the bolt location. The pressurized areas and the geometric boundary
conditions are shown in Figure 4.6. The geometric boundary conditions
were taken as

Uy = U, = 0, = 0 at node 1

y
Ug = 0, = 0 at node 76

Uy and 84 are displacements and rotations in the 1-th direction.
4.1.1.2 Results

The differences in the solutions for ezch case can
best be evaluated by plotting the resulting inner and outer fiber stresses.
Figures 4.7-4.9 show the direct plus bending and direct minus bending
stresses for the cover, gide ghell, and bottom shell components. From
these graphs, the following conclusions can be drawn concerning the stress
distributions in the various components:

Cover: (1) The stresses in the cover are low compared with those in
the side and bottom shells.

(2) The maximum stresses for Case I are higher than the other
cases (probably due to the increased flexibility st the
flange—-side shell joint).

(3) The replacement of the elastic flange with constraiat
equations has little effect on the stresses in the cover
(Cases II and III compared with Case 1IV).

Side and Bottom

Shells: (1) The replacement of the elastic flange with constraint equations
has little effect on the stresses in the side ghell (Case
IV compared with Cases II and III).

(2) There appears to be a stress concentraticn at the bottom

and side shell intersections (Cases I and II compared with
Cases III and 1IV).
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(3) There appears to be no change in the stress solution when
the bottom and side shell weld is represented by a single
solid element rather than intersecting shells.

In summary, the two—dimensional analyses showed that
distortions in the cross—section of the elastic flange are not significant
and that the side plates are accurately represented by shell elements.
Stress concentrations are present at the welded joints, but much finer
meshes than those used would be required to accurately resolve these
stresses. Such fine meshs are not practical for these analyses, particularly
for the three—dimensional analyses to follow. MSHA accepts plasticity in
Schedule 2G enclosures, so high localized stresses which might exceed the
yield stress are not particularly important. Thus, the three~dimensional
analyses described in the next section are based upon the use of bean
elements for the flanges (which ignore distortions in the cross-section
of the flange) and ghell elements to represent the sides, bottom, and cover
of the enclosure.

4.1.2 Three-Dimensional Elastic Analysis

The two-dimensional models of Enclosure I, which were used
in the analyses described in the preceding section, ignored the effects
produced by plate bending in two directions. These effects are important
for Enclosure I because ifts width and length are approximately equal (see
Figure 4.1). The three—~dimensional models described in this section were
developed using beam elements to represent the flanges and shell elements
to represent the plates. Results from the two-dimensional analyses showed
that these elements gave a good representation of the enclosure behavior.

4.1.2.1 Verification of FEM Mesh Size

Before proceeding with the development of the three-
dimensional models, it was necessary to estimate the accuracy of the
solutions obtained from the chosen finite element mesh. The most expedient
way of making this estimate was to compare the solution cbtained from closed-
form, analytical methods with the finite element results. To do this,
the cover was represented as a rectangular flat plate supported along its
edges and subjected to a uniform loading (see Figure 4.10). Timoshenko
[4] gives analytical solutions for this case and presents solutions for
plate aspect ratios equal to 1.2 and 1.3. The aspect ratio (plate length
divided by plate width) for the cover is 1.256, so a sufficiently accurate
approximation can be obtained by simply averaging the given solutions.

The results given by Timoshenko [4] for a simply supported aluminum plate
with

b/a = 1.25
E = 10 x 106 psi
v = 0,30

and a 100-psi uniform pressure are:
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Along y = 0 Along x = 0O
x/a oy (psi) oy (psi) y/b Oy (psi) Oy (psi)
0.4 7,391 4,840 0 18,319 13,923
0.3 12,536 8,750 0.1 17,570 13,646
0.2 15,864 11,593 3.2 15,407 12,703
0.1 17,723 13,341 0.3 11,760 10,678
0.0 18,319 13,923 0.4 6,615 6,809

where 0y and o, are bending stresses in the x and y directiona, respectively.
The maximum deflection at the center of the plate corresponding to this
solution is

Spax (x = a/2, y = 0) = 0.07012 in.

For the built-in edge case, the stress solution is
available only at the following points:

Location ox (psi) oy (psi)
x = a/2 18,388 15,516
y=>0
x=0 4,647 15,490
y = b/2
x=0 8,681 6,240
y=0

The corresponding deflection at the center of the plate is:
S pax (X = a/2, y = 0) = 0.02118 inch

The finite element model of the cover is shown in
Figure 4.11. Because the cover is symmetric about the x and y axes, only
one-quarter of the structure was included in the model. The model shown
has 78 elements and 52 nodes. Triangular elements were used because they
can also treat plastic behavior (plastic behavior will be treated im a
later section using the same mesh). Tha mesh in the vicinity of the
boundary 1is reduced to account for the increased stress gradients in this
region. Nodes along the boundzry were constrained in translation and
rotation, depending on whether the cover is simply supported or fixed.
Nodes along the symmetry planes were given the symmetry boundary conditions,
i.e.,
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Sy = 8x = 6z = 0 along y = 0
Sx =8y =98, " 0 along x = 0
where 51 and 91 are displacements and rotations in the i-ith direction.

The classical analytical and computed finite element
solutions for the maximum deflection at the cent=r of the plate sve:

Smax (1in.)
Analytical Finite Element X Difference

Simply Supported 0.07012 0.07289 4.0

Fixed 0.02118 0.02251 6.3

Figure 4.12 plots the bending stresses given by the two solution methods
for the simply supported case. As the figure shows, the correlation is
good, and the solutions differ by less than 10X for the higher stresses.

It should be remembered that the stresses for the finite element solution
are not along the planes x = 0 and y = 0, but are computed at the element's
centroid (located by the symbol "x" in Figure 4.l11). There will be some
difference in stresses from this condition alone.

The stresses in the cover with fixed edges are shown
in Figure 4.13. Although the stresses obtained from the analytical solution
are given only at the plate center and plate boundary, the graph indicates
the two solutions closely agree.

These comparisons showed that both the displacements
and stresses obtained by closed-form analytical ‘solutions and by finite
element methods agree within engineering accuracy. Therefore, it was
concluded that the finite element mesh of Figure 4.11 adequately represented
the cover.

4.1.2.2 Characterigtics of Three~Dimensional FEM Model

The next step in the analysis was to construct a
three—dimensional model using beam elements for the flanges and bolts,
shell elements for the flat plates, and a grid spacing approximately equal
to that verified for the cover. Because the enclosure is symmetric about
vertical planes, pasaing through the center of the sides*, only one-quarter
needed to be modeled. A schematic of one-quarter of the enclosure, which
identifies the structural components, is given in Figure 4.l4, and a
corresponding view of the FEM model is given in Figure 4.15.

*This ignores the fact that there are penetrations in only one end of
the enclosure. These penetrations are well reinforced and should not be
weak points in the enclosure. Thus, a quarter of the enclosure without
the reinforced penetrations is represented by the model.

48



BENDING STRESS, o (KSI)

BENDING STRESS, o (KSI)

20

Q
|

ANALYTICAL
FINITE ELEMENT

Q
'

FINITE ELEMENT

> OO o
Q
'

15 ¢y ANALYTICAL
ALONG LINE Y = 0
10
5 =
0.0 0.1 0.2 0.3 0.4 0.5
x/a
(] c, - FINITE ELEMENT
o] o, = FINITE ELEMENT
15 A c'y - ANALYTICAL
ALONG LINE X = Q
10 |
S ==
|
0.0 0.1 0.2 0.3 0.4 0.5

v/d

FIGURE 4.12, FINITE ELEMENT AND ANALYTICAL STRESS
SOLUTIONS - SIMPLY SUPPORTED

49



BENDING STRESS, o (KSI)

BENDING STRESS, o (KSI)

20

—
[=]

]
e
o

-20

20

10

-10

-20

> o O O

FINITE ELEMENT

a
'

X

oy - FINITE ELEMENT
C. = ANALYTICAL

cy - ANALYTICAL

ALONG LINE Y = 0

| 1 7 ] |
0.1 0.2 0.3\ \%‘;\00-5
\A
(o]
o Gx - FINITE ELEMENT
e Uy - FINITE ELEMENT
(o) Ox - ANALYTICAL
A oy - ANALYTICAL
ALONG LINE X = O
| | ]
0.1 0.2 0.3

FIGURE 4.13. FINITE ELEMENT AND ANALYTICAL
STRESS SOLUTIONS - FIXED EDGES

50

x/a



OO

COVER () rFLavee
BOTTOM () sorr
SIDE (?) avcLe 1RON

BACK (OR END)

FIGURE 4.14, QUARTER MODEL OF ENCLOSURE 1
LOOKING FROM INSIDE

51



=8
z

X
ON X-Z PLANE

OF SYMMETRY
=0
z
ON ANGLE
IRON

U
y

/ \ INETN
\»A.V\‘..GPAN’«WZ

v o N
WA LK

1P
;._._._.%\NV 4
S
L4 S AN AN
0,,‘vﬂm¢mm%m““m!ﬂmgﬂ
A

! NS PSS PS

WIVNE
iy

* B

= 0
y

ON Y-Z PLANE
OF SYMMETRY

‘o

52

OF ENCLOSURE I

FIGURE 4.15, THREE-DIMENSIONAL FINITE ELEMENT GRID



The eniire model has 254 nodes with six degrees of
freedom (three translational and three rotational) per node. Each of
the components shown in Figure 4.14 contains the following element types:

Component Element Types Number
1. Cover Triangular Shell 72
2. Bottom Triangular Shell 78
3. Side Triangular Shell 94
4. Back Triangular Shell 86
5. Flange Three-Dimensional Beam 12
6. Bolts Three-Dimensional Beam 6
7. Angle Iron Triangular Shell 16
370 Total

The various components were connected together with
constraint equations to ensure that the boundary compatibilities will be
correctly modeled. Figure 4.16 shows a sectional view formed by slicing
the structure with an x-z plane at a bolt near the side shell. The points
A through G denote nodal locations in the finite element model and are
connected together as described below.

(a) Flange to Side Shell: Node A (center of flange) and Node B )
(top of side shell) are connected together as a rigid tody.
The constraint equations are

UXg = UXp

UYg = UY, + 0.6875 ROTZ,
UZp = UZ, - 0.6875 ROTY,
ROTXB = ROTX,

ROTYB - ROTYZ

ROTZ B = ROTZ A

(b) Flange to Edge of Cover: Node C (edge of cover) had the same
vertical displacement (z direction) as Node H. The constraint
equation relative to Node A is

UZc = UZy = 0.3625 ROTY,

(c) Flange to Bottom of Bolt: Node D (bottom of bolt) was connected
to Node A only in the translational degrees of freedom. The
congtraint equations are

UXp = UXy - 0.6875 ROTY,

UYp = UY, + 0.1125 ROTZ,
+ 0.06875 ROTX,

UZp = UZ, - 0.1125 ROTY,

(d) Flange to Bolt Position at Bottom of Cover: Node G (bolt position
at bottom of cover) connected to Node A only in translation
for the x and y displacements. The constraint equations are

UXg = UX, + 0.53125 ROTY,
UYG - UYA + 0.1125 ROTZA - 0.53125 ROTXA
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(e) Top of Bolt to Center of Cover: Node F (center of ccver) and
Node E (top of bolt) were connected as a rigid body except in
the degree of freedom corresponding to torsion of the bolt.
The constraint equations are

UXg = UXp + 0.25 ROTYp
UYp = UYp - 0.25 ROTXyp
UZg = UZp

ROTXg = ROTXy

ROTYg = ROTYy

Nodes E to G and G to D were connected with beam elements which
represent the bolts. At those positions where bolts were not
present, the flange was connected to the side shell and cover

as described in sections (a) and (b) above. Similar constraint
equations were derived for the flange running in the x~direction.

After the finite element model had been assembled,
the next step wau to apply the prescribed boundary and loading conditions.
For a symmetric structure loaded symmetrically, the nodes on the planes
of symmetry were allowed no displacements normal to or rotations in the
plane. Figure 4.15 shows the boundary conditions on the y-z and x-z
gsymmetry planes. The node at the center of the support flange was
congtrained in the z-direction to prevent rigid-body movement of the
enclosure in that direction. The structure was loaded by an 100-psi
incernal pressure over all interior surfaces.

4.1.2.3 Results of Elastic Analysis

Figure 4.17 shows an isometric view of the distorted
and undistorted geometry of the enclosure. Outward deflections of the
cover and bottom shell can be clearly seen. Contour plots of the prinmcipal
stresses and perpendicular displacements in the cover are given in
Appendix A. 1In all of the stress contour plots, the inside surface of
the shell is that on the inside of the enclosure. Figures A.1-A.3 clearly
show the effects of the bolts in the cover nearest the side and back
edges and illustrate that the stress levels in the cover are well below
36 ksi, the yield stress of the 6061 aluminum alloy cover material.

Figures A.4-A.6 in Appendix A show contour plots of
the principal stresses and normal displacements in the steel plating of
the enclosure. They indicate that stress concentrations occur neer the
x—-z and y—-z planes of symmetry at the intersection of the side and back
shells with the bottom shell.

It is instructive to identify those elements in which
the von Mises combined stress exceeds the yield criterion. This criterion
assumes that the structure will yleld when the distortion energy equals
the distortion energy in simple tension. A combined stress, called the
von Mises stress, 1s defined as

S vm -\/1/2 (o7 - 02)2 + (0y - 03)2 + (04 - 01)2
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where 01, U9, O3 are principal stresses. The von Mises criterion expressed
in terms of stresses states that yielding will occur when

om-oy
where 0, is the yield stress in simple tension. For both the 6061 aluminum
alloy used in the cover and the A36 structural steel used in the bottom,
side, and back shells of Enclosure I, the yield value is 36 ksi.

For the elements indicated in Figures A.13-A.18,
the combined stress at the centroid of the inside and/or outside surface
is larger than 36 ksi. Remember that the values are for a 100-psi intermal
pressure and that the analysis is for an elastic structure loaded
statically. Thus, this solution does not account for subsequent
redistribution of stresses due to yielding or for the dynamics of the
container. Nevertheless, the analysis does provide valuable information
about the highly stressed areas and the applied pressures at which yielding
will first occur. Figure A.l4 shows that the structure will first yield
on the interior of the side shell at its connection with the bottom.
From a simple scaling of von Mises stresses, the applied pressure when
the structure first begins to yield is

36 ksi

P = 100 psi X S0 kel

= 72 psi
At higher pressures the yielded zone will spread from the center along
the side-~bottom intersection as indicated in Figures A.12-A.l5.

The second region to yield is at the intersection
of the bottom and back shells in the vicinity of the y-axis. This area
is far removed from the region which yielded first and will not be affected
by the yielding which has already occurred. The pressure required to
initially yield the region is

36 ksi
44 ksi

Figures A.12-A.13 and A.16-A.17 show the yielded zone in this region.

P = 100 psi x = 82 psi

Computed results also included stresses in the cover
bolts for the 100-psi internal loading case. Figure 4.18 shows a schematic
of the cover and bolts with the nonmenclature of the stress resultants.

The axial (DIR), two bending (BZ and BY), and maximum (MAX and MIN) stresses
are presented in Table 4.1. The results show that the bolts along the
edges are more highly stressed than those in the corners. They also
confirm the expected results that Bolt 1 along the side is subjected to
more load than Bolt 3 along the back. The maximum bending stresses in
these bolts are almost three times the axial or direct stresa. This
ratio may be too high because the bolt heads were constrained to rotate
with the middle surface of the cover. This condition may not be realized
in actual practice because the bolt holes are slightly larger than the
bolt diameters and the bolt head may cock with respect to the cover.
Thus, we expect that the calculated bolt bending stresses are higher

than the stresses vhich would actually occur under these conditions.
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However, coupling these nodes wculd produce conservative stresses as
far as design is concerned. The results do indicate that high-strength
bolts should be used in order to prevent yielding.

Results from the calculations were also checked to
see if gaps cuuld develop between the ccver and the flange. Recall from
Figuire 4.16 that the outer edge of the cover was coupled to the flange
at locations corresponding to "H," which caused the cover and flange to
move together at this location so that they could not separate. To see
if gaps would form without the coupling, forces at the coupled nodes
along the outer edge of the cover were checked. These forces were all
negative, which indicated that the cover and flange were being pressed
together rather than being forced apart. Thus, the prying action of
the cover produced by the bolt is more than adequate to prevent the
internal pressure from separating the cover and flange. These results
show that the cover's outside edge will tend to seal against the flange,
and no gaps will develop unless substantial elongation of the bolts occurs.
Further, at 100 psi, bolt elongation is much less than the Maximum
Experimental Safe Gap (MESG).

To study further the stresses produced in bolts and
bolted covers for different cover thicknesses, bolt sizes, and bolt
spacing, a series solution for a bolted cover on a rigid foundation was
developed. This solution, given in Appendix B, was used to evaluate
the effect of different cover thicknesses for Enclosure I and to calculate
cover and bolt stresses for Enclosure II. All results are given in
Appendix B, and they are also used in Section 5.0 for calculating safety
factors.

4.1.3 Three-Dimensional Elastic-Plastic Analysis

The three-dimensional 1l/nearly elastic analysis of Enclosure I,
described in the previous section, showed that stresses at several
locations in the enclosure exceeded the material yield stremgth. Further,
hydrostatic tests on the enclosure, reported in Section 4.1.5 and 4.1.6,
showed (1) that permanent distortions develop in the enclosure at pressures
below 150 psig and (2) that the weld joint separates at the intersection
of the side and bottom shells, permitting plastic rotations of the Jjoint.
To describe this nonlinear behavior, waterial and geometric nonlinearity
must be included in the model. This was done using the ANSYS computer
code described previously, and an elastic-plastic analysis was performed.
The finite element model was developed for this analysis by modifying
the three-dimensional elastic model described in the previous section.

4.1.3.1 Characteristics of the Model

To utilize the three-dimensional model of Figure
4.15 for elastic-plastic behavior, the grid was first separated into
two parts, as gshown in Figure 4.19. One part models the behavior of
that part of the enclosure which will remain elastic, and the other part
models that in which plastic behavior is anticipated. The advantage of
separating the model into two parts is computational efficiency.
Computational costs for plastic behavior are high, so the plastic part
is made as small as possible.
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4.,1.3.2 Finite Element Model

The boundary between the elastic and plastic portions
of the model was chosen based on results from the experimental tests and
previous analyses. The results indicated the structure above the boundary
remained elastic during the loading and the plastic behavior in the elastic-
plastic part of the material is well bounded by the elastic-plastic part.
The hydrostatic t:3ts on Enclosure 1 (see Section 4.1.5) showed that the
welds joining the lLottom to gide and side to back sustained permanent
deformations. Thu- 1s, the initially perpendicular plate intersections
did not remain normal to each other after loading. This phenomenon of
weld ylelding can be simulated in the analysis by an elastic/perfectly
plastic hinge as shown in Figure 4.20. The hinge element requires knowledge
of the stiffness, K, and the hinge moment at yielding, MMAX.

The elastic stiffness, K, was estimated by using
results from the two-dimensional analysis of Enclosure I (see Section
4.1.1). This requires that the rotations at the weld-shell interfaces
be known for a given applied moment on the weld. Figure 4.20 shows this
schematically, and the joint elastic stiffness can be computed from the
relationghip

M

KO

Figures 4.3 and 4.4 presented two levels of sophistication in the modeling
of the weld at the intersection of the bottom and side shells. One would
expect the values computed from Case III (Figure 4.4) to be more accurate
because of the finer mesh in the bottom-side weld area. An analysis of
the computer output indicates that

K (Case II, Figure 4.3) = 1.244 x 10° igzéb tn.
K (Case III, Figure 4.4) = 1.290 x 10° i:;;b in.

so both models give quite good agreement with each other. The actual
elastic-plastic analysis used the values from Case III, however. Note
that these K-values are on a "per fnch” basis and must be multiplied by
the appropriate factor accounting for the discrete spacing of hinges.
The hinge moment at complete yielding was assumed
to equal that required to fully yield an equivalent beam in pure bending.
Figure 4.20 shows the model and the hinge moment 1is
Mo = 20,BH?
where O, = material yleld
2B = width
2H = thickness

For Enclosure I,

Oop = 36,000 psi (A36-structural steel)
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24 = 0.25 (0.707) = 0.177 in., minimum thickness through the weld

2B = as determined by spacing of elastic-plastic spring elemeats

This gives
M 0.177\%  izn-1b
0 . 1L~
m - oso00 (2F7) dag
in-1b
- 281 ==

Values of the spring stiffness and yield moment must be given in umits
of in-1b/radian and in-1b, respectively. These can be obtained by
multiplying the above values by the actual spacing between the elements.

For verification, the moment in the bottom plate,
can be computed from the strains measured in the pressure tests. Figure
4.40 in Section 4.1.5 gives the strain 1/4 in. from the wall as

€10 = €5 = 0.00084
€11 = €y = -0.00006

where €4 is perpendicular to the side wall. This was the maximum value
of €5 which was recorded in the pressure test. As discussed in Section
4.1.5, the strain increased with load until the joint at the side wall
yielded. Using this value of strain at yield, a good approximation for
the peak moment can be obtained. Juvinal {5] gives an equation for the
stress produced by blaxial strains as

E
x (1-2v) [ex+vey]

6
29 x 10
Ix (T=0.09) L(0.00084) + (0.3)(=0.00006)]

26,195 psi

The relationship between moment and stress, neglecting the axial loading,
is

6M
(21)2

vhich gives

m?s _ (0 25)%(25,195)
6 6

in-1b

273
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This gives good agreement with the values estimated from simple beam theory,
so

M, = Hinge Moment at Yielding = 281 X 2B in-1b

where B is half of the spacing between hinge elements, was used in the
FEM analysis. Nonlinear material properties of the elastic-plastic model
are presented in Figure 4.21. The nodal constraints and couplings are
the same as those in elastic analysis (Section 4.1.2.2, Figure 4.16).

The finite element program ANSYS was used to generate
the nodel and compute strains and deflections beyond the elastic limit
of the enclosure. The generated model was composed of the following
elements:

Main Structure (Elastic-Plastic Model)

Components Element Type Description
Bottom, Side and Back STIF48 Plastic Triangular Shell
Angle Iron STIF48 Plastic Triangular Shell
Weld Joints STIFS8 Plastic Hinge
Upper Section STIFS50 Substructure

(Including Cover)

Substructure (Elastic Model)

Components Element Type Description
Cover, Side & Back STIF13 Elastic Flat Triangular Shell
Flange STIF4 Three-Dimensional Elastic Beam
Bolts STIF4 Three~Dimensional Elastic Beam
Weld Joints STIFl4 Spring Damper

To initiate the model, the enclosure was first pressurized to 70 psi.

This is8 close to the pressure where yielding starts. During the next

step, the pressure was increased to 100 psi and then in successiva 25-
psi increments until the internal pressure reaches 300 psi. The model
was then depressurized using 50-psi increments back to 0 psi.

4.1.3.3 Results

Figure 4.22 shows the magnified deflection (dashed
lines), along the center lines of bottom and side plates, superimposed
over the undeflected structure (solid lines) during ioading. The center
of the bottom plate is subjected to the most deformation as expected.
Figure 4.23 presents the displacement contour of the same section during
unloading. The analytical prediction of the maximum residual displacement
for 300-psi internal pressure 1s 0.35 inch.

In Figures 4.24 and 4.25, the displacements along

center lines of bottom and back plates are pletted under loading and
unloading, respectively.
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The principal conclusion derived from this study is
that the elastic~plasric analysis provides more satisfactory solutionsg
compared with those obtained from elastic finite element analysis. However,
while the elastic-plastic prediction was in general agreement with the
physical bdehavior of the enclosure, it failed to provide a good fit to
the test results quantitatively. The comparison of these analytical and
experimental results in Section 4.1.6 indicates that the properties of
the weld joint (elastic-perfect plastic hinge) played a major role in
this difference. Should more realistic bending stiffness of the hinge
element be provided, the elastic-plastic analysis can prove to be an
accurate method of computing the stress, strain, and deformation of the
enclosure.

4.1.4 Dynamic Analysis of Enclosure I

In the wnine, XP enclosures must contain the explosion of a
methane-air mixture, should such a mixture form in the enclosure and be
ignited. Overpressures produced in the enclosure by the explosion will
occur rapidly and may cause greater stresses and defleciion in the enclosure
than would be produced by a static pressure of the same peak magnitude.
This increase in the response of the loaded struv~ture produced by a dynamic
load is often accounted for by a dynamic load factor (JLF). The peak
load (or pressure,, when multiplied by the dynamic load factor, gives an
equivalent static .oad which produces the same stresses and deflections
as the dvnamic load. The dynamic load factor is a functlon of the rise
tice and decay time of the loadingz, the shape of the load-time pulse,
and the natural frequencies of the loaded structure. In this section
the dynamic effects produced by a methane—air explosion inside Enclosure I
are investigated.

4.1.4.1 Verification of FEM Mesh

To use the finite element model developed for the
static analysis to determine the dynamic response, it 1is necessary to
verify the model in some manner. This was done for the static case by
subjecting the model of the cove- to a uniform loading and comparing thke
deflections and stresses with the class.cal solutions (see Section 4.1.2).
For the dynamic case, the model was verified by comparing the natural
frequencies of the cover with those obtained from classical plate theory.
The central question in the model analysis was the correct choice of dynamic
degrees of freedom for the ANSYS computer prograwm. Whereas classical
theory gives an infinf+~e ser of natural frequercies, the finite element
wodel produces a set equal to the number of dynamic degrees of freedom.
The accuracy of the sciutican increaces as this number increases, but so
do the costs of obtaining a solution. Therefore, it behooves the user
to gselect only those dynamic degrees of freedom consistent with the accuracy
of the desired solution.

Figure 4.26 shows the locations of the 16 dynamic
degrees—of-freedom chosen for the one-quarter model of the cover. Only
dynamic degrees-of-fieedom in the U, direction, normal to the plate, were
chosen because the lower modes are due to bending. Symmetric boundary
conditions were given tc those nodes on the planes (x-z and y-z) of symmetry
so the solution will only contain symmetric modes and the corresponding
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frequencies. Only these symmetric modes will be present in the solution
if the plate 18 subjected to 'a uniform dynamic pressure loading as is
the case for the enclosure.

Figures 4.27 and 4.28 show the first five mode shapes
and natural frequencies for the simply supported and clamped cover. The
natural frequencies can also be calculated analytically (6], and the results
are presented in Table 4.2. Only the first three natural frequencies
for the clamped case are given because of the limited analytical results.
Nevertheless, the results betwen the finfite element model and classical
theory show excellent agreement, and it can be concluded that the model
with the selected dynamic degrees of freedom will adequately represent
the dynamic behavior of the cover. Therefore, this approach to selecting
the dynamic degrees-of-freedom was applied to the three-dimensional model
of Figure 4.15, which was used in the static pressure calcula;ions, in
order to calculate the natural frequencies of Enclosure I.

TABLE 4.2. NATURAL FREQUENCIES FOR CLAMPED
AND SIMPLY SUPPORTED COVER MODELS

Simply Supported Plate Clamped Plate
Mode FE Model Analytical ‘X Diff. | FE Model Analytical Z Diff.
Hertz Hertz Hertz Hertz
1 650 661 -1.7 1187 1213 -2.1
2 2674 2711 -1.4 3599 3638 -1.1
3 3796 3895 -2.5 5073 5255 -3.5
4 6002 5945 1.0 7561 — ——
5 6962 6812 2.2 8266 _— —

4.1.4.2 Estimation of Natural Frequencies

Sixteen dynamic degrees of freedom were selected
normal to each of the four surfaces (top, bottom, side, and back) which
gave a model with 64 degrees-of-freedom. In addition, all boundary
conditions, which were imposed for the elastic analysis (see Figure 4.15,
Section 4.1.2), were also imposed for the natural frequency determination.

Figure 4.29 shows the mode shapes and natural
frequencies of Enclosure I for the first seven modes. The first mode
represents essentially rigid body motion of the container vibrating in
the Z-direction on the support flanges. Figure 4.30 schematically shows
this behavior and indicates that this mode can be closely approximated
by treating the container as rigid and the flanges as cantilever beams.
The approximate frequency of 304 Hertz, computed with the simple model,
18 higher than the 224 Hertz computed by the ANSYS program because the
flexibility of the container side wall at its connection with the angle
iron, was ignored in the simple solution. This flexibility produced the
side wall distortion evident in Figure 4.29 for the first mode shape.

The second mode (497 Hertz) involves primarily the
bottom shell. For a plate with the properties of the bottom shell, the
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f2 = 2674 Hertz

FIGURE 4.27., FIRST FIVE SYMMETRIC MODE SHAPES AND NATURAL
FREQUENCIES FOR SIMPLY SUPPORTED PLATE
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f5 = 6962 Hertz

FIGURE 4.27. FIRST FIVE SYMMETRIC MODE SHAPES AND NATURAL
FREQUENCIES FOR SIMPLY SUPPORTED PLATE (:'oncl'd)
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f2 = 3599 Hertz

FIGURE 4.28. FIRST FIVE SYMMETRIC MODE SHAPES AND NATURAL
FREQUENCIES FOR CLAMPED PLATE

76



-
ARV A N WA T\ \N

D S o @ Slp, L @ S, L @ Y

fS = 8266 Hertz

FIGURE 4.28, FIRST FIVE SYMMETRIC MODE SHAPES AND NATURAL
FREQUENCIES FOR CLAMPED PLATE (Concl'd)
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1135 Hertz

fS =

FIGURE 4.29, FIRST SEVEN SYMMETRIC MODE SHAPES AND

NATURAL FREQUENCIES FOR ENCLOSURE I (Cont'd)
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first natural frequencies for the simply supported and fixed cases are

[6]:
f (simply supported) = 320 Hertz
f (fixed) = 594 Hertz

4.1.4.3 Character of the Dynamic Loading

Dynamic pressures are produced in an enclosure durirng
the Explosion Test. These pressures are routinely measured by MSHA during
testing and have also been measured by other investigators. For a spherical
enclosure, a typical pressure—-time history is given by Zabetakis [7] in
Figure 4.31. To analyze the response of an enclosure for the explosion
pressure; its magnitude, rise time, and duration must be known: however,
because the enclosure is closed (usually tightly closed) during the
Explosion Test and in service, the pressure does not decay rapidly; sc,
its duration can be treated as long relative to the response time of the
enclosure. For this case only the peak pressure and rise time are needed.

The peak pressure which thenretically can occur in
a clogsed volume from the ignition of a mirture of methane and air at the
stoichiometric* ratio is 117 psig. This pressure is produced by complete
combustion and assumes that no heat loss to the walls of the enclosure
and, of course, no pressure piling occur. A more realistic upper limit
for the pressure is the measured value shown in Figure 4.31. This pressure
is for a 9.6% by volume methane-air mixture, which in practice gives the
highest measured value of the expiosion pressure. Also, this pressure
was measured in a spherical chamber with central ignition, which 1s an
idealized condition relative to most enclosure tests. Typical values of
pressure measured by MSHA in the Explosion iest are 60-80 psig. Thus, a
peak explosion pressure of 100 psig was taken as a reasonable -aiue in
this analysis.

The rise time of the explosion pressure, as well as
its magnitude, 18 needed tc calculate the response of the enclosure to
the dynamic loads. Further, a short rise time generally produces a greater
response in the enclosure than a long one. To determine the minimum rise
time, it {s convenient to use the maximum rise rate of the pressure. Again,
the data in Figure 4.31 for spherical enclosures were used. Using the
maximum rise rate determined for spherical enclosures will not guarantee
that a minimum rigse time for Enclosure I will be obtained, but using a
minimum estimated rise time is conservative, and so the zpproach is
appropriate for this analysisa.

An approximate relationship between the time from
ignition to peak pressure and the enclosure volume is given by Zabetakis
(7] as

t =75 YV, ms (4.1)

*Ratic at which there is, theoretically, just sufficient oxygen in the
air for complete combustion of all of the methane. This ratfo is 9.5%
for methane and air.
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where V 15 in ft3 and t 1s in milliseconds. This is not a minimum rige
time, but Equation (4.1) can be used to scale a minimum rise time or maximum
rise rate determined for one enclosure to enclosures with different volumes.
A maximum rise rate ror a 9-liter enclosure is estimated from Figure 4.31.
Taking the tangent to the steepest part of the curve in Figure 4.31 gives

a pressure rise rate of

P 27 el L 9.5 pei/ms (4.2)

max 10.5 ms

Combining equatfons (4.1) and (4.2) and taking a maximum pressure of 100
psig gives the following equation for the minimum rise time:

tr

3
min 21 YV , msec ‘(4.3)

(V in ft3)

Enclosure I has an internal volume of 0.60 ft3
rise time of 17.7 msec.

, which gives a minimum

4.1.4.4 Calculation of the Dynamic Load Factor

Once the natural frequencies and rise time for the
enclosure had been calcuiated, the dynamic load factor could be determined.
The simplest approach for estimating the DLF is to base it on the
fundamental frequency of the structure or component. With this approach,
a single degree-of-freedom approximation can be used as described by Biggs
[8]. For an elastic oscillator, the DLF for a loading which rises to a
constant value (a suitable approximation for the pressure—time history
in the enclosure) is given by Figure 4.32. It involves symmetric bending
of the bottom and sides of the enclosure. Now, taking for t, the value
of 17.7 msec, as determined in the preceding section, the ratio of the
rise time to frequency {is

0.0177 sec
1/497 cyc/sec

t /T = 8.8

This value of ty/T falls outside the range of Figure 4.32, but the maximum
DLF is estimated to be about 5. Note that longer rise times will only
give iower values of the DLF.

The contribution of higher modes to the DLF is treated
in Appendix C. The results show that for Enclosure I, neglecting all
but the fundamental mode is entirely appropriate. Thus, for enclosures
gimilar in size to Enclosure I, it can be concluded that dynamic effects
produced by the ignition of methane and air without pressure piling produce
insignificant dynamic effects. The effect of pressure piling would be
to increase the magnitude of the pressures and reduce the rise time locally
in the enclosure. It is still doubtful that, for pressures less than
200 psig, the dynamic effects will be significant. The resuits of a
literature survey on pressure piling 18 included as Appendix D. It shows
that the pressure magnitudes and impulses associated with pressure piling
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cannot be predicted quantitatively based on the current state-of-the-
art.

4.1.5 Testing of Enclosure I

Two very similar enclosures, which were identified as enclosures
I and IA, were obtained and tested. The only obvious differences in the
two enclosures were that Enclosure I had a threaded penetration through
the cover and two mounting bars welded to the bottom on the inside of
the enclosure, and Enclosure IA did not. Enclosure I was tested first
as described in this section. Because of the substantial yielding which
occurred in Enclosure I, Enclosure IA was obtained to more carefully measure
the permanent distortions in the enclosure bottom plate. Testing of
Enclosure IA is described in Section 4.l.6.

4.1.5.1 Methodology

Enclosure I was hydrostatically tested in accordance
with the procedure given in Appendix E, "Structural Performance Test for
Schedule 2G Enclosures.” Figure 4.33 shows a schematic of the test
apparatus. Hydraulic testing, as opposed to pneumatic testing, was chosen
for safety reasons, and the amount of compressed air in the enclosure
and in the reservoir was kept to a minimum.

Prior to testing the enclosure was instrumented with
strain gages at five locations as shown in Figure 4.34. Three—element
45° gingle plane rosettes were used at each location, giving a total of
15 channels of strain data. The gage elements were identified as follows:

Rosette Location Zlement Orieata:ion
€2
€y
1 Top of Cover € -N Looking from Tep E’
=
€s
JAN
2 Soctom (Iastide) [ 19 Looking from Top
g
: l ENCLOSURE 1 WITHOUT
3 Sottom (Ouctside) 2 Lookiag from Top COVER—LOOKING INSIDE
€t
l :'ll
L] Right Side (Inside) €0 Looking from Outslde
L2I1Y
l :‘u
b ] Sack Stde (Inside) €13 Looking from Outside
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Figure 4.35a is a photograph showing Rosettes No. 1 and No. 2 completely
installed prior to waterproofing. Rosette No. 3 was located at the same
point on the other side of Rosette No. 2. Figure 4.35b shows Rosette
No. 2 again, as well as Rosettes No. 4 and No. 5.

Before the hydrostatic pressure tests, the 1lid was
placed on the box and the 1/2-in. bolts "finger tightened” to determine
the no-torque gap between the top and the box. Using flat feeler gages,
gaps of 3 and 4 mils were present between the bolts on the short sides
of the box. All bolts were then torqued one~half turn with a wrench,
and no gaps could be found with a 2-mil feeler gage.

Three pressure tests plus a preliminary test were
conducted on this enclosure. In the preliminary test, it was determined
that vacuum grease effectively sealed the cover toc the enclosure at
pressures up to 100 psi. Therefore, it was decided to use vacuum grease
on all the subsequent tests of Enclosure I. The preliminary test was
also used to check out the strain gage circuits and the pressurization
system.

Test No. 1 consisted of pressurizing the enclosure
to 100 psig in 20-psi increments, recording 12 strain channels, and
determining {f any gaps could be measured with feeler gages. The 12 strain
elements of Rosette Nos. 1-4 were recorded at each increment. A very
small water leak was detected at 60 psig between the bolts on the back
side of the enclosure. The leak increased slightly at 100 psig, but no
measurable gap could be found with a 2-mil feeler gage.

Test No. 2 was similar to Test No. 1 except that
one—quarter of the outside of the box was stress coated on the sides where
strain gages were not used. The stress coat was used to obtain strain
distributions and magnitudes on the end which contained the three circular
penetrations. The outside surface was stress—coated, even though the
larger tensile strains were expected on the inside surface. Coating was
applied only to the outside because of the use of water to pressurize
the enclosure and because depressurization would have been necessary to
obgserve the status of an inside coating. No leaks occurred up to the
maximum pressure used of 100 psig. In this test, Rosettes No. 1 and Nos.
3-5 were monitored. The stress coat showed no cracks up to the 100-psig
presgsure, indicating that tensile strains were below the 600 nin./in.
threshold determined from tests of the calibration bars. (The bars were
sprayed at the same time the enclosure was coated.) At 100 psig an air
leak was found in the pressurization system so that Test No. 2 was
terminated for repair. Testing was resumed after repair. This test was
identified as Test No. 3 so that repeated strain gage readings could be
identified.

Test No. 3, the final test on Enclosure I, was to
have taken the box to failure or to the limit of the prercsurization system.
In this test the pressure was increased in 40-psi increments to 80 psiz
and 20-psi increments from then on. Measurements of gaps as well as
observaticn of the stress coat were continued in this test. The first
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INSTRUMENTED 2G ENCLOSURE I

FIGURE 4,35.
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cracks in the stress coat were visible at a pressure of 120 psig, at a
location approximately in the center of the side wall. There were no
strain gages in this location, but calculated strains were +514 pin. at
120 psig (scaling linearly from results at 100 psig). This correlation
is well within experimental scatter with stress coat unless environmental
cconditions are better controlled than for the enclosure test. The
important result from the stress-coating was that no cracking occurred
around the penetrations at pressures up to 180 psig. No further stress
coat observations were made until the test was completed.

Water leaking was first observed between pressures
of 120 and 140 psig at the box—1id interface. Leaks increased to steady
water sprays as the pressure increased. At a pressure of 180 psig, a 2-
mil feeler gage could not be inserted between the cover and the flange,
even at the point of the greatest leakage. At a pressure of 200 psi the
torque on the bolts was increased from 60 to 80 ft-1b to try to reduce
the leak rate and be able to continue pressurization to a higher pressure.
Strains at this pressure indicated that the enclosure was well past yielding
at several measurement points. At 220 psig, the last strain mesurements
were made. Pressure was then increased quickly to the limit of the pressure
system to see if the box would fail. However, at a pressure of
approximately 290 psig, as indicated by the pressure transducer near the
enclosure, the water in the tank was gone and high pressure air began
lesking from the box at such a high flow rate that the air regulator could
not keep up with it. The test was ended at this time. Inspection of
the enclosure revealed significant bulging of the bottom as shGwn in Figure
4.36. Feeler gage checks revealed that all gaps at leak areas were smaller
than 2 mils, which indicates that no permament bolt set occurred. Removing
the 1id showed the vacuum grease had been blown out at points where the
leaks had been observed during the test.

4.1.5.2 Results

The strain data recorded in the three tests are
presented graphically in Figures 4.37-4.41. Data for each rosette are
plotted on one graph and compared to the analytical predictions for
pressures up to 150 psig. All tensile strains are positive, and compressive
strains are negative. The data from the three experiments are repeatable
for each strain element and compare relatively well with the analytical
predictions in the elastic range. In every case, the strains measured
with each rosette are magnitude consistent with the predictions, 1i.e.,
the element within each rosette which was supposed to measure the largest
strains did, etc

4.1.5.3 Analytical-Experimental Comparisons with
Elastic Analyses

Infitial yielding of the box was predicted to occur
at about 82 psig, at the intersection of the side wall and the shell.
At the strain gage locations, yielding occurred at higher pressures.
Maxi{mum strains were recorded at the center of the enclosure bottom (Rosette
No. 3) and on the back wall of the enclosure near the intersection of
the wall and the bottom (Rosett: No. 5). Agreement with analytical
predictions is good out to about 100 psig where yielding occured.
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FIGURE 4,36, DEFORMATION OF ENCLOSURE I

93



NOSINVAWOD VIVA 1 °‘CON JLldS0d4 °(€°% AUND14

(81sd) 2inssaayg

00¢ 00¢ 001 0
L
ﬁ- 004
G
N o 0001
a
v
v
(o}
vV o
— — 00SsT
o) HNU%U%HHC( - —————
pjuautiadxy -
= 1 ' d —~f 000¢
Z3 €5
O v
1puaday
L | 1 |

=S

(up/urt) uyea

94



NOSIMVdIOD VIvd ¢ °"ON 3LLASON °8€'% HHNOI4

(D1S8d) J4NSSTYd
usT oot 0s 0

006~

0001~

95

(*NI/°NTM) NIVULS



oot

NOSI¥VdWOD VIV € °ON dLLISOY

oce

(918d) MinsSSTUd

001

*6€° % WANIIL

0 gort + S¥a

o

o ooct + s g

o

v

TNOLLATYNY evecesm

TVINEH 143 X1 _A| 30
Qu

8,

0

L

v

000°S

000°01

(°NI/°HIM) NIVYLS

96



NOSIYVJWOD VIVd % °ON 4ILLISOM

(31sd) ainssaiy

0h°y AANO1A

00¢ 00¢ 001
| i )
o
o o
v
-
v
o 4
o
- o]
—
—e— - Hme.ﬂu%.ﬁm=<
0’
- 1ejusdutiadx]
T
¢ty {5
v o
|

(ur/urn) uyeais

0001

000¢

97



00t

NOSTYVAHWOD VIVd ¢ "ON FLLISOY

(D1Sd) TunSSTdd

‘T%°Y AANI14

IVOILATVNY

TVLNINIdddXd

o

£l

3

ST
v

3

w1,
o

[

1

0001

0002

4ﬁoooM

000%

000S

0009

000¢

0008

(*NI/°NIT) NIVY1S

98



'G

The most unusual behavior occurred at Rosette No. 4
(side shell near the bottom). Here the strain increased linearly over a
very short range (out to 60-80 psig). With increasing pressure the strain
on two elements gradually stopped increasing, reversed direction, and
crossed the zero axis before the end of the test. This unusual phenomenon
was caused by yilelding in the weld joint between the bortom and the side
shell at very low hydrostatic pressures. A simple diagram of a two-
dimensional slice through the box (Figure 4.42) illustrates what happened.
The moment at the gage location, My, is found from the free-body diagram.

2

- pa” _ rba -
H‘ Mw+ 2 2 (in-1b/in)

- M+ Pii (a -b)

Because b >> a, the moment produced by the second term in the expression
for M; is negative. If the system remains elastic, both My and the term
pa/2 (a - b) increase linearly with pressure, and the net moment at the
gage M,, (and thus the stress) increases linearly.

At Rosette No. 4 the strain is initially positive
and linear. It quickly becomes nonlinear and eventually reverses sign.
This behavior is produced by early yielding of the weld joint. The moment
in the weld increases linearly to about 60 psi, where yielding of the
weld begins. The increasing negative moment produced by the pressure
term then dominates and reverses the strain. This behavior is shown
schematically in Figure 4.43. Strains at all other gages behave as
expected. Strains in the top are essentially linear, indicating 1little
or no lncal ylelding, and strains increase rapidly after yielding in the
bottom and back of the enclosure where strains were high. At Rosette
No. 2 on the inside of the bottom of the enclosure, strains were measured
only out to 100 psi on Test No. l.

It is clear from the 3train data and from the permanent
deformation in the bottom of the enclosure that substantial plastic
deformation occurred. Past examination of the weld at the junction of
the bottom and side shells also revealed substantial tearing of the weld
on the inside of the enclosure (the corner weld joint opened up on the
inside). Because bottom deflections were not measured during the test,
the onset of permanent deformation in the bottom could not be predicted.
During testing of Enclosure IA, described in the next section, permanent
bottom deflections were measured.

4.1.6 Testing of Enclosure IA

As noteu previously, this was the second of two very similar
enclosures to be tested. This enclosure was purchased for testing from
Service Machine Co., Huntington Beach, West Virginia. The purpose of
this test was to monitor more carefully the permanent deformations in
the enclosure. Also, two bolts sere instrumented in this test to verify
the treatment of the bolts in the finite elemeut model described in Section
601021
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FIGURE &4.43. SCHEMATIC OF MOMENTS
AT ROSETTE NO. 4
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4.1.6.1 Methodology

Enclosure IA was instrumented with four rosettes
located at locations 2, 3, 4, and 5, as shown for Enclosure I in Figure
4.34. Rosette No. 1 (on the zover) was omitted in this test because of
the low strains recorded previously. In addition, three dial displacement
gages vere used to measure the deformation across the width of the bottom
of the enclosure. A fourth displacement sensor was used to monitor the
flame gap between the aluminum cover and the rim of the enclosure. Finally,
two instrumented bolts were installed to measure bending and axial loads
at two bolt locations. Figure 4.44 shows the three internal rosettes
and an external one completely installed prior to waterproofing. Figure
4.45 gshows the enclosure mounted cn a wooden table ready for testing.

The two instrumented bolts can also be seen in this figure.

The same pressurization system used for hydrostatic
testing of Enclosure I was also used to pressurize Enclosure IA. The
enclosure was first filled completely with water. A reinforced neoprene
rubber gasket, 1/32 in. thick, was used to seal the enclosure cover. The
twelve 1/2-in. bolts, including the two internally gaged, were torqued
to 60 ft-1b.

Test No. 5 of this project was begun by pressurizing
the enclosure in 20-psi increments up to 80 psi. Pressure was then
increased in 10-psi increments to a preasure of 120 psig. At 120 psig
the pressure increments were increased to 20 psi for the remainder of
the test. To obtain residual deformations on the bottom of the enclosure,
the hydrostatic pressure was dropped to zero after eack pressurization
step. This procedure was repeated up to 180 psig, at which point the
pressure was increased without returning to zero pressure betwecn pressure
steps. Water began to leak around some of the bolts at 140 psig. At a
pressure of 200 psig, the torque on the bolts was increased to 80 ft-1b
to decrease the water leaks and allow continuation of the test to higher
pressures. The test was ended at a pressure of 300 psig because of large
water leaks at the bolts.

4,1.6.2 Results

Inspection of the enclosure after the test revealed
similar bulging of the bottom, shown in Figure 4.46, as had been experienced
by Enclosure I. However, as depicted in Figure 4.47, the sides of Enclosure
IA also experienced significant permanent deformations. These were not
obsrarved on Enclosure I.

Displacements measured during the test are given in
Table 4.3. Slopes are also given for comparison with the criteria for
permanent deformation of 0.04 in. per linear foot, as specified in Schedule
2G of the CFR [l1]. The slope is calculated between each pair of gages,
giving two slopes for each pressure increment. For this calculation the
slope is assumed to be linear between the dial indicators, which have a
spacing of 2~5/8 inches. Note that the slope 18 greatest near the edge
of the enclosure and that the Schedule 2G criteria are exceeded between
100 and 110 psig. A high slope near the side wall also supports the
observation made for Enclosure I that the weld joint between the side
wall and the bottom plate is very weak in bending.
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ENCLOSURE IA INSTRUMENTED WITH

FOUR STRAIN GAGE ROSETTES

FIGURE 4.44,
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FIGURE 4,46, BOTTOM DETORMATION
OF ENCLOSURE IA
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DEFORMATION OF SIDES ON ENCLOSURE 1A

FIGURE 4.47.



TABLE 4.3.

CALCULATED SLOPES

DISPLACEMENT DATA AND

Pressure . . L Residual Slope (in/ft)
(psig) 1 3 Center ! Edge
m
0 0 0 0 0 0
20 0 0 0 0 0
40 0 -0.5 | +0.5 0.0023 -0.0046
60 0 -0.5{ +0.5 0.0022 -0.0046
80 +4 +2.5 | +1.5 0.0069 0.0046
90 +7.5 +5.0 2 0.0114 0.0137
100 11.5 8 2.5 0.0160 0.0251
110 22.5 15 3 0.0343 0.0549
120 32 21 3 0.0503 0.0823
130
140 88 57 3 0.1417 0.2011
150
160 167 109 3.5 0.2651 0.4823
170
180 235 155 6 0.3657 0.6811
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The strain data recorded on Test No. 5 are presented
graphically in Figures 4.48-4.51. Strain data from each rosette are plotted
on one graph. Comparing these data to those at corresponding locations
on Enclosure I (Section 4.1.5), one can observe similar strain behavior
at corresponding measurement points. The analytical predictions (straight
lines) up to 150 psig are also included in each graph. As was the case
in the Enclosure I testing, Rosette No. 4 (side shell near bottom) again
produced the most unusual behavior. As for Enclosure I, this behavior
is8 explained by failure of the weld joint between the side and bottom of
the enclosure. This failure is not complete rupture, but cracking and
loss of bending strength. Data from this and the other three rosettes
show consistency in magnitude and sign (tensile or compressive) with earlier
measurements on Enclosure I. In every case the element within each rosette
which was supposed to produce the largest strain did, etec. Except for
Rosette No. 4, the rosettes indicated maximum strains which exceeded the
yield point of the material.

Two of the bolts used in Enclosure IA were internally
gaged and calibrated to obtain the combined axial and bending loads during
the testing using two strain gages recorded individually. To compute
the axial or bending load by itself, data from both gages were required.
Unfortunately, one gage became inoperative just prior to testing.
Therefore, only the bolt located next to one of the corners along the
long side of the enclosure ylelded data from which the axial and bending
loads could be computed. These data are presented in Figure 4.52.

4.1.6.3 Analytical-Experimental Comparisons

The analytical predictions for linear elastic behavior
(see Section 4.1.2) are shown as straight lines on the strain plots in
Figures 4.48-4.51. The analytical results are extended out to 150 psig
even though nonlinear behavior c¢ccurs much earlier. Prior to the onset
of nonlinear behavior, the analytical and experimental strains agree well
for Rosettes Nos. 2, 3, and 5. As for Enclosure No. I, the strains at
Rosette No. 4 are affected by yielding in the weld joint, which occurs
very early in the test. This unusual behavior was discussed for Enclosure
I in Section 4.1.5.3

Because of the yielding of Enclosures I and IA at
relatively low pressures, an elastic-plastic analysis of these enclosures
vas performed as described in Section 4.1.3. For comparison with the
experimental results, displacement and strains were determined at the
gage locations used in the experiments. Experimental displacement
measurements utilized three dial displacement gages (see Figure 4.45) to
measure residual deformation along the width of the bottom of Enclosure
IA. Figures 4.53 and 4.54 are the analytical results of displacements
at gage locations 1 (center) and 2 (quarter distance from side plate).
Figures 4.55 and 4.56 compare the experimental to the calculated residual
displacements at these two locations. It is noted that the theoretical
predictions are initially higher, but then lower, than the test results.
The possible reasons for this difference are:

1. The weld joints were weaker in the actual
enclogures than the F.E. model. Geometric changes
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and the cracking of the joint reduce the effective
weld width and thickness, which in turn reduce
the bending strength and yield higher deformation.
This cracking was not modeled in the analysis.

2. The plastic stress-strain relationship used in
the analysis may not have corresponded exactly
with the true material behavior.

Enclosure IA was also instrumented with four strain
gages at locations 2, 3, 4, and 5 (see Figure 4.34); however, the test
did not provide strain information under unloading. Figures 4.57, 4.58,
4.59, and 4.60 compare the strain-pressure curves from the analysis to
the experimental results repeated from Figures 4.48-4.51. The analytical
strains conform in both sign and :iagnitude with the test results. The
negative values in the figures indicate compressive strains. At locations
2, 3, and 5, the predicted strains are less than the experimental data
for the same reasons as stated above. At Rosette No. 4, following material
yielding, the analytical model predicted greater strain in the vertical
direction (gage €1)) than observed In the experimental results. In
the experiment, this rosette was mounted inside the side plate, 3/16 in.
beneath the angie iron and only 1/4 in. above the weld joint. This area
is subjected to tensile strain produced by the moment in the joint.
Therefore, the cracking of the weld joint reduces the bending stiffness
in the weld and results in lower tensile strain at this region. In Figure
4.59, the model also exhibits unusual behavior under unloading. This is
caused by yieldiag of the analytical hinge at the weld joint during
unloading plus other changes in the model associated with the yielding.
Overall, the comparisons between the analytical prediction and experimental
results are good. Some refinement in the analytical descriotion of the
weld failure would have made the correlation even better.

4.2 Enclosure 11 Analysis and Testing

Enclosure II was provided by the USBM to SwRI for analysis and testing.
Its manufacturers and previous usage were unknown. Basic dimensions of
the enclosure are given in Figure 4.61. In comparison with Enclosure I
(Figure 4.1), its design and fabrication are seen to be very different.
It has an inside flange, a massive plate at the end with penetrations,
and a steel cover. Plates are joined in Enclosure II by a partial
penetration weld from both sides.

Enclosure 11 was analyzed and tested using the same procedures
described for Enclosure I. Thus, the explanation for Enclosure II will
be shortened. Also, because of the modeling experience gained for Enclosure
I, the two-dimensional models were omitted in this analysis.

4.2.1 Elastic Analysis

4.2.1.1 Characteristics of the FEM Model

Enclosure II was symmetric about a vertical plane
passing through its center and parallel to its longer sides, so only one-
half of the complete container needed to be modeled. Further, the end
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of the enclosure comprised of the 1-1/4-in.-thick plate was treated as
rigid because its stiffness was very large compared to that of the 1/4-
in. shell.

The model had approximately 334 nodes with six degrees
of freedom (three rotational and three translational) per node. Each of
the various components contained the following element types:

Component Element Types Number
Cover Triangular Shell 134
Bottom Triangular Shell 90
Side Triangular Shell 126
Back Triangular Shell 69
Flange Three-Dimensional Beam 15
Bolts Three-Dimensional Beam 0
Support Plate Triangular Shell 15

459 Total

An isometric view of the assembled model ig shown in Figure 4.62. The
cover, flarge, and box shell were connected together with constraint
equations as in the analysis of Enclosure I (for details see Section 4.1.2).

For the elastic analysis, the model was loaded with
a 100-psi internal pressure. All nodes on the y-z plane of symmetry were
given the symmetric boundary conditions.

= § -82-0

where U; and ©; are displacements and rotations in the i-th coordinate
direction.

4.2.1.2 Results

Stress and displacement contour plots for the various
components are shown in Figures F.l through F.10 in Appendix F. If these
plots are compared with those of Enclosure I, in Appendix A, one will
see that they qualitatively agree very well. The only exception is for
the covers in the neighborhood of bolts. This is to be expected since
each cover has a different bolt configuration. The computer results
indicate that the stress levels in Enclosure II are significantly below
those of Enclosure I by factors rarging from three to five. 1In fact,
for this 100~psi pressure loading, no von Mises stresses in the shell
structure of Enclosure II exceeded the A36 steel yield stress of 36 ksi.

It is instructive to indicate which regions will
yleld when the internal pressure is increased. Figures F.ll-F.1l3 in
Appendix F show elements with a von Mises stress which exceeds 10 ksi
for the 100-psi internal pressure (the 10-ksi level was an arbitrarily
chosen value). Since the stresses in the shell vary linearly with pressure
up to yield, the analysis predicts yield to occur first at the location
of the highest induced stress. This location of maximum induced stress
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.
(at 100 psi) is in the bottom shell and is shown in Figure F.ll of Appendix
F. The pressure required to ‘nduce a yleld stress at this location is

- 100 psi
yield 15 ksi

= 240 psi

P X 36 ksi

Note that the region of initial yielding in Enclosure II is adjacent to
the initial yield location which was on the interior side shell for
Enclosure I.

Bolt stresses were much lower for this eunclosure
than for Enclosure I. The most highly stressed bolt was in the center
of the long side. For this bolt the direct (axial) stress was 18,496
psl and the bending stress was 19,876 psi. Thus the combined maximum
stress was 38,372 psi. Recall that these stresses are for 100-psig internal
pressure.

4.2.2 Testing
4.2.2.1 Methodology

The enclosure was instrumented with four, three-
element 45°, single-plane rosettes. The rosettes were located on the
enclogsure as follows:

Rosette Location Element Orieatation
€2
L
1 Right Side (Outside) € Looking from Outside
€s
€g
Bottom (Inside, Center Looking from Top and
2 and Close to Front Side) €y Right Side

8
€9
Bottom (Inside, Center Looking from Top and
3 and Close to Right Side) K:::_ €, Right Side
€11
€12
4 Back Side (Inside) €30 Looking from Inside
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These gage locations are marked in Figure 4.63. Figure 4.64(a) shows
Rosette No. 1 completely installed, and Figure 4.64(b) shows the interior
installations for Rosettes Nos. 2-4.

The pressurization system used for Enclosure I was
also used to test Enclosure II, except in these tests the pressure limit
was increased from 285 psig to 500 psig. On this enclosure, the gap between
the flange and the cover was monitored at two points, using dial indicators
as shown in Figure 4.65. Because of the much higher pressures to which
Enclosure II was tested, it was unsafe to manually check the cover-to-
flange gaps with feeler gages, as was done on Enclosure I. Furthermore,

25 different pressure steps were made during the testing, and stopping

at each step to enter the test cell and make the gap measurements would
have been too time consuming. The two dial indicators were visible through
a port in the test cell wall and were safely and easily monitored through

a sight glass at every pressure increment.

After strain gaging, the enclosure was placed in
the test cell and the cover attached without a gasket. The bolts were
“finger tightened” to determine the no—-torque gap between the 1id and
the box. Using flat feeler gages, gaps of 2 and 3 mils were detected,
primarily along the short sides between bolt positions and around two of
the corners. About one full turn with a torque wrench (15-20 ft-1b) was
required to close all these gaps to less than 2 mils.

with the gasket in place, thickness measurements
were made around the flange to determine the added gap produced by the
gasket (by comparing to previous measurements made without the gasket).
As would be expected, the added gap measurements ranged from 0.030 to
0.035 inch. To develop the necessary clamping force, the eight 3/8-in.
bolts on the enclosure were torqued to 45 ft-1b, close to the maximum
allowable torque for the No. 5 bolts used {9,10,11].

Prior to conducting the test, a preliminary test
using pressure steps of 50 and 100 psig was made to check the complete
measurement system and ensure pressure system integrity. Enclosure II
was then pressurized to 500 psi in 20-psi increments. Water pressure
was monitored using a strain gage pressure transducer and digital voltmeter,
and voltage readings of the 12 strain elements were recorded at each
pressure increment. In addition, the two dial gages were observed and
recorded on several steps throughout the test pressure range.

At 200 psig, a small water leak was observed around
a bolt. Pressurization continued up to 260 psi, at which point another
water leak was detected at a second bolt and the first leak continued to
grow. No yielding was apparent at any strain element. Because the pressure
reached was just over half of the maximum pressure anticipated, it was
decided to depressurize and take corrective action.

When removing the 1lid, it was noticed that some of
the bolts were removed at a much lower torque than had been used to install
them. Visual inspeztion showed that the lock washers were deforming beneath
the bolts, allowing the 1id to raise and reducing the pressure on the
gasket. This problem was corected by installing double flat washers on
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FIGURE 4.64. INSTRUMENTED 2G ENCLOSURE II
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ENCLOSURE II WITH DIAL GAGES

FIGURE 4.65.
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all bolts. Another cause for the water leaks was the high in-plane
elasticity of the neoprene rubber gasket. The gasket was being forced
outward under the action of the internal pressure. To correct this problem,
a reinforced neoprene rubber gasket of the same thickness was substituted
for the unreinforced one used in the first attempt.

The new gasket was installed and the 1lid bolted on
the enclosure with 50 ft-1b of torque. Pressure was increased in 80-psi
increments up to 240 psi to check the earlier strain readings. Agreement
with the first set of strain measurements was excellent, readirgs deviating
only +1 pin./in. Pressurization then continued in 20-psi increments to
500 psiz. Very slight water leaks around two bolts developed at 460 psig,
but posed no problems, and the test continued to the maximum pressure.

The two dial indicators measuring the cover-flange
gap were observed throughout the test, and at the 500-psig pressure they
showed an increase between the cover and the enclosure of only 0.9 and
1.2 mils. The gasket was able to expand sufficiently within this gap
enlargement to retain a tight seal. No water leaks were observed around
the flange interface. Upon depressurization, the dial gage readings
returned toc zero.

“.2-2.2 Results

The strain data recorded on this test are presented
in Figures 4.66—%.69. Strain measurements and analytical predictions
for the three elements of each rosette are included on one graph. Tensile
strains are given positive values. Yielding is not readily apparent at
the gage locations. The strains at Rosette No. 2 show nonlinear behavior,
but the magnitudes of the strains are below the yield strain of the steel
plates. Higher strains occurred at other locations, such as at Rosette
No. 3, but the strain behavior remained linear. Possible reasons for
nonlinearity in Rosette No. 2 are discussed in the analytical-experimental
comparisons which fol. .

Displacement measurements on the bolts showed no
permanent set, so no permanent increase in the flange-to—cover gap should
occur at pressures up to 500 psig. Bending in the bolts was not measured
for this enclosure. .

4.2.2.3 Analytical-Experimental Comparisons

Analytical predictions can be compared with the
measured strains for each gate element in Figures 4.66-4.69. Except for
Rosette No. 2 the correlation is good. Small differences such as for
elements 1 and 2 in Rosette No. 1 can be caused by slight misalignment
between the gage axes and the axes in the F.E. model. Three factors may
have caused the disagreement which occurred at gage location No. 2:

(1) Stiffening of the bottom of the enclosure at
gage location No. 2 produced by the two standoff
pleces welded to the bottom plate near the gage.
These two pieces can be seen in Figure 4.64(Db)
near the right end (front) of the box.
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(2) Some yielding in the weld between the bottom
plate and the front of the enclosure, which
gave the bottom plate a boundary condition
intermediate to fully clamped and simply
supported. Fully clamped was assumed in the
analysis.

(3) Some creep of the adhesive which held the gage
in place.

At this time the principal cause of the analytical-experimental disagreement
is believed to be the effect of the standoff pieces weldad to the bottom

of the enclosure. They act to reduce bending in the bottom plate at the
gage location and can produce the basic disagreement in ttre slopes of

the calculated and meagured strains at low pressures. These stiffeners

were omitted in the analysis because they will have little effect on peak
strains and stresgses in the enclosure, although they do affect strains
locally at some locations. In addition to the general disagreement, some
yielding of the weld or creep of the adhesive obviously occurred because

of the concave nature of the strain-pressure plot (Figure 4.67). This
behavior is characteristic of the strain observed in Enclosure No., 1 when
the weld between the bottom plate and the side shell yielded. The true
cause for the concave nature of the trace was not determined. Sectioning

of the box through the weld in question might have revealed inadequate
penetration or bonding, but visual examination showed no cracking or obvious
yielding in the weld.

4.3 Enclogure III Analysis and Testing

Enclosure III was provided to SwRI by the USBM. As shown in Figure
4.70, the enclosure is a rectangular shaped luminaire, made of cast
aluminum, with rectangular side windows and a circular end window. The
windows are made from tempered soda lime glass with the side windows being
3/4 in. thick and the end window being 5/8 in. thick. An elastic analysis
of this structure for a static internal pressure was conducted using the
finite element method. Hydrostatic tests were then conducted and
comparisons were made between the experimental and analytical results.

4.3.1 Elastic Analyses

4.3.1.1 Characteristics of the Finite Element Model

Enclosure III appeared, qualitatively speaking, to
be rigid, with 0.75 in. thick glass side and top windows and a 1-1/4 in.
thick aluminum end plate containing the penetrations for the electrical
connections. Because of this rigidity, it was felt that the critical
components of the container, i.e., windows and disk-shaped end sectiom,
could be analyzed by assuming that the remaining enclosure is rigid. This
substructuring approach allowed for a more detailed study of the stress
distributions in these parts than could have been economically obtained
if the complete container were analyzed. Three such structures, along
with their corresponding loading and boundary conditions, were analyzed.
They were designated as:
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Model I - Quarter-Symmetry Model of the Rectangular Windows
Using Three-Dimensional Finite Elements

Model II - Axisymmetric Model of Cylindrical End Window

Model III - Two-Dimensional Plane Strain Model of tne Luminaire's
Cross-Section

The glass, alumipum, and epoxy cement in the models
wvere assigned the following physical properties:

Glass - Young's Modulus E = 10.0 x 106 pgi
Poisson's ratio v = 0.25

Aluminum E = 10.0 x 106 psi
v = 0.30

Epoxy Cement E = 0.4 x 106 psi
v = 0.35

In these analyses all models were loaded with a 100-psi internal pressure.
Since the solution assumes linear elastic behavior, deflections and stresses
for other pressures were obtained by direct scaling.

Model I - Rectangylar Window

The side and top glass windows are thick flat plates
supported in a metal frame by an adhesive material. Figure 4.71 shows
the geometry of the window only. Because the windows are symmetric about
the local XZ and YZ planes, only one-quarter of the windows need to be
modeled. A mesh for one-quarter of the window is given in Figure 4.72.
It contains two solid elements through the thickness. Solid elements
were choser instead cf plate elements because thin plate theory is not
accurate for low breadth-to-thickness ratios, which these plates have.
The model had a total of 18 elements, with each element having either 8
or 20 nodes, depending on the shape function used. The 20-node element
is more accurate than the 8-node, but requires significantly more computer
time to obtain a solution.

Now consider the support of the windows in the
enclosure. The top window (+Z-direction in Figure 4.70), for example,
is supported by the aluminum structure on its two long sides, and the
aluminum is in turn bonded to the side windows. On the ends of the window
the zl'minum structure is more substantial and is not bonded to other
components.

Three cases were analyzed. 1In the first case
deformations in the structure were ignored and simple support for the
window edges was assumed. In the second case bonding between the aluminum
and the side windows was ignored, and support beams, pinned at the corners
of the windows, were coupled to the window to represent the constraint
by the aluminum. In the third case support springs were added to the
aluminum beams to simulate the restraint provided by the bonding to the
side windows. This latter case is more representative of the enclosure
so long as there 13 good adhesion of the epoxy to the aluminum and the
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glass. The finite element mesh of the one—quarter of the window, with
the beams and springs included in the model, is shown in Figure 4.73.

Model II - Cylindrical End Window

The end window consists of a cylindrical glass disk
suppotted in an aluminum retaining ring by an adhesive material. The
retaining ring is threaded and screws directly into the end of the
enclosure. A cross-sectional view cut through any diameter of the disk
is shown in Figure 4.74. Because the disk i{s a body of revolution, and
therefore axisymmetric, the analysis was reduced from three to two
dimensions. This reduction greatly reduced costs relative to a three-
dimensional analysis and gave the same solution accuracy. Figure 4.75
shows the finite element mesh and the boundary and loading conditions.
The window was pressurized uniformly on the insi{de and fully constrained
along the outside threaded portion. The boundary condition preventing
radial motion (64 = 0) on the axis of rotation arises from the symmetry
condition.

The model has nodes at each element intersection as
well as nodes on selected element midsides. These midside nodes give
improved accuracy in regions where high stress concentrations are expected.
Locations of these nodes are indicated in Figure 4.75.

Model III - Luminaire Cross—Section

The purpose of the two-dimensional model of the
luminaire cross—-section was to treat more accurately the interaction between
the rectangular glass windows, adhesive mterial, and aluminum support
structure. This was accomplished by analyzing the container as if it
were infinitely long. With this assumption, effects at the ends of the
container were neglected, but the model should give reasonably accurate
results for peak stressec and deflections near the mid-plane (a plane
perpendi_ular to the Y-axis in Figure 4.70) of the luminaire.

Figure 4.76 gives a cross—sectional view of the
enclosure with the glass, adhesive, and aluminum components; it shows
that the structure is symmetric about a vertical centerline. The contairer
was treated as though it were infinitely long, and a two-dimensional plane
strain finite element model was formulated. Plane strain means that all
strain components normal to the plane of Figure 4.76 are zero.

The half symmetry finite element model of the cruss-—
gection is shown in Figure 4.77. The elements in regions of expected
high stress concentrations also contain midside nodes, although they are
not shown. The nodes on the Y-axis were restrained in the X-direction,
and for the loading condition, pressure was applied to the inside surface.

4.3.1.2 Analytical Results

Results of calculations performed using the
previously described models are given in the following sections. Graphical
results are for stresses computed at the element centroids. Surface
stresses are usually higher than centroidal stresses, and these were given
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only in the printed output. Peak stresses for each model (usually surface
stresses) are noted.

Results for Model I - Rectangular Window

Figures G.1-G.12 in Appendix G give stress contour
plots for the maximum and minimum tensile stresses and for the maximum
shear stresses at the centroids of the upper and lower planes of elements.
Results are given only for the models with edge beams. These plots show
that the peak centroidal stresses occur at the center of the window for
both support conditions, i.e., with and without the contribution of the
side windows. From the computer printout it was found that the surface
stresses also peak at the center and are greater than the centroidal
stresses. These peak surface stresses are shown on the finite model (shown
without the support beams and springs) in Figure 4.78. Peak stresses
are given for all three support conditions. Even though the simple support
is an idealized representation of the support conditions, results for
this case are not markedly different from the case with support springs.

Additional calculations were made for the windows
in Enclosure III using handbook formulas [12] for glass windows with
idealized support conditions. These results are given in Appendix H.

Results for Model II - Cylindrical End Window

A displaced geometry plot for the cylindrical end
window 1s given in Figure 4.79. The displaced geometry is shown by solid
lires, and the deflection at the center of the window corresponds to an
internal pressure of 100 psig. Stress contour plots for this model are
given in Figures G.13 through G.16. Recall that these stresses correspond
to the element centroids. Maximum stresses in the glass occur at the
center of the window, as expected, and peak stresses in the aluminum frame
occur in the lip which retains the window. Note that the maximum von
Mises stress occurs in the alurinum lip, but that all stresses are far
below yield.

Tabulated results, which include surface stresses,
wvere examined to find the peak stresses which occur in the model. As
indicated by the contour plots, peak stresses in the glass should occur
at the center of the window and, in the aluminum, near the lip. These
maximums are shown in Figure 4.80. P2ak stresses in the glass and aluminum
are about the same and are well below the material yield strength. The
peak stress in the epoxy is low and is only about 22T of the peak stress
in the glass.

Results for Model II1 - Luminaire Cross—Section

The deformed geometry for Model I1I i{s presented in
Figure 4.81. Boundary conditions fix the enclosure at the center of the
bottom plate so that all displacements are positive. The maximum
distortions occur in the bottom plate. Stress contour plots for the model
are given in Figures G.17 through G.21l. The contours indicate that maximum
stresses occurred in the aluminum casting near the junction of the bottom
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FIGURE 4.80. LOCATIONS AND MAGNITUDES OF PEAK STRESS
COMPONENTS IN CYLINDRICAL END DISKS
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plate and the side wall. This supports the observations from the
displacement plots.

Tabulated output from the calculations were examined
to identify the maximum stresses in the various parts of the model. These
are shown in Figure 4.82. Note that the maximum stress does occur in
the aluminum casting at the transition from the bottom plate to the side
wall. The second highest stress occurs at the center of the bottom plate.
Results for this model can be compared with those from Model I by examining
stresses in the top window as given in Figures 4.78 and 4.82. These are
tabulated below:

Stresses (psi)
Maximum Minimum

Model I - 3-D Model of Top Window

Case IB - Edge beams only 5793 -5793
Case IC - Edge beams plus support springs 1737 -1737
Model III - Cross-Section Model 2133 -1620

As expected, results for Model I with the support springs agree better
with the cross—section model. The difference in peak stress between Case
IC for Model I and Model III is produced by the restraint at the short
side of the window, which 1is ignored in Model III. Recall that for Model
IIT the window is assumed to be infinitely long in the Y-direction shown
in Figure 4.70. The {mportance of good bonding between the epoxy, the
aluminum, and the window is clear from the results of Cases IB and 1IC of
Model I.

Comparisons between these results and those obtained
from hydrostatic testing of Enclosure III are given in the next section.

4.3.2 Testing

Hydrostatic testing of Enclosure III and comparisons between
experimental and analytical results are described in this section.
Hydrostatic tests were performed to aid in the evaluation of the analytical
predictions and to provide independent data with which to determine safety
factors in the enclosure. Strain and displacement gages were used to
monitor the enclosure behavior under the internal pressure loading.

4.3.2.1 Methodologz

In order to measure strains induced by the hydrostatic
pressure, five strain gage rosettes were installed at various locations
on the enclosure. Four of these wers 90°, two-element rosettes mounted
on the glass windows, and the fifth was a three-element rosette mounted
inside on the bottom of the aluminum casting near one of the long sides.
Enclosure III,with gages installed, is shown in Figure 4.83. Each of
the four two—-element rosettes was centrally mounted on the glass panels,
and the elements were parallel to the edges of the enclosure. One element
was parallel to the short side of the window (transverse element), and
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FIGURE 4.83. ENCLOSURE III WITH STRAIN
GAGES INSTALLED
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the other was parallel to the long side of the window (longitudinal
element). Three of the two—element rosettes were externally mounted and
one internally mounted opposite one of the external rosettes. The rosettes
were numbered as follows: Rosette No. 1l was mounted on the outside of

the top window; Rosette No. 2 was mounted on the inside of the top window;
Rosette No. 3 was installed on the outside of one of the side windows;
Rosette No. 4 was placed on the cylindrical end window, and Rosette No. 5
was mounted internally on the enclosure bottom surface.

In addition to the strain gages, two dial displacement
gages were used to monitor vhe flange gap and to record center deformation
in the bottom of the enclosure. The enclosure was mounted vertically
with the cylindrical window it the bottom, to facilitate filling with
water and pressurization. Figure 4.84 shows the enclosure ready for
testing. Testing was performed by increasing the hydrostatic pressure
in 20-psig increments. The enclosure was to have been pressurized up to
the limit of the system, 500 psig, or until failure occurred. The test
was terminated after taking data at a pressure of 230 psig. Higher
pressures could not be achieved and maintained because of substantial
water leaks through three cracks which developed in the aluminum casting.
Small leaks also occurred through the 1/32-in.-thick neoprene gasket
installed at the flange gap. However, these small leaks were
inconsequential compared to the ones through the cracks in the aluminum
housing. Figure 4.85 shows the cracks which occurred at three of the
beveled corners on two of the openings for the glass panels.

4.3.2.2 Results

Valid strain data were obtained from all gages except
for Rosette No. 5 on the aluminum bottom plate of the luminaire. All
elements in this gage showed substantial drift during the test. The drift
was attributed to loss of resistance to ground. Results for gages 1 through
4 are given in Figures 4.86 through 4.89. Analytical results are also
shown in these figures, and experimental-analytical comparisons are made
in the next section.

Recorded strains are linear over most of the loading
range for gages 1, 2, and 3. Some non-linearity occurs at the beginning
and end of the loading range in the transverse element of Rosette No. 3.
This indicates some slight change in the boundary conditions with increasing
load. Rosette No. 4 on the circular end window shows considerable non-
linearity. Again, because the glass should be linear out to its breaking
point, this non—-linearity is caused either by changes in the window support
or in the gage to window adhesion with increasing load.

The maximum tensile strain was recorded on element
1 of Rosette No. 1. This strain was 940 pin./in. and corresponds to a
peak stress of approximtely 9,400 psi. The maximum compressive strain
was recorded on Rosette No. 2, the opposing gage, and gives a compressive
stress of approximately 10,100 psi. These stresses are quite high, but
with tempered glass, which has high initial compressive surface stresses,
it 18 possible to sustain these stresses without failure. The significance
of thegse stresses will be further discussed in Section 5.0, which presents
the safety factors computed for the enclosures. The displacement gages
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FIGURE 4.85. CRACKS IN THE ALUMINUM CASTING OF
ENCLOSURE III WHICH OCCURRED DURING TESTING
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showed no permanent deformations in either the bolts or in the bottom of
the enclosure.

4.3.2.3 Analytical-Experimental Comparisons

Some very important conclusions, about the structural
behavior of the luminaire, were reached when the analytical and experimental
results vere compared. Solid lines in Figure 4.86 through 4.89 give the
analytical predictions of strains in the windows of the luminaire. The
analytical results are linear because they are based upon a linear elastic
analysis.

Consider first Rosettes No. 1 and No. 2. These are
opposing gages, one on each side of the top window (Figure 4.83). Three
sets of anaiytical results are compared to the measured results. For
the plane strain model (Model I1II) and for Case IC of the window three-
dimensional model, the maxfaum strains are in the transverse direction
and are in good agreement with each other. Both of these results are
based on analytical models which assume a good bond between the glass
and the aluminum for the rectangular windows. On the other hand, Case
IB for the three—dimensional ignores the bond between the side windows
and the aluminum structure (formed by the epoxy). For this case, then,
the top window is supported only by the aluminum frame just as though
the side windows were not preseant. Fortunately, in the analytical model,
pressures can still be applied to the top window for such a configuration.

Notice in Figures 4.86 and 4.87 that the results
for Case IB are in much better agreement with the measured strains, which
were a maximum in the longitudinal direction. It shows that the aluminum
frame alone does not provide significant restraint to the longitudinal
edges (long sides) of the windows. Most of the load 1s transferred to
the ends of the window where the aluminum frame it st'ff=r. Therefore,
it is clear that there was not good bonding between the window and the
aluminum frame for the side windows. This observation 1s further supported
by the failures which occurred in the aluminum framework at the corners
of the side windows. These cracks show that high bending stresses occurred
in the frame at these locations. Had the frame been bonded tz the side
windows, these fallures would not have occurred.

An obvious question 1s "Why didn't leakage occur
between one of the side windows and the frame under pressure?” Leakage
at this location was prevented by the silastic which was placed between
the glass and the "retainer lip” as a seating compound. Even if this
bond were broken, internal pressure would produce a tight seal.

Results for one of the side windows are compared in
Figure 4.88. For the transverse strains, experimental results agree well
with Case IC of the three-dimensional model. This may imply that the
bond between the top window and the aluminum frame was good, or it may
only be a consequence of the fact that adequate support along the
longitudinal edge of the window is provided by the bottom of the enclosure.
Note that measured longitudinal strains are higher than those predicted
by Case IC. Most likely, this was caused by the side window having good
longitudinal support along its bottom edge and more flexible support
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(because of inadequate bonding) along the top edge. This particular support
condition could not be simulated in the one-quarter symmetry model (Model

I) or in the cross—section model (Model III) used in the analyses. Further,
we attempted to remove the windows to examine the bond, but found that

they could not be removed without breaking the glass or destroying the

bond. Sections cut normal to the longitudinal axis of the enclosure would
have revealed the bond, but equipment was not available to make such section
cuts.

Comparisons for the circular end window are shown
in Figure 4.89. Agreement between analysis and experiment f{s very good
in the .inear range.

4.4 Enclosure IV Analysis and Testing

Enclosure IV was purchased from Crouse-Hinds Company. Because all
other enclosures provided to SwRI by the USBM had been rectangular in
shape, a cyliadrical enclosure was selected. This enclosure, shown in
Figure 4.90, was constructed of cast gray iron, had a threaded top (which
was sealed by an O-ring), and had ports for up to four electrical
penetrations. The enclosure purchased had two ports which were drilled
and fitted with removable plugs. In service, this enclosure serves as a
Junction box or ballast box in mine lighting systems.

4.4,1 Elastic Analyses

4.4.1.1 Characteristics of the Finite Element Model

Photographs of Enclosure IV (Figure 4.90) show that
the cover is essentially axisymmetric about a vertical axis through the
enclosure. This condition of symmetry allowed the use of a two—~dimensional
rather than a three~dimensional finite element model for the cover.

The two~dimensional model is shown in Figure 4.91.
Each element in the model is an axisymmetric ring with midside nodes (the
midside nodes are not shown). For the quadrilateral elements, this gives
eight nodes per element, and these extra nodes allow the structure to be
represented with a relatively coarse mesh. This model was loaded with a
uniform pressure over three regions consisting of the inside surface,
the external threads, and the lower half of the O-ring groove. Nodes on
the axis of symmetry were not allowed to displace in the radial (X)
directicn, and nodes on the external threads were constrained from moving
in the Y-direction. The loading and boundary conditions are shown in
Figure 4.91.

The condition of axisymmetry could not be used on
the body of the enclosure, and a three-dimensional model was made. However,
the structure is almost symmetric about the two vertical planes passing
through its center. This double-symmetry condition permitted the enclosure
to be accurately described by a quarter—symmetry model, that is, only
one quarter of the enclosure body was included in the finite element grid.
This reduction in model size saved considerable effort in the model
formulation and computer costs in the solution.
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Figure 4.92 defines the global coordinate system
for the analysis and shows an isometric view of that portion of the
enclosure bounded by the XZ and YZ planes. An abrupt change in thickness
occurs ir the cylindrical wall section at the bottom of the threads used
for retaining the cover and is also shown on this figure. The abrupt
change in thickness was included In the finite element model by defining
two separate surfaces along this discontinuity line and connecting them
together with constraint equations in the ANSYS program. The mathematical
requirement for their connection was that plane sections remain plane.

Figure 4.92(b) shows the finite element grid for
the enclosure body. It contained 48 three-dimensional iscparametric solid
elements, which are designated as STIF 95 in ANSYS. Each element has 20
nodes, with nodes located along the edges of the cube-shaped s0lid to
allow representation of curved boundaries. A 15-node version was used
to model wedge-shaped solids.

The model was loaded by a uniform pressure applied
over its internal surfaces, and symmetry boundary conditions were applied
on those surfaces defining the quarter symmetry. These conditions require
that all the Uy displacements at nodes on the XZ plane and all the Uy
displacements at nodes on the Y7 plane be zero. Figure 4.92(a) shows
thegse loading and boundary conditions.

4.,4,1.2 Resulcs

Calculations of enclosure strains and stresses, using
the finite element models described in the preceding section, were made
for the assumptions that the material was homogenous and had a modulus
of elasticity of 29 x 106 psi. This value was used because the true
modulus of the material was unknown at the time the calculations were
made and because, for a linearly elastic analysis, the results could be
scaled for different elastic moduli just as they were scaled for different
internal pressures.

Preliminary comparisons with experimental results,
to be preserted in Section 4.4.2, revealed very poor agreement between
analysis and experiment and led to the conclusion that the modulus of
the material was very different from the assumed value of 29 x 106 psi.
Values of the elastic modulus reported in the literature for gray cast
iron ranged from 8 x 106 to 25 x 106 psi, depending upon carbon content
and general composition.

To establish actual values for the stiffness and
strength of the gray cast iron in Enclosure IV, material tests were
conducted on six specimens cut from the cover and three specimens cut
from the bottom plate of the enclosure body. Results of these tests are
given in Tables 4.4 and 4.5 for the cover and body of the enclosure,
respectively. It was surprising to find such a wide variation in the
elastic modulus for the two parts of the enclosure. The modulus for the
body i8 three to four times higher than that for the cover. A visual
inspection of the fractured tensile specimens revealed that the cover
had a much larger grain structure than the body, which indicates a more
brittle material. These differences were probably due to the casting
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TABLE 4.4 MATERIAL TEST RESULTS FOR THE COVER OF ENCLOSURE IV

A |
| |
, f 0.2%
i Off-Set Max. Yield Ultimate | Elastic
Specimen ' Dia. Load | Load Stress Stress Modulus
No. (in.) (1b) ' (1b) (ksi) (ksi) (psi)
1* 0.251 850 960 17.2 19.4 _—
2 0.254 875 1070 17.3 21,1 7.4 x 106
3 0.250 820 1000 16.7 20.4 7.8 x 108
4 0.248 800 1020 16.3 20.8 (7.4 x 106
5%k 0.252 1036 1236 20.8 24.8 |5.7 x 106
pR* 0.250 1055 1225 21.5 24.9 5.7 x 106
AVERAGE PROPERTIES 18.3 21.9 |6.8 x 106

*Specimen broke outside of the gage section.

**Orientation of specimens 5 & 6 was different from specimens 1 - 4.

TABLE 4.5 MATERIAL TEST RESULTS
FOR THE BODY OF ENCLOSURE IV

Elastic Elastic
Modulus Modulus Yield Ultimate
Test (Clip Gage) (Strain Gage) Stress Stress
No. (ksi) (ksi) (ksi) (ksi)
1 17.6 x 106 24,3 x 106 33.0 48.2
2 24.4 x 108 23.5 x 106 30.7 46.5
3 23.5 x 106 25.4 x 106 30.8 47 .4
Average 21.8 24 .4 31.5 47 .4
Properties
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process. Calculated results, which follow, were scaled by the ratio of
the average elastic modulii in Tables 4.4 and 4.5 to 29 x 106 psi,

Because of the unusual geometry of Enclosure IV,
contour plots of stresses were not obtained. 1Instead, strains were
determined at locations near the strain gage locations used in the
hydrostatic test of the enclosure. Strain gage locations on the enclosure
body are shown in Figure 4.93. These gage locations were not matched
exactly by element centroids or surface nodes in the finite element
calculations; thus, point-for-point comparisons between analysis and
experiment were not possible. Locations on the finite element grid, where
results were obtained for comparison with experiment, are shown in
Figures 4.94 and 4.95. Couparisons with Figure 4.93 show that the locations
of measured and computed stresses can be as much as 1 in. apart.

Surface strains determined from ihe finite element
calculations at the locations shown in Figures +.94 ard 4.95 are given
in Table 4.6. Note that the x and y directions of the strains correspond
to local element axes and are not exactly parallel wi:h the strain gage
axes (Figure 4.93), nor do the locations exactly cnincide. Values in
the table have been gcaled to give the results at 500 psig and for the
correct values of the elastic modulus. The resulting scale factors were:

Modulus Pressure Resulting
Scaling Scaling Scale Factor

29 x 106 psi 500 psi
6.8 x 106 psi * 100 psi

Cover: 21.3

29 x 105 psi 500 psi
24.4 x 106 psi * 100 pei

Base: 5.94

Strain values given in Table 4.6 are quite low even
for 500 psig, which 18 much higher than the design pressure of 150 psig.
The highest strain level of 1297 pin./in. in the center of the cover is
still well below the yleld strain of the material which is estimated to
be

18,300
*76.8

blaxial stress: € = glg (18,300 - (0.3)(18,300)] = 1880 pin./in.

uniaxial stress: ey = 2690 yin./in.

Thus, if these strain values are confirmed by the experiments, the enclosure
is much gtronger than necessary to satisfy Schedule 2G requirements. Also,
the safety factors for this enclnsure will be high as shown in Section 5.4.

4.4.2 Testing
4.4,2.1 Methodology

For hydrostatic testing, strain gages were placed
at six locations on this enclosure. These locations were shown previously
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TABLE 4.6 VALUES OF SURFACE STRAINS AT LOCATIONS
SHOWN IN FIGURES 4.94 AND 4.95 - 500 psig
INTERNAL PRZSSURE

Strain uin./in.
Strain Location €y by
: Bottom of the hase =52 412
ingide surface
A: Outside surface of the 29 76
base near the port
B: Outside surface of 21 29
the base on the port
Outside surface of 1293 1297
cover near the center (radial) (hoop)
: Outside surface of 77 62
the base near the top
: Bottom of the base - no available
inside surface - center strain data
of enclosure
: Outside surface of the 217 _—
base below the internal
threads
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in Figure 4.93. A three-element rosette was installed at location 1,

which is inside the enclosure, near one end and centered on the longitudinal
center line. Locations 2, 4, and 6, on the side of the enclosure, had
three-element, two-element, and single-element strain sensors installed,
respectively. Two-element rosettes were installed at locations 3 (on

the top) and 5 (on the bottom) of the enclosure.

Pressure was applied in 20-psi increments from O to
220 psig and increased in 40-psig steps all the way to 500 psig. No water
leaks developed over the entire pressure range. The O-ring seal between
the screwed-on top and the body of this enclosure proved to be much more
effective than the clamped—on rasket or metal-to-metal contactr (with vacuum
grease) that was used on the other enclosures tested.

4.4.2.2 Results

Experimental strain data for Enclosure IV are given
by the gymbols in Figures 4.96 through 4.101. Analytical results, for
later comparison, are given by the solid lines. Locatiomns and orientations
of the gages are shown photographically in Figure 4.90 and schematically
in Figure 4.93 of the previous section. All gages except for Rosette
No. 2 exhibit fairly linear behavior. For Rosette No. 2, the element
which is parallel to the line of intersection of the port and the
cylindrical portion of the base is linear, and the two elements which
are normal to this line of Intersection show nonlinear behavior at very
low strains. Because these strains are so low, these nonlinearities are
attributed to the adhesive rather than to the substrate (metal) behavior.
Note that the results are linear at the higher pressures.

Rosettes 3 and 5 on the top and bottom of the enclosure
show good symmetrical behavior (strains on each gage element are nearly
equal, as they should be). Comparing the results for Rosette No. 4 and
Gage No. 6 on the side of the enclosure shows a slightly higher
circumferential strain at Gage No. 6. Gage No. 6 is on the thinner section
of the cylinder and should record a high circumferential strain. The
axial (vertical) strain at Rosette No. 4 (€7g9) 1is small, as expected.

4.4.2.3 Experimental-Analytical Comparisons

The finite element analysis consistently underpredicted
strain on the enclosure cover. Considering that the mesh on the base
was rather coarse and that the locations of calculated and measured strain
do not correspond, some disagreement was expected; however, the reasons
for congistently lower predictions are unclear. The underpredictions on
the base are most obvious at gage locations 4 and 6 where the calculated
circumferential strains should have been reasonably accurate. Evaluating
the predicted strains at locations nearer the gage locations could have
yielded better comparisons, but the additional effort and costs associated
with the interpolations were not warranted.

In direct opposition to the predictions for the base,

the predictions for the cover were toc high. This is shown in Figure 4.98
for Rosette No. 3. Note in Table 4.4 that cover properties were not
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uniform. This asymmetry in the material properties was not treated in
the model and could account for some of the disagreement.

Overall, the analytical predictions for this enclosure
were the least accurate of the four enclosures analyzed and tested. It
shows that finite element models cannot be used routinely in design without
very accurate knowledge of the material propertfes and without using a
safety factor of approximately 2 to cover modeling uncertainties for
difficult geometric shapes.
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5.0 SAFETY FACTORS IN SCHEDULE 2G ENCLOSURES

Based upon the analyses and testing reported in Section 4.0 and upon
such other analyses as were required, safety factors were calculated for
Enclosures I through IV. Calculation of the safety factors took into
consideration the following factors:

(1) Peak stresses and strains in the enclosures
(2) Collapse loads for internal pressure

(3) Permanent deformations in the enclosures
(4) Bolt stresses

Dynamic effects were shown to be uvaimportant in Section 4.1.4 and so were
not considered in these calculations. Also, the safe gap was found to
decrease under load and remain unchanged following unloading, in the absence
of bolt axial deformations. Thus, by addressing bolt stresses, changes

to the safe gap are also addressed indirectly.

5.) Enclosures I and II

Enclosures I and IT were fabricated of ductile materials and can
undergo limited plastic material behavior without fear of rupture. Just
such behavior was observed in tests on Enclosure 1 as reported in Sections
4.1.5 and 4.1.6. Thus, for these enclosures safety factors were based
on collapse loads (the for. uacion of fully plastic mechanisms), permanent
deformations, and bolt stresses.

5.1.1 Allowable Collapse Loads

Before the term safety factors can be defined, it is necessary
to review the concept of collapse loads in elastic-plastic structures.
Suppose that the structure shown in Figure 5.1 is subjected to a loading
P, applied over its surface in some manner. As P, is gradually increased
from zero, the stresses and strains will be elastic, until at a load,
denoted by P, *, the stresses at some point in the body reach the yield
stress of the material 0,. If the load P, is now removed, there will
be some permanent deform- {on in the structure. Instead, if P, is further
increased from P *, there will be a value of the load, denoted by P,**,
for which the structure remains in equilibrium, but the displacements
can increase indefinitely, geometry changes being ignored. This load
P ** 1is defined as the collapse load or limit load. The collapse load
is obviously dependent on the yield stress and stress strain behavior of
the material.

Figure 5.2 shows a somewhat idealized representation of the
stress strain characteristics of mild steel. The yield stress is
approximately 36 ksi. After yielding, the stress remains almost constant
over some strain interval and then increases slightly due to strain
hardening. The condition that further deformations require an additional
loading 1s called strain or work hardening. 1In conventioral elastic-
plastic analyses, strain hardening is ignored, and the me:erial is assumed
to be elastic, perfectly plastic. This is a valid engineering approximation
since the amount of work hardening for metals 1is small. The approximation
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is also conservative because it produces collapse loads which are smaller
than the actual ones.

To i{llustrate how collapse loads are determined, consider a
3imply supported beam carrying a uniformly distributed load P, (force/
length) shown in Figure 5.3(a). The corresponding shear and bending moment
diagrams are given in Figures 5.3(b) and 5.3(c). Since the problem is
statically determinant, the Iinternal beam loads can be computed only from
the equilibrium conditions. As the load P, is increased from zero, the
stress distributions at the beam's center section change from elastic to
fully plastic as shown in Figure 5.4. When the collapse load P ** ig
reached, the maximum internal movement at the center section is developed
(Figure 5.3(d)) and a hinge will form. The beam will collapse as shown
in Figure 5.3(d). By integrating the stress distribution over the beanm's
cross section, the collapse moment for a rectangular beam can be computed
to be

2
bh
o™ - 30_6__ (5.1)

where 0, i8 the yield stress. In terms of the load, the moment at the
center span is

Poaz (5.2
M = 2 *
and the collapse load intensity 1s
2
P ™ . o,bh (5.3)
o 2
2a

For a uniformly loaded clamped beam, fully plastic moments
must be developed at the center span end supports before the beam can
collapse. This case is illustrated in Figure 5.5. It can be shown to
collapse by plastic hinges forming as shown in Figure 5.5(d) at a collapse
load of

2
& o, bh
P - — (5.4)
a

which is twice the collapse load for the simply supported beam.
In actual practice, the deformations for the fixed beam case
would not increase without bound because changes in geometry would cause

membrane forces to be developed along the beam's neutral axis. The collapse
load was based on simple beam theory, which assumes the neutral axis is
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inextensional and stress free. An analogous situation exists for plates
forming the sides in the Schedule 2G enclosures. Therefore, the computed
collapse load could be congidered a lower bound for structures capable

of developing membrane behavior.

Consider now the collapse load of rectangular plates subjected
to clamped and simply supported boundary conditions. Much of the research
in this area in recent years comes from the problem of ship slamming and
the incurred damage. The similarities in the plate structures of a ship
and Schedule 2G enclosures and the dynamic loads imposed on each enable
both systems to be analyzed by the same techniques.

We treat first the fully clamped plate shown in Figure 5.6.
The plate is subjected to a uniform pressure applied normal to its surface,
and plastic hinges will form along the lines shown. Jones and Walters
{13] give the collapse pressure as
3c
P = 2 (fully clamped plate) (5.5)
¢ @inh G- %)

where

B = a/b (plate aspect ratia)
g, - B[‘\/3+32 -]

For a simply supported plate, the collapse load is one-half that of a
fully clamped plate, i.e.,

i
P = 2 (simply-supported plate) (5.6)

¢ 20w (-2

The expressions presented by Equations (5.5) and (5.6) reduce to those
of an Infinitely long reactangular plate or beam when the aspect ratio
is reduced to zero (B = 0). It must be remembered that the beam loading
i1s given in terms of force/unit length. To obtain pressure, Equations
(5.3) and (5.4) must be divided by the beam width b.

Once the collapse load of a structure has been determined,
it 18 a simple procedure to define a safety factor. Hodge [14] and others
in the field made the reasonable definition that the safety factor is
the ratio of the applied load to the collapse or limit load. Therefore,
the determination of the collapse load and of the safety factors can be
consldered as es :ntially equivalent. Using the relationships presented
above, collapse loads were calculated for Enclosures I and II.

In box~like structures such as Enclosures 1 and II, the
rectangular plates forming the top, bottom, and sides are neither fully
clamped nor simply supported. The actual restraint lies somewhere between
the two conditions. Equations (5.5) and (5.6) can, therefore, be used
to bound the collapse lonad from below and above. Table 5.1 gives the
geometrical parameters associated with Enclosures I and II and the results
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TABLE 5.1. UPPER AND LOWER BOUNDS FOR COLLAPSE
PRESSURES FOR ENCLOSURES I AND II

ENCLOSURE I
2 = b = Aspect Yield Collapse Pressure (psi)
Height Width Thickness Ratio £ Stress Lower Upper
Component (in.) (in.) (in.) (B) o (ksi) Bound Bound Average
Top 6.75 5.375 0.50 1.26 11.11 36 380 760 570
Bortom 6.875 5.50 0.25 1.25 1.11 36 92 183 138
End 3.375 | 5.50 0.25 0.61 1 0.75 36 198 395 297
Side 3.375 | 6.875 0.25 0.49 | 0.64 36 172 345 259
ENCLOSURE II
a = b = Aspect Yield Collapse Pressure (psi)
Eeight Width Thickness Ratio £ Stress Lower Upper
Component (in.) (in.) (in.) () o (ksi) Bound Bound Average
]
Top 4.875 4.00 0.625 1.22 1.10 36 1109 2219 1664
Bottom 3.9375) 3.0625 0.25 1.29 1.12 36 286 573 430
End 2.375 3.0625 0.25 0.78 0.87 36 475 950 713
Side 2.375 3.9375 J.25 0.60 0.74 36 394 787 591
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of the lower and upper bounds for the collapse pressure as computed from
Equations (5.5) and (5.6). The last column represents an attempt to obtain
a collapse pressure corresponding to the actual boundary condition of

the plates. It is simply an average of the upper and lower bound collapse
pressures.

The calculations agree well with the experimental test results.
For Enclosure I the internal pressure was increased from zero to 290 psig,
and large permanent plastic deformations were observed in the bottom.
No permanent deformations could be seen in the remainder of the structure.
These observations agree with the average collapse pressure calculations.
They indicate a limit load for the bottom shell of 138 psig and that the
end and top will not collapse at 290 psig. The averaged limit load for
the side was calculated to be 259 psig, but it must be remembered that
the sides of Enclosure 1 were reinforced by 1.00 in. x 1.00 in. x 0.25
in. angle sections.

For Enclosure 1I, the pressure was increased from zero to
500 psig, and no permanent deformations were observed. The averaged
collapse pressures from Table 5.1 indicate that only the bottom shell
would reach its limit load at 430 psig. The bottom is effectively clamped
at its boundary with the 1-1/4-in.-thick end plate, and this end conditic.
would raise the collapse pressure in the actual tests toward the upper
bound pressure of 573 psig.

Schedule 2G enclosures must be designed to withstand a winimum
internal pressure of 150 psig. Using this pressure along with the collapse
loads in Table 5.1, the safety factors in Table 5.2 were computed for
Enclosures I and II. This table gives both the lower and upper bounds
as well as an averaged value. The overall safety factor for a given
structure should be based upon the minimum safety factor of each of 1its
components. If the averaged value is considered representative of the
actual containers, the safety factor3s for the two enclosures, based on
the collapse loadas, are:

Enclosure I = 0.9
Safety Factor
Enclosure II = 2.9

These values indicate that the design uf Enclosure I is not adequate and
that Enclosure II is overdesigned for internal pressure. he result for
Enclosure I was qualitatively confirmed by the hydrostatic test results
reported in Sections 4.1.5 and 4.1.6 even though no catastrophic failures
were observed. Calculations of safety factors based on residual permanent
deformations, as covered in the next section, give more quantitative
results.

5.1.2 Allowable Permarent Deformations

The work by Jones in References [15] and [16] addresses the problem
of large, permanent deflections of rectangular plates subjected to static
and dynamic pressure loads. The amount of damage or dishing of the plates
is measured in terms of the maximum permanent deformation. Jones [16]}
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TABLE 5.2. SAFETY FACTORS FOR ENCLOSURES 1
AND II FOR A DESIGN PRESSURE OF 150 PSIG

Enclosure 1 Enclosure II
Lover Upper Lower Upper
Component Bound Bound Average Bound Bound Average
Top 2.5 5.1 3.8 7.4 14.8 11.1
Bottom 0.6 1.2 0.9 1.9 3.8 2.9
End 1.3 2.6 2.0 3.2 6.3 4.8
Side 1.1 2.3 1.7 2.6 5.2 3.9
I
A
] ]
Tr 2 Tr t

FIGURE 5.7. TRIANGULAR PRESSURE PULSE
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states that {f the plate 1s subjected to a triangular pressure pulse such
as shown in Figure 5.7, dynamic effects must be considered when

2T
T

51 (5.7)

where
‘I'r = pressure rise time
T = longest natural period of plate

As was shown in Section 4.l.4, the ratio Tr/T for Enclosure I is bounded
by

T

8.4 <=5 < 24.9 (5.8)

and so Equation (5.7) is certainly satisfied. The rise time and natural
period for Enclosure IT will also satisfy Equation (5.7).

The relationships between damage and applied pressure are
given in Reference [16] for clamped and simply supported plates by

Py “oz E, v G - 250)2 %
7 = 1+ 3 when =<1 (clamped)
c ).\ &o

w E (2-¢) 2 w
« = |1 +=2 2 o _ when —=> 1
h 3—5° mz h =
[+

(5.9)

and

P, w? e +@3-5)2 W
-P—c = 1+ 3h2 3= 3 vwhen it 1/2 (simply supported)

& £, (2 -¢) 2 W
- 2 1+°3_€° hz-l:l vhen == > 1/2 (5.10)
] 12w°

vhere
W, = maximum permanent lateral displacements (damage)
P, = peak pressure
P. = collapse pressure [see Equations (5.5)and (5.6)]
h = plate_thickness
Eo =B [ /3 +B -8
B = plate aspect ratio (a/b)
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These expressions are in fairly good agreement with experimental tests
conducted by Hooke and Rawlings [17] on clamped, mild steel rectangular
plates with aspect ratios in the range 1/3 £ B < 1. We can use Equations
(5.9) and (5.10) to predict the permanent deformations in the bottoms of
Enclosures I and II expected during the experimental tests. The maximum
applied pressures during the tests were

Pg = 290 psig for Enclosure I
(5.11)
P;, = 500 psig for Enclosure II

and the lower and upper bounds for the collapse pressures from Table 5.1
are

92 < P. < 183 psig for Enclosure I
(5.12)
286 < P, < 573 psig for Enclosure II

If the above pressures along with the appropriate geometric quantities
are used in Equations (5.9)and (5.10), the bounds for the maximum permanent
deformation expected in the bottoms of Encleasures I and II are

0.35 { W, < 0.40 in. for Enclosure I
(5.13)
0 < W, < 0.20 for Enclosure II

The lower displacement bound for Enclosure II is zero because the upper
bound collapse pressure is greater than the applied pressure.

The measured maximum permanent deformation in Enclosure 1
was approximately 0.50 in., and no residual displacements were observed
in Enclosure II. These observations agree fairly well with the
displacements given in Equation (5.13). The only disconcerting point is
that the upper displacement bound for Enclosure I is less than the measured
value. We have no explanation for this difference.

Equations (5.9) and (5.10) can also be used very easily to
compute the muximum applied pressure to give permanent deformations less
than 0.04 in. per linear foot. Based on the smallest dimensicn of the
bottom plates, the allowable deformations and wolh ratios for Enclosures I
and II are

Wo = 0.0183 in-
Enclosure I (5.14)
wolh = 0,073

and
W, = 0.0102 in.
Enclosure II (5.15)
Wo/h = 0.041

The pressures for the clamped, simply supported, and "averaged”
conditions are
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Simply Supported Clamped

Enclosure Lower Bound Upper Bound "Average”
1 94 psig 183 psig 138 psig
2 286 psig 573 psig 430 psig

and indicate that at 150 psig Enclosure I would have exceeded the 0.04

in. per linear foot requirement. Enclosure II would experience no permanent
deformations at 150 psig. Again, these results are consistent with the
hydrostatic tests reported in Section 4. Measurements of residual permanent
displacements in Enclosure 1A (Section 4.1.6) showed that the allowable
permanent set of 0.040 in./ft was reached «t 110 psig. Using the measured
value for Enclosure 1A and the calculated value above for Enclosure II,

the safety factors based on permanent deformations are found to be:

TABLE 5.3 SAFETY FACTORS BASED ON AN ALLOWABLE
PERMANENT DEFORMATION OF 0.040 In./Ft.

Pressure for Design Pressure Safety Factor
Enclosure 0.040 in./ft (psig) S.F.
1 110 150 0.73
2 430 150 2.87

These safety factors are slightly lower than those based on the collapse
pressures as given in Section 5.1.1. Before the final safety factors
could be established for the two enclosures, bolt stresses were also
considered.

5.1.3 Bolt Stresses

Safety factors in the bolts for Enclosures I and II were
computed from the finite element results given in Section 4, from the
series solution given In Appendix B, and from the test results for Enclosure
IA as given in Section 4.1.6. For these calculations, only the results
for the bolt which had the maximum stress were used. Allowable strengths
for bolts are usually given in terms of an axial load and do not include
the effect of bolt bending. Because both axial loads and bending were
present in the cover bolts, the safety factors were based upon an allowable
stress. Using specifications for Armco fasteners, a Grade 5 bolt (the
type used in the enclosures tested), with a diameter of 1/4 to 1 in.,
has the following material properties.

Yield strength: oy = 92,000 psi

Ultimate strength: g, = 120,000 psi
Safety factors in the bolts were based on ‘he yield stress. This was
consistent with the calculations of safetv tactors for the enclosure walls

and covers, which were bagsed on yield mechanisms and small permanent
deformations.
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The safety factor is simply the allowable stress divic .d by
the calculated stress and therefore should be greater than one. Two safety
factors were computed. One was based upon the direct or axial stress
and the other upon the axial plus bending stress. This gives a clearer
indication of how the bolt will behave under load. If the safety factor,
based upon the direct plus bending stresses, is less than one, then yielding
will occur. Yielding will redistribute the load and reduce the bendiung
stress in the bolt. If the safety factor based on direct stress alone
is greater than one, then the bolt may be adequate because bolt bending
is limited in the enclosures by the stiffness of the covers.

Safety factors for rthe bolts in Enclosure I and II are given
in Table 5.4. Stresses for Enclosure 1 were taken from Table 4.1 and
Appendix B. Stresses for Enclosure II were taken from Section 4.2.1.

All stresses were scaled to 150 psig internal pressure. For Enclosure I,
safety factors are computed for three Aifferent cover thicknesses to
demonstrate the effect on the bolt uf using thinner covers.

The safety factors of Table 5.4 show that the bolts in Enclosure I
are marginal and that those in Enclosure II are adequate. Both of these
enclosures have been tested to pressures above 150 psig, ani no bolt
failures occurred. Also, the comparisons between analysis and experiment
for bolt loads in Enclosure IA showed that the analytical predictions
were higher than measured values. It was assumed in the analyses that
the bolt had rotated with the cover. This is a conservative assumption
and is probably the reason why calculated bolt forces exceeded measured
ones.

5.1.4 Minimum Safety Factors for Enclosures I and I1

Safety factors were computed for Enclosures I and II based
on (1) collapse pressur.c for the enclosure bottom and side plates, (2)
permanent deformations in the bottom and side plates, and (3) stresses
in the cover bolts. These results are contained in Tatles 5.2, 5.3, and
5.4, respectively. A survey of the results shows that the minimum safety
factor for Enclosure I (S.F. = 0.73) is based upon permanent deformation
of the bottom of the enclosure and that the minimum safety factor for
Enclosure IT (S.F. = 1.60) is based upon the bolt stress. It should also
be noted that the S.F. = 1.60 is conservative for Enclosure II because
this value is based upon bolt bending, and failure of the bolt is not
likely to occur until the axial loads in the bolt 2xceed the bolt yield
stress. Based upon axial bolt loads alone, the safety factor for the
bolts would be 3.32.

Also note that the minimum safety factors computed for Enclosure I
for the three types of failure were all about the same (S.F. = 0.9, 0.73
and 0.75); however, for Enclosure II the minimum safety factors were S.F. = 2.9,
2.87, anu 1.60 based on collapse pressure, permanent deformation, and
bolt stresses, respectively.

5.2 Enclosure 1II

The precading sections addressed the question of safety factors in
Enclosures 1 and II. These safety factors were based on the concept of
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TABLE 5.4.

IN ENCLOSURES I AND II

SAFETY FACTORS FOR BOLTS

(150-psig Internal Pressure)

Enclosure 1
ANSYS Solution (1/2" cover)
Series Solution (1l/2"cover)
Series Solution (3/8'"cover)

Series Solutiocn (1/4"cover)

Enclosure IT
ANSYS Solution

Series Solution

Direct Stress

Direct Plus Bending Stress

cA,psi S.F. cM,psi S.F.
31,736 2.90 121,785 0.75
41,888 2.20 107,151 0.86
44,297 2.08 117,548 0.78
44,679 2.06 136,283 0.68
27,744  3.32 57,558 1.60
20,961 +.39 45,200 2.03
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computing the so-called ccllapse load and deformations in an elasti:-
plastic structure. The ratio of the collapse or limit load to the applied
load was defined as the safety factor. Gi-wever, in components which are
fabricated from glagss, this procedure 18 no longer valid. Glass does

not exhibit the property of plastic flow and has no yield point. Fracture
always occurs in tension and before there is ever any permanent deformation
in the glasss. Likewise, cast materials, also found in this enclosure,
exhibit low ductility and no clearly defined yield point. Thus, the safety
factors for Enclosure IIT will be based only on the peak stresses in its
components, principally in the glass, and not on its elastic-plastic
behavior.

It would appear from the preceding remarks that the safety factor
for Enclosure III should have been based upon the fracture strength of
glass in tension. But this approach was not totally satisfactory because
additional factors, such as annealing, tempering, and service condition,
have a significant effect on the fracture strength. For example, Reference 18
reports the following data for establishing a suitable design stress for
an annealed pilece of glass.

psi
Average short—-time breaking stress (from test) 8,000
Minimum probable breaking stress 4,800
Minimum long-time breaking stress 1,920
Design stress (Safety Factor = 2) 960

Reference 18 further indicates that experience has shown, for annealed
glass, that suitable working stresses in tension may be between 500 psi
and 1,500 psi, while for tempered gluss they may be taken between 1,500
psi and 4,000 psi.

For additional information SwRI contacted an engineer in the New
Products Division of PPG Industries. He reported that the soda lime glass,
used i{n this enclosure, has a short-time modulus of rupture of approximately
6,000 psi. Short-time is defined as about one-tenth second or equal to
the duration of a sonic boom. When the duration becomes long term, which
is on the order of several hours, the strength drops to about 3,000 psi.

The strength of the structure supporting the glass was also considered.
Not only is cast aluminum somewhat brittle, but experience has shown that
the condition of the bearing surfaces which support the glass and their
alignment can be extremely important in establishing the glass fracture
loads. Any excessive deformations of the supporting structure under load
can set up high bending stress in the glass and reduce the overall strength
ot the enclosure. For these reasons the yield strength of the cast aluminum
was taken as the design criteria upon which the safety factors in the
body of the enclosure were based. A third component in Enclosure III
was the epoxy which bonded the glass to the aluminum. As noted in the
finite element analysis of Section 4.3, this epoxy had a yield strength
of arproximately 10,000 psi.

Based on the information available for the three materials, as
discussed in the paragraph just preceding, SwRI established the following
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failure criteria for use in computing the safety factors of Enclosure
III:

Glass: Failure will occur when the largest principal stress reaches
the short-time modulus of rupture of 6,000 psi.

Aluminum: Failure will occur when the von Mises stress reaches the
yield stress of 18,000 psi. This value 18 reported in
Reference 13 for No. 319~F aluminum, which is believed
to be the commercial No. 319 aluminum specified on the
Control Products, Inc., engineering drawings.

Epoxy: Failure will occur when the principal stress reaches 10,000
psi. This i3 SwRI's best estimate for Dolph's two-part,
carbon-filled epoxy.

Peak stresses in Enclosure III were computed with three different
finite element models as described in Section 4.3. The three models were:

Model 1 ~ Side or Top Windows

IA - with idealized simple sugport
IB - with edge beams only
TC - edge beams bonded to side windows

Model II - Circular End Window and Frame
Model III - Two-Dimensional Cross—Sectional Model

Peak stresses for an internal pressure of 100 psig were summarized for
these three models in Figures 4.78, 4.80 and 4.82. Stresses from these
figures were scaled to an internal pressuce of 150 psig and used to
calculate the safety factors given in Table 5.5.

As discussed in Section 4.3.2.3, Model IR gives the most realistic
description of the support conditions of the rectangular windows. This
model also produces the lowest factor of safety in the glass (S.F. = 1.3).
It should also be noted that tensile stresses as high as 9,400 psi were
measured in the glass without failure. This stress is substantially higher
than the 6,000 psi design criteria used to compute the safety factors.

So, it 18 ciear that some glass can withstand higher stresses than the
design values recommended by the manufacturers; however, it is our opinion
that in general the lower allowable of 6,000 psi should be used for tempered
soda lime glass.

The minimum factor of safety for the enclosure 1s 1.2 and is based
upon bending stress in the bottom of the enclosure. This stress did not
occur at the location of the cracking which was observed during the
hydrostatic test. Cracking occurred in the corners ' ~he opening for
the side windows as shown in Figure 4.85. These cracis first appeared
about 200 psig and were sufficiently large to stop the test at 230 psig.
The factor of safety associated with this cracking can be eccimated from
the test as
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TABLE 5.5 PEAK STRESSES AND SAFETY FACTORS

FOR ENCLOSURE III: 150-PSI INTERNAL PRESSURE
Model Glass S.F. Aluminum S.F. Epoxy S.F.
I - Side or Top Windows
A - Simple Support 2297 2.6 NA NA NA NA
B - Top Window with 8690 0.70 13,838 1.3 NA NA
Edge Beams
C - Top Window with 2606 2.3 1,250 14.4 NA NA
Edge Beams on
Foundation Springs
I1 - Cylindrical 1182 5.1 1,041 17.3 255 39.2
II1I - Plane Strain Model 3281 1.8 15,600 1.2 1905 5.2

of Cross Section

NOTE: All stresses in psi

Peak Stress

Safety Factor (S5.F.) =

Fallure Criteria Stress

200




200 psig

§.F. = 150 psig =

1.33

Thus, S.F. = 1.2 as listed in Table 5.5 still controls the safety factor
for Enclosure III.

5.3 Enclosure IV

Enclosur:. IV was constructed of gray cast iron and thus was treated
as a brittle materfal in the calculation of safety factors. Tests on
specimens from the enclosure showed widely varying properties between
the cover and the enclosure body. The cover of the enclosure also exhibited
brittle behavior, with the ylield stress and ultimate stress differing by
as little as 11X in some specimens (see Table 4.5). Although not indicated
in Table 4.5, these specimens also exhibited low ductility and fracture
surfaces revealed large grain structure characteristic of cast brittle
materials.

Because of the brittle nature of the cast material in Enclosure IV,
safety factors were based upon the material yield stress. The average
yield stress for the cover was chosen for both components of the enclosure
because variations which can occur in the casting might also result in a
lower strength casting for the body of some enclosures. This value is

oy = 18,300 psi
and is less than the minimum ultimate stress measured for any specimen.

Peak calculated strains in Enclosure IV are given in Table 4.7. The
maximum strain was predicted to occur at the center of the cover. At
500 psig internal pressure this strain is

€max ® 1297 uin./in.

At the center of the cover a biaxial state of strain exists and the yield
strain, for gy = 18,300 psi, would be

1
Ey = I (01 - voz)

(5.16)
A
6.8

{18,300 - (0.3)(18,300)] = 1,830 uin./in.

The average elagtic modulus for the cover was used in the calculation
and Poissons ratio, v, was taken as 0.3.

Using the yield strain given by Equation (5.16) as the failure
cciterion and the maximum strains listed in Table 4.7, the safety factors
given in Table 5.6 were computed. Safety factors in Enclosure IV are
clearly the highest of all the enclosures analyzed. Also, the numbers
are probably conservative because the calculated strains used in the
calculations were generally higher than measured values (see Section
4.4.2.2).
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TABLE 5.6 SAFETY FACTORS IN ENCLOSURE IV

FOR 150-PSIG INTERNAL PRESSURE

Body

Max. Strain
@ 150 psig Yield Strain Safety
Component (uin/in) (pin/in) Factor
Cover 389 1880 4.83
124 1880* 15.16

*Biaxial state of stress taken as the lower limit.

TABLE 5.7 SUMMARY OF SAFETY FACTORS

FOR THE ENCLOSURES

Enclosure
Enclosure Enclosure Volume Minimum Strength [Safety
No. Description (in3) Component Factor
1 Steel Rectangular 926 Enclosure Bottom 0.73
Box - Al Cover
II Steel Rectangular 234 Cover Bolts 1.60
Box & (Small)
Cover
111 Rectangular ~ 140 Bottom Plate - 1.20
Luminaire - Al Al Casting
Casting
v Cylindrical 142 Cover = Steel 4.83
Junction Box - Casting
Steel Casting
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S.4 Safety Factors Summarized

Safety factors for the four enclosures analyzed in this study were
calculated in the preceding sections. For each enclosure, multiple factors
of safety were calculated for different components and with different
finite elcment models. Table 5.7 summarizes the minimum factor of safery
-.or each enclosure. This 1s the safety factor which governs the failure
mode of the enclosure; the others were calculated for evaluation and
comparison only.

As Table 5.7 shows, there i{s a wide variation in the strength of
Schedule 2G enclosures. Also, all of these enclosures have passed the
MSHA explosion test. The design criterion of 150 psig used to compute
the factors of sarety in Table 5.7 is a more severe load than the intermal
explosion of methane and air (see Section 4.1.4.3). Thus, Enclosure I
shows a safety factor of less than one even though it has been certified
as explosion proof.

Note also that all of the enclosures have an internal volume which
is greater than the maximum volume of 124 in.3 {in paragraph 18.31 of
Schedule 2G. Based only on the requirements of paragraph 18.31, all of
the enclosures would have the same minimum wall stiuctures regardless of
their size. This fact may contribute to the trend in Table 5.7 toward
lower safety factors for larger enclosures. Because Enclosure III is a
luminaire, it is i{n a somewhat different class from the other three
enclosures.

It should be emphasized that these safety factors are based only on
internal pressure loads. Although the safety factsr of the luminaire
(Enclosure I1I) is greater than that for Enclosure I, Enclosura I may be
much more rugged in the mine enviromment. The luminaire is much more
apt to be damaged by impact than are the other enclosures because of the
brittle nature of the glass. Ruggedness of enclosures in the mine
environment is discussed in Section 8.3.
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6.0 ESTABLISH WELD QUALITY STANDARDS

Following the hydrostatic testing of Enclosures I and 11 (see Sections
4.1 and 4.2), the welds were examined visually and by radiography on
selected joints. The visual examinations revealed that some joint designs
were being used which have low efficiency for static and dynamic loads.
Further, some of these low efficiency joints, which were used at the
junction of side and bottom plates, failed during the hydrostatic testing.
This was observed on Enclosure I. Failure in this case did not involve
sudden rupture, or even leakage. The weld joint simply opened up along
the fusion line and lost all moment continuity. Radiographs revealed
that partial penetration weld joints were used and continuous porosity
defects were entrapped in the weldment.

From these examinations, it was apparent that weld quality in some
XP enclosures was inadequate and that more specific welding requirements
were perhaps required. To establish more clearly the level of weld quality
maintained in the fabrication of XP enclosures, SwRI was funded to conduct
a modest survey of the industry.

6.1 Survey of Welding Practices

Southwest Regearch Institute, in cooperation with the Bureau of Mines,
conducted a survey to determine the existing welding practices used by
the mining equipment industry in the fabrication of XP enclosures. Six
companies were visited which can be approximately classified as follows:

Two,Large: Number of Employ:es > 150
One, Intermediate: 150 > Number of Employees > 50
Two,Small: 50 > Number of Employees

At each of the companies visited, discussions were held with the people
most responsible for weld quality. At most large companies this was the
welding engineer and head of Q.A.; at intermediate sized companies it
was the chief design and Q.A. engineers; and at smaller companies it was
the production manager. Most visits included tours of the fabrication
shops and inspection areas.

A 1list of nine questions was prepared in advance and specifically
covered on each visit. The questions were formulated jointly by
representatives of SwRI, USBM, and MSHA. Along with the onsite
observations, they formed the basis of tne judgments regarding weld quality
in the industry.

6.2 Survey Results

Table 6.1 summarizes the questions asked and responses to the survey.
Company attitudes toward meeting American Welding Society (AWS) welding
requirements are apparently divided. Activity in this directicn is either
being implemented or being considered by the larger manufacturers, while
the smaller companies are deperding more on the MSHA certification of
their XP enclosures. The specific welding requirements acknowledged were
the AWS D14.3-77, "Specification for Welding Earthmoving and Construction
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Equipment.” This "consensus” specification was formulated by large
earthmoving and construction equipment manufacturers of self-propelled
and on- and off-highway machinery. Such products as crawler tractors,
motor graders, end loafers, off-highway trucks, power shovels, backhoes,
truck and crawler cranes, draglines, and similar equipment are considered
to be included in this description. Manufacturers of continuous mining
machines were not participants, nor were they represented in drafting
this document.

Replies on present welding practices, as shown in Table 6.1 for
Question 3, were summarized by listing the welding processes used. Special
fixtures are used and automatic welding is practiced by several
manufacturers which use the submerged arc welding (SAW) process. Every
manufacturer employs the semiautomatic flux core (FCAW) or gas metal arc
welding (GMAW) processes to some extent on XP enclosures. Only one company
had fully developed welding procedures which were ready to be issued at
the time of the visit. Similarly, testing and qualification of welders
had not been performed by any of the companies, although two were planning
to test welders soon in accordance with AWS requirements.

Control of welding on XP enclosures which are subcontracted is based
more on personal knowledge of the welders and on receiving visual inspection
than on any code or test requirements. The trend seems to favor companies
performing nearly all of their own welding. In general, very little weld
joint design effort 18 given to XP enclosures, and the joint configurations
are predominantly determined from past experience. However, some
application of AWS prequalified joint designs was found. All of the larger
companies employed welding engineers, and all were actively engaged in
the joint designs. One company was found to test enclosures and keep
traceable records; the others depend on the MSHA testing and certification
process. Only the company which kept traceable records had an active
and formalized quality assurance program. No intent to review or suggest
quality assurance measures was considered in these surveys.

Based on these survey results, the following conclusions were reached:

(1) The survey has shown that the basic weld joint desfgns and
quality measures that are applied to XP enclosures are largely
dependent upon the original qualification testing performed by
MSHA. PFive out of six manufacturers do no testing. Half of
the companies or less use AWS prequalified joint designs. None
of the companies have qualified their own welding procedures,
and two are beginning to qualify their welders to AWS standards.
Therefore, it is recommended that a specific set of minimum
welding and acceptance requirements be applied to the manufacture
of XP enclosures.

(2) Half of the six companies are addressing the AWS Dl4.3-77,
"Specification for Welding Earthmoving and Construction
Equipment,” without any specific weld joint design efficlency
being applied. Since the survey has revealed that five out of
six companies use partial penetration joints, and in many cases,
this 1{s further diminished by the use of single-sided welds
only, the application of a minimum classification for weldment
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designs should be specified. 1In addition, some original testing
or calculation of the joint efficiencies should be applied to
each enclosure design. Therefore, the AWS D14.4-77 Standard,
"Classificatfon and Application of Welded Joints for Machinery
and Equipment,” Classes I through V Joints, should be specified
as the minimum requirement for enclosures.

(3) Visual testing and acceptance of enclosure weldments are the
only measures of weld quality provided by five out of six
companies. Therefore, it is considered necessary to use only
qualified welding procedures, qualified welders, joint designs
of known efficiency, and to inspect by the direct vigual
observation method of examination (as a minimum) for the fitup,
root bead, and final weld surfaces of each enclosure joint.
Acceptance standards for weldments should also be set in
accordance with AWS Dl4.4 requirements.

6.3 Recommendations

Based upon the survey results, it is clear that a welding specification
is needed by the industry to unify the welding procedures, to provide
guidance in all areas of the welding process, and particularly tc provide
much needed guidance in weld joint design efficiency. SwRl recommends
AWS Dl4.4 as the most appropriate welding code for the fabrication of XP
enclosures. It is self contained and provides sufficiently detailed
information for users to perform the five functions necessary for good
welding practice, i.e.,

(1) Welding procedure gpecification

(2) Welding procedure qualification

(3) Welder or welding operator qualification
(4) Joint design

(5) Acceptance criteria for weldments

To solicit comments from XP enclosure manufacturers on the use of
AWS D14 .4, a copy of the welding code and a set of explanatory notes were
sent to representative companies for comment. The explanatory notes and
accompanying cover letter are included as Appendix I.

Welding code AWS Dl4.4 is referred to heavily in the explanatory
notes, and a copy must be on hand for readv reference if the notes are
to be understood. The explanatory notes were mailed to representative
companies under signature of the USBM. Only one reply was received. This
reply, from one of the larger manufacturers, suggested their full support
for the recommendation to adopt AWS D14.4 as a requirement for the
manufacture of XP enclosures.

Welding requirements for XP enclosures are now specified in Part

18, Title 30 of the Code of Federal Regulationg (Reference 1l). The
requirement now states:
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18.31 Enclosures - joints and fastenings.
(a) Explosion-proof enclosures:

(1) Cast or welded enclosures shall be designed to withstand
a minimum internal pressure of 150 pounds per square inch
(gage). Castings shall be free from blow holes.

(2) Welded joints forming an enclosure shall have continuous
gas—tight welds. All welds shall be made in accordance
with American Welding Society Standards.

To establish a more specific welding requirement, Section 15.31(a)(2)
should be revised to read:

(2) Welded joints forming an enclosure shall have continuous
gas—-tight welds. All welds shall be made in accordance
with American Welding Society Standard Dl4.4 entitled
“Classification and Application of Welded Joints for
Machinery and Equipment,” latest revision.

The purpose in recommending this standard is to provide for safe, uniform,
minimum requirements for the manufacture of XP enclosures. It is surmised
that no additional technical effort will be required by manufacturers to
meet these requirements and to implement this standard. It is also believed
that the majority of weld joint designs will not need to be revised in

any way; however, welding procedures and welder qualification practices

in accordance with the American Welding Society requirements will need

to be established where they have not already been implemented.
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7.0 RELIABILITY OF SCHEDULE 2G ENCLOSURES WITH WINDOWS

7.1 Backsround

If explosion-proof enclosures with windows are to operate reliably
in an underground mining environment, each component of the enclosure
must function properly. Metal components have proven their reliability
through a long history of successful use. Relatively new materials, such
as adhesives and polycarbonates, have not yet proven their reliability.
The purpose of this task was to investigate those parameters which affect
the reliability of enclosures with windows. It was not to develop Quality
Assurance (Q.A.) procedures, but to develop information which will be
directly applicable to the development of such procedures in the future.

To investigate the reliability of materials and components in the
mine, one must understand the mine environment. A good survey of the
environment underground is given by Francis and Lankford [19], from their
study of acceptance testing criteria for adhesives and sealants for
explosion-proof enclosures. In this task the environmental data in
Reference [19] were supplemented with data from additional investigations.
These new investigations were devoted primarily to defining the mechanical
environment underground. The data were needed to formulate ruggedness
criteria for enclosures (Section 8.3) and were also used for some of the
evaluations performed in this task.

Based upon discussions with MSHA personnel and a review of the
environmental data, it was concluded that evaluations were necessary to
determine the effect of the inservice environment on enclosure materials
and to determine how well Schedule 2G qualification tests represent
inservice loads. The following tasks were selected:

Evaluate the effect of vibrations on enclosures with windows
Evaluate the Schedule 2G Impact Test

Evaluate the Schedule 2G Thermal Shock Test

Letermine the effect of the inservice environment upon selected
¢Jhesives and polycarbonates which are used in enclosures

c 00 o

Results of these investigations are presented in the following sections.

7.2 Vibration Testing

7.2.1 Methodology

To study the effects of vibrations upon windows in explosion-
proof enclosures, SWwRI performed sinusoidal vibration sweep tests on three
luminaires. The purpose of these tests was (1) to see if different types
of window mountings produced differences in window response and (2) to
see 1f excitation frequencies from mining equipment would excite resonances
in the enclosures that might be detrimental to the window.

The luminaires tested were typical of those mounted on

underground mining equipment. Each luminaire is identified below by type,
manufacturer, and window description:
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(a) Model & Type: 14812D Machine Light
Manufacturer: Control Products, Inc.
Window: Soda-lime plate glass, rectangular and round, seated
with silicone and edge bonded with epoxy

(b) Model & Type: 500131-35 Fluorescent Lamp
Manufacturer: Joy Manufacturing Co.
Window: Polycarbonate tube, mechanically fastened, slip fit
with O~ring seal

(c) Model & Type: MHL2 Headlight
Manufacturer: Crouse~Hinds Co.
Window: Tempered glass, round, mechanically fastened, no gasket
or sezting compound

These luminaires are shown in Figure 7.1. Note that the Control Products
Lunminaire is the same as Enclosure 111, which was analyzed and hyvdro-
statically tegsted as described in Section 4.3. Axes on the photographs
identify the excitation (drive) and measurement axes for the vibration
tests. For example, X-axis drive means that the excitation is being applied
along the axis of the tube in the fluorescent lamp or perpendicular to

the glass window in the MHL Headlight. Likewise, the measurement of
vibration normal to the glass surface would be in the X-direction for

the MHL Headlight, etc. This nomenclature 1is used in subsequent figures
and refers to the axes and directions in Figure 7.1.

Before testing began, vibration data on different mining
machines were reviewed to determine the expected frequency range of
excitation on such equipment and to estimate vibration amplitudes.
Vibration data reported by Patterson, et al. [20], provided the basis
for the review. The data showed that significant vibration excitation
can occur from ~50 Hz to ~10,000 Hz and that vibration levels can be as
high as 19 grpg (data taken with a l1/3-octave bandwidth filter). We did
not attempt to excite the luminaires at these acceleration levels, but
attempted only to identify the resonant frequencies within the above
frequency range.

To cover the frequency range reported in the vibration data,
sinusoidal sweep tests were performed from ~5 Hz to 10,000 Hz. An input
acceleration level of 0.1 g (zero to peak) was used for all tests except
the first. The first test was conducted with a 0.5 g (zero to peak) input.
Measured responses exceeded 5 g's, so all subsequent excitation levels
were lowered. The sweep from 5 Hz to 10,000 Hz was made in two parts, 5
Hz to 100 Hz and 100 Hz to 10,000 Hz. No resonances were observed in
the 5 Hz to 100 Hz range for any of the enclosures, so those data are
not presented; all data will cover the frequency range from 100 Hz to
10,000 Hz. A sweep rate of 30 Hz/sec was used in all tests for which
data are presented. A few tests werz algo conducted with a sweep rate
of 10 Hz/sec. Differences in the maximum responses were small, and no
new frequencies were ohserved at the slower rate; thus, the majority of
all tests were conducted at the higher sweep rate to reduce test time.

A total of 49 vibration tests were performed on the three
enclosures exciting them along each of the three axes. Two acceleration
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(b} Joy Manufacturing Co. Fluorescent Lamp

(c) Crouse-Hinds Co. MHL Headlight

FIGURE 7.1. REIERENCE AXFS FOR VIBRATION TESTING
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measurements were made per test. This large number of tests was conducted
in an attempt to isolate the source of resonances when they were observed.
Isolating the frcquencies proved to be somewhat impractical because the
accelerations from the resounances were transmitted throughout the
enclosures. It was concludad that the important resonances for the windows
were primarily those that produced the highest acceleration levels on

the window in the direction normal to its plane. These vibrations would
produce tension and/or compression in the seating compound (if any) between
the window and the frame and place the adhesive (i1f any) that bonds the
window to the enclosure in tension and/or shear. This is generally the
direction of motion that would tend to unseat the window.

7.2.2 Results

Figures 7.2 through 7.4 show acceleration levels measured
normal to the window surfaces for excitation in three mutually perpendicular
axes. For the fluorescent luminaire, made from polycarbonate tube, thege
accelerations were arbitrarily measured in the vertical direction.

Figure 7.2 gives these results for the luminaire from Control
Products. The top window was chosen as representative of the three
rectangular windows in this enclosure, and Parts (a), (b), and (¢) of
Figure 7.2 give accelerations measured at the center of the top window
for excitation in the X, Y, and Z axes, respectively (see Figure 7.1).
Input acceleration for Part (a) was 0.5 g (zero to peak). All others
are for inputs of 0.1 g (zero to peak). It is very clear from these graphs
that the resonances that occur are not of the window, but of other
components in the enclosure. They shift dramatically in frequency with
changes in the direction of excitation. If the fundamental resonance of
the window were being excited, it would be at the same frequency no matter
the axis of excitation. Further, the fundamental frequency of the
rectangular windows is ~7300 Hz for simple support conditions. The
frequency at vhich the window will actually vibrate may be raised by some
rotational restraint at the support or lowered by lateral support
flexibility; however, it does not appear that the fundamental of the window
{s being excited because it does not occur for Z-axis drive, which is
the drive axis most likely to excite the windcw.

The peaks in the response spectrum that occur at about 200,
500, 1700, 3700, and 6000 Hz show that significant amplification of the
excitation acceleration can occur in the luminaires. As will be clear
when the responses of the other luminaires are studied, the peak at ~200
Hz 1s common to all of them for Z-axis drive. Thus, this amplification
is a consequence of the excitation system and will be ignored as a luminaire
resonance. The second highest amplification is about

goutgut = 23

8input
which occurs at 3700 Hz. High and possibly detrimental accelerations of
the window can occur in service if large excitation accelerations occur

at this frequency. Smaller, but still significant, window vibration could
be produced at any of the other, smaller peaks.
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ACCELERATION (g's)

Reproduced from
best available copy

-~

4 5 6 7 8 9 19
FREQUENCY (KHZ)

(c) Z-Axia Drive, Top Window

FIGURE 7,2. VWINDOW ACCELERATIONS MEASURED NORMAL
TO THE GLASS SURFACE - COMTROL PRODUCTS ENCLOSURE
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ACCELERATION (g's)

0 1 2 3 4 5 6 7 8 10
FREQUENCY (RHZ)
(f) 2-Axis Drive, End Window
FIGURE 7.2. WINDOW ACCELERATIONS MEASURED NORMAL TO THE

GLASS SURFACE - CONTROL PRODUCTS ENCLOSURE (Concl'd)

Reproduced from
best available copy
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FIGURE 7.3. ACCELERATIONS MEASURED IN THE VERTICAL DIRECTION NEAR THE
TUBE CENTER - FLUORESCENT LIGHT FIXTURE BY JOY MANUFACTURING CO.
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(e) Z=-axis Drive, Loose Retainer

FIGURE 7.4. WINDOW ACCELERATIONS MEASURED NOPMAL TO
GLASS SURFACE (X-AXIS) - CROUSE~HINDS ENCLOSURE
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Parts (d), (e), and (f) of Figure 7.2 show the effect of
vibration on the round windew in the end of the enclosure. Amplification
factors are lower than for the top window. Note that the same splke appears
in the top and end windows in the neighborhood of 6000 Hz for X-axis drive.
All other resonance peaks for the end window are lower than for the top
window. No others exceed 1.0 g (zero to peak), which produces an
amplification factor of less than 10.

Results for the fluorescent lamp made by Joy Manufacturing
Co. are given in Figure 7.3. The “"window” in this lamp is a cylindrical
tube, and vibration measurements were made in the Z-axis (normal to the
cylindrical surface) near the tube center. Up to five resonant frequencles
(longitudinal bending) of the tube occur in the range from 5 Hz to 10,000
Hz. These frequencies were calculated analytically and are shown as bands
in Part (c) of the figure. The low end of each frequency band corresponds
to the simple support solution for the tube, and the high end corresponds
to clamped support solution. As the actual support conditions are between
simple and damped restraint, the actual resonances will fall in the
frequency band between these two bounds.

As for the Control Products luminaire, the spike at ~200 Hz
is believed to be associated with the excitation equipment and is therefore
ignored. Several other resonant spikes occur with amplification factors
of about 22 to 26. Frequencies 4 and 5 calculated for the tube do not
appear in the results; however, natural frequencies 1, 2, and 3 are probably
among the gspikes that occur within the respective bands. Resonances for
this luminaire occur primarily below 4000 Hz.

Figure 7.4 gives results for the Crouse-Hinds MHL2 Headlight.
The fundamental frequency of the window in this enclosure is between 5000
and 10,000 Hz, with the lower bound corresponding to simple support at
the boundary. This frequency may be evident at 9500 Hz ir Part (a). Note
also that for y-axis drive with the window retainer loosened [Part (c)],
a resonance peak occurs at about 7800 Hz. This could be the same rezonant
frequency, shifted by the change in boundary conditions.

Ignoring the resonance peak at ~200 Hz, as for the other
luminaires, the maximum amplification is approximately 18 and occurs at
2200 Hz. Amplification is quite low at other resonant frequencies. The
resonance at 3000 Hz in Part (e) is associated with the loose window
retainer. It may be retainer or window rigid body motion. Although the
window is mechanically retained without seating or sealing compound, the
window in this enclosure experiences lower acceleration than windows in
the other two luminaires. This effect is probably more a function of
enclosure design than of window mounting It should be noted, however,
that accidental loosening of the window retainer can introduce a new
resonance and that if high input occurs at this frequency (~3000 Hz),
damage to the window might easily occur.

7.2.3 Conclusions
These vibration tests have revealed that high amplification

of input vibrations can occur in luminaires and can produce high
accelerations that are normal to the plane of the windows. Thus, high
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input vibrations at resonant frequencies have the potential to damage

the windows or window mounts, but additional testing 1s required to quantify
the effect of vibrations on enclosures. No clear picture emerges from

these tests as tn the best way to secure the window in place. The window
that was secured only with a retainer ring functioned well when the retainer
was tight. A potential problem with this arrangement is that the retainer
can be loosened, but the probability of this occurring may be low. Dwell
tests on these same enclosures might show that some mounting methods are
more durable than others in a long-~term vibration envirounment.

7.3 Evaluation of the Window Impact Test

7.3.1 Overview

The purpose of this evaluation was to determine the merit of
the impact test for qualifying windows for use in the mine environment.
To make the evaluation, the kinetic energy delivered to the lens by the
impact test was compared to that which could be produced in the mine by
various accidents. The criteria for a ruggedness test, presented in Section
8.3, are based on roof fall data and other postulated accidents, and so
the kinetic energy produced by the impact test was compared to that
recommended for the ruggedness test. In addition, the peak stresses in
the lens produced by the impact test were compared to those which would
be produced by the explosion test and a 150-psig hydrostatic test (see
the Structural Performance Test, Section 8.2). Stresses in the lens
produced by the impact test include both overall bending stresses and
local contact stresses.

Schedule 2G Impact Test

The impact test, as defined in Paragraph 18.66 of Schedule 2G
[1], 1is given below:

"(a) Impact teste. A d-pound cylindrical weight with a 1-
inch-diameter hemispehrical striking eurface shall be dropped
(free fall) to strike the window or lens in its mounting, or
the equivalent thereof, at or near the center. Three or four
samplee shall withatand without breakage the impact according
to the following table;

Lens Diameter, (D), inches Height of Fall, inches
D <4 6
4§ <D<5 9
5D <6 15
6 <D 24

In this study, a circular lens with two support conditions,
simple and clamped, was analyzed to estimate the peak stresses produced
by the impact test. The lens chosen for this study was half an inch thick,
with an overall diameter of 6.375 inches. Since the lens was seated in
a frame, the diameter from the center of the supports was between 5 and
6 inches. Therefore, the test cylinder had a free fall height of 15 inches
as indicated above.
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Lens Properties

The two most common glasses used as lenses for explosion-
proof enclosures are borosilicates and soda-lime. The property and strength
differences of these two glasses are within 10%. The properties of soda-
lime glass (such as the float glass by PPG) were used in this study. They
are:

E = Young's modulus = 10 x 106 psi
v = Poigson's Ratio = 0.25
pg = 9.1 x 102 1b/4in3

The tensile strength of the soda-lime glass under static loading
ranges from 4 to 10 ksi. If there is no pre-existing flaw, the tensile
strength 1s approximately 4 to 5 times higher from empirical statistics.

The compressive strength is considerably higher than the tensile strength.

7.3.2 Kinetic Energy in the Striking Cylinder

The kinetic energy produced by the 4-1b cylinder dropping 15
inches was calculated as:

K.E. = 1/2 MV2 = 1/2 M (V2g0)2 = MgL = WL = 5 (ft=1b) (7.1)

where M = mass of cylinder
g = gravitation acceleration
L = free fall distance
W = weight of cylinder.

The total kinetic energy level involved (5 ft-1b) in the impact
test is almost nil compared with the kinetic energy of 3,700 fr-1b/fr2
recommended for the ruggedness test (see Section 8.3). It is obvious
that if the lens cannot withstand the load in the impact test, it {s almost
certain to fail under the ruggedness test. Further, the ruggedness test
would almost certainly fail an unprotected lens even if it passed the
impact test. However, the contact area under the impact test may be
substantially smaller than that in the ruggedness test. The very localized
radial tengile stress and vertical compressive stress can be detrimental
and can initiate characteristic cone fractures. Contact stresses are
addressed in Section 7.3.4

7.3.3 Bending Stresses Produced by the Impact

When a lens is subjected to vertical impact from a falling
object, the kinetic energy released from the moving body can generate
destructive pressure on the lens at the point of impact and cause the
lens to vibrate laterally. To determine the peak tensile stress due to
bending, an amplification factor (AMF) was introduced. It was defined
as the maximum displacement caused by the peak pressure, divided by the
displacement produced by the statically applied weight of the falling
object.

The following simplifying assumptions were made in this study:
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(1) The direction of cylinder impact is normal to the lens.
The contact surface between the c¢ylinder and the glass
is very small with respect to the lens.

(2) Rebound of the cylinder is ignored.

(3) Deflection is small with respect to the plate thickness;
i.e., there are no membrane effects.

(4) The lens takes its static deformation shape under the
impact.

Under these assumptions, the maximum deflections and stresses were found
from a consideration of energy in this system. When rebound of the cylinder
is ignored, all of the kinetic energy of the cylinder is absorbed by the
lens in terms of the strain energy, U. That is,

K. E. = Ujung (7.2)
The kinetic energy is known from Section 7.3.2. By evaluating the strain
energy of the lens in terms of its displacements, the displacements and
stresses can be calculated.

7.3.3.1 Circular Lens with Simply Supported Boundary

rZ: 2t = 0.5 in
w#nn | e a = 3.1875 in

FIGURE 7.5. CIRCULAR PLATE WITH SIMPLY SUPPORTED EDGE

The deformation for this type of plate subjected to
a concentrated load, P, at its center was derived by Timoshenko [4] and
is given below:

-2 |3tv,.2 2 2 x
V= Tep [1+v(a ré) + 222 log a] (7.3)

where D 18 bending rigidity and is equal to 1l.1lll x 105 in-1b in this
case,

Equation (7.3) can be written in terms of the maximum
deflection at the center,

e P [3H] 2
Yo " 167D [1+v] a (7.4)
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which gives W in terms of W, as

ity Wo [y 5, 2 r
(m]?[m (a - x5 + 2r% log (7.5)

The total strain energy generated during the impact
can be calculated as: (see Appendix J for details)

D [2wfa 2W 1 a2 _ 1w 2w
zfofo [(ar +Z 30~ 2A-WT 0 57| rdrde

2 (7.6)

= 1.056 x 10° x W,°  (in-1b)

Now, the displacement at the center of the plate
under the peak load due to the impact, (W,){, can be calculated by using
Equation (7.2).

(Wo){ = 2.384 x 10°2 (in)

The displacement at the center of the plate due to
the statically applied weight of the cylinder is given by Equation (7.4)
as

P 3y 2 -5

and now

MWods 5 384 x 10-2
(Wo)g  1.890 x 1072

AME = = 1261% (7.7)

For the lens shown in Figure 7.5, the maximum tensile
stress occurs at the center of the surface opposite to the impact. This
tensile stress is composed of the stress due to bending and the local
stress due to bearing. Woinowsky-Krieger [4] provided an appropriate
formula which accounts for both effects.

[(L + v) (0.485 log %; + 0.52) + 0.48)

(7.8)

*Roark [21] provided a simplified equation for this factor. His equation states

]
i w_i = 1+ 1+2(h/w) where h is the drop height.
o

s s

The AMP is calculated as

-\ / _(2) (15 (15)
AMP = 1 + 1 + -
1. 89x10
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The stress produced by the 4-1b load applied
statically becomes:
(O¢)g = 25.88 psi

The maximum tensile stress under impact was therefore
calculated using Equation (7.7) as

(O¢)g = AMF x (0¢)g = 1261 x 25.88 = 32,634 psi
7.3.3.2 Circular Lens with Clamped Edge

A

//
4

FIGURE 7.6 CIRCULAR LENS PLATE WITH CLAMPED EDGE

The deflection for a clamped circular plate loaded
at the center can be expressed as

- £X- x P 2 _ .2 (7.9)
W= g 1087 tigm (8-

or in terms of the displacement at center, W, as

W L .10
W=2 ;% r? log §>+ ;% (a2 - r2) (7.10)

Based on this expression for the displacement and the results in Appendix J
the strain energy was calculated as

U= 2.749 x 105 W,2 1b~in. (7.11)
Now using Equation (7.2) and a kinetic energy of 5 ft-1b, the center
digplacement produced by the impact was found from Equation (7.11) to be

(Wo)g = 1.477 x 102 in

The center displacement of the lens under the weight
of the cylinder is

P 2 -6 in
(Wo)g = iemp 2 ® 7.277 x 10
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which gives an amplification factor of

(o) i (7.12)
Wa)s 2030

AM.F. =

The maximum tensile stress occurs at the center of
the surface opposite to the impact. It can be expressed as:

P a_ 7.13
o, = 357 (1 + v) (0.485 log 5y + 0.52) ( )

The static load of cylinder weight produces a tensile
stress of

(O¢)g = 18.2 (psi)

Multiplying the static stress by a dynamic load factor
(Equation (7.12)], the impact stress becomes:

(0¢)g = AMF x (04)g = 2030 x 18.2 = 36,946 psi (7.14)

7.3.3.3 Comparison with Other Tests

Table 7.1 summarizes the radial tensile stresses
generated in the circular lens by the Impact Test, the Schedule 2G Explosion
Test, and the Structural Performance Test (Section 8.2). In the Structural
Performance Test, a 150-psig pressure 1s applied uniformly to the lens.
Stresses were calculated using standard handbook formulas such as given
in Appendix H. For these calculations, ideal edge support conditions
(simply supported and clamped) were assumed.

In the Explosion Test the peak pressure without
rressure piling can be as high as 117 psig (as discussed in Section 4.1.4),
although it is normally much lower. Further, for this calculation, a
minimum rise time of 17 msec was assumed to give a worst case loading.
Using this minimum rise time the dynamic load factor (DLF) was calculated
for the lens. This DLF, when multiplied by the static stress as given
by the formulas in Appendix H, gave the stress listed in Table 7.l.

It is clear from these comparisons that the Impact
Test produces far higher bending stresses than either the Explosion or
the Structural Performance Tests. Further, the Explosion Test normally
produces lower pressures than the 117 psig assumed for this study and
thus causes substantially lower stresses than the Structural Performance
Test. It should also be noted that the comparisons in Table 7.1 are based
only on peak stress. Glass is known to be rate sensitive and glass
manufacturers permit higher allowable stresses for short duration loads
than for long duration loads (refer to Section 5.0). The allowable stress
can vary by factcrs of 2-3. Even with a variation this large, it appears
that the Impact Test is still more severe than the Structural Performance
Tesgt .
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7.3.4 Local Contact Stresses

7.3.4.1 Calculation of the Maximum Stress

When the 4-1b cylinder with l-in.-diameter hemispheric
tip (refer to Section 7.3.1) drops 15 in. on the center of the circular
lens (Figure 7.7), a very localized stress field is generated. This stress
field is known as the Hertzian contact stress field, since Hertz was the
first to calculate the pressure distribution and deformations arising
during the contact of two linear-elastic solids. Timoshenko and Goodier
[22] introduced a closed form solution of two spheres under impact by
relating the contact force to the momentum of the impacting objects. Evans
[23] extended the solution to the impact of a projectile and a planar
surface; however, in Evans' study, the planar surface was assumed semi-
infinite as compared to the size of the projectile. For the lens analyzed
in the preceding section (Figure 7.7), the mass of the lens is only 0.376 x
102 1b-sec?/in. as opposed to a mass of 1.035 x 10~2 lb-secZ/in. for
the impacting cylinder. Therefore, the force generated during the impact
test was estimated by including the finite mass of the lens as given below:

1/5

6
v 3
Py = 1.14 X (-1—62) ! > [ 1 ; (7.15)
) 9% (K, +K,) —_+ =
1l 2 n, m,

2t = 0,5"

FIGURE 7.7. CIRCULAR LENS DIMENSIONS

where Pp.y = maximum impact force

v = impact velocity
Ry = radius of the dropping cylinder
2

l1-v

K. - for the dropping cylinder
- ﬂEl

l-v2

K2 = “Ez for the lens
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v = Poisson's ratio
E = Young's modulus
m) and mp are the masses of the cylinder and lens, respectively.

It is noted that Equation (7.15) is exactly the same
as Evans' when my approaches infinity. Using this relationship, the peak
load delivered to the lens by the dropping cylinder was found to be

Ppax = 5899 1b

The contact duration can be estimated by using
Timoshenko and Goodier's general equation as:

1/5

2 2.

T = 3.214 (9172) (X +K) ) ]
' 16 VR, m, +m,

= 0.000212 sec (7.16)
= 0.212 msec

For comparison, the fundamental vibration period for the lens of Figure
7.7 can te found in Appendix J. Ttese periods of

T = 0.032 msec for simply supported edges
T = 0.0158 msec for fixed edges

are well below the contact duration. Thus, the lens vibration was neglected
in the analys’c, and Hertzian quasi-static contact theory was used to
calculate the peak stresses.

Under the impact load, the apex of the dropping
cylinder and the glass plate are pressed together. There is local
deformation near the point of contact. Assuming that both materials undergo
elastic deformations, a circular contact surface is developed (see
Figure 7.8). The radius of this coatact surface was calculated as
(References 24 and 25):

1/3
4QP
C = 2 Rl (7.17)
3E1
where
E
. 2
Q= [(1-\,;) + (1-v)) %] (7.18)

For our conditions we find ¢ = 0.0652 in.
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FIGURE 7.8, CONTACT GEOMETRY

The stress distributions around the contact area
for general quadrzatic deformation surfaces were derived by WUilshaw [26].
Maximum compressive stresses are generated at the center of the contact
surface., The principal stresses at this point are:

P
3 MAX .
o, = (cz)MAX -3 "cz = 662,559 psi (compression) (7.19)
3. 0= 0y = - 1-;2v 9, = -496,916 psi (compression) (7.20)

These compressive stresses are very high. However,
they have almost the same order of magnitude. Thus, the area immediately
below the center of contact appears to be a zone of nearly hydrostatic
pressure. Glass usually has high compressive strength and is unlikely
to fail under hydrostatic pressure. Figure 7.9 shows the stress
distribution through the thickness at r = 0. Note that the local stresses
diminish to zero at about half the thickness from the contact point.

The radial stress underneath the contact surface is
compressive with its maximum at the center. However, it changes its sign
close to the edge of the contact surface. It is this radial tensile stress
that is most likely to initiate failure in the brittle glass material,
because, at the location of this maximum radial temsile stress, g, is
equal to zero; therefore, pure shear governs. This maximum tensile stress
at the periphery of contact suriace can be expressad as:

at z =0, r = ¢

1-2v( 3 PMAX

b4 8 3 2 2
e

= 110, 427 psi (7.21)

Figure 7.10 illustrates the surface tensile stress
distribution. The tensile stress drops sharply away from the edge of
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the contact surface. At the location approximately equal to the radius
of the dropping cylinder, the local tensile stress is almost zero.

From Equation (7.21) it appears that an enormous
amount of tensile stress exists at the edge of the contact surface.
However, from previous experience, the lens appears to be intact during
the impact test, according to visual observation. Since there are no
labroatory results to support our analysis at the current time, the
experiments carried out by Kirchner and Gruver [27] are used to illustrate
the relationship of impact force and damage. In their test, an annealed
soda-lime glass sheet (3/16 in. or 1/4 in. thick) was used, and the specimen
was supported from the rear by a large steel block. A 3/4-in.-diameter
portion of the center area was abraded by 3>-mm-diameter glass spheres;
the remainder was protected by a paper mask. Figures 7.11(a), 7.11(b),
and 7.11(c) show the localized impact damage by glass spheres at velocities
of 72 ft/sec, 187 ft/sec, and 377 ft/sec, respectively.

Impact forces and the maximum radial tensile stresses
from Equation (7.21) are summarized in Tabie 7.2 for the Kirchmer and
Gruver [27] data and for the Impact Test. A complete circular crack was
formed in the surface of the particular specimen when the maximum tensile
stress is approximately equal to 84,000 psi. However, the crack was
detected by optical and scanning electron microscopy. Such cracks may
not be apparent visually. We cannot conclude from this that soda-lime
glass has tensile (rupture) strength on the order of 84,000 psi. The
possible impacts by more than one projectile can make the stress more
pronounced in Kirchner and Gruver's test. The rigidity of the support
also has an effect on the impact process.

Above, it was stressed that the tensile strength of
the glass under impact can be four to five times higher than {ts normal
tensile strength. That puts the tensile strength in the range of 20-40
ksi undar impact load. This strength is substantially lower than the
localized tensile stress calculated for the impact test. Thus, it appears
that the impact test or the circular lens was severe and could have caused
the lens to fail in flexure or could have produced local cracking at the
point of impact. The circular lens analyzed is from an explosion-proof
enclosure, so it must have passed the impact test without significant
visible cracking; however, our calculations indicate that it was near
failure.

7.3.4.2 Comparison of Contact and Bending Stresses

Table 7.3 compares _he maximum contact stress to
the flexure stresses produced by an internal explosion and by a 150-psig
internal pressure. These comparisons show that the impact test is much
more severe for the case studied than either the Schedule 2G Explosion
Test or the proposed Structural Performance Test (150 psig). However,
it is less severe than the proposed ruggedness test because of the higher
impact energy for the ruggedness test. Thus, it is very unlikely that a
glass lens could pass a ruggedness test, and it is apparent that the lens
should be protected from the exposure to a rock fall or side impact (see
Section 8.3).
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FIGURE 7.11. LOCALIZED IMPACT DAMAGE ON SODA-LIME GLASS
BY GLASS SPHERES (1.5-mm RADIUS) AT VARIOUS SPEEDS

230



TABLE 7.2.

IMPACT FORCES AND THE CORRESPONDING

MAXIMUM TENSILE STRESSES

Projectile Maximun Maximum
Mass Velocity Impact Tensile Description
Force Stress
lb—sec2
. (f£t/sec) (1») (psi)
n.
Kirchner 1.142)(10_7 72.18 £1.604 84.047 Circular Crack
and ' 1.142}(10-7 187.01 255.77¢4 122,311 Conical Crack
Gruver's -7
Tests 1.142X10 377.30 593.810 163,508 Crushing
Impact 1.035% 10”2 8.97 |[5899.000 | 110,427 | Unknown
Test
Stuay

TABLE 7.3. MAXIMUM TENSILE STRESS PRODUCED BY IMPACT,
RUGGEDNESS, AND PERFORMANCE TESTS

k)

Structural
Impact Explosion | MPerformance
Test Test Test
Loading Characteristics Dynamic Dynamic Static
Applied Area 0.13-4in,-Diameter ] Uniform Uniform
Circle
Load (or Pressure) 5,589 1b (117 psi) (150 psi)
(Maximum Load)
Maximum Tensile 110,427%, 6,085** 7,430™*
Stress (psi) (S.S. Case) 31,211
NOTES : * Local. Contact Stress

%% Flexure Stress
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7.3.4.3 Conclusions

When the 4-1b weight drops 15 in. onto the lens,
the bending stresses calculated from the impact energy, on the basis of
static bending formulae, reach 31-37 ksi. This value exceeds the 4-10
ksl static tensile strength of the glass. However, from previous
experience, the glags did not break or exhibit cracks which can be detected
with unaided eye. As was mentioned earlier, empirical statistics do
indicate that the strength under impact can be 4 to 5 times higher than
its normal strength. This is probably due to the fact that the glass
allows some viscoelastic behavior under short duration impact. However,
if there are pre-existing flaws in the glass, the cracks can degrade the
strength (References 23 and 28) and the glass zan fail in this particular
case.

The bending stress can be the dominating factor for
failure under static load or low-velocity impact. Under high-velocity
impact, very high local stresses around the contact area can be more
critical. The compressive wavefront will travel frowm the contact surface
through the thickness with the maximum compressive stress occurring at
the center of contact surface. Refracted tensile waves will be generated
at the edge of the free surface. This tensile stress is of particular
interest, since it can initfiate the Hertzian (cone shape) crack and possible
spalling. The localized effect involves a complicated mechanism. It
depends upon the vibration period of the lens, the rise and decay time
of the peak load, the stress wave traveling speed, the surface condition
and the properties of the projectile, ete. Such spalling, while potentially
impnrtant, was not addressed in this study.

Our conclusions from this evaluation of the impact
test for lenses are:

(1) The impact test subjects the lenses to flexure
stresses which are higher than those produced
by the Schedule 2G Explosion Test or by 150-
psig internal pressure.

(2) It assures that the lenses are suitable for
"moderate” impacts, but more severe impacts
can occur in the mine from which the lenses
should be shielded.

(3) The proposed ruggedness test 1is more severe
than the impact test, but lenses may not need
to pass the ruggedness test if their orientatioms
and/or locations do not expose them to the types
of impact upon which the ruggedness test 1is
based.
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7.4 Evaluation of Thermal Shock Test

7.4.1 Closed-Form Solution for an Infinite Plate

In the Code of Federal Regulations, the thermal shock test
for windows and lenses in explosion-proof enclosures is given as:

"518.66(b) Thermal Shock Tests. Four samples of the window
or lens will be heated in an oven for 15 minutes to a
temperature of 150°C (302°F) and immediately upon withdrawal
of the samples from the oven they will be immersed in water
having a temperature between 15°C (59°F) and 20°C (68°F).
Three of the four samples shall show no defect or breakace
from this thermal shock test."

In urder to determine the severity of the thermal shock test,
the maximum stresses it produces in the windows and lenses had to be
calculated. These stresses are transient and are a function of temperature
gradients. Therefore, analytical solutions of the stresses produced by
thermal shock could be obtained only if the temperature distribution
throughout the thickness at any time were known.

7.4.1.1 Transient Thermal Solution

The exact solution for transient temperature in a
quenched plate has been developed in most heat transfer textbooks [29,30].
However, a few simplifying assumptions were necessary in order to obtain
a closed form solution. These assumptions are:

(1) The lens is semi-infinite.

(2) The lens is suddenly placed in an environment
with a constant temperature T.

(3) The temperature varies through the thickness
of the lens only.

Figure 7.12 shows a plate with thickness t. Its
mid-surface lies in the Y-Z plane with X denoting the distance from this
plane. The thermal field in this plate can be expressed by using the
heat conduction equation:

2

2 2
37 8 (t,x) = : 5 9 (T,x) (7.22)
x

w =

where
8 (t, X) =T (7, X) - T
T = time (min.)
a = K/pC = thermal diffusivity (ft2/min.)
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FIGURE 7.12. SECTION THROUGH THE LENS

It is noted that Equation (7.22) is a second-order partial differential
equation and that the heat sink and source are excluded. 4 product solution
was adopted to solve the equation.

The thermal parameter 6 (t, X) can be written as:

8(t,x) = X(x)Q(1) (7.23)

so that the general solution of the heat conduction equation now becomes

2
B (1,x) = Cle-a)‘ T (C2 cos Ax + C3 sin Ax) (7.24a)

or

-ai
0(1,x) = e 2 T (A cosix + B sin)x) (7.24Db)

The parameters 1, C;, Cp, C3, A, and B are all comstants. In order to
determine coefficients, A\, A, and B, the following boundary conditions
were used:

(1) Symmetry conditions:
i—T(rx)-O or i6(Tx)"0 @x=0
3x ’ % !

(2) Zcnvection Boundary Condition:

3 h
"KT(T,X) = E[T(T’x)-Tw] at x-:.;.
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or

3 h ] -
—a—xe(.,x) = E@(T,x) at X +

[ N1Kal

(3) Surface Boundary Condition:

T -T
o =)

I (o, X)

Based upon Boundary Condition (1), Coefficient B is

equal to zero. From Boundary Condition (2), the following relationship
exists:

Cot (AL) = g; (7.25a)

where
L =t/2 and B1 = hL/k

Equation (7.25) has an infinite number of values that will satisfy ).
In other words, it can be written as
XnL
Cet (AnL) = = (7.25b)
i

The characteristic values ), can be defermined from the table prepared
by Kantorovich and Krylov [3l]. Coefficients A, are calculated by using
Boundary Condition (3). The resultant cemperature distribution function
is given below:

T(t,x) = T w sin A L _ XZ
P ——— = 2 2 ( n e aint cos A X (7.26a)
n
n=1

T ~-T XL +sinX Lcosx L
o @ n n n

@ sin A L
n

T(t,x) = T +2(T -T) 3 \L+cini L cos) L
n=1 n n n

- AZ
atnT coga x
n

7.4.1.2 Transient Stress Soluticn

Boley (1960) [32] derived the analytical solutrions
of the transient thermal stresses for plates of simple geometries with
various boundary conditions. His theory was based upon the following
assumptions:

(1) Small deflection

(2) No in-plane loading
(3) Plane sectfons remain plane.
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(4) Temperature distribution varies through the

thickness only.

(5) Temperature distribution at each time step is

known .

A semi~infinite circular plate was analyzed in this
study. The stress distribution by Boley [32] can be summarized below:

Case 1 - Circular Plate with Free Edges

J
o : g = ! -abT + EI + 2 MT y
XX yy T-v t t3
where

v = Polsson's ratio
«« = thermal expansion
E = modulus of elasticity
T = temperature
t = plate thickness
y = distance from the wid-surface plane

t/2
Np = [ T dy

-t/2

t/2
Mp = f Ty dy

-t/2

Integration of Mt ylelds zero, and the equation becomes:

T B G A S 2E(T.-T) 3
sin an —akzt 4aE ™
x . e oS Ay + —= (T -T)
:\nL+S1n an coSs AnL n Zflo e nZ]
sin qu -aknr
X "L #sina L cos a L € sin )‘n"] (7.28)



The thermal stress equations listed above involve
an infinite series of trigonometric functions, and the arguments of these
functions are the roots of certain transcendental equations. The process
of obtaining numerical solutions was programmed on a digital computer.

7.4.1.3 VNumerical Evaluation

The arguments of the trigonometric function in Equation
(7.26b, are the roots of the transcend®ntal equations; that is

(\nL) tan(\nL) = Bi = X (7.29)

where

h = heat transfer coefficient (BTU/sec—in2—°F)
k = thermal conductivity (BTU/sec-in-°F)

A table prepared by Carslow and Jaeger [33] gives the first six
characteristic values of ),. A computer program for the solution of
Equation (7.26b) was first written using just the first six values of

Ap- The solution showed small temperature perturbations at the beginning
of the quenching process when temperature gradients are high. By
examination of Equation (7.26b) it was found that when time f{s greater
than 1 sec (1 > 1 sec), six terms are sufficient for the infinite series
to converge. However, when the magnitude of T is approaching zero, the
8ix terms no longer guarantee the convergence of the trigonometric series,
and this resulted in the temperature perturbations. Thus, another program
was developed to solve Equation (7.29), and the first twenty (20)
characteristic values were used to estimate the temperature distribution.

To compute the temperature distributions, time zero
was taken as the time aL which the lens was first submerged in the cold
water bath, and the initfal temperature across the lens was assumed to
be constant at 302°F. Figure 7.13 shows that the temperature at the surface
plunges gharply due to the contact with cold water, whereas the rate of
temperature drop is relatively slow at the mid-plane. At the end of 10
seconds, the temperature at mid—plane is still around 301°F. Also note
in Figure 7.14 that, about two minutes after the lens is dipped into the
water, the surface of the lens reaches 1its equilibrium temperature.
However, it takes seven minutes for the entire lens to reach a uniform
temperature of 59°F.

These transient temperatures were then used as imput

to calculate the in-plane stresses, as given by Equation (7.27). For a
free, unsupported circular lens, the x-direction stress (g,) is equal

to the y-direction stress (°y)' Figures 7.15 and 7.16 i{llustrate the
stresses at different locations versus time. As shown in Figure 7.15,
the maximum tension stress occurs at the surface. This tension stress
peaks at approximately 1.5 seconds after the quenching process atarts,
with a magnitude of 3700 psi. Maximum compression occurs at the amid-
plane with a considerable time lag. Its maximum occurs at -30 seconds,
with a magnitude of 500 psi.
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If we compare the magnitude of the stresses produced
by the Thermal Shock Test with those produced by the Impact Test, the
Explosion Test, and the Structural Performance Test (see Sections 7.3.3
and 7.3.4), we find that the Thermal Shock Test produces lower stresses
than the others. It should be noted that the thermally finduced stresses
were calculated for an infinite plute and thus are approximations to the
true stresses.

To compute thermal stresses in a lens which is part
of an enclosure requires that a finite element analysis be performed.
Such an analysis for the thermally induced stresses was not part of the
scope of work of this project. Finite element thermal analyscs of
enclosures were funded as part of USBM Contract HO387009 [2]. These results
have not been completed, but preliminary, unpublished results show that
stresses are strongly influenced by the method of support and, for some
cases, the thermally induced stresses can be much higher than the 3700
psi calculated for the infinite lens. The results of the finite element
analyses will be published in the future as part of the final report on
USBM Contract HO387009 [2].

7.5 Evaluation of Polycarbonates and Adhesives

7.5.1 1Introduction

Explosion-proof luminaires require transparent windows capable
of withstanding (1) dynamic pressures generated by methane gas explosions
inside the enclosures, (2) high temperatures generated by electric lamps
located inside the enclosures, and (3) ultraviolet radiation generated
by fluorescent and discharge type light sources. In addition, the windows
must tolerate immersion in water and contacts with hydrocarbons without
the initiation of cracking.

Glasses, and borosilicates in particular, have been found to
be excellent for construction of windows in explosion-proof enclosures,
as the physicail properties of glass meet all of the operational
requirements. In addition, glass retains its original physical properties
for time periods in excess of 20 years even though being subjected
continuously to high temperature, moisture, ultraviolet radiation, and
hydrocarbons.

Thus, for all practical purposes an explosion-proof enclosure
equipped with glass windows needs to be checked for structural competence
only once prior to being placed in service. Subsequently, the windows
need to be only periodically inspected for cracks and fractures. Since
the lamps fail at relatively short time intervals (i.e., 1-2 years), the
inspection of the window can be performed during replacement of the lamp.
If cracks cannot be detected by visual inspection, it can be safely assumed
that the window is structurally competent to remain in service until next
inspection.

Since glass can safely operate in ambient temperatures in

theISSOO°F range without significant decrease of physical properties, an
accideatal replacemert of the burned out lamp with a lamp rated for larger
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power consumption may raise the temperature above the 300°F design
temperature, without compromising the pressure rating of the window.

A different case presents itself when the windows are fabricated
from plastic. Not only are the physical properties of plastics totally
dependent upon temperature, but also on composition of the ambient
atmosphere (i.e., water vapor, hydrocarbons). In addition, exposure to
heat and UV radiation ages plastics, so that their structural performance
may become unacceptable in a very short period of time. Since the rate
of aging 1s a function of temperature, exposure to UV radiation, and
compositinn of rhe ambient atmosphere, the useful life span for a window
fabricated from a particular plastic may vary by a factor of 10, depending
on the actual operational environment. Thus, with plastic windows the
accidental replacement of a burned out lamp with a lamp of higher power
rating may be catastrophic, as the increase in ambient temperature will
not only decrease the pressure rating of the window, but also its rated
life span. These same comments are applicable to the adhesives which
are used to bond or seal windows in enclosures; however, the adhesives
are usually more protected from the environment (except for heat) than
the polycarbonates and may be less highly stressed.

It i8 clear from th= foregoing discussion that the effect of
environmental factors on polycarbonates and adhesives 1is very important
from the standpoint of reliability in Schedule 2G enclosures with windows.
The purpose of this task was tr establish an accelerated aging test program
by which one could determine the short- and long=~term effecs of the mine
environment on polycarbonates and adhesives. The purpose of the tests
will be to qualify window and lens materials for use in the wine enviromment
and to provide data so that an allowable service life can be established.

Aithough not specifically addressed in this study, the
ingpectin of plastic windovs will be more tedious than for glass windows.
Administratively, the inspeztions will probably require that (1) the type
of plastic be noted on the window, (2) the design temperature of the window
be noted on the window, (3) the date that the window was placed in service
be noted and recorded in the equipment file, and (4) the date that the
window should be removed from the enclosure and replaced #ith a new one
be noted and recorded in the equipment file. Technically, the inspections
may require that (1) the surface temperature of the window be measured
for conformance to desigin values and (2) the surface of the window be
inspected for cracks, crazing, and permanent deformations. When one
considers that in a given mine location there may be hundreds of lamp
enclosures with windows fabricated not only from different plastics, but
also designed to operat« at different temperatures, the inspection program
would have to rely on s.orage of pertinent data in ccoaputers which would
provide the inspectors for each inspection with printouts defining the
ingpection schedule. Obviously, the data file would need to be updated
after every inspection and there would be many details to be worked out
in such an ingpection system.

The foregoing discussion on the difficulties associated with

inspection of plastic windows in service is not intended to discourage
the use of plastics for construction of windows in explosion—-proof
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enclosures, but to alert the USBM to the possible increase in administrative
costs that could result from wide-scale utilization of plastic windows

in luminaires. Alternately, the inspection program could be assigned to
mine operators, with MSHA retaining only the supervisory function. A
potential benefit of such an arrangement might be that by placing not

only the acquisition and maintenance cost, but also the inspection cost,

on the shoulders of mine operators, they would be in a better position

to judge the cost effectiveness of glagf versus plastic windows.

7.5.2 Candidate Plastic Materials

There are several transparent plastics for potential
applications as windows in explosion-proof lamp enclosures. These plastics
are listed in Table 7.4 in the order of increasing deflection temperatures.

The highest resistance to ultraviolet radiation and heat
aging 1is exhibited by acrylic; however, its maximum service temperature
in structural applications is limited to 150°F. 1In applications where
the design temperature does not exceed 150°F, the service life of acrylic
plastic windows subjected to ultraviolet radiation exceeds ten years.

The highest service temperature in a humid environment,
excellent impact resistancz2, and good heat aging resistance are exhibited
by polyphenylsulfone. 1Its service temperature in structural applications
is 350°F. This plastic, however, deterliorates rather rapidly under
ultraviolet radiation. 1In applications where the ultraviolet radiation
is absent (i.e., incandescent lamps). the polyphenylsulfone windows will
provide a long service life at 302°F, the maximum allowable design
temperature for explosion-proof enclosures.

The best resistance to hydrocarbons is offered by transparent
nylon; however, its relatively low service temperature of 200°F and impact
resistance of only 1.1 ft-1b/in. do not make It very desirable for
applications as windows in explosion—proof enclosures.

The highest impact resistance 1s found in polycarbonate
materiuls; however, the service temperature is limited to 275°F, and
polycarbonates have only falr resistance to UV and poor reaistance to
hydrocarbons. In fact, their resistance to hydrocarbons is less than
for the other plastics. Also, it is toughness that degrades first umder
the influence of UV radiation, sustained hest, and moisture so that after
several years the toughness of polycarbonate may decrease to the level
of acrylic.

The best combination of physical properties demand=d by windows
appears to be offered by polyarylates. The high service tewperature,
good resistance to UV radiation, more than average toughress, and the
retention of a very large percentage of room temperatire strength at 300°F
service temperature make polyarylate plastics an excellent candidate for
windows in explosion-proof enclosures.

In summary, other plastics besides polycarbonates were
identified as potentially suitable for windows in explosion—proof
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enclosures. Polyarylates appear to have the best combination of properties,
primarily because of their relatively high service temperature and good

UV resistance. Polycarbonates would be the second choice because of their
high impact resistance, fair UV resistance, and moderately high service
temperature. A test program is needed to establish empirically the combined
effect of gervice temperature, UV, and moisture on the service life of
transparent plastics serving as windows in explosion-proof enclosures
(principally luminaires).

At the present time, only two types of plastics should be
considered for the testing program; polycarbonates and polyarylates.
Polycarbonates should le tested first because polycarbonate windows are
already in service and the establishment of their service life is of utmost
importance to the safety of miners. Polyarylates should also be tested
because they appear to be a potential replacement for polycarbonates in
current applications as explosion-proof windows. Since there are at the
present time no polyarylate windows in service as explosion-proof windows,
the testing of polyarylates does not have to be iniriated imwa2diately.

The testing of polyarylate plastic would follow the same test procedures
as polycarbonate plastic.

7.5.3 Accelerated Aging Tests

A procedure was developed for accelerated testing »f plastics
and adhesives which are used in explosion—proof enclosures. The test
procedure, included as Appendix K, was developed to closely represent
inservice conditions. It includes combined exposure to UV, heat, stress,
humidity, and acid mine water spray.

Under this contract (H037052) the test equipment was fabricated
and assembled. Testing was performed as part of USBM Contract H0387009
(Reference 2). The test procedure was subsequently changed from that
included in Appendix K, as test conditions indicated. Two major changes
and the reasons for them are

1. The lens thickness was reduced from 1/2 in. to 3/16 inch.
This was done to produce higher stresse:s in the lens during
pressurization.

2. Periodic cycling of the pressure in the fixture was stopped.
At intervals of time, specimens were removed from the
chambers and tested to failure. Both pressure tests and
test coupons were used to measure material degradationm.

This procedure was initiated because early test results
indicated that lenses were unlikely to fail within ome
year at pressures of 150 psig.

The complete test procedure will be included in the final
report on Contract HO387009 [2]. Also included wiil be test results and
recommended procedures for future testing.



8.0 PERFORMANCE TESTS FOR SCHEDULE 2G ENCLOSURES

8.1 Introduction

In the future MSHA plans to implement additional performance tests
for the evaluation of explosion-proof enclosures. These tests will
complement existing tests and will be designed to measure the performance
of enclosures in critical areas such as strength and ruggedness. When
enclogures are evaluated in this way, rather than by specifying certain
dimensions as in part 18.31(b) of the CFR, then enclosure designers will
have more freedom in their design approach.

Two performance tests were developed in this study. They are:

O a Structural Performance Test
© a Ruggedness Test

In addition, ciiteria are recommended for the qualification of battery
box covers.

Only one of these test procedures has been verified by actual testing.
Several enclosures were successfully tested following the procedures of
the Structural Performance Test, and refinements to the test procedure
were made as appropriate. The Ruggedness Test has not been verified.
Further, additional work on this test is recommended before its adoption
by MSHA. These recommendations are given in Section 8.3.

8.2 Structural Performance Test

8.2.1 Test Development

Schedule 2G [1] requires that explosion proof enclosures be
designed for 150 psig and that they contain an internal explosion of methane
and air. As shown in Section 4.1.4, dynamic effects produced by the
explosion of methane and air are slight and the dynamic pressures produced
are usually 80 psig or less. Thus, it is logical to base a test for
strength upon a static pressure test at 150 psig with provisions for
increasing the test pressure if unusually high pressures are observed in
the MSHA explosion test.

The test procedure was developed based upon our general
experience in hydrostatic testing and more specifically upon the hydrostatic
t2sting of enclosures cited in Section 4.0. 1In addition, conversations
were held with MSHA personnel [34] and the following general guidelines
for the test were mutually agreed upon:

(1) The normal test pressure will be 150 psig, but provisions
should be made for pressures up to 30C psig. Test
pressures above 150 psig may be required if pressure
piling is observed in the explosion tests.

(2) A pneumatic test should not be used because of the
potential hazards of such a test. For pneumatic testing
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MSHA would have tc design a special testing chamber for
personnel protection.

(3) Water or another dense liquid should be the test fluid.
Water 1is the obvious choice because it {s inexpensive
and readily available.

(4) Failure criteria should be based on an allowable permanent
deforration of 0.04 in./linear foot (as now specified
for the explosion test) and on a maximum allowable cover-
to-flange gap of 0.004 inch.

(5) The use of a feeler gage is the preferred method for
chacking the gap.

(6) Gasket material can be used so long as it does not
interfere with the measurement of the gap. This means
that the gasket material can be no closer than 1/8 in.
to the outer edge of the flange if a feeler gage is to
be used. It may be necessary simply to record the change
in the gap which occurs as the result of a test. A gap
greater than 0.004 in. may exist before the test because
of the gasket. After the test, if this gap has increased
less than a predetermined amount, then the test can be
considered as successful. If this approach is used, it
will be necessary to check the gap before testing and
before a gasket is installed. Based on the pretest gap,
a permissible change in the gap produced by the test
can be established.

(7) The only direct recording instrumentation required is
for internal pressure. Instrumentation such as strain
gages is too expensive for the type of repetitive testing
anticipated.

(8) Standard bolt torques will be used as specified by the
manufacturer for bolt type and grade. .

The Structural Performance Test which was developed according to the above
guidelines is included as Appendix E.

One major problem which arose in the development and
implementation of the test was: "How is the enclosure sealed so that
test pressure can be maintained?” As noted in Section 4.0, leakage
frequently occurred during the hydrostatic tests. Tnus, a study of sealing
methods was undertaken to find fast and reliable ways of sealing enclosures
of arbitrary shape and size. This work, reported in the next sectionm,
became an integral part of the Structural Performance Test.

The Structural Performance Test of Appendix E evolved throughout

this program. It was applied in its final form to the evaluation of the
Pressure Test-Mine Environment, as documented in Section 8.2.3.
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8.2.2 Evaluation of Sealants

Hydrostatic testing of enclosures requires an effective seal
between the enclosure and its cover. Other penetrations must be sealed
also, but the large seal area between the cover and the body of the
enclosure presents the biggest problem to the test engineer. Covers can
be large and irregular in shape, and so a sealant was sought which could
be applied easily and quickly to enclosures of different geometry. Further,
a sealant was sought which would seal the enclosure at pressures up to
300 psig. (A pressure of 300 psig is twice the static-design pressure
and would only be reached if significant pressure piling, during the
explosion test, dictated the need for higher static pressures in the
Structural Performance Test.)

To determine the most suitable sealants for use in the
Structural Performance Test, eight different sealants were evaluated as
listed in Table 8.1. Sealants were evaluated which could be easily applied
to large and/or oddly shaped enclosures. These sealants are applied as
double-sided tapes, as brushed-on adhesives, or as caulking from a tube.
Reinforced neoprene gaskets, which were found to work well in earlier
hydrostatic tests on small, regular shaped enclosures (see Section 4.0),
were not evaluated further.

All gealant tests were conducted using Enclosure I (Figure
4.1). The sealing surfaces for this enclosure lie in one plane, so it
is clear that other sealing configurations can occur; however, two flat
surfaces which press together, without sliding, can usually be found for
sealing so that the results obtained should still apply. For screw-type
Joints the parts must be assembled before the sealant starts to cure or
the relative sliding of the mating surfaces will destroy the seal.

Results of the sealant evaluations are summarized in Table
8.2. Twelve tests were conducted, including multiple tests with some
sealants to study the effect of bead size, curing time, and sealant pattern.
Figure 8.1 shows the sealant patterns evaluated. None of the sealants
tested were satisfactory at pressures up to 300 psig, but sealant B (Table
8.1) performed well in all of its tests and held pressures up to 280 psig.
In most tests the maximum pressures could have been increased even higher.
There were no sudden ruptures of the seals which resulted in sudden pressure
droys. The leaks were slow and progressive, and as long as makeup water
could be supplied fast enough, the pressure could be increased. Tests
were terminated when several drips or a small stream appeared.

It should be noted that the ease of application of some of
the sealants influenced the uniformity of the bead and, perhaps, the
performance. of the sealant, also. Sealants B and E were supplied in
caulking tubes and applied with a caulking gun (relatively easy to apply).
All other "bead type” sealants were supplied in & squeeze tube (more
difficult to apply). In spite of these differences, sealant B appears
to be the superior sealant. Higher pressures can possibly be achieved
by improved application techniques and bead patterrs with some of the
sealants.
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TABLE 8.1. SEALANTS EVALUATED

Sealant Evaluation
I{dentificatior Sealant Description Test Number

A Form-a-GasketGD Aviation #1
Permatex P/N 765-1210

B G.E. Silicone Construction 1200 Sealant | #2, #7, #12
Meets Spec. TT-S-00230C/00115438
(COM-NBS)

c 3M, Scotch Mounting Tape, P.N. 4016 #3
Double Adhesive Coated Foam Filled
Tape

D Permatex Silicone Form-A-Gasket, RTV #4
Blue Gasket Maker, P/N GBR, Item No.
80022, 3 oz Tube

E G. E. Silmate Silicone Rubber, RTV #5, #6
1473

F Permatex Handy Gasket Fast Cure Sealant, #8, #9
Part No. 80478, 2-Component Kit of
Activator and Sealant

G 3/16-inch 0.D., 1/8-inca 1.D., Tygon #10
Tubing

H Dayplas Hi-D Adhesive Backed Tape #11

#1389.0, 503-5, (Manufactured by
TFI Industries, 148 Parkway,
Kalamazoo, Michigan 49006)

*
Reference to specific brands, equipment, or trade names in this table is
made to facilitate understanding and does not imply endorsement by the

Bureau of Mines.
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FIGURE 8.1, APPLICATION OF THE SEALANTS
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From these tests, along with our earlier experience with
reinforced neoprene gaskets, we recommend two methods of sealing the
enclosures. These are:

0 Sealant B (G.E. Construction Sealant, 1200 Series) -
recommended for enclosures of all shapes and sizes

© Reinforced neoprene gaskets - recommended for small, regular
shaped enclosures.

Application of these two sealants is described in the Structural Performance
Test procedure of Appendix E.

8.2.3 Environmental Test/Structural Performance Test

As part of this study, evaluations were performed of the test
series recommended for luminaires by Francis and Lankford [19]. The tests
proposed are combined environmental exposure and static pressure tests.

The purpose of these tests is to give a qualitative evaluation of adhesives
and/or polycarbonates in luminaires after exposure to heat and light from
the internal light source and to high humidity from acid mine water. As
described in Refereace 19, the two tests are:

Static Pressure Test

It i8 recommended that all luminaire design prototypes be
subjected to a static pressure test, which is a modification of Paragraph
18.67, Title 30, CFR. In particular, the light source in each enclogure
will be turned on and run continuously for a period of fourteen (14) days
prior to the gtatic test. The aim here i8 to assess the ability of the
sealant/adhesive to withetand lomg-term thermal expceure. Immediately
following this, a atatic pressure test will be carried out ae per Paragraph
18.67, Title 30, CFR, using a gage presaure of 150 pounds per square inch.

Static Pressure Test, Mine Eavironment

It i8 recommended that all lumiraire design prototypes be
subjected to a pressure test similar to that described above, but carried
out under humidity controlled emvirommental conditione. In this case,
the luminaire light source will again be turned on and mm continuously
for a period of fourteen (14) daye prior to the static pressure test.
However, the luminaire during this time will be contatined within an
environmental chamber maintatned at 20°C, with a $0% relative humdity
environment. The moisture in the emvironment will be the acidiec aimulated
mine water drainage eolution developed by the U.S. Emvironmental Protection
Agency. Following this exposure, the luminaire again is eubjected to a
static gage pressure of 150 pounds per square inch.

These two tests were performed on two luminaires, one
fluorescent tube fixture manufactured by Joy Mining and Machinery Co.
and one mercury vapor lamp manufactured by Control Products Co. These
two fixtures were also subjected to the vibration sweep tests and are
shown in parts (a) and (b) of Figure 7.1. The hydrostatic testing performed
in these evaluations followed the test procedures of the Structural
Performance Test.
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8.2.3.1 Test Procedure

The test gequence for the enclosures was as follows:

1. Examined the two luminaires visually in as-
received condition for deformations or damage.

2. Turned "on” the luminaires in the laboratory
under normal RT conditions and left them “on”
continuously for 14 days.

3. Subjected the luminaires to the Structural
Performance Test.

4. Reexamined the luminaires for evidence of
deformations or damage.

5. Turmed "on™ and left "on" the luminaires
continuously for 14 days, in an environment which
was maintained at a temperature of 20°C and a
relative humidity of 907%.

6. Again subjected the luminaires to the Structural
Performance Test.

7. Reexamined the luxinailres for evidence of
deformaticn or damage.

One exception was taken to the test procedure for the mine enviromment.
Moisture in the environmental test did not simulate acid mine water. We
do not believe that this deviation from the test procedure was signiffcant
for the enclosures tested. This conclusion is based upon accelerated
aging tests being conducted under Contra=t H0387009 [2]. In these tests,
which have been in progress for about twelve moaths, there has been no
significant deterioration of polycarbonate lenses or RIV aihesives from

a combination of high heat, UV radiation, and mine acid water spray. From
these results, it does not appear that rapid aging is being produced by
the mine acid water.

8.2.3.2 Test Evaluations

Qur evaluations of the two tests recommended for
luminaires was based upon the tests themselves, upon the results produced,
and upon the results of accelerated aging t2sts on polycarbonates and
adhesives which are being conducted under Contract H0387009 [2].

Observations on the Tests

The tests are easy to perform if the proper equipment
is available. Facilities must be available for hydrostatically testing
the luminaires, and an envirommental chamber is required to control the
temperature and humidity in the environmental exposure portion of the
test. These facilities are available at SwRI, and so the tests progressed
smoothly. We experienced no particular difficulty in preparing the
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lurminaires for hydrostatic testing or in returning the luminaires to service-
ready condition following the tests. It is necessary to supply proper
voltage and current to the luminaire, and the power requirements are usually
different from 120 volts A.C. The proper power supply should be furnished

by the manufacturer when the luminaire is submitted for approval.

One problem with the test equipment which must be
addressed is the effect of acid mine water on the envirommental chamber.
The mine acid water will degrade all but the most stain resistant steels.
Because the environmental chamber used in these tests serves many projects
and has a mixture of metals in the humidity supply system, we took exception
to the use of acid mine water in our tests. If MSHA implements these
tests on a routine basis, a chamber must be used which is constructed
totally of a high quality stainless steel or its equivalent.

Test Results

Results of tesrs on the two luminaires are given In
Table 8.3. No discernible damage occurred to the luminaire from Joy
Manufacturing. Any degradation which may have occurred from the 28 days
of continuous operation (except for one stop to test the unit) was not
apparent visually and did not affect the hydrostatic test results.

In the first hydrusctatic test om the luminaire from
Control Products, small leaks occurred at the junction of the lens and
the enclosure and in the casting itself. The locations of these leaks
are shown in Figure 8.2. Note that Location A is on the opposite side
of the enclosure from that viewed in the photograph. The leak in the
casting must be the result of porosity because no cracks were evident.
The drip at the edge of the window increased to a stream at about 160
psig. Following the first hydrostatic test, small slivers of glass (see
Figure 8.3) were found inside the enclosure. An examination of the lenses
in the enclosure revealed that the slivers came from the free edge of
the glass plates (see Figure B.4). In the thermal analyses being performed
under Contract HO387009 (2], this area of the lens was found to have high
thermally induced stresses.

Results from the second hydrostatic test of the Control
Products luminaire were similar to those for the first test. The drip
from the casting occurred at a lower pressure than in the first test,
but remained at the same level (an occasional drip); the leak at the edge
of the window occurred at the same pressure as in the first test, but
was slightly greater at 150 psig than at 160 psig in the first test. So,
some deterioration of the Comtrol Products luminaire may have occurred
from the 28-day "burn” and the hydrostatic testing, but the evidence of
the deterioration 1s slight in these tests.

Results of Accelerated Aging Tests

Preliminary results from accelerated aging tests
being conducted on Contract H3877009 [2] indicate that rapid deterioration
from UV, heat, and acid mine water does not occur in the polycarbonate
and RTV tested (Lexan and GE 108, respectively). Fairly rapid deterioration
in epoxy does occur, but it may not be revealed by the 28 days of continuous
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FIGURE 8.2. LUMINAIRE FROM CONTROL PRODUCTS
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FIGURE 8.3. GLASS SLIVERS INSIDE
CONTROL PRODUCTS LUMINAIRE
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FIGURE 8.4. EDGES OF THE LENS WHERE
GLASS BREAKAGE OCCURRED



operation at normal temperatures. Thus, continuous operation of the
luminaires tested probably did not cignificantly affect their strength.
This does not invalidate the tests as a merns of screening enclosures

for particularly unsuitable materials, nor does it guarantee that materials
which pass the tests will survive for a long time in the mine environment.
More extensive tests, such as the accelerated aging tests proposed in
Appendix K, plus other tests that may be appropriate, are required for a
thorough evaluation.

Conclusions and hecommendations from the Test
Evaluations

Conclusions

0 Specilal equipment is required to conduct the tests.
The equipment required includes a hydraulic test
apparatus and an environmental chamber. The
environmental chamber must be resistant to acid
mine water.

0 The tests are stralightforward and easy to perform
with the proper test equipment.

© As a result of the tests, there was no evidence
of deterioration in one luminaire and only slight
evidence of deterioration in the other luminaire.

0 Only the most unsuitable of materials will be
significantly degraded by these tests.

0 The test can be simplified by hydrostatic testing
at the beginning and end of the 28-day illumination
and exposure period. This approach may eliminate
some luminaire. from the 28 days of exposure
testing.

Recommendations

O More extenslive tests such as those reconmended
in Appendix K are required to determine the
suitability of materials for long-term use in
enclosures. We recommend that materials be
pretested and selected from an approved products
list which is based on valid test results.

0 The tests evaluadted should be performed for
preliminary screening until such a 1list is
available, and these tests should be performed
before other MSHA testing (before the explosion
-~est, impact test, thermal test, etc.).
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8.3 Ruggedness Test

The environment in which Schedule 2G enclosures must operate
underground can be very severe; so severe, in fact, that the loads produced
by an internal explosion of methane and air may not govern the design of
some components (covers, sides, surfaces) of the enclosure. That {is,
other loads may be greater. Also, as enclosures evolve, the venting of
enclogures through explosion-proof vents may become permissible. If this
occurs, then the internal pressure loads may be quite low and other design
criteria, such as ruggedness, will control. The purpose of this work
was to evaluate the environment in the mine and to identify suitable
crireria which an enclosure should meet to ensure that it will functior
properly in the mine. Further, a testing procedure for e 'osures, to
evaluate thelr ruggedness, is recomuended.

8.3.1 Environment in the Mine

To estimate the forces which can occur in typlical mining
operations (forces which can be applied to exposed surfaces of explosion-
proof enclosures), we examined operating mines for evidence of damage
and calculated forces which might be produced by different mine accidents.
Specifically, the following forces were evaluated:

O Forces required to produce observed damage on a mining
machine

O Contact forces when a mining machine strikes a rid (as in
turning a corner)

O Impact forces when a shuttle car rams a mining machine
0 Impact forces produced by rock falls

Rib burst can also produce substantial lateral forces which might damage
an enclosure; however, we were wmable to quantify the magnitude of these
forces. Lateral forces produced by rib contact and vehicle impact can
be large as well, and we believe that an enclosure designed to withstand
these forces will be adequate.

8.3.1.1 Observed Damage

Estimates of forces were based on damage to mining
machines observed in the Westland No. 2 mine. Observed damage included
permanent deformations in a mine lighting guard mounted on the top of
the miner and permanent deformations in a flat plate located on the side

of the miner. Estimates of the damage-producing forces and kinetic energy
are:

(1) Light guard: 1/2~in.-diameter bar 10 in. long
with 1/2-in. permanent lateral deformation.

tUniform static force to deform the bar:
F - 600 1b
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Kinetic energy (uniformly applied) to deform
the bar: KE ~ 25 ft-1b

(2) Flat plate: 2 ft x 3 ft x 1/2 in. steel plate
with a permanent deformation of 3/4 1inch.

Uaiform static force to deform the plate:
F -~ 60,000 1b

Kinetic energy (uniformly applied) to deform
the plate: KE ~ 3700 fr-1b

The estimates of the kinetic energy required to deform
the plate and che bar are based on bending behavior only (1o in-plane
stretching). 1If the deformations in the plate are somewhat larger, about
twice the plate thickness, then stretching may occur, and this greatly
increases the energy that the plate can absorb. For example, 1f the plate
deforms 1 in. and 1s sufficiently restrained at its boundary, the kinetic
energy required for this deformation is

KE ~ 14,300 ft-1b
Likewise, if in-plane stretching is treated for a statically applied load,
the force required to produce the 3/4-in. permanent deformation can be
estimated from Equation 5.9 as

F = 217,000 1b

Thus, the static force and kinetic energy required to produce the observed
plate deformations are actually bounded by

3,700 fr-1b < KE < 14,300 fe-1b (8.1)
and
60,000 1b < F < 217,000 1b ' (8.2)

For the damage observed, the plate was not well restrained, and the forces
and energy will be near the low end of the ranges shown.

8.3.1.2 Contact Witk a Rib

This force wiil most likely occur as a mining machine
contacts a rib when turning a corner. An accurate determination of the
peak forces produced during such an incident would require a dynamic
unalysis that includes the driving power of the miner tc the track, track-
to—-floor friction, miner-to-rib friction, and rib lateral strength. We
could not locate the results of such an analysis, and to undertake it
ourselves was beyond the scope and resources of this project. We believe
that a reasonable estimate of the upper bound of this contact forze 1is
the frictional force between the mining machine and the mine floor. Above
this frictional force the miner slips sideways, relieving this contact
pressure. If the frictional coefficient is taken as 0.70 [35], a 100,000-
1b miner could produce a contact force of
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F = 0.70 (100,000 1b) = 70,000 1b (8.3)

This force can act in a direction almost parallel to or normal to the

side of the miner. For cover enclosures, the force will be treated as
normal to the uminer side. This force should give a reasonable upper bound
for slowly applied (quasi-astatic) forces which occur when a mining machine
contacts the rib.

8.3.1.3 Miner-Shuttle Car Impact

When two bodies collide, the impact force depends
upon their flexibility at the point of impact; however, even if this
flexibility is unknown, the energy that must be absorbed during the impact
can be determined. For simplicity, consider a shuttle car impacting a
mining machine from the side. A typical shuttle car will weigh 60,000
1b and operate at speeds from O to 7 mph, with normal operating speeds
being less than 5 mph. If we arbitrarily take 1 mph as a lower limit,
the kinetic energy of the impact will be bounded by

2000 ft-1b (1 mph) < KE £ 98,200 ft~1b (7 mph) (8.4)

If the mining machine slips sideways during the impact with the shuttle
car, then the peak forces may be attenuated somewhat. This will occur
only if the impact force exceeds the 70,000-1b force required to slide
the mining machine, as estimated in the preceding section. Most likely,
impacts will occur at the lower speeds, say 2 mph., At this velocity the
impact energy is

KE - 8000 ft-1b

This value is a reasonable level for side {mpact. It is considerably
above the lower limit of the energy required to produce the observed damage.

8.3.1.4 Rock Falls

The impact energy in rock falls was estimated both
from roof fall data and from the work of Terzaghi. Terzaghi [36] gave
rock loads for six different rock conditions as a function of the width
and height of the mine opening. The general form of his equations is

Hp = C (B + Hy) (8.5)

where B and Hp are the breadth and height, respectively, of the mine opening
and C is a coefficient that depends upon the rock conditions. C varies

from 0.25 for moderately blocky and seamy rock to 1.10 for completely
crushed, but chemically intact rock. Morley [37] suggests the following
values to estimate a reasonable upper limit rock load for U.S. mines:

B =20 ft
H=8 ft
C= 0.5

These values give a rock load of 14 ft, which is a static load (for 160
1b/ft3 rock) of
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F = 2240 1b/ft? = 15.6 psi (8.6)

This value is very close to the 15-psl requirement for canopies as required
by U.S. Congress Federal Coal Mine Health and Szfety Act of 1969 [38].
Enclosure covers, which are designed fsr 150-psi internal pressure, would

obviously withstand this static load; however, in a roof fall, the rock

column can drop up to 6 ft before striking the cover. This produces a
{inetic energy at impact of

KE = 13,440 ft-1b/ft2 (8.7)

As will be shown later, this kinetic energy, which must be dissipated by
the cover, 18 much more detrimental to the cover than is the static load.

In addition to the work of Terzaghi, we analyzed
data from underground roof falls reported in Reference 39. The data were
analyzed and replotted to obtain kinetic energy which can be produced on
the top of a mining machine by the rock impact. The original data reported
in Reference 39 came from MESA (now MSPA) accident reports. These reports
were primarily for years 1972 through 1975 (a few earlier reports were
included), and the accident data were supplemented by additional inquiries
to obtain more specific information.

Reference 39 gave the kinetic energy produced by a
roof fall at the top of the protective canopy for a miner. This height
was taken as 6 ft above the mine floor, but no higher than 1 ft below
the mine roof. For XP enclosures, which are located on the top of the
miner, the height above the mine floor was taken as 3 ft. These heights
affect the kinetic energy in the roof fall because they determine the
rock fall distance. An additional drop of 3 ft can significantly increase
the energy in the falling rock.

Figure 8.5 gives the kinetic energy per wnit of area
at the top of the miner versus the cumulative percentage of roof falls.
The data are bounded by upper and lower curves, and values are read from
the lower bound which gives the highest kinetic energy at any percentage
level. For example, based on these data, 60% of all roof falls should
produce kinetic energy levels equal to or less than 3,700 ft-1b/fe2, Thus ,
to protect against 60% of all roof fall accidents, XP enclosures* should
be designed for a kinetic energy level from roof falls of

KEgo = 3,700 ft-1b/ft2 (8.8)

To protect against 90X of all roof fall accidents, the enclosure should
be designed for

KEgg = 16,000 ft-1b/ft2

The kinetic energy can be very large from roof falls. The largest reported
accident gives a kinetic energy per square foot of

KEjoq = 77,520 ft-1b/ft2

*This applies to the surface exposed to the roof of the mine.
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It is interesting to note that the kinetic energy calculated from Terzaghi's
work (Equation 8.7) corresponds to a protection level of about 86%, i.e.

KEge = 13,440 fe-1b/ft?

These energy levels are very high and will govern
the design of the exposed surface of an enclosure. To demonstrate this,
consider a 2-ft by 3-ft enclosure cover designed from mild steel with a
yield strength, Gy, of 36,000 psi. Using Equation (5.6), the plate
thickness to withstand a pressure of 150 psig was found to be

2
27a% (3-2¢ ) (150 psig) (12)° [3-2(0.7928)]
7T, = 6 (36,000)

h2 =

h = 0.75 in, (8.9)

To compute the required cover thickness for KEgg = 3,700 x 2 x 3 x 12 =
266,400 in-1b, energy relationships developed in Reference 40 were used.

Equating the strain energy in the plate to the kinetic energy applied to
the plate we obtained

w 2 v *
v o= Aayhz(-z%) [Y—x"" x] —%—::yhz(-z—%>‘l - g, (8.10)

If the ratio of the plate center deflection, w,, to
the plate width, 2Y, is taken as 0.04 (maximum center deflection of 0.96
in. in the 2-ft x 3-ft plate), then the thickness required for KEgp is:

2 266, 400

nT 12)? 202y L (8.11)
h=1.08 in.

These values are for illustratioan only and should
be treated as approximate. Even though this cover plate is much thicker
than would be required for 150-psig internal pressure, the thickness is
not excessive for a 2-ft x 3-ft plate. Cover thickness could be reduced
by internal supports.

For the calculation in Equation (8.11), a center
deflection was assumed which is approximately equal to the plate thickness.
Also, expressed as in./ft, the value is 0.96 in./ft across the narrow
dimension of the plate. This is much higher than the deformation which
would occur in the plate designed by Equation (8.9) for an applied pressure
of 150 psig. If a smaller deflection had been used in Equation (8.1l1),
the required plate thickness would have been much larger.
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Thus, the kinetic energy level, KEgy, given by Equation
(8.8) reprerents a very severe load on enclosures, and it is clearly
impractical to protect against higher kinetic energy levels. It is also
clear from the above calculations that KEgo represenis a much more severe
load than the 15-psi c‘equirement now specified for canopies on mining
equipment (Reierence 38). Further, it seems inconsistent to design
Schedule 2G enclosures for a load which 1is significantly higher than that
specified for the canopy which directly protects the operator from a roof
fall. Thus, szdditional work is recommended to better quantify the severity
of rock falls and their effect on mining equipment. This work should
address data on equipment damaged from rock falls and relate the damage
to the kinetic energy in the fall as reported in Reference 39. 1In this
way, a less severe criterion for roof falls can perhaps be established.

8.3.1.5 Summary of Environmental Effects

From the previously discussed investigations, the
forces and energies which can occur in the mine are summarized as follows:

Based on Observed Damage

From above. F ~ 600 1b

KE ~ 300 in-1b
From the side: 60,000 1b < F < 217,000 1b
3,670 fr-1b < KE < 14,300 ft-1b
(observed damage is near the low end of this range)

Based on Accident Scenarios

From above: F = 15.6 psi
KE < 77,520 fr-1b/ft?
KEgo = 3,700 ft-1b/ft2

From the side: F = 70,000 1b (rid contact)
2000 ft~1b (1 mph) < KE < 98,200 ft-1b (7 mph)
(shuttle car impact)
(most likely impact velocities will be at low speed)

It i8 clear that the maximum energies and forces which can occur in the
mine are much greater than the values based on the observed damage. Of
course, the observed damage was very limited and did not include any
equipment which had been impacted by significant rock fall.

8.3.1.6 Recommended Ruggedness Criteria

Based upon these studies, our recommendations for
ruggedness criteria are:

0 Test enclcsure surfaces exposed to the rocf to a

kinetic energy level which will protect against
60% of the roof falls reported in Reference 39.
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0 Test enclosure surfaces exposed to side impacts
to an energy level which corresponds to a 60,000~
1b shuttle car impacting at 2 mph.

O Design protected surfaces to a kinetic energy
level which is 10Z of that required for side impact.

These recomnendations correspond to the following energy levels:
Top Exposure: Test to KE = 3,700 ft-1b/ft2
Side Exposure: Test to KE = 8,000 fr-1b

Protected Areas (such as under the operator's canopy):
Test to KE = 800 ft-1b

As noted in Section 8.1, we believe that additional
work 1s necessary to better quantify damage from actual accidents,
particularly from rock falls. This type of study will relate the damage
potential which exists to the protection level that is actually needed
to agssure some prescribed level of safety.

8.3.1.7 Test Procedure

A ruggedness test to verify that these criteria are
satisfied can be based on static or dynamic tests. A dynamic test (most
likely a drop teat) is preferred because it more accurately characterizes
the postulated accidents which mighkt damage the components. Also, while
the energy level is a function of exposed area {for top exposure), it is
independent of the area geometry. ¥For top exposure, the drop weight should
simulate broken rock. For side and “"under canopy” exposure, a solid
impacting mass is recommended. Although the kinetic energies can be high,
drop weights need not exceed 1000 1b.

To develop a static test, an equivalent external
pressure must be defined. This pressure will be a function of both area
and geometry and adds uncertainty to the test. While this presure can
be readily defined for regular geometries,it will be more difficult to
define for complex shapes. Another difficulty 18 that the pressure nmust
be applied externally to the enclosure and only over specified areas.
Thus, a dynamic drop test 1is recommended which produces the kinetic energies
specified.

8.4 C(Criteria for Battery Box Covers

The purpose of this task was to examine the criteria for battery
box covers now included in Schedule 2G and to recommend suitable
alternatives. With regard to cover strength, Schedule 2G now states:

"18.44 Battery boxes and batteries (exceeding 12 volts).
(a) A battery boxr (trayl), including the cover, shall be made of

steel the thickness of which 18 to be based on the total weight
of the battery and tray, as follows:
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wWeight Thickness

2,000 1b maximum 3/16"
2,001-4,500 lb 1/4"
Over 4,500 1b 5/16"

Materials other than steel that provide equivalent strength
will be considered.

(b) Battery-box covers shall be lined with a flame-registant
ingulating matertal, preferably bonded to the inside of the
cover, unless equivalent protection is provided.

(e) Battery-box covers shall be provided with a means for securing
them in closed position."

These requirements do not take into consideration the geometry of the
tray, strength requirements, or tray design. They do not give the battery
manufacturer any flexibility in the design and certainly stifle the
development of new and better designs for battery boxes. Thus, the USBM
and MSHA are seeking more suitable criteria upon which to base the
certification of battery box covers. Further, MSHA plans to test the
battery box covers for compliance with the criteria.

To better understand the current battery box requirements and their
effects upon battery manufacturers, discussions were held with
representatives of two battery manufacturers [41]. There was a general
consensus among the representatives contacted that a performance standard
for battery box covers is needed. This consensus was based upon a belief
that MSHA accepts some batteries with inferior covers because they do
not have good acceptance criteria or a performance test. They feel that
the effort they spend to develop good designs places them at a financial
disadvantage relative to companies that are less design conscious. Good
performance criteria, properly enforced, would put all companies on an
even footing. Additional comments include:

0 There is a great need for improvement in the design of the battery
tray cover. The major difficulty with current tray covers is
that they warp easily and, once warped, are difficult to remove.

0 Several features of the batteries should be considered by MSHA
when choosing or setting a new criterion. These are:

a. Ease of cover removal

b. Prevention of shorting by the cover or by something that might
be inserted into the battery if the cover should warp

c. Battery contamination from coal dust or other particulate
matter in the mine

d. Battery performance

e. Proper cooling and ventilation during recharging
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fo. Size limitations because batteries constructed to a new
performance criterion might not be interchangeable with
batteries in existing vehicles

g. Battery life

¢ Extending the height of tray partitions to provide support for
the cover is feasible, but it will complicate the battery layout
and fabrication because slots must be provided in these partitions
for leads and drainage.

0 The recommended performance criteria for battery box covers were
that (1) no shorting occur and (2) warpage be sufficiently small
that no item (such as the blade on a screwdriver) can be inserted
into the battery without cover removal.

0 Battery manufacturers do not know the magnitudes of the load that
the tops of their batteries (not the covers) can withstand before
shorting or other serious damage occurs. They suggested that
such data could be generated by a series of relatively simple
tests that utilize geveral existing cells potted in place as in
normal battery assembly.

0 The design of battery covers to resist roof falls is logical for
battery covers that are exposed to the mine roof. There was 20
consensus as to whether or not the probability of roof fall was
greater or less for a battery-operated vehicle than, for example,
mining machinery operating nearer to the mine face.

There may be some justification for reducing the severity of the
kinetic energy for the design of battery box covers below that for the
design of enclosures. Justification for reducing the severity would have
to be based on the location of battery operated vehicles and mining machines
relative to the face. The mining machine 18 frequently exposed to
unsupported roof falls near the cutting face, whereas battery operated
vehicles are more likely to operate in areas with bolted roof support;
however, we have no data to support a contention that the battery boxes
are exposed to fewer roof falls than mining machines. Thus, for now we
recommend that the KEgg criterion be applied to both battery box covers
and to enclosures.

Calculations were made for battery covers under the agsumption that
partitions within the boxes can be extended above the tops of the cells
to support the covers and that the covers are not clamped or bolted at
the sides of the cases. Under these assumptions, the weakest part of
the cover (for a uniform distribution of rock striking the cover) is an
outgide corner.* If membrane action is ignored, the cover deflections
(or thickness for a specified deflection) can be computed from Equation
(8.10). Applying Equation (8.10) to a steel battery box cover in which

*Refers to a corner of the cover defined by two iIntersecting partitions
and two intersecting sides of the box.
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the permanent cover deflections are set at

T - 0.1 ,
y

the cover thicknesses {n Table 8.4 are obtained.

TABLE 8.4 THICKNESS OF A STEEL BATTERY BOX COVER
(cy = 36,000 psi)

Allowable

Permanent
Partition Spacing Deflection Cover Thickness, h

2Y x 2X (W) KEgQ KEgq

6 in. x 8 in. 0.6 in. 0.35 in. 0-28 in.
10 in. x 10 1in. 1.0 in. 0.40 1in. 0.32 in.
12 in. x 18 {in. 1.2 in. | 0.53 in. 0.42 {n.
24 in. x 36 in. 2.4 in. 0.74 in. 0.59 in.

Cover thicknesses for two different kinetic energy levels are given for
comparison. It is clear that to keep battery covers light, the partitions
must be closely spaced, higher strength steels must be used, or the kinetic
energy level must be reduced. Alternately, new battery cover desizns,
which include support to the cover from the battery cells themselv:is,

may evolve. Note also that large permanent deformations have been used

in these calculations. We believe that large deformations should be
permitted for battery box covers under roof fall conditions so long as
provisions are made to avoid shorting battery components.

It i8 avident from the results in Table 8.4 that applying a kinetic
energy level equal to KEgj to battery box covers may result in thicker
covers than are now being used in the mine. Thus, before such a criterion
is adopted by MSHA, SwRI recommends that two additional studies be made.
One is a gurvey of mine roof fall accident data to determine, if possible,
the probability of roof fall damage to battery box covers. This should
be done in conjunction with a determination of the probability of damage
to Schedule 2G enclosures located on mining machines. The other
investigation which we recommend is a test to establish the crushing
strength of battery cells in mine batteries. Again, this study may best
be performed in conjunction with a study of alternate battery box cover
designs.
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What is proposed is basically a strength criterion for battery box
covers. Other factors, such as venting, electrical insulation, and locking
provisions are already covered adequately in Schedule 2G. The performance
requirements for the battery would be that (1) no cells or electrical
conponents be broken by the test, (2) the battery function properly, and
(3) a straight rod, approximately 3/16 in. in diameter, cannot be inserted

into the battery a sufficient distance to damage or short internal
components.
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9.0 KEY FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS

9.1 Key Findings

The work described in preceding sectious of this report covered five
major areas of research. These are:

Selection of a computational method

Margins of safety in XP enclosures

Weld quality in XP enclosures

Reliability of XP enclosures with windows and lense.
Performance tests for XP enclosures

O C oo oC

Several tasks were performed in each of these areas. The key findings
were:

Selection of the Computationai Method

© The ANSYS finite element computer program has all of the features
required for the analysis of XP enclosures, and 1t was chosen
for tne finite-element analyses documented in this report.

9 MARC had most of the desired features for the analysis of
enclosures, but lacked steady-state heat transfer capability in
thin shell elements and, in our judgement, was lees "user friendly”
than ANSYS.

0 ADINA had many of the desired analysis capabilities, but lacked
thin shell elements and (at the time of evaluation) lacked pre-
and post-processors.

Margins of Safety in XP Enclosures

0 Dynamic effects, produced by explosions of methane and air, were
found to be very small for the enclosures analyzed in this study.

0 There are wide variations in the wargins of safety for different
enclosures. One enclosure had a factor of safety less than one.

0 None of the enclosures tested ruptured at internal pressures of
150 psig.

0 Weld joints in one enclosure partially failed at pressures as
low as 60 psig, and permanent deformations of (.31 in./ft were
produced in the enclogure by a pressure of 150 psig.

0 At locations other than the cover seal, only one enclosure leaked
(during the hydrostatic test) at pressures below 150 psig. A
small leak ocurred around the window at 140 psig in the first
hydrostatic test of one luminaire.

0 Safety factors tend to decrease with increasing enclosure volume.
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Physical properties can vary widely for some cast materials. These
property variations affect the behavior of the structure under

load. Further, these variations are difficult to model analytically
(by finite—element methods, for example) because destructive tests
are required to establish the properties, and the properties are
known only in certain areas.

The behavior of welded joints under load 1is difficult to predict
and therefore to accurately describe in an analytical model. This
is particularly true for low-efficiency joints. High-efficiency
joints are more predictable.

Weld Quality in XP Enclosures

o]

[o]

Small manufacturers do not have well-documented welding practices.

Large manufacturers have welding procedures, and most adhere, at
least partly, to AWS w~lding codes.

Joint design is similar for all of the manufacturers, but knowledge
of joint efficiency was poor.

Reliability of Enclosures with Windows

[o]

Enclosure resonances fall within the range of vibrations (5 Hz -
10,000 Hz) measured on typical mining machines.

Amplification factors (ratio of acceleration amplitude measured
on the enclosure to the input amplitude) were as high as 23 on
some enclosures. These amplification faccors were based on
accelerations measured normal to window surfaces.

High local stresses and moderately high bending stresses are induced
in windows and lenses by the Schedule 2G Impact Test. These
stresses exceed those produced by the Schedule 2G Explosion Test,
the Structural Performance Test (Appendix E), and the Schedule 2G
Thermal 3hock Test.

Low stresses are produced in free windows and lenses by the
Schedule 2G Thermal Shock Test. Much higher stresses are introduced
if the entire enclosure is heated to 150°C, and the window is

then quenched from one side.

Heat and UV light degrade polycarbonate windows and adhesive
materials that are used in some XP encloswures.

Polyarylate may be a more suitable material than polycarbonate
for XP enclosure windows and lenses. It is a plastic with good
heat and UV resistance and adequate toughness.

Performance Tests and Acceptance Criteria

o

To assure that all enclosures are designed for 150-psig internal
pressure, MSdA must implement a Structural Performance Test
(described in Appendix E).
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O Forces and impact energies which characterize the mine enviromment
are dominated by those which can be produced by rock falls, by
impacts between mining machinery, and by the impact of a mining
machine with the rib.

0 The maximum potential energy which can be generated by rock fall
is very high, and it is impractical to design for such an energy
level.

O Proterticn fiom bUZ of roof falls requires that exposed surfaces
be designed for a kinetic energy of 3700 ft—lb/ftz, based on data
from past roof falls.

0 Battery box covers should be designed to withstand the proposed
Ruggedness Teat unless future work shows that the exposure to
roof falls of battery operated equipment is less than that of
the mining machine.

9.2 Conclusions

Based upon the key findings noted in the preceding section and other
resuvlts reported herein, the following conclusions were reached:

0 Nonhomogeneous material properties and weld joint stiffness
and strength are not always well known. Because of these
uncertainties in the input data, MSHA should not rely exclusively
upon analytical wethods for enclosure certification. MSHA could
use a combination of analysis and testing for certification if
they chose to do so.

0 Dynamic effects, produced by explosions of methane and air, are
insignificant in most enclosures. Dynamic effects may be important
if unusually high pressures occur (pressure piling) or if the
enclogsure is unusually large.

O Some enclosures have been designed to withstand the MSHA Explosion
Test and not 150-psig internal pressure. Enclosures should be
hydrostatically tested by MSHA to assure that they will contain
pressures equal to or greater than 150 psig.

0 Most small enclosures (internal volume < 124 in3) have adequate
margins of safety; larger enclosures may not have adequate safety
margins.

o For a typical bolted cover, the flange gap will close outside
the bolt line under load. Axial yielding of the bolt may cause
the "unloaded gap” to increase from test to test; however, only
a drastic bolt overload would cause the gap (as measured with a
feeler gage) to increase under load.

0 Joint efficiency is not well understood by many enclosure
manufa~turers.
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0 A uniform welding standard is needed for the manufacturer of XP
enclosures.

O Enclosure resonant frequencies can be excited by mining machines,
and the response amplitudes may be high enough to cause damage
under prolonged excitation.

o High local stresses and moderately high bending stresses are
produced in windows and lenses by the Schedule 2G Impact Test;
however, impact energies which can be produced in the mine by
mining accidents far exceed those produced by the impact test.

O Accelerated aging tests are needed to qualify plastics and adhesives
for service underground. These materials should be qualified
prior to their uses and restricted in service as dictated by the
test results.

O A Ruggedness Test should be based on the possibility of impact
by rock falls and mining equipment such as a shuttle car.

O Battery box covers should be designed to withstand the proposed
Ruggedness Test unless future work shows that the exposure to
roof falls of battery operated equipment is less than that of
the mining machine.

9.3 Recommendations

Key findings and conclusions given in the preceding two sections,
and other results which are documented throughout the report, led to
numerous recommendations which are cited below. It is recommended that

O A design guide be prepared for XP enclosures to unify the design
effort of enclosure manufacturers.

¢ A structural performance test, such as the one described in
Appendix E, be used by MSHA in the certification of enclosures.

O MSHA utilize analytical methods as an aid to enclosure
certification. A screening program for enclosures, to be used
prior to testing, is one way that this recommendation can be
implemented.

0 MSHA require that XP enclosures be fabricated according to an
American Welding Society (AWS) Standard. AWS Dl4.4 is recommended.

O Materials, such as polycarbonates and adhesives, which are known
to be degraded by heat and UV radiation, be approved for use in
XP enclosures only after appropriate environmental testing.
Recommended accelerated aging tests, which are designed to represent
the mine environment, are given in Appendix K.
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Vibration tests be performed on selected enclosures to determine
how well they withstand, over their expected service life, vibration
levels on typical mining machines.

Before a Ruggedness Test i{s finalized, additional work is done
to relate, if possible, damage to mining equipment produced by
rock fall to the severity of the rock fall accident.

Battery box covers be required to satisfy the requirements
established for the Ruggedness Test, unless data from mine accidents
shows that battery powered vehicles operate in a more benign
environment than do mining machines. It is also recommended that
new designs be evaluated for battery box covers which rely upon
battery cell strength for support.

Windows and lenses, particularly those made of glass, be protected
from roof falls and side impacts.
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APPEXDIX A--GRAPHS OF ANALYTICAL RESULTS FOR ENCLOSURE I

ANALYTICAL RESULTS FOR ENCLOSURE I

This appendix contains
o stress contour plots
o displacement plots
o identification of elements with von Mises stress
> 36 ksi
for the cover, bottom, side, and back shell of Enclosure I. Refer to
Figures 4.1 and 4.14 in Section 4.1.3 to identify the location and orien-

tation of the components in the enclosure and the coordinate axes.
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APPENDIX B--SERIES SOLUTION FOR LOLT STRESSES

SERIES SOLUTION FOR BOLT STRESSES

This Appendix presents a means of computing bolt and cover stresses for
simply supported rectangular covers with arbitrary bolt locations. An
example problem is included based on Enclosure I, and the results are
compared with the finite element computations for that enclosure, The effect

of varying cover thickness is also demonstrated.

Solution Procedure

Tne analysis which follows is based upon szveral assumptions. The
first concerns the boundary conditions at the edge of the cover. The cover
is assumed to be simply supported, which means that all deflections and
moments normal to the cover's edges are zero. Figure B.l shows a schematic of
a typical cover. The inside of the support flange is indicated by dashed
lines, and the bolt locations correspond to those of Enclosure I. The
boundary condition for moments on the free edge is well justified for this
geometry. The boundary conditions for deflections assume that only the
plate's edges contact the flange and that no gaps exist between the plate
and flange. This last condition mey not be satisfied for very thin covers
with widely spaced bolts. '

The second assumption requires that the bolt's elongation and slopes
be equal to the cover's deflection and slopes at the individual bolt location.
The bolt is also assumed to be completely fixed at its base and has no lateral
deflection at the point it intersects the midplane of the cover. Figure B.2

illustrates the bolt's deformation pattern.

The assumption for the bolt deflections will be closely satisfied.
However, the requirement that the bolt's and cover's slopes be equal depends
on the thickness of the cover and the clearances between the bolt and its
drilled hole in the cover. The analysis also does not consider the effects
of the drilled bolt holes, The bolts are assumed to be attached to a solid

cover at their discrete locations.

B.1l
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The analysis requires that all stresses in the bolts and cover remain
elastic. At the present time, this assumption is necessary to make the
mathematical analysis tractable. This 1is conservative in that the computed
safety factors will be smaller than the actual due to yielding in the bolts
and plate. It may be possible to relax this restriction as the analytical
techniques are further developed; however, for enclosures tested to date,

the bolts and covers have remained elastic.

Since the determination of the safety factors in the bolts is based
upon the foregoing assumptions, the analysis and solution techniques should
be verified experimentally. This could be done by measuring strains in the

bolts and deflections in the cover, as the enclosure is internally pressurized.

The simply supported plate shown in Figure B.l represents the cover of
Enclosure I and is loaded with a uniform internal pressure p,. The deflec-

tion of the plate will be represented by a double sine series of the form

wix,y) = 2 ¥ a_ sin om X sin Bny (B.1)
m=]1l n=1
where
an ™ Fourier series coefficient (B.2)
= BT
om a
fn = %1

For numerical computations the series will be truncated at a finite limit,
The function w(x,y) satisfies the boundary conditions that the deflection

and moment vanish on the simply supported edges, i.e.,

w(o,y) =
w(a,y) = (8.3)
w(x,0) =

w(x,b)

o O O O

and

B.3



- [ 2%w(o,y) 3%w(o,y) ]_
Mx(o,y) - -E_ TV 3yl 0

[ 32w(a,y) Bzw(aly)]
Mx(a,y) = -DL IxX* ty 3y< =0
- (B.4)
3%2w(x,0) azw(x,o)]
My(x,o) = -D| By2 + v Y, 0

3%w(x,b) 32w(x,b) ]
My(x,b) D [ ay2 + v Sy 2 0

where D is the flexural rigidity of the plate

Eh’ (3.5)
D=13a -39 .

and

= modulus of elasticity

Poisson's ratic

plate thickness

g < ™
x:ﬁ
N

and My = the bending moments per unit length in

the x and y directions

The Fourier coefficients an will be determined by evaluating the

total potential energy of the system and using the principle of stationary
potential energy. If we let

Ub = gtrain energy in bending for the plate

Uf = strain energy for the bolts (fasteners)

8 = potential energy of the internal pressure p,
then the total potential energy cof the system is

T o= Uﬁ + Uf + Q (B.6)

The principle of stationary potential energy says that, for equilibrium

§n = 6(Ub + Uf +Q) =0 (B.7)

where 3(r) is the first variatien [B.l].

The strain energy of bending in the cover can be shown to be [B.2]

B‘a



U, = g-]] [0, + W

2
YY) -2(1 - V) (W&x w

2
- B.8
W_ )1 dxdy (B.8)

area

The subscripts indicate partial differentiation with respect to the indi-

cated variables, In terms of the assumed deflection shape for w(x,y),

Equation (B,.8) can be evaluarted to be

abD T c
w ] L e e

or

abDr! b by m? n?\2
e Sl (?*F) “mn
m=1 n=1

The potential energy of the constant applied pressure p, is

Q=[] -po w(x,y) dxdy
A

= -p, f f [ 2 z a. sin am X sin Bny] dxdy
A

m=] n=l
© © 3 a b
= - ~— AY
Po ! | gmgm c0s om X |cos gny| (B.10}
m=] n=1 o o
-] D a
=-4p. ] 1 =2
m=] n=]1 omén

a

g

-4 o
- dpg |
m=1

-]
n=1
where a = 0 (for m or n odd)

mn

To compute the strain energy in a typical bolt, we will assume that
the bolt is fixed at its base and subjected to the axial force P; lateral
shearing forces, VXT and VYT; and bending moments, MXT and MYT’ showm 1in
Figure B.3. The moments and shear forces at any section Z are
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Mx(z) =M _-(-2)V

xT yT
My(z) = M&T - (1 - 2) VxT
(B.11)
Vx(z) = VxT
Vy(z) - vyT

where the subscript T denotes the top of the bolt, The strain energy can

be expressed as the sum due to bending, shear, and axial elongation, i.e.,

L

b
TR S | [Mx2<z>+uy2(z>]dz

b ZEbIb o
Ks lb 2 . 2
* T, g [v,"(2) + ¥ "(2)]dz (8.12)
2
+ P

=
where

= modulus of elasticity for bolt

E
= ghear modulus (G = m)

bolt cross—-sectional area

8 F F

= area moment of inertia about any diameter

=
L}

shear shape factor (Ks --% for a circular cross-
section)

L]

2, = length of bolt

If the moments and shears in (B.1ll) are substituted into (B,12),

evaluation of the integrals yields

B.7



% 2, 2
U= =2 M 2 oM. v 4+ vy 2
f ZEbIb xT xT yT b 3 yT

2
2 2 2
M A M Ve B —%— Ver ] (B.13)

2
+ Ky [Vx 24y 2 4 Py

ZhG, TRE,

The deflections and angular rotations may now be determined by using
Castigliano's theorem, which states [B.3].

When forces operate on an elastic system, the displace-
ments corresponding to any force may be found by obtaining
the partial derivative of the total strain energy with respect

to that force, i.e.,

§ = . (B.14)

51 is the deflection at the point of application of Fi in the direction
of Fi‘ From Equation (B.l3),the generalized deflections at the top of the

bolt can be expressed as

(3.15)
+ Ks 9’b vxT
A,Gy
b )
or T ZET, | Mer 5 ¥ 3 %" Yo
(B.16)
+ Ks g’b \vm'l'
A, Gy

B.8



Plb

62,1. - Ibzb (8.17)
38
xT N - v
3 ex = x - slope ~t top ™Mo
x yT
(B.18)
- > ™M+ VL
ZEbIb [ yT xT b]
38 T v
—By_- Sy-y-slope at top = T
y xT
(B.19)

Z;{Tb [mx'l‘ - vy'i‘ l!'b]

If we assume that the lateral displacements at the top of the bolt

are zero, then

8 = -
XT GyT o (B.20)

and frow Equations (B.15) and (B.1l6)

-ZE‘DI‘st 2 }
M, ==|—24 % v
yT .A'bcbzb 37b ' xT (3.21)
(6B, LK+ 28.G 2,2
1 Ay Gy Y1
- [ ZF‘bIst + gl
MxT L_——Abc'bg‘b 3 b] VuT
(B.22)

I 34,5, 1,

[ 65,1,K, + ?-Abcbf-bz] ,
yT

B.9



By substituting Equations (B.21) and (B.22) into (B.18) and (B.19), the

slopes can be expressed only in terms of the moments at the top of the bolts

b [2 ) 34,6y 1, u
x  2ETL 6E, LK + u.bsbzb‘ yT

2 -12Ebl K, + A Gyt 2
- ng];b _eEbIb:s ey z%cb%z] M)'T (B.23)

0,2 [12B, LK, + 40,57
== 25, T | 30,Cp by Ver
8 = - zb 2

3Abc22
b
2E. I ’61K+bc4”x'r
y Bl | OBplnKs * 24,60,

[L2E TR, + 8,602 ]
e, L, Lsnbr_b;s CEINR M (B.264)

Y (12805 + 4502
LT A% e

e

If the constants C C2, and C3 are defined as:

1*
Cy = 12B LK, + MGy
€, = 6E LK + 284G 1,2 (8.25)
Cy = 3Abi5Lb2

Equations (B.23) and (B.24) can be rewritten as:

2
6, = b

T,
h

[2]
—

" Mop (B.26)

|

2

n'hp
«

2Eb1

o
w



w4
y ZEbIbC
2.2 ¢

v

7,1 €, yT

N

{B.27)

The above equations can be substituted into Equation (B.13) so that the
total strain energy in the bolt can be expressed in terms of the rotatioms

and axial displacement at the top

2EbI 2

1
U = "'2_(:'17 [C2 -CC3 +3 c3?] fo 2 + 8y?)

x <% [2t:b1bc 5

T [

} [ex2 + syZ] (B.28)

Ao %’
S

Equation (B.28) can be simplified to

2E L, [(12EbIbK * AGpYy )2]

e = ty,  |(25,L,K, + 46,52
x [3E LK+ A.biLDZ] [exz + eyZ] (B.29)
s 2
+ AbEb 2T

24y

B I [12B,I,K, + 4A,G, 2, 2]
= 28, IZEbIst + ARG L7 _|

(B.30)
2
AbEb 6zT
20,

2 2
X [ex + ey ] +

B.1ll



Equation (B.30) yields the expected results that the strain energy in a bolt
can be represented by a quadratic form in the displacement and rotation at
the top of the bolt.

The total potential energy can now be written as

T 2 U U
s " g + 0

abDn n2\2 2
i mzl nzl [( ) “an ]

N ! = »
+ Ky E [( Z Z 21 a . cos om X, sin 8 Yi) 2

i=1 ( \m=1 n=1
+ 2 2 D% a4 sinom X, cos B_ Y )Jz (B.31)
(m-l a=1 b mn i r i

N © ®
+K, } |V Y a stnomX sinB_vY |2
2 i=1 (mrl n=1 = 1 t i)

22_@_“‘
m-l n=] mn

where X, Y, = location of i-th bolt

N = number of bolts

B S e o e S ¥
L7y \ITRLR Y ARG

2 Zzb
1 4f m and n odd
L 0 otherwise

B.12



All bolts are assumed to have the same geometry and mechanical properties.

The principle of stationary potential energy, i.e.,

§T = 6(ub + Uf + Q) (B.32)

can be expressed by taking the partial derivative of Equation (B.31) with
respect to the generalized coordinate a_ .

This yields
. 2
abDn P2 + q2 a
4 aZ " e Pa

N ©® @ .
+2K ) < ) T a cos om X sin gn Y )
1 1-1[ wel o=l & OO 1 1

a
mn

P." -] o«
X (a— cos ap X, sin 8q Yi) +< ) E

bt
m=1 n=1 b

(B.33)

™
sin om )(:L cos Bn Y;> (%— sin ap Xi cos 8q Yi)

N ® ®
+ 2 K Z 2 z, a sin am X, 8in 8n Y ]
240 L-l nsl ™ 1 1

x [sin ap Xi sin Bq Yi] - 523%%%21 =0

Expression (B.33) represents an infinitely squared set of linear alge-
braic equations for the coefficients apq' To obtain a solution, the integer
subscripts m and n must be truncated at a finite value. If m and n range
from 1 to N, then expression (B.33) reduced to a set of Nz equations, After
the coefficients apq have been calculated, the deflections and stresses in

the bolts and cover can be evaluated. This will be addressed in the discus-
sion which follows.

B.13



The deflection and slope of the plate can be expressed as

N N
wx,y) = ] ] a sin =X sin T (B.34)
m=l n=l
aw N N w mnx nmw
6. ==— J 7 B a  cos — sin =Y (B.35)
x ax a mn a b
m=]l n=]1
w N N anm mTX nmy
B — — —— (
ey 3y ) y > %m sin 2 €08 (B.36)
m=1 n=1

By evalutating the plate deflection at the bolt locations, the axial loads
in the bolts can be directly computed from

Ebw(x,y)

Oaxial = L

(B.37)
b

The bending moments and shear forces at the top of the bolts can be found

from Equations (B.23) and (B.24)"

2e, T, '6Eb1bxs + 2Abcbnb2'
YT 2y LB LK.+ 4627 ) Tx

2e, L, [ 6B, K, + 24Gyty? |
R S R

(B.38)

-

2L [ G
xT 2,2 leEbIst + Abi‘b‘J x

v 2E T, 38,6y b,
yT B [12E,LKg + 4G " | Ty

B.1l4



Equation (B.1ll) gives therelationship for the moment and shear at any loca-
tion along the bolt's length., It indicates that the bending moment varies
linearly, and the shear is constant with length. Therefore, the maximunm
moment occurs either at the top or bottom of the bolt. At the bottom the

bending moments are

Mg *Mr ~ h vyT

MyB - MyT - lb vxT

(B.39)

The bending and shearing stresses in the bolts can be found from the stan-

dard strength of materials relationships

o =X (B.40)
-
T = (B.41)

where
= bending stress
= ghearing stress

bending moment

< X 3 a
n

= transverse shear force

¢ = distance from neutral axis to location bending
stresses are to be computed

(o]
[}

area momeunt of inertia about neutral axis

Q = static moment (about neutral axis) of cross-sectional
area between free edge and plane through point bteing
investigated

b = minimum width or thickness at point in question

To determine the maximum stresses in a circular cross-section,

Equations (B.40) and (B.41) reduce to

32M

O'max - —Tﬂ'D (3042)
b
16v

Tmax = 3;5% (B.43)

where Db = the diameter of che bolt.



All information necessary to evaluate the bolt stresses is now available.

We will now turn to the stresses in the cover. The bending and twisting
moments on a differential element of the plate, as defined by Reference B.4,
are shown in Figure 8.4a, and the shearing forces are illustrated in Figure
B.4b., The relationships between these quantities and the deflections in the
plate are [B.4]

Mx = —D[Wxx + v(-.'yy]

M = -D[W _+ wW__]
y yy xx

M _=-M_=D(l-v)W (B.44)
Xy yx ( xy
M M 3
% 3y ¥ axx P 3x e * Wy
M M 2
Q, = ayz - a:z =D g Dy + W]

where w(x,y) can be evaluated from the series given by Equation (B.1l). The
maximum bending and shearing stresses in the plate at location (x,v) can be

found from the relationships

6M
X

(cx)max - =

(oy)max = E}:X (B.45)
h

6M
('I‘xy)max hg

where h is the thickness of the plate.

By assuming the transverse shearing stresses sz and T , are distributed
parabolically across the thickness of the plate, then

3

(sz)max =2 h (. 46)

3
(Tyz)max =3 %Z

B.16
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FIGURE B.4. SIGN CONVENTION FOR PLATE LOADS
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The theory developed up to this point will allow computation of the
deflections and stresses in the cover and bolts. Because the determina-
tion of the coefficients an requires the solution of a large set of
simultaneous linear algebraic equations, it was expedient to program the
theory for a computer, As a numerical example, the geometry and material

properties for the cover and bolts of Enclosure I were used.

Example Calculatione

The first set of results is for a simply supported flat plate sub-
jected to uniform pressure. This example is presented only for verifica-
tion of the numerical methods. In Section 4.,1.2.1, finite element and
analytical solutions from Reference B.4 were presented for a simply supported
aluminum plate with the geometry of the cover for Enclosure I. Timoshenko's
results taken at the center of the plate are compared with a nine-term series
solution in Table B.1l.

TABLE B.l. COMPARISON BETWEEN SERIES SOLUTION FOR A
STAINLESS STEEL PLATE AND THE SOLUTION OF

REFERENCE
Deflection Oy Stress G _ Stress
(in.) (psi) y(gsi)
Timoshenkc's
Analytical
Solution [B.4] 0.07012 18,319 13,923
Series
Solution 0.07139 18,138 13,560

The solutions in the table only differ by a few percent, and it can
be concluded that the computer program for the series solution is yielding
correct results.

The next task was to add the effects of the bolts. Bolt locations
and physical properties were the same as in the finite element solution
for Enclosure I (see Section 4.1.2 and Figure 4.11), The effective

bolt length in the series solution was assvmed to be 0.85 in., the distance
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from the bottom of the bolt to the middle surface of the plate in the
finite element model. A comparison of the two solution techniques is
given in Table B.2. Results for the finite element solution are taken
from Table 4.1 in Section 4.1.2.3.

TABLE B.2. COMPARISON BETWEEN SERIES AND FINITE
ELEMENT SOLUTIONS

Bending Stress

Top of Bolt
(psi)
Solution Deflection Axjal Stress g g

Bolt Procedure (in.} (psi) X y
1 Finite Element 0.001332%* 21,157 4,438 60,033
(long side) Series 0.000818 27,925 5,046 43,509
2 Finite Element 0.000252%* 3,929 7,207 8,104
(corner) Series 0.000041 1,406 2,181 2,220

3 Finite Element 0.000828%* 16,573 46,693 4,546
(short side) Series 0.000642 21,906 33,680 4,972

*The deflections include rigid body motion as well as elongation of the

bolts because of where constraint was applied in the T.E. model.

For bolts 1 and 2, the series solution gives higher values for axial
stresses and lower values of bending stresses than the finite element solu-
tion. Nevertheless, the total axial plus bending stresses for the two
methods are in reasonable agreement.' For the corner bolt (bolt 2), the
solutions do not agree well at all. The difference may be attributed to
the constraint equations imposed on the bolt at the corner in the finite
element analysis.

The series solution was also used to investigate the effects of vary-
ing such parameters as plate thickness, bolt dimensions, and bolt spacing
on the stresses. Solutions for 0.375-in. and 0,25-in. cover thicknesses

are summarized in Table B.3. These results show that both the plate and
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bolt bending stresses increase rapidly with decreased plate thickness,
This is a consequence of assuming that the bolt head rotates with the
plate. A nonlinear solution would be required to account for separation
of the bolt head and cover. It is also interesting to plot the plate's
edge load distribution. Figure B.5 sghows the distribution along two
adjacent edges of the plate. In all cases the reaction is positive, which
means there is no tendency for a gap to open up between the plate and sup-
port. Figure B.5 also indicates that with a 0.50-in. plate, the edge
loads are more evenly distributed than for the other thicknesses. 1he
results, therefore, confirm the choice of a 0.50~in. cover over the two

other thicknesses investigated.
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APPENDIX C--EFFECTS OF HIGHER VIBRATION MODES ON THE
DYNAMIC RESPONSE OF ENCLOSURE 1

EFFECTS OF HIGHER VIRRATION MODES ON THE
DYNAMIC RESPONSE OF ENCLOSURE I

In the computation of the dynamic load factor for Enclosure I, it
was assumed that the contribution by the modes higher than the fundamental
was negligible. This section presents the procedures for calculating the
effects of the higher modes. The results are based upon the classical

theory of a rectangular plate subjected to a ramp-type uniform pressure.
We will assume that the rectangular plate shown in Figure C.1l(a)
subjected to a uniform pressure q(t). The pressure increases with time

according to the loading indicated by Figure C.l(b).

The partial differential equation of motion is:

D [a“w X,7,t) L o 3“w(xzz!t) + 3“w§;52,t)}

ax Ix<ay
(c.l)
+ Ruwlx,y,t) = q(x,y,t)
b
3t
where D = flexural rigidity of plate Eh3
12 (1-v9)
o = mass/unit volume
h = thickness of plate
q(x,y,t) = q(t) for a uniformly logded plate
w(x,y,t) = deflection at point (x,y) at time t.

Since the plate is assumed to be simply supported along the edges,

the boundary conditions are:

1. w(o,y,t) = 0O
2, w(a,y,t) = 0
3. w(x,0,t) = 9
4, w(x,b,t) = 0
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Supporrted

Loading:

q (x, y, t) =
q(t)

Deflection:
w(x, y, t) T

Simply Supported

(a) Plate Geometry

q(t)

(5) Pressure Time History

FIGURE C.1. RAMP LOADING ON SIMPLY SUPPORTED PLATE
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5. Ch v——tz'—z -
Mx(o,y,t) = D [L&y_.sl + 9 wgg t)
6. - [Puyn o+ ey, ]
Mx(a,y.t) = -D [—_a?h_ ¥y : (C.2)
7. 2 v———ir—’—z
My(x,0,t) = =D [2.2%?&2&51 + ) wé: o t)]
s. 3%ulxb,6) Zuxb,0) |
My(x,b.£) = -D [a wg:; b,t) 2 wg: b,t ‘

For initial conditions, we will assume that the plate is underflected
and at rest at the time t = ¢. These give:

w(x,y,0) = 0

and (c.3)
du(x,y,0) =0
ot

The response of the plate will be solved using the Laplace transform
approach. Details of the method can be found in references such as
References C.1 and C.2. Taking the Laplace transform of Equation (C.1)

with respect to time gives:

D [a“a(xiz,s) + 2B“G(x s) + §“;;xaz,s)]

Ix 9x=dy y (C.4)
+ ph [Szﬁ(x,y,s) -  Sw(x,y,0) - ég&%tzlgl ] = q(s)
vhere w(x,y,s) is the Laplace transform of w(x,y,t) and q(s) is the
transform of q(t).
The ramp loading shown in Figure C.1(b) can be written as
a(e) = asg [L - S (D] + aoS (© (c.5)
o o -]
where the St (t) is the unit step function defined by:
(-]
S t) =0 0 <t <t
te( ) ° (c.6)
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The pressure q(t) correctly reduces to:

t
a(t) = ﬂg—n 0 <t < t, (.7
= g, t > te

The Laplace transform of q(t) then becomes:

- Qo |1 _reet® _e£tes
as) = |z~ T

S S S
Et,s
+ de2 (€.8)
=to8
= gi_z - ﬂ&gz
toS?  tas

and with the initial conditioms, Equation (C.4) reduces to

D[ 3““(X§Zx§l + 2aua(x,y,s) + a“&;;ay,s)]

Ix 3X“ 9y~

(C.®)
+ ph[sza(x,y,s)] - ey [1 T
We will take the function G(x,y,s) to be:
o(x,y,8) = [ I 4 ()W _(x,y) (C.10)

n=]1 m=]

where an(x,y) are the free vibration mode shapes. These are given by:

wnm(x,y) = sin a X sin Bmy
ab
(C.11)
where
a = 21 B = EE
n a ' m b
Note that wnm (x,y) are orthogonal and normalized to omne, f.e.,
b
JI Won(%>9) qu(x.y)dxdy =0 (n ¥ p)
0D (m ¥ q)
(C.12)

= ] (n = p)
(m = q)
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and of course, satisfy the boundary conditions given in Equation (C.2).

Substituting the expression for w(x,y,s) {rom Equation (C.10) into
Equation (C.9) gives
o

2 z D[an“ ¢nm(s) an(x,y) + Zan2 Bmz ¢nm(s) an(x,y)

n=l m=}1 (€C.13)

+ Bm“ ¢nm(s) an(x,y) ] + phs? ¢nm(s) Wmn(x,y) ] - %':?Z [1 _e-tos}

1f Equation (C.13) ismultiplied by wpq (x,y) and both sides integrated over

the area of the plate, the resulting expression becomes:
[D(ap“ + Zapzsqz + Bqt") + phsz] ¢pq(s)

2 -
-0 [1 -et"s] z 1’ sin %, X sin 8,¥ dxdy

\/a_b to52

a b
-2 9 [l-et"s] lB cos a_ X | cos B y |
\/:; £,52 % Bq P "o 1’7 o
(C.14)
= \/______Zq_g___ [1 -e—t°s] (cos pm = 1) (cos qm - 1)
52
ab t, %Bq
- 8q, [1 _e-t.,s] p and q odd
Vab ap Bq!:,s2
(8] P Or q even
The expression for ¢pq(s) now becomes:
g &) = mE P (LS ]+ s 4 0d)
opfg vab tep (C.15)

52 [s2 + 1%7 (0,2 + qu)z}
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The inverse Laplace transform of ¢pq(t) is:

8q. 1 -
¢pq(t) 5 B ASE t.oh [F(kt sin kt)

Pq (C.16)

- (1—1(-5 (k{t = to)) - sin k(t - to)> Sto(t)}

where D

2 a 2 2y2

k -pi(ap + Bq) , (py q 0dd)
It is instructive to note that k is simply the natural frequency of free
vibration for given integers p and q, i.e., k = wp . The complete solution
is:

aboht, p=1 q']_ Gpﬁq
(ps q o0dd)

w(x,y,t) = 16 g, 2 z 1 [%3- (kt ~ sin kt)

(C.17)

~

'(E%- (k(t - to)) - sin k(t - t,)) S, (t,)} sin a, X sin qu

Since the general solution contains only odd integers p and q, the
response will be symmetric about the midplanes of the plates. In the

time interval 0 < t < t,, the solution reduces to:

a0 7 ) _1 1, _ sin kt

(C.18)
®, q 0odd)

sin ey X sin qu

In the time interval t > t,, the solution becomes:

' 16 5T
w(x.y’t) = ;b—sp;‘-'- zl 21 17(11—6— [1 + rlt—:(sin k(t - to) - gin kt)
p=1 gq=

(p, q odd) (C.19)

sin ap X sin qu
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The expressions in the brackets of Equations (C.18) and (C.19) are analo-
gous to the dynamic load factor given by Biggs [C.3], i.e.,

1 sin wt
DLF't—,(t'—w—) 0 <t < ¢t,
(C.20)
=] + (sin w(t - t,) - sin wt) t > t,

Q

The double summations in Equations (C.18) and (C.19) give the contributions
of the higher modes, whereas Equation (C.20) involves a single degree-of-

freedom system.

It is now instructive to examine some special cases of Equation (C.19).
For a large pressure rise time t,, the solution reduces to that of a plate

loaded statically. That is, as t, approaches infinity

0 « gin er X sin oy

16 a b
w(x,y,t) = —3—33 Z z -~ — (C.21)
(v ,q odd)

This expression agrees exactly with the static given by Timoshenko in

Reference C.4.

To obtain the solution for a step loading, we let t, + 0 in Equation

(C.19), and using L'Hpspitél's rule,

o sin a X sin 8 y
p q

16 qo ¢
w(x!Y9t) - 2 2 . v (1 - COSs kt) (C-22)
3R pyqmr %t
(P’q odd)
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Equation (C.22) agrees in form with that from Biggs for a single degree-of-

freedom system,

We will now return to Equations (C.18) and (C.19) and define a dynamic

load factor in the pq mode by the expressions:

W

-]
Pq

(C.23)

1

W
pqt

= 1 4+

inW (t=-t,) -sinW ¢t t >t
(sin pq( ) n pq ) o

The factor can be read directly from Figure C.2 if the frequency wpq and the

rise time t, are known. Equations (C.18) and (C.19) now can be written as:

o o  DLF(p,q,t) sin o X sin qu

w(x,y,t) -—-—Li: i) T (C.24)
PR p=l qel Pq “p¥g
(p,q odd)
The bending stresses in the plate are:
oM M
k=t L dy = (c.25)
h h
where the bending moments are given by:
52y 32w 32w 32w C.26
mom o[ r+ vz ] w - o[ 57 4] (€.26)

In terms of the solution for the simply supported plate, the bending

stresses become:

@ 3 a 8
5% = - ::-;D 79 DLg( £) 2+ vt stn a, X sin 8y (C.27)
PR ol qm1 Pq q p
@,q odd)
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Iy = - 223&% y v DLF( 8 3,,® ina_ X sin g y (C.28)
abph W a 8 p q
p=1 g=1 Pq P
(p,q odd)

For a plate with the properties of the bottom of Enclosure I, the

frequency w
q y Pq

Using the shortest rise time of t. = 17.7 msec determined in Section

4.1.4.3 the ratios of time tr to natural periods, T

8

and corresponding period qu for p,q =1, 3 are [C.5}:

Wpq (rad/sec) /T (msec)
1P,q'> 1 2 3
1 2014 4371 8300
3.12 1.44 0.76
2 5697 8056 11984
1.10 0.78 0.52
3 8352 14194 18126
0.75 0.44 0.35

Pq
qu/tr
o ,a> 1 2 3
1 5.7 12.3 23,3
2 16.1 22.7 34.0
3 23.6 40.2 50.6

, are found to be

When these ratios are used with Figure C.2, they show that the dynamic
load factors higher than the first mode (p = 1, q = 1) are negligible,
and even in the first mode the contribution is only about 5 percent. These

results do not imply that,in computing deflections and stresses from
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Equations (C.24), (C.27), and (C.28), only one term in the double summation
should be taken, but only the DLF (p, q, t) can be neglected. The number
of terms depends on how fast the series converges, which can be seen from

the evaluation of a particular case.

These results using a simply supported plate to represent the bottom
will be move conservative than the actual case since its response to
dynamic loads will be greater. It appears, therefore, that a reasonable
approach to evaluate the effects of dynamic response on enclosures with
geometries similar to Enclosure I would be to treat each rectangular side
as a simply supported flat plate. Each plate's natural periods could be
calculated and compared with the duration of loading. Dynamic load factors
could then be evaluated using the method outlined by Biggs K£.Z. Because
of its simplicity, this approach certainly offers many advantages to the
designer for the initial 3izing of the containers and to the
Bureau of Mines in checking the adequacy of proposed enclosure designs

to dynamic response.
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APPENDIX D--PRESSURE PILING: A LITERATURE SURVEY

PRESSURE PILING: A LITERATURE SURVEY

Introduction

As part of the current efforts by USBM and SwRI to determine the
pressure safety factors in the Schedule 2G enclosure by computational and
experimental analysis, this literature survey was undertaken to assess, at
least qualitatively, the current understanding of pressure piling. For the
Schedule 2G énclosure work, dynamic pressures in the enclosures are pre=-
scribed by USBM for input to computational procedures. The influence of
pressure piling on dynamic response may be significant, and the possibility
of pressure piling is recognized by JSBM and MSHA personnel. It has, as
yet, not been possible to know the causes of pressure piling to the degree
that geometry, ignition source and location, and combustible gas mixture
influences can be used to predict if pressure piling will occur, and, if it
occurs, what pressures will be obtained. It is, ingstead, the purpose of
this review to document the observations of pressure piling and to present,
at least from the qualitative point of view, what factors influence the
phenomenon or anomaly referred to as pressure piling or pressure heaping.
Regarding the present Schedule 2C enclosure work being conducted by SwRI
for the USBM, pressure piling is thought of as the increase in pressure in _
a compartmented enclosure above the pressures that would occur in the same
volume without compartmentation. This pressure increase is a relative
measure and may be considered abnormal compared tn pressure obtained in a
constant volume combustion process with a precombustion gas pressure at or
very near standard atmospheric pressure.

Compartmentation alcne does not lead to pressure piling, and, appar-
ently, only under ideal conditions are high peak pressures observed. Also,
because of the ever present problem of the presence of methane in gassy
mines, methane combustion is of foremost interest to the USBM; however,
other flammable gases may exist under some conditions (e.g., flammable de-
composition products during electrical arcing through potting compounds)

and could represent a hazard, as may pressure piling during the combustion
of methane in air.

A Graphic Example of Pressure Piling

Grice and Wheeler report in Ref. D.l results of a comprehensive study
to demonstrate the magnitude of unusually high pressure and the rate of
pressure rise that can occur as a result of pressure piling. They cite the
importance of precompression of gas in the second of two connected compart-
ments following ignition of the gas in the larger of two compartment volumes.
Previously, precompression had been ugsed to explain the high explosion pre-
sure, They agreed with the conclusiom of a much earlier work by Beyling in
Germany that precompression of gas prior to burning in the second volume
did affect the magnitude of pressure attained (120 psi or greater for stoi-
chiometric methane and air initially at one atmosphere pressure reported by
Beyling). But, they also emphasized the importance of the turbulence of the
gas mixture in the second compartment or chamber produced by the inrush of
gases before a relatively large burned or burning flame jet protruded ianto
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the second, smaller chamber. Precompression is reported to be the main cause
of the high pressure attained, but rising at a rapid rate and reaching an ex-
traordinary peak in pressure is attributed to the turbulence and sizeable
(large relative to flame volume and area of the flame surface) turbulent
flame jet. In fact, higher pressure may have been attained than that con-
cluded as probable by Grice and Wheeler owing to the types of pressure trans-~
ducers used by Grice and Wheelez.

A large part of the report in Ref. D.l1 was devoted to the instrumentation
for measuring pressure and to ascertaining what pressure was probably attained
from pressure-time records. Pressure transducers in current use for blast
and explosion work do not have the mechanical leverages that Grice and Wheeler
had to use in pressure transducers of the time.

Beyling had tested a cylinder 42.5 cm long and 33.5 cm in diameter
(approximately 4.2 liters) divided at one~third the length by a partition
with a 3-cm-diameter hole. Later he used a large vessel attached to a 3.6-
liter vessel by a short, 2-cm—diameter tube. Beyling reported 240-psi peak
pressure for 9.6 methane in air for the connected chambers; however, Grice
and Wheeler estimated that 120-psi peak pressure was more probable due to
the response exhibited by the type of pressure transducer used. Grice and
Wheeler conducted several types of experiments, starting each one with 1 at-
wosphere initial pressure. A summary of their tests is given below.

1. Bronze spheres of 1., 2, and 8 liters, any two of which were con-
nected by a short steel tube 7.6 cm long and 3.2 cm diameter or
2.5 cm diameter, were tested using 9.5% methane in air with an
ignition source from an induction coil through a l-cm spark gap.
No unusual pressure was reported.

2. An 8-liter sphere divided in half by a brass plate with a 2.5-
cm-diameter hole in the center was used to contain a 9.5 methane
explosion. No unusual pressure was reported.

3. Flame movement studies were conducted using glass spheres of
500 and 250 cc containing 25% carbon monoxide with air to get a
visible flame (methane and air flames are difficult to photograph).
Spheres were connected by a 2-cm-long and 1.8-cm-diameter tube,
Observations were:

a. Flame appeared in larger volume and spread (more rapidly
toward opening).

b. Flame jet into smaller volume before all unburrced gas in
larger volume was consumed.

c. Flame in smaller volumes died out; larger volume flame
still burning.

d. Oscillatory burning back and forth between large and
small volumes until flames died out altogether.

4., A cubical iron box 96 liters in volume was commnected to an 8-
liter bronze sphere by a 7.5-cm-long and 2.5-cm-diameter steel
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tube. The box was destroyed by an internal explosion of unre-
cordable intensity when 9.5% methane in air was ignited.

5. A 100-liter cylinder with domed ends and having a length equal
to the cylincer diameter was connected to a 6-liter sphere by a
7.6-cm-long and 2.5-cm~diameter steel tube. With fignition in the
far end of the larger volume of 9.5% methane in air, the pressure
rose to 30 psi in the smaller volume and then jumped to a typical
peak of approximately 200 psi (peak pressure varied between 145
and 235 psi). The peak was followed by a dip to a pressure below
100 psi and a return to about 115 psi. This was followed by a
gradual cooling phase. Slightly leaner mixtures (8 to 8.5%
methane in air) gave essentially the same results except the
pressure returnmed to about 100 psi and then the cooling phase
occurred in typical fashion.

Because 9.5Z methane in air leads to an explosion pressure/initial pressure
ratio of approximately 7. o* , 8 250-psia pressure should result from a com-
bined explosion of gas at an initial pressure of 35.7 psia, or greater than
twice standard atmospheric pressure. In fact, Grice and Wheeler's experi-
ments with the last configuration discussed above did show a gradual rise of
initial (precombustion) gas pressure to between 20 and 30 psi.

Recognition of Pressure Piling as a Design Consideration

The Safety in Mines Research Annual Reports for the years 1953-1959
give accounts of pressure piling experiments conducted under the direction
of the Electrical Research Association (E.R.A.) and the Department of Scien-
tific and Industrial Research of Great Britain (D.S.I.R.). Smphasized in
the experiments were a variety of electrical motor enclosures and other com~
partmented enclosures (conditioner boxes of diesel engines, core-cooled elec-
tric motors, and specially designed test enclosures), especially containing
pentane and air. Peak pressures attained were greater than 500 psi. Such
pressures were transient, localized, and of short duration. In one series
of some SO0 tests on a large core-coocled electric motor, pressure piling was
common until the number of motor cooling ducts were reduced by one-half, thus
reducing the forced cooling circulaticn in the motor casing.

In other tests in a special apparatus designed to investigate pressure
piling, a one-cubic-foot cylinder was connected by a l-in.-long, 1/8-ia.-
diameter duct to a l/4~cubic-foot cylinder. Peak pressure attained was 820
psi. Additional data pertaining to the above mentioned studies may be found
in Refs, D.2 through D.16.

An earlier work by Gleim (Ref. D.17) than reported in Ref., D.4 gives
some eight factors that could result in "pressure heaping.” The factors as
described by Gleim in Ref. D.1l7 are:

1. Volume of explosive gas-mixture ignited

2. Gas composition of the mixture

*A ratio of 8 to 8.5 is probably more acceptable today and may be used for
design purposes.
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3. Coal dust present ir the enclosure
4. Turbulent motion of the mixture

5. Gaps that seal or permit pressure release (e.g., enclosed
equipment placement)

6. Opening sizes between compartments
7. Ignition point location
8. Heat transfer to enclosed equipment or surfaces.

In fact, Gleim cited four examples where one or more of the above factors
could be attributed to having caused pressure piling, and, by modification
of the factors, investigators were able to eliminate or greatly reduce the
peak pressure observed. Unfortumately, Gleim's report did not describe ex-
perimental instrumentation, and thus, by today's standards in test report-
ing, the pressure observations may be considered qualitative at best.

Gleim and Marcy (Ref. D.4) report findings from studies with connected
spheres that the rapid rise in pressure is due to turbulence of the gas and
to the relative size of the flame ignition source to the compartment in
vhich ignition occurs. Both turbulence and ignition source strength caused
increase in pressure so long as ignition occurred in the larger of the
interconnected chambers. Further, they report that the pressure attained
in the smaller compartment was directly proportional to the initial pressure
in the compartments; however, the rate of pressure rise was retarded by in-
creasing the initial pressure for methane and air. In other reported tests
described by Gleim and Marcy, a l-ft-diameter tube, divided by 1l partitions
with 4-in. holes over a distance of 106 ft, was filled with a methane and air
mixture. Upon ignition of the mixture at one end, a flame speed of 2000
ft/sec was observed. The effect of each compartment divided by partitioning
plates on the combustion process was to cause an increasing turbulence in
each chamber as the flame projected into the unburned gas mixture. When a
condensed explosive was used to initiate the combustion in the tube, a flame
speed in excess of 6000 ft/sec was observed. Such flame velocities are in
the regime of a detonation; however, a constant velocity was not attained,
as is usually the case for detonmation in a tube without obstructioms.

To quantify the pressure piling effect, Gleim and Marcy conducted ex-
periments within a l-ft-by l-ft-by 4-ft-long container. The container was
partitioned in various ratios of volume using a plate.

The plate was provided with centrally located openings having a 10-in.
diameter, an 8-in. diameter, a 4-in. diameter, a 4-in. square, and a 2-in.
diameter for the various tested configurations. Pressure gages used for
pressure measurements had a natural frequency above 2000 Hz and were of
strain gage type construction. Gages had a 2-ms response to a step input
and were operated with a 10~kHz carrier frequency. A 9.5X mixture of nat-
ural gas (91% methane, 8% ethane, and 12 nitrogen) in air was used as the
test gas with ignition from a spark plug spark of unstated energy and dura-
tion.
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As a reference conditlion, central ignition of an unpartitioned test
contiguration resulted in 80 psi. For a 7:1 volume ratio using the 1l0=-in.=-
diameter orifice, the largest pressure developed was in the larger volume
where ignition was near the center of the larger volume, Peak pressure de-
veloped was about 90 psi.

For 1:1 and 3:1 volume ratios, the 8-in.-diameter orifice tests re-
sulted in high explosion peak pressures of approximately 125 psi, oscilla-
tions were recorded, and except for 3:1 volume ratio tests, the high peak
pressure was not obtained in the smaller of the connected volumes. TFor a
volume ratio of 7:1, peak pressures were approximately 80 psi and invariant
with ignition location.

Using a 4-in.-diameter orifice plate configuration, a peak pressure of
19S psi was obtained for a volume ratio of 1:1. Ignition occurred at the
midpoint of the first volume wall, and pezk pressure occurred at the far end
wall of the second volume, BHowever, peak pressures of approximately 155 psi
were obtained in the second volume for 1l:1 voluwe ratio with ignition at
various locations along the second volume wall. At volume ratios of 3:1,
peak pressures of approximately 135 psi were obtained when ignition was along
the wall of the first, larger volume. The peak pressures for 1:1, 3:1, and
7:1 volume ratios using a partition with a 4-in.-diameter orifice plate hole
were, overall, higher than 80 psi,and pressure-rise time was often legss than
15 ms to reach 80-90% of the peak pressure. ’

For a compartment volume ratio of 1l:1 separated by an orifice plate
having a 2-in.-diameter hole, a peak pressure of 315 psi was cbtained.
Ignition was at the side wall, but away from the hole ccnnecting the two
volumes, The mirror image test with ignition in the second volume resulted
in a peak pressure in the second volume of 234 psi. The series of tests
with the 2-in. holes indicate that highest pressures are obtained when 1g-
nition occurs away from the connccting passageway. With higher peak pres-
sures, oscillations in pressure~time traces were considerable, and high
pressures were transitory and fluctuated rapidly. Gleim and Marcy describe
the high pressure results obtained in the 2-in. hole tests as being entirely
different from that assumed to be as a result of pressure-piling.

In conclusion, Gleim and Marcy reveal that more-complicated commercial
enclosures with their contents should be used to evaluate whether or not
pressure piling may occur. This, they state, would at least provide the
confidence to predict if pressure piling would occur that their study could
not provide. Altogether, some of the features of connected chambers explo-
sion pressures were consistent with other observations; however, there did
not appear to be a systematic behavior, especially as tested volume ratios
of 1:1 and 3:1 resulted in high peak pressures. What was clear was that a
small opening or passage was more likely to give higher pressures than large
ovenings, and high pressure could be expected in the chamber opposite that
chamber where ignition cccurred. They also suggest that tests te conducted
using fast response pressure gages having diaphragms flush to the walls.
Their suggestion irdicates that they believed that resonance frequency of
gages may have been excited in some testing or that frequency response may
be inadequate in some tests that chey conducted. Otherwise, their experi-
ments did not provide a quantitative understanding of what they observed,
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and they were unable to conclude what may cause pressure piling. As an
observation, however, the pressure oscillations they observed may be present
in the gas during burning. This phenomenon has been observed by others
(Refs. D.18 and D.19, for example) where venting studies were conducted, and
it is expected that acoustically driven oscillations and oscillation effects
on the burning process may have important consequences and implications to
enclosure structural integrity whether or not controlled venting is pro-
vided and whether or not enclosure compartmentation is found.

Mechanismg That Influence Enclosure Pressure History

To understand thoroughly the phenomenon that is referred to as pressure
piling, the mechanisms that lead to flame propagaticn with acceleration from
cne chamber of an enclosure volume through am opening into another chamber
must be known. In a recent experimental studies report by Solberg, Skramstad,
and Pappas at Det norske Veritas (Ref. D.20), the mechanisms are described
that lead to peaks in pressure-time histories. Because several mechanisms
are at work simultaneously and are apparently coupled, no single mechanism
may be attributed to the observed pressure histories for confined burming
in adjacent volumes connected by an open passage. The probable causes for
observed pressure peaks, pressure oscillations, and flame accelerations will
be described below and some will be briefly discussed. If wmore conclusive
and additional data are obtained or if an analytical model is proposed, the
main principles and events leading to pressure piling may include the mecha-
nisms. If some or all of the possible factors are not allowed for, then '
quations may be raised as to whether pressure-piling is predictable or
whether it may occur in experiments. In the case of an amalytical model,
the effects necessary to predict pressure piling should be included in the
wmodel for the model to represent a physically realistic analysis.

Parameters found to be important to the causes of pressure and burn-
ing magnitudes and rates, in addition to the geometry descriptors, are:

1. size of the enclosure
2. gas type and concentration
3. initiation location and strength

4. precompression of unburned gas in excess of normal pre-
compression

S. flow induced acceleration
6. flame instabilities

a. cellular flame instabilities
b. oscillatory instabilities

c. Taylor instabilities

d. turbulent eddies

With regard to the above, the following observations may be made:
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Subscale gas explosion experimental testing has been shown to
give different results than full-scale model experiments.

For hydrocarbcn gases except methane, cellular instability
(described later) occurs in rich fuel-air mixtures.

A volume of explosive gas centrally ignited may result in more
severe and rapid pressure rises than an end ignited gas mixture.

Precompression of explosive gas leads to higher peak combustion
pressure. Gas in a second chamber, precompressed before flame
arrival through a connecting passage and consequential ignition
of the connected volumes gas, produces greater than normally
expected pressure peaks.

As gas flow accelerates to pass through a connecting passage,
the energy release rate is increased. This increase thereby
increases the flow rate, and a positive feedback loop is evident.

Several flame instabilities of different natures are important
to the rate of energy release.

a. Flame surface is increased due to preferential diffusion
of reactants caused by concentration gradients. The
gradients result from flame front perturbation, and no
perturbation is too small to create this effect and con-
sequential increase in the pressure rise rate.

b. Rayleigh's criteria provide for positive correlaticn be-
tween acoustic mode resonance and pressure oscillations.
The frequency is not of a Helmholtz type and is connected
with the flame passing through an opening.

c. Differences between hot burned gas and unburned gas result
in Taylor instabilities and flame front convolutions. A
weak wave is produced through the passage, and acceleration
of the energy release rate occurs, especially for a cen-
trally ignited main chamber.

d. At the boundary between burnmed and unburned gas, as be-
tween accelerated venting gas through the passage and
secondary chamber gas, shear gradients produce turbulence
and consequential accelerating energy release rate. Obsta-
cles in the flow are not necessary for this turbulence to
be produced.

It is anticipated that additional evidence of these mechanisms will be quanti-
fied to understand better the potential for pressure piling. However, the
understanding of the mechanisms described above is not complete, particularly
with regard to flame instabilities and especially the turbulence aspects

(Ref. D.21). Precompression is more easily assessed, and since the ratio of
combustion pressure to precompression is nearly constant for a gas mixture,
all other parameters (e.g., temperature) being the same, the effect of pre-
compression may be incorporated into an evaluation model with less difficulcty
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than would be required to evaluate flame instabilities. Whatever experi-
rents or models cume may propose to conduct or develop, a nonsteady analysis
and corresponding structural analysis would be required to assess the impor-
tance of pressure piling unless data were available to prescribe a statically
equivalent pressure for design evaluation.

Further References to Pressure Piling

Several references have been made to pressure piling in USBM reports
and elsewhere, Often, howeyer, a shortcoming is chat references do not go
on to describe what "pressure piling" means, nor are specific instances or
examples given of the occurrence of pressure piling. These references do,
however, indicate that in the event pressure piling occurs, the pressures
that develop are large and may have serious consequences.

For example, in Mitchell's report on explosion-proof bulkheads (Ref.
D.22), he states, In the Bureau's Experimental Mine, for example, propagating
explogions have develored from 1 to 127 psig, and in a few trials pressure
piling caused higher, unrecordable pressures, and considerable damage.

In his paper on rapidly applied pressures in enclosures, Smith, Ref.
D.23, gives recognition to pressure piling:

It <8 known (Grice, 1929 and Titman & Haig, 1950) that,
when ignition of an explosive mizture takes place in one
of two intercomected compartments, and in certain other
circunstances, 'pressure-piling' may occur in the other
compartment if the ratio of their volurmes 18 within cer-
tain limits. The enclosures used for the tests to be
deseribed were of simple intermal design that did not

lead to pressure-piling with ite associated high pressures.

Also, Marinovic (Ref. D.24) warns of pressure-plling dangers, but refers
to the phenomenon as the "detonation effect" in his discussions on maximum
safe gap of enclosures.

In the last ten or more years it has been found out in
vartous countries that in case of flammable mixtures the
maximum safety gap can be reduced due to other phenomena.
Thig can be caused by the so =salled 'obstacle' effect,
which with external obstacles in the vicinity of the gap
can cause ignition of externcl aitmosphere, or also by deto-
nation effect, which ean occur in casings with divided
compartments or in casings of oblong form.

Scott, Kennedy, and Zabetakis, Pef. D.25, describe briefly the work of
Grice and Wheeler, Ref. D.1,with confined methane and air, and attribute
the high explosion pressure to geometry as well as ignition location. Scott,
Rennedy, and Zabetakis also point out that higher explosion pressure may be
obtained with a slightly richer mixture than with the ideal, stoichiometric
mixture (i.e., 10.2% as opposed to the ideal 9.5 methane). Also, 11Z
gives the same pressure as 9.5%, and an cven richer mixture of approximately
11.97 will yield the same explosion pressure as an 87 methane, which was
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found by Grice and Wheeler to give about the same peak pressure during a
pressure piling incident as 9.5% methane in air.

Engel and Merritts, Ref. D.26, refer to pressure piling, but in fact
do not experience 1t in their demonstrations. Stefanko and Morley, Ref., D.27
in discussions of USBM Schedule 2G comparison and IEC recommendations on
mechanical strength, state the following:

Mechanical Strength. The comparison here has been already
tnvestigated thoroughly with the ezception of preseure piling.
Presgure piling refers to the development of abrormal pressure
as a result of a gas-air mizture's accelerated burming rate
(10077 Tt 18 frequently caused by restricted configurations
within enclosures. The IEC recognizes this problem can occur
whenever an enclosure is subdivided and requires designs leading
to pressure piling be precluded as far as it i8 practical. If
not, the machantcal gtremgth must be increased. The design speci-
fieations and testing requirements of Schedule 2G appear to elimi-
nate the problem. However, if changing to performance, a require-
ment similar to IEC's is absolutely necessary."”

—
USBM, Schedule 2G, 1868.

Another reference to pressure piling occurs in Ref, D.28; however, at
the time of this writing, we were unable to acquire that research paper.
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APPENDIX E--STRUCTURAL PERFORMANCE TEST FOR SCHEDULE 2G ENCLOSURES

STRUCTURAL PERFORMANCE TEST
FOR SCHEDULE 2G ENCLOSURES

I. PURPOSE

The purpose of this structural performance test is to verify that
explosion-proof enclosures are designed for a minimum static pressure of
150 psig.

1I. DESCRIPTION OF TEST APPARATUS

In order to routinely test 2G enclosures for structural performance
as specified in Part 18, Title 30 of the Code of Federal Regulations,
the apparatus shown in Figure E.l is required. This setup consists
primarily of a water reservoir, a regulated nitrogen source, interconnecting
hardware, and pressure sensing instrumentation. The use of water as the
tegt fluid is recommended for reasons of safety. However, even with this
safer fluid, the apparatus should be installed in two seprate test cells.
The enclosure under test should be fn a separate test cell from the
individuals conducting the test. :

The water tank should be at least 50 gallons in volume and be rated
for 300-psig water service. If considerably larger volume enclosures
are to be tested, a larger reservoir may be required, but note that the
enclosure is initially filled from the water supply and not from the water
tank., The tank only supplies makeup water in the event of leaks, etc.

A regulated high-pressure bottle of nitrogen (2000 psig) or the
equivalent is used to provide the input pressure to the water tank. A
reference dial gage with a range of 0-300 psig is installed near the
nitrogen bottle. This dial gage is used as a rough reference of the
presaure being applied and as a backup safety indicator of whether tte
system is under pressure or mnote.

The primary pressure indicator is the output voltage of an electro-
mechanical pressure transducer installed near the test enclosure and used
to sense the hydrostatic pressure being applied. This transducer, such
as a Type 4-424-0010 made by Bell & Howell or an equivalent umit, should
have a pressure range of O to 500 psig with full range output voltage of
5.0 volts. This type of transducer requires an unregulated power source
of 12 to 30 volts DC and a simple digital volimeter to display the output.
The output voltage sensitivity is approximately 10 millivolts per psi of
pressure. Thus, pressure can be read directly in psi's by simply dividing
the number of millivolts indicated by 10. The accuracy of this transducer
is +0.25%7 of full range output, which is equivalent to +1.25 psi.

III. MOUNTING OF TEST ENCLOSURE

The geometry, size, and complexity of the test enclosure will dictate
how it i8s connected to the pressurization apparatus. The general procedure
is to use an existing feedthrough, 1f available, and adapt it for connection
to the pressure tubing. 1In the absence of an existing opening that can
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be used, a hole and pipe thread will have to be machined on the cover
for pressurizing the enclosure.

Once a pressure connection is availlable, the next step is to provide
a tight seal between the cover and the enclosure if one has not been
provided by the manufacturer. Two sealing methods have been found to be
satisfactory for hydrostatic testing. The most suitable method for the
enclosure being tested can be used.

Method 1 (Suitable for small, regular shaped enclosures) - In this
method a continuous gasket 1s cut from 1/16-in. thick reinforced
neoprene. This gasket should extend outside the bolt circle, but
no closer than 3/16 in. from the outer edge of the flange or cover.
Clean tne mating surfaces with acetonme or an equivalent solvent
before placing the gasket and closing the enclosure. No sealants
are necessary. Bolts are torqued to their rated loads as given in
Table E.1l.

Method 2 (Suitable for enclosures of all sizes) — This method uses
G.E. Silicon Construction Sealant, 1200 series, as a sealant. Clean
the surfaces to be sealed with acetone or an equivalent sclvent

and apply the sealant in a uniform bead 1/16 - 1/8 in. in diaxeter.
A zigzag pattern as shown in Figure E.2 has been found to work
satisfactorily. Some sealant will be extruded from the outer edge
of the enclosure by this method, but there will also be spaces for
a feeler gage. Use heat lamps to raise sealant temperature above
110°F for a faster cure. The 1id can be applied after the sealant
"gskims” or after it has cured completely. High humdity and high
heat reduce the curing time. A faster cure should occur without
the cover in place. Torque bolts to their rated torques as given
in Table E.l.

Prior to connecting the enclosure to the pressurization system and
bolting the cover, all surfaces should be checked for flatness so that a
pretest baseline can be established. Deformations, {f any, due to the
hydrostatic test can then be determined. A steel straight edge should
be used against every flat surface and any undulations measured and
recorded. Measurements should include those across the width and length
of each side, and, if necessary, across the two diagonals.

With all of the pretest measurements recorded, the enclosure is
placed on the test stand with the sealing surface level and at the highest
point on the enclosure. Connection is then made to the pressurization
system and the enclosure is completely filled with water. Eliminate or
minimize air pockets when filling the enclosure. The sealant or gasket
is then applied and allowed to cure if necessary. Curing time can be
accelerated with heat lamps.

The enclosure 18 now ready to be closed for pressurizatiom. Top
the enclosure with water if necessary (water can overflow), open the vent
valve, install cover and torque bolts to rated load as given in Table
E.l. Using feeler gages, the gap, 1f any, between the enclosure and ite
cover is measured and recorded on all sides of the enclosure with at least
one measurement between each pair of bolts. If exuded sealant precludes
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FIGURE E.2. RECOMMENDED SEALANT PATTERN
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ingertion of the feeler gages, it can be easily removed with a fine-bladed
knife.

Iv. PERFORMANCE TEST

After the enclosure has been connected to the water tank, the
hydrostatic test is conducted as followa:

(1, Turn on voltmeter and power supply set at 15 VDC.
(2, Make sure water supply valve is closed.
(3) Close vent valve above water tank.

(4) Read and record pressure transducer output. This is O-psig
voltage output.

(5) Open water cutoff valve.

(6) Output of transducer may increase slightly as a result of the
height of water in the water tank.

(7) Close vent valve by dial gage.
(8) Open nitrogen cutoff valve.
(9) Open regulator and gradually apply pressure to the system in

30 psi increments. The output of the pressure transducer will
be approximately as follows:

Pressure Change in Voltage
30 0.300
60 0.600
90 0.900
120 1.200
150 1.500

Actual voltages can be obtained from the calibration information
supplied by the manufacturer.

(10) After each pressure step, close nitrogen cutoff valve and inspest
the enclogure for water leaks. Very small leaks can be
tolerated, particularly at the higher pressures.

(11) In case of a flowing leak, shut off nitrogen cutoff valve,
close the water cutoff valve, and close the regulator. Open
vent valve by reference dial gage. Reseal the enclosure before
starting test again.

(12) After the test pressure reaches 150 psig, close the nitrogen
cutofl valve.
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(13)

(14)

(15)

(16)

(17)

Shut off the regulator and open vent valve by reference dial
gage.

Close water cutoff valve.

Measure and record the gap between the enclosure and its cover
at the same locations surveyed after sealing.

Remove enclosure.
Remeasure and record flatness of each side to determine {f

any permanent deformations resulted from the hydrostatic pressure
test.,

v. ACCEPTANCE CRITERIA

The enclosure will have passed the structural performance if no
deformations larger than 0.04 in./ft are measured on any side and if the
gap has not increased more than 0.002 in. relative to pretest measurements.
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APPENDIX F--GRAPHS OF ANALYTICAL RESULTS FOR ENCLOSURE TI

ANALYTICAL RESULTS FOR ENCLOSURE II

This appendix contains
o Stress Contour Plots
o Displacement Contour Plots
o Identification of Elements with Von Mises Stress > 10 ksi
for the cover, bottom, side und back shells of Enclosure II. Refer
to Figures 4.61 and 4.62 in Section 4.2,1 to identify the location and

orientation of the components in the enclosure and the coordinate axes.
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APPENDIX G--STRESS CONTOUR PLOTS FOR ENCLOSURE ITI
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X max: 532 psi
o min: 180 psi

FIGURE G.12. MAXIMUM SHEAR STRESS AT CENTROID
OF UPPER PLANE OF ELEMENTS ~ RECTANGULAR
WINDOW - EDGE BEAMS WITH EPOXY BOND
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X max: 588 psi
0 min: -137 psi

14

FIGURE G.13. MAXIMUM STRESS - END WINDOW

X max: 42 psi
0 min: =564 psi

\\\\1//

FIGURE ¢.14. MINIMUM STRESS - END WINDOU
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X max: 289 psi
0 min: 23 psi

1

FIGURE G.15, MAXIMUM SHEAR STRESS - END WINDOW

652 psi
71 psi

FIGURE G,16, VON MISES EQUIVALENT STRESS - END WINDOW
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APPENDIX H--STRESSES IN RECTANGULAR AND CIRCULAR
WINDOWS BASED ON HANDBOOK FORMULAS

STRESSES IN RECTANGULAR AND CIRCULAR
WINDOWS BASED ON HANDBOOK FORMULAS

The stresses computed by the finite element method for rectangular
and circular windows can be compared with analytical solutions. Figures H.l
and H.2 were taken from Reference H.l and give the stress factor, kj, as
a function of the plates' geometiies. For a rectangular plate, the minimum
bending stress {8 given by the expression

2
b (4.1)
°n kl(t) P
where
k) = curve A when edges are simply supported
ki1 = curve B when edges are clamped
b = smaller plate dimension
t = plate thickness
p = external pressure

For a circular plate, the maximum bending stress is

ay (8.2)
-~ = ! = .
o3 ‘l (t) P
where
k1 = 0.3025 when edges are simply supported
k; = 0.1875 vhen edges are clamped
d = plate diameter
t = plate thickness
P = external pressure

As a numerical example, we will take the dimensions of the rectangular
and circular plates in Enclosure III. For the rectangular plate

a=7.50 in.
b= 3.75 in.
% = 2.0 (aspect ratio) (H.3)
t = 0.75 in.

and the stress factor from Figure H.l is
k, = 0.75 (B.4)

The maximum bending stress for a 100-psi pressure can be computed to be

2
- 3.75
% .61 (3775) 100 psi
= 1525 psi

(H.5)
H.1



f 0.6 11 - ]
g o4 ./rs F
R (B
Eo.z L T

. BTN

5 6 ?

RATIO o/b

FIGURE H.1, STRESS FACTORS FOR RECTANGULAR PLATES
UNDER UNIFORM PRESSURE (ADAPTED FROM TIMOSHENKO) .
A--Edges free. B-—Edges clamped. (From [H.1l))
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FIGURE H.2. RELATIVE STRESS DISTRIBUTION IN FLAT CIRCULAR PLATES UNDER
DISTRIBUTED PRESSURE, A—Edges free-—circumferential stress.
B—Edges free——radial stress. C—Edges clamped--circumferen ial
stress. D--Edges clamped--radial stress. (From [H.1])
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This value compares very well with the results for Case IA shown in
Figure 4.78.

As the aspect ratio increases, the solution approaches the plane
strain case. Figure H.l shows the streses factor is

kp = 0.75 (H.6)

and the peak bending stress is

2
. 3.75)
om 0.75 (0.75 100 psi
= 1875 psi (H.7)

The finite element rasults for the plane strain model are given in Figure
4.82. The window can be considered as simply supported since the epoxy
cement, shown as the shaded portion, will provide little restraint in
bending. The surface stresses from Fignre 4.82 on the inside and outside
of the window should be averaged to give the nominal bending stess, which

is
Omp = 1877 psi

and (H.8)
Og = 1937 psi

at the midsides of the top and side windows, respectively. These values
again agree well with Equation H.7.

For the circular plate

d = 3.406 in.

(E.9)
t = 0.625 1in.
and Equation (B.2) gives
3.406\
o, = 0.3025 (o.ezs) 100 psi
= 898 psi (simply supported plate)
2
. . (3.406
o = 0.1875 (0,625)
= 557 psi (clamped plate) (4.10)

The averaged hoop surface stress at the center of the window computed by
the finite element method is found in Figure 4.80.

C hoop = 771 psi (H.11)



This value {8 lower than the results for the simply supported case, but
is still higher than the stress for the clamped plate. It is reasonable
to expe:t the stresses computed by the finite element method should fall
between the simply supported and clamped cases because the epoxy does
provide a small restraint.

The above comparisons indicate that the analytical solutions given
in Reference H.l do provide an accurate method of computing stresses in
these simple geometries. They can be used by designers to size the glass
windows in the initial design stage or in cases in which deformations in
the enclosure are small and do not affect the stress in the windows. Such
was not the case for Enclousure II1I, as discussed in Section 4.3 in the
body of the report.

H.4



REFERENCES

H.1l. Shand, E. B., Glass Engireering Handbook, second edition, McGraw-
Hill Book Company, Inc., New York, 1958,

H.5



APPENDIX [--EXPLANATORY NOTES FOR USING AWS D14.4 WELDING STANDARD
IN FABRICATING EXPLOSION-PROOF ENCLOSURES . WITH EXAMPLE COVER LETTER

United States Department of the Interior
BUREAU OF MINES

4800 FORBES AVENUE
PITTSBURGH, PENNSYLVANIA 13218

Pittsburgh Research Center

Scptember 24, 1979

Southwest Research Institute
6220 Culebra Road

Past Office Drawer 28510

San Antonio, Texas 78284

Attn: Mr. P. A. Cox
Oear Sirs:

One aspect of the U.S. Bureau of Mines research programs is the develop-
ment or improvement of technology that will protect the miner from occu-
pational health and safety hazards. Although, the Mine Safety and Health
Administration is the only government agency charged with the task of
promulgating federal regulations pertaining to the health and safety of
the miner, the Bureau supports their task through research. To this end,
the Bureau has been conducting research in the area of explosion-proof
enclosures for several years. OQur research will culminate with a
publication containing recommendations for designing explosion-proof
enclosures based on performance standards.

An integral part of this guide wiil be recommendations for achieving a

good quality weld. The Bureau, through its contractor (Southwest Research
Institute), has visited several manufacturers of explosion-proof enclosures
used in ur.erground mines to review their present welding practices. Also,
a thorough review of available welding standards has been conducted. One
standard has been selected as best matching the industry's present practices
plus of<ering flexibility for innovations--American Welding Society
Standard D14.4-77, Classification and Application of Welded Joints for
Machinery and Equipment. The Standard includes information on weld joint
design, welder and welding procedure qualifications, inspection criteria,
and provisions for qualifying all the present weld joint designs and/or
procedures used in the present enclosure manufacturing process.

The Bureau is soliciting comments from representative organizations. Any
comments should be addressed to:

Mr. Roger L. King

Technical Project Officer

U.S. Bureau of Mines

Pittsburgh Research Center
4800 Forbes Avenue

Pittsburgh, Pernsylvania 15213
Telephone: (412) 675-6637



2

Ltr. to Mr, P, A. Cox, Southwest Research Institute, from Roger L.
King re Quality of weld for explosion-proof enclosures; 9/24/79

I have attached for your use a copy of AWS D14.4-77 and some supplemental
notes to aid you i your understanding of it and how it would apply to
the fabrication of explosion-proof enclosures.

Sincereiy yours,

T Py

Technical Project Officer

Enclosure

1.2



EXPLANATORY NOTES FOR USING AWS D14.4 WELDING STANDARD *

IN FABRICATING EXPLOSION-PROOF ENCLOSURES

Prepared by Southwest Research Institute

Background

It is Southwest Research Institute's recommendarion that AWS D14.4 de
adopted for fabricating XP enclosures. The use of this standard would not
necessarily change weld joint designs or weld quality from existing practice.

In fact, of the six companies visited, welding practices conform to, and

exceed the design and quality requirenentsbof the Standard; however, none

of the companies visited formally recognize the visual examinations performed

on final weld surfaces, the class of design used on weldments, and the certi-
fication of welders used on XP enclosures. In recommending AWS Standard Dl4.4
it is intended that the minimum requirement will be used. The specific parts

of the standard which would apply to manufacturers of XP enclosures are reviewed

in the following paragraphs.
The AWS D14.4 Welding Standard is divided into tie fonllowing sections:

(1) Scope

(2) Clagsification cf Welded Joints

(3) Welded Joint Design

(4) Workmanship

(5) Quality Control Requirements and Procedures

®
Unless clearly stated as "in these notes," all references to figures,

pections, and pages refer to Dl4.4.

1.3



(6) Qualification

Part A - General Qualification Requirements

Part B - Welding Procedure Qualification
Part C - Welder Qualification

Part D - Welding Operator Qualification
Part E - Qualification of Tackers

(7) Inspection

Part A - Radiographic Inspection

Part B - Ultrasonic Inspection
Part C - Magnetic Particle Inspectior
Part D - Liquid Penetrant Iuspection

Part E - Visual and Dimensional Inspection

These sections cover three criteria common to all welding codes,

which are:

(1) Velding Procedure Specification (Section 2, part of Sectiom 3)

(2) Welding Procedure Qualification (Section 6, Parts A amd B)

(3) Welder or Welding Operator Qualification (Section 6, Parts A, C,

D, and E).

In addition, Dl4.4 covers:

(4) Joint Design (Section 3), and

L.4



(5) Acceptance Criteria for Weldments (Sections 4 and 7).

A good feature of this code is that it is self contained, i.e., it gives
sufficiently detailed information to perform all of the five functions enum-
erated. We believe that classification of joint efficiencies, and the
permissible use of prequalified joints an. procedures will be of great

benefit to XP enclosure manufacturers. These features are discussed in

more detail in the following paragraphs. Those unfamiliar with welding

codes may not Teadily realize that most of the written code addresses require-
nents for joints which are classified as "other than prequalified." Thus, a
majority of the standard does not apply when a prequalified procedure and
visual inspection are used; However, all of the provisions for qualificationmn,
testing and inspection-methcds are given in the event ;hey do become necessary.
The following discussions will attempt to‘shov both the simplified, prequalified

procedure and also the procedure qualificatioun testing situations.

Applicable Sections

There are some parts of AWS D14.4 that do uot apply to manufacture of
XP enclosures under present practices. For example, Classes I, II, and III weld
joints, which give 100Z stutic joint efficiency, are not presently used for XP
enclcsures. Therefore; the weld quality requirements for these classes of

velds do not apply, and so ultrasonic, radiographic, and magnetic particle

1.5



nondestructive testing are oot necessary in the design for XP enclosures.
Classes I, II or III could be used.if at anytime the designer considera it is
beneficial to have a higher joint efficiency. It follows that inspecticn
requirements (pages 49-74) usually are not necessary, except for Part E,
"Visual and Dimensional Inspection," on pages 70 to 74. The following
discussion is intended to cover those welding standard areas of D14.4 that

should be applied to present practice.

Joint Efficiency (Sectiom 2)

Joint efficiency is the ratio of the strength of a joint to the strength
of the base metal expressed in percent. The.iclecticn of joint efficiency
depends entirely on the design parameters that are established by each msnufac-
turer to meet the service intended for the part. Past e*perience and certifica=-
tion testing are also used to determine suitability of joint designs in addi-
tion to calculating allowable unit stresses. Allowable unic stresses () wmost

often are calculated by the formula:

T = E x safety facter

where P is the joint load

and A is the effective weld cross sectional area per unit length of weld

The allowable maximum stress must then be multiplied by the joint efficiency
showm on Figure 2.1 on pages 2 and 3 of the staundard to establish the permis-

sible design stress. Fatigue of the weld can also be evaluated as shown in

1.6



Figure 3.1.3 on pages 4 and 5. Most XP enclosures are presently built to Class
IV and V type of joint designs. The use of joint efficiency in enclosure

designs is demonstrated in Example 1 of these notes.

Prequalified Welding Procedures (Section 3)

Prequalification of a welding procedure specificarion (WPS) refers to
the use of certain weld joint details, materials and processes which are
permitted in the Welding Standard without performing any procedure qualifica-
tion or testing. The purpose in qualifying a welding procedure or using a
prequaliiied procedure is to provide assurance that quality welds and strength
levels can be produced within a certlin range of welding variables using the
materials and processes tested. Procedure qualification provides a demonstra-
tion that sound welds can be nmade and offers a measure of quality assurance for

product liability.

Details of welced joints (paragraph 3.3 page 1) and the fillet weld
details for carbon and low-alloy stsels (paragraph 3.3.2, page 6) may be used
with the designated welding processes without performing a procedure qualifica-
tion. Weldments made under these guidelines are designated as prequalified
joints. The referenced Figures 3.2.5, 3.3.4.1.2, 3.3.5.1, and 3.3.5.2 pages 8
through 15 show the choices for prequalified procedure, process, and joint

parameters.
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Welder Qualification Testing (Section 6, Parts A aund C)

Three approaches are provided in paragraph 6.3, page 18 for qualifying
welders, weldinyg operators, or tackers. Details of welder qualifications
provided in Part C of the Standari cover the variasbles that aust be tested in
order to match production requirements. A second approach is to accept
evidence of previcus qualification of the welders, i.e,, from previocus employ-
ment, schooling and certication, state certification, etc. Accepting evidence
of previous qualification of a welder is very practical and is based largely on
the premise that the welder has continued to make satisfactory welds. This
premise is usually valid if the wvelder has used the welding process within a
six month pericd. Judgement on acceptance of.welde:s is left to the descretion
of an Engineer. If previous qualification is accepted the Engineer will
normally keep a record on file of the statement of his or the Company 's
acceptance of the welder's qualificztion. The third approach pruvides for
velder certification by radiographic examination of a test plate. Welding a
grooved test plate of 3/8-inch thickness qualifies a welder or operator for any
thickness fillet weld for those welding positiong tested. To qualify for
groove welds of unlimited thickness, the plates tested must be at least 1 ipch
thick, usin; « single-Vee groove as described in paragraph 6.19. The glloy
group designation for various weld strength levels for which a welder must
qualify, are described in paragraph 6.18.2, page 35. Referring again to
Example 1, the welder used to make the fillet welds could be qualified by
either Option 1 or 2. Option 1 test is shown in Figure 6§.23.1, page 40 which

consists of a single fillet-velded 1 joint, 8 inches long om l/2-inch plate

IQB



which is sectioned for a macro-etch and & break test (paragraph 6.28.2 page
38). Acceptance for the test is provided in parag:aph 6.29.2, page 39. Optionm
2 provides for making fillet welds into root-bend cest specimens as shown in
Figure 6.23.2, page 41. The two root-bend test specimens (Table 6.27.1, page
43) tested in one of the jigs shcwn in Figure 6.28.1, page 46 must no: exceed a
1/8-inch crack (or defect) on the convex surface of the U bend as recuired in

paragrapk 6.29, pages 3§ and 39.

The position of welding is an essential variable for welder qualifica-
tion, The welder must be tested and qualified for the placement and position-
ing of welding used in production. However, the more difficult positions iden-
tified in Figure 6.9.3 page 26 for fillet welds also qualify for the less

difficult as summarized in Table 6.24, page 42.

Procedure Qualification Testing and Testin;g}aborltoties (Section 6,

Parts B and C)

It is common practice for smaller ccmpanizs (who do not have their own
test facilities) to send both their welder and procedure qualification test
coupots to a commercial testing laboratory. Most major cities have testing
laboratcries capable of testing and reporting resul:s needed for certification.
In the event a procedure qualification test is required because the desired
joints or welding processes are not considered as prequalified in the Standard,
the use of a testing laboratory is very helpful. Mechanical tests are required
for procedure qualification which involve both tensile and guided-bend testing
as shown in Table 6.11.1.1, pige 27. Removal and prepa:ration of test specimens
are presented in sufficient detail that any shop or laboratory can make them in

accordance with Figures 6.11.1.3, (A) through (K) pages 28 through 35.
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For typical explosion-proof enclosure comstructios, procedure qualifi-
cation would not be necessary. On the other hand, where the flux ccred arc
welding (FCAW) process is used for other than fillets, it would be cecessary to
qualify any groove welding procedure. Example 2 of these notes describes

the steps necessary for a procedure qualification.

Inspection (Section 7, Part E)

The final item required by the Standard for a typical XP enclosure would
be Part E, "Visual and Dimensional Inspection,” page 70. Visual inspection is
required in Table 5, "Weld quality assurance requirements,” for a Class V weld.
Therefore, all of the visual acceptance criteria on pages 70 through 74 apply

for final weld surfaces.

In-Process Inspection (Not Specifically Covered in the Standard)

Considerable added quality assurance measures can be provided during

fabrication that are not mandatory in the Standard. Nondest;uc:ive and visual

testing at intervals during welding can avert many of the conditions that pro-
duce defects. The quality of the root bead is important as is the iaterbead
¢cleaning and grinding prepararion that are performed. To help ensure the sound-
ness of the welds being made, it is recommend that an inspector be assigned to

in~process as well as final weld inspection.



Examole 1

A typical pregualified welding procedure that mignt be used t> fabricate
explosion-proof enclosures in accordance with AWS Dl4.4, is described in the

following items for a hypothetical case. The items required include:

1. Providing a writtem procedure.
y Choosing a prequalified joint design and procedure.
3. Coordinating the weld joint design selection with the eificiency

determined by the design engineer.

4. Establishing how fit ub will be maintained, i.e., by jiggiag, tacking,
etc.
5. Qualifying the welders and welding operators on the material, thicknesses

and positions that are required in production.

Form E-1 (Figure I.4 of these notes) was selected for the written welding
procedure specification in this example and is shown in the attachments.

The form (E~1) is the sample provided by the AWS D1.1-79, "Structural Steel"
Welding Code and is also suitable for use with the D14.4 Welding Standard.
Filling out the form igs essentially self-explanatory. The welding parame-

ters intended to be used in production need to be provided.
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The shielded metal arc welding (SMAW) process and & Class V fillet weld joint
is typical for XP enclosures and was selected for this example. Refer to the
weld joint details B and C in Figure I.l1 of these notes where the plate sides

of the box are attached to the frame and the ends are inset to the bottom and

side plates then fillet welded. A sketch of the enclosure is given in Figure

I.2 of these notes. Calculation of the weld joint stresses for the enclosure
is complicated because the box structure is indeterminate; therefore, in this

example only the stresses in the weld produced by shear reactions are considered.

Base Material - ASTM A36 Steel Plate - 1/4 Inch = 60 ksi min. tensile, 36

ski min. yield strength

Weld Material - E-7018, AWS AS5.1 cr A5.5, 70 ksi min. tensile, 57 ksi

ain. yield strength
Pressure Load Inside Enclossure - 150 psig

Safety Factor - 2X

Sixe of plate receiving maximum load - 1 sq. ft. (l44 sq. in.) and 48 in.

of weld to receive the load

Size of fillet veld preferred = 3/16 inch

I.12



Static joint efficiency to establish permissible design stress - 50% for

Class V weld joints.

0 pax -% x Safety Factor;

wvhere U max = allowable maximum stress
P = pressure load
A = area of fillet weld throat

C'max = 150 psi x 144 sq. in. x 2 = 6789.3 psi
48 x 3/16 x 0.707

A 507 efficiency gives QT max = 13,579 psi allowable stress

13,579 psi is acceptable since ir is much less than either the base or

filler material strength (approxinately 36 ksi) by a factor of 2.65X.

The coordination of these calculations with the weld joint selected and the

resulting efficiency for static loading in shear is fulfilled.

The fitup required for the XP enclosure will be required to have no gaps
greater than 1/8 inch spacing before welding between the ends, sides, and
bottom on joint C. The tolerance between the sides and the frames will be
required “o have no gaps greater than 1/16~inch spacing before welding.

Clamping is the only means required to hold the parts for welding.

The welders used for this procedure shall be qualified as a minimum to weld on
mild carbon steel. Fillet welds are to be made in the 3F (vertical) welding
position. Option ! shown in Figure 6.23.1 on page 40 will be used to test
welders using 1/2-inch plate. The 3F weidiog position for fillet welding is

shown in Figure 6.9.3(c) on page 26. Welder qualification in the 3F (vertical)
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position qualiﬁiea for flat, horizontal and vertical pesition fillet welding of
piate as stated in Paragraph 6.24.3.3 on page 37. The fillet weld break test
required by Paragraph 6.27.1 and 6.27.3 on page 38 and Table 6.27.1 on page 43
consists of a visual examinasion, bending the weld back on itself and also
examining a macroetched specimen cut through the weld joint. The test results
of each welder's tests wi..l be kept in a permanent record file. Sample Form

E-4 (Figure I.6 of these notes) is provided as a suitable welder and welding

operator qualification test record.
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Example 2

A typical groove welding procedure using the flux cored arc welding (FCAW)
process is an example where welding procedure qualification is required by AWS
Dl14.4. 1Items which must be included in the qualification procedure are the
same as for the prequalified welding procedure given in Example 1 of these
notes, except that the demonstration and mechanical testing of the procedure

must be documented. Items to be included are:

l. Providing a written procedure
2. Choosing s suitable joint design and procedure
3. Coordinating the weld joint design with the efficiency determined by the

design engineer.

4. Establishing how fit-up will be maintained, i.e., by jiggiag, tacking,
etc.

S. Perform a procedure qualification on a suitable groove weld test joint,

6. Preparing, testing, and recording of the procedure qualificaticn test
information.

7. Qualifying the welders and welding operators on the material, thickoess,

and positions that are required in production.

1.15



The form for the written welding procedure specification choszn for this
example is shown in the attachments as Figure I.3 of these notes - Sampnle
Joint Welding Procedure Specification. The welding parameters intended
for use in production need to be provided in this form, sometimes referred

to as a welding data sheet.

The weld joint design shown in Figure I.2 of these notes is suitable for
making a complete or 100% joint connection and will fulfill the requirement
for a procedure qualification test joint. But the normal joints provided

for XP enclosures, especially on the frame members, are partial penetration
joints. Therefore, the joint configuration chosen for vnis example is Joint A
of Figure I.1 of these notes. As shown in the sketches, a single bevel pre-
paration of 50° minimum angle will be machined or ground on the side frame
member connections. The frame required is a 2-inch square and the depth for
the bevel 3/8 inch for this example. One pass of FCAW weld is required all
around this cornmer joint so that the surfaces can be finish ground or machined

flush to make a sealing surface.

Analyses of a typical enclosure have shown that maximum scresses in the frame
are quite low, typically less than 20%Z of the yield strength of the material
at a design pressure of 150 psi. The design detail chosen has a static joint
efficiency of 802 as shown in Figure 2.1, page 2 of D14.4. Thus, this joint

design is more than adequate for the applied loads.

The fit-up of the frames will be butt uptight for welding and will be held
in a fixture designed to rotate or turn over in order that all of the flux

core welding may be performed in the down-hand, flat, or 1G porition.



Procedure qualification for using the FCAW process in a groove weld is required
by AWS Dl4.4. The welding procedure qualification test record if Form E-2
shown in Figure I.5 of these notes. Welding information and the actual
parameters used in the welding procedure in production will be expanded

from these actual test parameters approximately +10%. The requirements for
essential welding procedure variables listed in Paragraph 6.6.2.4 on page 20
for Flux Cored Arc Welding are considered to be the minimum of information
recorded in the Procedure Qualification Record. Tc match the minimum dimen-
sion of weld joint angle, the qualification must also demonstrate the 50°

minimum included angle permitted in the procedure, 6.6.2.4(13).

The requirement for testing groove welds, Paragraph 6.7.1 on page 21, includes
tensile and bend tests. A flat plate.welding position only will be tested as
shown in Figure 6.9.1(A) on bage 24. 1In order to qualify for welding on a
carbon steel bar of at least 2 inches in thickness, Table 6.11.1.1 on page 27
gives the number and type of test specimens and range of thickness gualified.
The test plate thickness must be 25 mm or 1 inch minimum, using one place
sample from which two reduced tensile specimens, and four side-bend test
specimens are required. Location of test specimen removal for plates over
3/4-inch is shown in Figure 6.11.1.3(D) on page 29. The specificstions for
reduced section tensile specimens is shown in Figure 6.11.1.3(F) and the
side-bend specimens in Figure 6.11.1.3(J). The tensile strength shall be not
less than the minimm ok the specified tensile range of the base metal used as
per Paragraph 6.13.1 on page 29. For A-36 Steel Plates the required minimum is
60 ksi. In accordance with Paragraph 6.13.2 none of the side-bend test
specimens must show any crack'or opeuning in excess of 1/8-inch except on the
corners. The results of these tests will be recorded on Form E-2, Welding

Procedure Qualification Test Record (Figure 1.5 of these notes).
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Qualification of operators for the flux cored arc velding process, in
accordance with Part C of the Standard, requires a groove weld qualificatiom
plate test for plates of unlimited thicknesses. This test plate is described
in Paragraph 6.19 page 35 and Figure 6.19A on page 36. Radiographic testing
will be used for scceptance of welder plate tests as provided iz Paragraph
6.29.4 and Part A of Secziocn 7. Again the same form E-4 will be used to record
the radiograph test results for each welding operator. The test plates for
this example will be sent to a local testing laboratory and the acceptance
criteria of Paragraph 7.3.9 on page 52 will be applied. A permanent record

file will be kept for each operator to maintain qualification informatiom..
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Beveled Bars for
Making Frame Joints

A. Partial Penetration
g Corner Weld Joint for
N\ Frames

\ B. Side and Ends Joined by a Lap Joint
{ﬁi TN, to the Frame

C. Inser Type Filler Weld Joint
for Enclosure Ends using Wrap-
Around Sides

p. Double Fillet Welded Tee Joint for
Joining Thin Side to Heavy Bottom
Plate, etc. 2¥7

7

—

E. Corner Type Joint

FIGURE I.1. EXAMPLES OF WELD JOINT DETAIL USED ON
SOME EXPLOSION-PROOF ENCLOSURES
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3/16"

1 3/16'5

END PLATE

5://;/*“‘ ‘.'}} SIDE AND BOTTOM WRAP

FIGURE I.2. SKETCH OF TYPICAL ENCLOSURE END DETAIL



JOIMT WELDING PROCEDURE
SPECIPICATION %O,

L
fL =13

4 WELDING PROCIDURE -~ GEMERAL

-

_, o —

A,

BASE METAL (SPECIFICATION NO.)

ELECTRODR (CLASSIFICATION CR TRADE Namg)

POWER SOURCE (AL OR DC) AmD POLARITY 1f DC

OACKING OR RODT TREATHENT

PREMEATING

POSTHEATING,

POSITION OF WELDING

CETAILS OF WELDING PROCEDURE

PASS ELECTRODE | CURRENT ARC
wureth s12¢ RANGE YOLTASE | LOCATION AND SLQUENCE OF PASSES

FIGURE I.3. SAMPLE JOINT WELDING PROCEDURE SPECIFICATION
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PREQUALIFIED JOINT WELDING PROCEDURE
PROCEDURE SPECIFICATION

Material specification
Welding process
Manual or machine
Position of welding
Filler metal specification
Filler metai classification
Flux
Weid metal grade® .
Shielding gas Fiow rate
Single or muitiple pass
Singie or multiple arc

Weiding current
Polarity
Welding progression
Root treatment
Preheat and interpass temperature
Postheat treatrnent

*Applicable only when filler metal has no AWS classification.

WELDING PROCEDURE
Pass | Electrods Welding current Traval Joint derail
no. size speed

Amperes Volts

This procedure may vary due to fabrication sequence, fit-up, pass size, etc., within the limitation of variables given in 48,
C, or D of AWS D1.1, Structural Weiding Code.

Procedure no. Manufacturer or contractor
Revision no. Authorized by
Date
Form E-1 © 1978 by American Welding Society. All rights reserved.

FIGURE 1.4, FORM E-1
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Ma-erial specification

WELDING PROCEDURE QUALIFICATION TEST RECORD
PROCEDURE SPECIFICATICN

Weiding procass

Minual or machine

Position of weiding

Filler metal specification
Filler metal classification
Weid metal grade®

Stielding gas
Sinngie or muitipie pass

Flow rate

Single or muitiple arc

Weiding current

Weiding progression

Preheat temperature

Portheat trestment

We der’s name

*Applicable when filler metai has no

AWS classificat on,

GROOVE WELD TEST RESULTS

Reduced-section tension tasts
Tensile strength, psi
1.

A

Guided-bend tests {2 root-, 2 face-, or 4 side-bend)
Root Face

1 ‘ 1.

2 2

Radiographic-uitrasonic examination
FILLET WELD TEST RESULTS
Minimum size multiple pass  Maximum size single pass

Macroetch Macroetch
1. 3. 1. 3.
2 2

All-weld-metal tension tast
Tensile strength, psi
Yield point, psi
Elongation in 2 in,, %

Laboratory test no.

WELDING PROCEDURE

Pas Elect

Weiding current

Na. size

Amperes

Voits

Speed of
travel

Joint detail

We, the undersigned, certify that the statements in this record are correct and that the test welcs were prepared, welded,
and tested in accordance with the requirements of 5B of AWS D1.1, Structural Welding Coda.

Procedurs no.

Revision no.

Autherized by

Form E-2

FIGURE I.5.

Manufacturer or contractor

Date

© 1978 by American Welding Society, All rights reserved.

FORM E-2
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WELDER AND WELDING OPERATOR QUALIFICATION TEST RECORD

Welder or weiding operator’s name {dentification no.

Weiding process Manual Semiautomatic Machine
Position
(Flat, horizontal, overhead or vertical — if vertical, state whether upward or downward)
In accordance with procedure specification no.
Material specification
Diameter and wall thickness (if pipe) = otherwise, joint thickness
Thickness range this qualifies
FILLER METAL
Specification no. Classification F no.

Describe filler metal (if not covered by AWS specification!

Is backing strip used?
Filler metal diameter and trade name

Flux for submerged arc or gas for gas metal arc or flux
cored arc welding

Guided Bend Test Resuits

Type Aesult Type Resuit

Test conducted by
per

Laboratory test no.

Fillet Test Results
Aapesrance Filletsize
Fracture test root penetration Macroetch
{Describe the location, nature, and size of any crack or tearing of the specimen.)
Test conductad by Laboratory test no.

per
RADIOGRAPHIC TEST RESULTS
Film Film
identifi- Results Remarks identifi- Results Remarks
cation cation
Test witnessad by Test no.
per

We, the undersigned, certify that the statements in this record are correct and that the welds were prepared and tested in
sccordance with the requirements of 5C or D of AWS D1.1, Structural Welding Code.

Manufacturer or contractor
Authonized by

Date
© 1978 by American Weiding Society. All rights reserved.

Form E-4

FIGURE I.6. FORM E-4
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APPENDIX J--CALCULATIONS OF STRAIN ENERGY AND
LOAD FACTORS FOR A CIRCULAR LENS

CALCULATIONS OF STRAIN ENERGY AND DYNAMIC
LOAD FACTORS FOR A CIRCULAR LENS

Circular Plate, Simply Supported Edge

To evaluate the strain energy, we start with the static deformed

shape of the circular lens [J.1].

P 3+ v 2 2 2 T
w -m[-l+v(a—r)+2r loga] J.1)
.
P 3+ v 2
% * e (T53) » <-2
w
o fl+ v
P = = m)Z‘ND J.3
a
_:’2 1+ 3+v 2 2)_#221 r (3.4)
v a2(3+v T+y (@ -t r legy .

The strain energy can be written as [J.1]:
2 .
2 2
dw 1w l 5w 3w
[( _2 + 2= ) - 2(1=v) T e ar—z] rdr d8 (J.5)

Using Equation (J.4), the derivatives are evaluated as:

v
ow o l+v 34+v r o 1+ v
ar 3+V)[2r1+v+6rloga+2r] 2(3+v)
=4y
[1+ + 4r log ]
2 w w
aw'_o_ 1+ -4 r - 0 fl+wv 4v r
2 2(3+v)[1+v+41°ga+4] 2(3+v)[1+v+41°ga]
dr a a
2 2 2
2 w
dw 1 3w o 1+v X 4 r
( 2*?3?) = (_2') 3+v) [1+v+“1°3a'1+v+"1°32:‘
r a
2 2
Yo 1+v) =4(1-v) r
"2 (3+v 1+v T8lesy
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2 w 2 2
dw 3w 0 1+ v <4 r
2(1-\))—; o Sl 2(1-\))(—3) (3+v) [1+v+hlog—a-]
ar a
4v r
X [1+v+41°g;]

Substituting these terms into Equation (J.5) and eraluating the integral

over a radius a =3,1875 in., we find:

2
2 2
D a8 % 1+ =4(1=v) r
U 3(2)21‘I’f (—7) T—"’—-\-’) ( 1+ v +8108‘;) - 2(1-v)

o a

=4 + 4 1og ( + 4 log z rdr

1+v 1+v a

2

v, Ley 2 3,1875 2

= {5 ———) f {61,314 - 102.842 logr + 64 log r
a 3+ o

- 1.5(-5.214 + 4 logr) (=1.214 + 4 logr)] rdr

v\, [ \2 3.1875 )
- m(3 3”) ({ [41.314 - 102.842 logr + 64 log’r

- 9.495 + 38.568 logr - 24 log’r] rdr

v, 1+v\2 3-1875 2
= | % ( v) J [31.819 r - 64.274 r logr + 40 r log r] dr
°

2

w 2

= (-%) i—:—:) [15.910 r> - 32.137 £ logr + 16.069 r? + 20 r?
a

3.1875

~

(log"r - logr) + 10 rz]

v}

2
v 2
o 1+ v
= HD(?) 3+v) x 211.330 (1lb=-in.)

5

- wi x 1,056 x 10° (lb-in.) (J.6)
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Circular Plate, Fixed Edge

The same procedure is followed for fixed edges as for simply supported

edges.
Pr2 r P 2 2
Y T B 1°g;+16nD (" - 1) (J.7)
w = b a?
0 167D (J.8)
r? r Y% 2 2 s 2. . 2 2
v o= 2w —slog +—5(a-1) =-—2<2r 108;+3'T> (1.9)
a a a
w w 4o
LA} I - = -2 I\ . _o z
T ) (4: log 3 + 2r Zr) 3 (&r log a) > (r log a)
a a F
azw wo r Awo 4r
-5 = 3 (4 log;+ 4) = =3 (lOg'a"l'l)
or a a

2
2 2 IAY)
3w 1w - 0 T r
(.2+r3 ) (—2)[logz+l+log;]
or a

2n a 2 2
D o w 1 3w 1l 5w 9w
v =3 f [(‘7*?7) -2(1—v)—a—r-—2-]rdrd9 (J.10
o o© ar or
b \ 2 3.1875 2
- 7D _;22 £ (z log  + 1) -2(1-v)(1og§)(1og§+1)]:d:

bw 3.1875 9
= 1D —22 / [-0.0276 logr+ & log“r- 1.5 (logr=-0.503)
o

x (logr+ 0.499) ] rdr
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bw 2 3.1875 ) )
= ™ | — / [ -0.0276r logr + 4r log r- 1.5r log“r+ 0.000rlegr
a [o]

+ 0,375r ] dr

be \> 3.1875 ,
= D [ — i [-0.019r logr + 2.5r log“r +0.375r ] dr
o]

2
b r2 logr r2 r2 2 rz logr rz
= -—2° -0.019(——5—-T)+2.5 (—1ogr-———3—+—)

2 2
r2 3.1875
+ 0.375 5
(o]

4wo 2
= #D | —— ] 5.079
2
a

= 2.748 x 10° wz (1b-1in.) (J.11)

- o

Dynamic Load Factors

Circular Plate with Simply Supported Edge

The frequency equation is
1 Mot D
£ = ?17;2—"\/—971T (3.12)
o

For the fundamental mode,

i=0, n=0, and xni = 4,977 (Reference J.2)

Substituting into Equation (J.12), we find:

£ = 2377 xi—\/l_-l_lmf_
2 2n -3
(0.5) 2.355 x 10

= 21,763 (Hertz)

T = 1/f = 0.0460 msec
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Now the ratio of the rise time to the fundamental period is

So . 11 - 370
T 0.0460

Based on Biggs' curve in Reference J.3, the dynamic load factor (DLF) is
DLF < 1,05,

Take DLF =1,05 (3.13)

Circular Plate with Fixed Edge

For the fundamental mode,

1i=0, n=0, and xni = 10.22 (Reference J.2)

Using Equation (J.12):
f = 44,690 (Hertz)
and

T - -% = 0.0224 msec

Now

0
T 760

so that DLF < 1.05.

Take DLF = 1,05 (3.14)
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APPENDIX K--RECOMMENDED ACCELERATED AGING TEST
FOR POLYCARBONATES AND ADHESIVES

RECOMMENDED ACCELERATED AGING TEST
FOR POLYCARBONATES AND ADHESIVES

Objective

Determine the life of sealants, adhesives, and polycarbonate plastics
in explosion-proof luminaires under typical operational environments found
underground.

Purzose

Generate an adequate data base which would permit extrapolation of

one-year fatigue data to at least a three—-year period with reasonable
confidence.

Scogg

The test program shall be limited to two window materials, two sealant
materials, two sealant/adhesives, 180 to 300°F ambient temperature range,
one lighting condition, and 25 to 150 psi internal pressure range. The
window materials selected for the study are borosilicate glass and UV
stabilized polycarbonate plastic. Room temperature vulcanizing silicon
rubber GE RTV 108 and an epoxy (to be selected) shall serve both as sealants
and adhesives for glass and polycarbonate plastic windows. Mercury vapor
fluorescent lights shall be utilized for generation of UV radiation. The
windows shall operate at distinct temperature levels; polycarbonate plastic
at 180°F, 210°F and 240°F and glass at 180°F, 240°F and 300°F. All tests
will be run at 100% relative humidity (humid air) with intermittent water
spray. The effect of oil on polycarbonates will be evaluated with screening
tests. There are too many different oil formulations for oil to be a
variable in the long—term tests. The test fixtures containing polycarbonate
plastic windows shall be periodically pressurized to 150 psi while those
containing glass windows shall be pressurized to 25, 50, 75, 100, 125,
or 150 psi.

Test Specimens

Test specimens will be circular windows fabricated from (1) UV
stabilized polycarbonate plastic and (2) borosllicate glass.

The thicknesses of polycarbonate discs shall be comstant, but their
diameters shall be varied to induce different levels of flexure stress
into the plastic by internal pressure of 150 psi. The t/Dj ratios chosen
for the windows are based on experimental data from ANSI/ASME PVHO Safety
Standard for Acrylic Windows, as the tensile strength of polycarbonate
plastic is similar to that of acrylic plastic.

The t/D4 ratios selected for experimental evaluation are: 0.135
(i.e., CF2%),6 0.152 (i.e., CF4), 0.190 (i.e., CF8), 0.21 (i.e., CF12),

*CF - conversion factor, ratio between sghort term critical pressure and
design pressure at room temperature.
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and 0.23 (i.e., CF16). These t/Dy ratios correspond approximately to
maximum effective stress levels of 5000 psi, 2500 psi, 1250 pei, 830 psi
and 625 psi in the center of the window subjected to 150-psi internal
pressure. It is predicted that the t/Dy ratios of 0.135 and 0.152 will
fail, 0.190 and 0.21 may fail, and 0.23 won't fail during a one-year long
pressure cycling program to 150 psi at elevated temperatures.

Polycarbonate test specimens are to be machined from a single sheet
of 0.5-in.-thick UV stabilized polycurbonate plastic. Because all windows
are of the same thickness, the effect of UV radiation upon the window's
material will be the same (i.e., reduction of tensile strength, ductility,
impact, strength, etc.) regardless of the stress level induced in the
windows with different t/Dy ratios by the 150-psi internal pressure. This
would not be the case if the windows differed in the thickness. Also,
by cutting all windows from the same sheet of material, the effect of
variation in material properties will be minim’_:ed.

Glass specimens will be 0.75-in.-thick x 2.5-in.-diameter circular
Pyrex annular edge sight glass with 150 psi and 400°F service ratings.
This particular window shape was chosen because it is a commercially
available off-the-shelf item, and its dimensions preclude it from failing
under 150-psi internal pressure during the test program, thus making it
an ideal window for evauation of sealants and adhesives in the 150 to
300°F temperature and 25 to 150 psi pressure ranges.

All specimens shall be sealed and/or bonded to the metallic housing
after both surfaces have been coated with the appropriate primer.

Test Fixtures

Test fixtures shall be constructed from 6-in.-diameter stainless
steel tubes cut and welded to form a tubular pressure vessel. The front
of each tube shall be fitted with a retainer for a glass or polycarbonate
lens while the back of each tube shall be closed with a flat bulkhead
containing feedthroughs for electric power, thermocouples, and compressed
air. Typical fixtures are shown in Figures K.l and K.2 for glass and
polycarbonate lenses, respectively.

The test fixtures shall all be attached to the Q.U.V. Accelerated
Weathering Tester by special stainless steel adapter plates. A photograph
of the weathering chamber with test fixtures attached is shown in Figure
K.3. This photograph wis borrowed from USBM Comntract HO0387009 [K.l].
One-half of the test fixtures with polycarbonate windows shall be
1lluminated with mercury vapor fluorescent lamps, as provided with the
Q.U.V. chamber, while the test fixtures containing glass windows require
no illumination.

Resistance heaters ghali be placed in each fixture and connected to
a rheostat for varying the current to the heater. The temperature of
interior window surfaces shall be measured with thermocouples and its
magnitude controlled by ad justments to the rheostats.
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FIGURE K.3. PHOTOGRAPH OF ENVIRONMENTAL
CHAMBER WITH FIXTURES INSTALLED
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Test Setup

The test setup shall consist of the fixtures, lamps, sealants and
test specimens shown in Tables K.l and K.2. Test fixtures shall be placed
in a room, or enclosure, with controlled access so that absence of personnel
may be assured during the periods of time when the interiors of fixtures
are pressurized with compressed air and fallures of windows may take place.

To simulate the exposure of polycarhonate plastic windows to water
found uwnderground, fine jets will be located in front of each window that
spray water intermjittently upon the hot exterior surface of windows. A
typical arrangement is shown in Figure K.4. Water from the spray will
be collected in the bottom of the chamber. Heaters in the water reservolr
will operate to maintain the atmosphere in the chamber at 100X relative
humidity.

The internal pressurization and depressurization of each test fixture
shall be accomplished from a common manifold by actuation of solenoid
operated valves from a control console located outside the enclosure in
which the test fixtures are located. The ejection of a window or rapid
leakage of air from inside a pressurized fixture should be detected by
monitoring the rate of pressure decrease inside the pressurized fixture
after the supply of pressurized air to the fixture has been shut off
remotely from the control console.

Assembly Procedure

Polycarbonate windows - Prior to mounting of any window into the
end closure, a thermocouple is bonded with RTV silicon rubber to the
window's interior surface at the center. After 48 hours at voom
temperature, the window is ready for mounting into the mating end of the
Type A test fixture. The mounting of the window into the end closure
congists of (1) coating lightly the face of the seat with RTV silicon
rubber, (2) centering the window in its seat, and (3) while pressing it
with a 1-1b force in place, injecting RTV silicon rubber from a nozzle-
equipped tube into the annular space between the edge of the window and
the seat in the end closure. Great care will be taken to avoid entrapment
of air in the seal, as at high temperatures the entrapped air will expand
and rupture the seal. The enclosures with freshly potted windows will
be set aside for at least 100 hours in room temperature enviromment to
allow for vulcanization of the silicon seals or heated in a temperature
controlled oven to reduce the curing time.

The window-equipped closures are subsequently provided with rubber
seals and bolted to the flanges of the fixture. After mounting of a heat
source upon the end closure with ieedthroughs, it is bolted in place also.
The fixture is now considered completed, ready for pressure prooftesting.
The pressure prooftest consists of pressurizing the cold assembly to 150
psi and monitoring the rate of prassure drop once the supply of air to
the interior of the fixtures has been shut off. If the pressure drop
rate exceeds 5 psi in one hour, the seals in the test fixture are considered
unacceptable and the test fixture will be taken apart, seals repaired or
replaced, and the fixture reassembled. If during the subsequent pressure
test the pressure drop rate is found to be less than 5 psi/hour, the test
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TABLE K.1.

AND INTERMITTENT WATER SPRAY

TEST SETUPS FOR POLYCARBCNATE WINDOWS
OPERATING IN AIR WITH 100X RELATIVE HUMIDITY

Fixtures 1-5 Fixtures 6-10 Fixtures 11-15
Interior
Window 180°F 210°F 240°F
Temperature
Sealant GE RTV 108 Same Same
Lamp Hg Hg Hg
Closure
Type A LEXAN :
Dy = 3.70 Dy = 4.62 Same Same
Do = 4.75 t =20,50
Clcesure
Type & LEXAN
D{ = 5.29 Dy = 4,11 Same Same
Dy = 4.24 t =0.5
Closure
Type A LEXAN
Dy = 2.63 Dy = 3.29 Same Same
Dy = 3.42 t =0.5
Closure
Type A LEXAN
Dy = 2,38 Dw = 2,98 Same Same
Do = 3.11 t = 0.5
Closure
Type A LEXAN
Dy = 2.17 Dy = 2.71 Same Same
Do = 2.84 t = 0.5

Di internal diameter of opening in closure

D° =D, + 0.125

D = external diameter of window

W

D =D, X1.25

w

i

external diameter of window seat
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TABLE K.2,

TEST SETUPS FOR GLASS WINDOWS OPERATINC

IN AIR WITH 100%Z RELATIVE HUMIDITY AND
INTERMITTENT WATER SPRAY

Pixtures 46-50 Fixtures 51-55 Fixtures 56-60

Interior
Window 130°F7 240°F 300°Y
Temperature
Lanp None Same Same
Closure Pyrex Glass
Type B Dy = 4.0
Dy = 2.6 £ w0.75 Sene Same
Do * 4.125 GE RTV 108

Sealant
Closure Pyrex Class
Type B Dy = 4.0
Dy = 2.6 t =0,75 Same Same
Do = 4.125 GE RTV 108

Sealant
Closure Pyrex Glass
Type B Dy = 4.0
Dy = 2.6 t = 0.7% Sane Same
Dy = 4,124 GE RTV 108

Sealant
Closure Pyrex Glass
Type B Dy = 4.0
Dy = 2.6 t =0.75 Seme Same
Dy = 4.125 Epoxy

Sealsnt
Closure Pyrex Glass
Type B Dy = 4,0
Dy = 2.6 t =0.75 Same Same
D = 4.125 Epoxy

Sealant
Cyclic * * *
Internal 150 psi 150 pst 150 psi
Pressurs

Di = {internal diameter of opening in closure

Do = external diameter of window seat
D o D, + 0.125

Dw = gxternal diameter of window

*After adhesive failure,

cyclic pressure is
reduced by AP = 25 psi
(Lowest pressure will
be P = 25 psi)
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fixture {8 considered to be properly assembled. During pressurization

of the test fixture, the enclosure where the fixture is located must be
cleared of all personnel. After release of internal pressure, the heat
source is energized and the temperature rise of the windows is monitored
with thermocouples connected to a switch and readout unit. The rheostat
is adjusted until the temperature of the interior window surfaces reaches
the specified temperature level. Once this has been achieved, the test
fixture is considered to be operational.

Glass windows - The same procedure is followed with glass windows,
except that prior to bonding of thermocouples, each window is first coated
all over with the appropriate primer for better adhesion of RTV silicom
adhesive. Type B fixtures are utilized for mounting of glass windows.

The Type B fixtures are designed to produce tensile stresses in the
adhesive, and Type A enclosures are designed to produce shear and
compression in the adhesive. The Type A enclosure is primarily for testing
the polycarbonate windows, and the Type B enclosure is primarily for testing
adhesives. After one cure of the silicon or epoxy seal, the end closure

is equipped with a commercial rubber seal and is bolted to the test fixture.
During the subsequent leak test, the test fixture is only pressurized to

25 psi to preclude accidental ejection of the window from Type B end
closure. The setting of temperature on the internal surfaces of glass
windows in the assembled test fixture follows the same procedure as setting
of temperature in the fixture with polycarbunate windows. During
pressurization of the test fixture, the room or enclosure where the fixture
is located must be cleared of all personnel.

Test Procedure

Polycarbonate windows — The objective of the test procedure 1is to
simulate inside the lamp enclosures methane gas explosions which, after
the physical properties of the polycarbonate plastic have deteriorated
sufficiently due to intermittent exposure to heat, moisture and UV, will
cause the windows to fail catastrophically.

The daily test procedure consists of (1) continuous operation of the
lamp for 12 hours, followed by 12 hours of darkness, (2) pressurizing
the interior of the test fixture to 150 psi at the conclusion of the 12-
hour lamp operation period, (3) recording the temperature on the interior
window surface at the initiation of internal pressurization and one hour
after pressurization initiation, and (4) releasing the remainder of trapped
pressurized air from the interior of the test fixture after completion
of pressure reading. Test fixtures equipped with spray nozzles shall
have the water spray on for one minute every 10 minutes. In case of a
window failure the fixture with the failed window will be removed and
its fatigue life prior to failure recorded. Another fixture containing
an identical window shall be bolted on and the test continued.

Glass windows - The objective of the test procedure is also to simulate
inside lamp enclosures riethane gas explosions which, after the physical
properties of the adhesive have deteriorated sufficiently due to continued
exposure to heat, moisture and UV, will cause the windows to leak or be
ejected from the fixture. Since the glass windows have been sized not
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to fail due to glass fracture, the ejection of any window will reflect
only the failure of adhesive.

The test procedure consists of (1) operating the light source
continuously, (2) pressurizing the interior of test fixtures once a day
to specified pressure (which ranges from 25 to 150 psi, depending on the
fixture), (3) recording the temperature prior to pressurization and pressure
one hour after pressurization, and (4) releasing the remainder of trapped
pressurized air from the interior of the test fixture after completion
of pressure reading. The water spray will be turned on for one minute
every 10 minutes. In case a window is ejected from its seat, tho end
closure ghall be removed from the fixture and the fatigue life of the
failed adhesive prior to failure recorded. Another end closure containing
a glass window shall be bolted on and the test continued. If the ejected
window is found to be undamaged, it is, after cleaning of the end closure,
bonded again in the seat and used for another test.

Data Reduction

The objective of data reduction is tc display results in such a manner
that the results of a one-year study can be extrapolated into the future
for a period of three to five ye: 3. Past experience with testing of
acrylic plastic windows shows that che statie and cyclic fatigue life of
plastic structural components can be projected into the future if data
are plotted an log~log coordinates. In the case of this study, the
coordinates for data resulting from testing of polycarbonate windows should
be time vs t/Dy ratio (Figure K.5). For glass windows, the coordinates
should be time vs tensile stress in adhesive (Figure K.6). The resulting
experimental points will plot linearly, which will allow their extrapolation
from 8 x 103 to 4 x 10* hours.

Conclusions

On the basis of the experimental data plots, the designer shall bde
able to (1) select the appropriate t/D; ratio for polycarbonate windows
rated to withstand periodic 150-psi internal pressure excursions at 180,
210 or 240°F window surface temperature for a period of five years and
(2) select the tensile design streas level for RTV 108 adhesive in contact
with glass windows at 180, 240, and 300°F that will preclude adhesive
failure for a period of five years.
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FIGURE 4.35. INSTRUMENTED 2G ENCLOSURE I
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FIGURE 4.36. DEFORMATION OF ENCLOSURE T
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FIGURE 4.44. ENCLOSURE IA INSTRUMENTED WITH
FOUR STRAIN GAGE ROSETTES
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FIGURE 4.46.
OF ENCLOSURE IA

BOTTOM DEFORMATION
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(a) View ol Right Side (Front tc Left)

(b) View from Top (Front to Right)

FIGURE 4.64. INSTRUMENTED 2G ENCLOSURE II
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FIGURE 4,65. ENCLOSURE I1 WITH DIAL GAGES
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FIGURE 4.83. ENCLOSURE III WITH STRAIN
GAGES TNSTALLED
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FIGURE 4,85. CRACKS IN THE ALUMINUM CASTING OF
ENCLOSURE III WHICH OCCURRED DURIN". TESTING
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(b) Joy Manufacturing Co. Fluorescent Lamp

(c) Crouse-Hinds Co. MHL Headlight

FIGURE 7.1. REFERENCE AXES FOR VIBRATION TESTING
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(a) Velocity = 72 ft/sec (b) Velocity = 187 ft/sec

(¢) V =377 ft/sec

FIGURE 7.11. LOCALIZED IMPACT DAMAGE ON SODA-LIME GLASS
BY GLASS SPHERES (1.5-mm RADIUS) AT VARIOUS SPEEDS
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FIGURE 8.2, LUMINAIRE FROM CONTROL PRODUCTS
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FIGURE 8.3. GLASS SLIVERS INSIDE
CONTROL PRODUCTS LUMIMNATRE
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FIGURE 8.4, EDGES OF THE LENS WHERE
GLASS BREAKAGE OCCURRED



FIGURE K.3, PHOTOGRAPH OF ENVIRONMENTAL
CHAMBER WITH FIXTURES INSTALLED
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