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1.0 EXECL~IVE 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 T~chnology 
P~ogram and covered the time period from September 1977 through Jecember 
1982. 

Initially the purpose of this contract research was to determine 
the level of safety in enclosures uhich had been certified as explosion 
proof (XP) under Schedule 2G [1]. Results and discoveries in the initial 
work led to an expansion of the contract to cover five major areas of 
res~arch. These are: 

o Selection of the computational method 
o Marg:l.ns of safety in XP enclosures 
o Weld quality in XP enclos',res 
o Reli~bility of XP enclosures with windows and lenses 
o Performance tests for XP enclosures 

Several tasks we~e ~erformed in each Jf these major areas. Key findings 
and conclusions are: 

Selection of 'he 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. 

o MARC has most of t!'le features r.equired for the analysis of XP 
enclo.;urea. but lacks steady-state heat transfer in shell elements 
(at the time of the survey) ana was judged not to be as user friendly 
as ANSYS. 

o ADINA has many of the features r~quired for the analyses performed. 
but lacks thin shell elements ant. pre- and post-processors. 

Margins of Safety in XP Enclosures 

o Dynamic effects, produced by explosions of methane and air. are 
insignificant in mest enclosures. DynamiC effects may be important 
if unusually high pressures occur (press'ue piling) or if the 
enclosure is unusually large. 

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

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

o Weld joints in one enclosure partially failed at pressures as 
luw as 60 psig. and permanent deformations of 0.31 in./ft were 
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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 HSijA in the Explosion Test. 

o 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 Qual~ty in XP Enclosures 

o 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. 

o Jo~~t design is similar for all of the manufacturers, but knowledge 
of 10int efficiency was poor. 

Reliability of Enclosures with Windows 

o Enclosure res~nances 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. 

o 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. 

o 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 lenses may be polycarylate, a plastic with good heat and UV 
resistance. 

Performance Tests and Acceptance Criteria 

o 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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o The maxi3um potential energy which can be generated by rock fall 
is very high, and it is impractical to design for such an energy 
level. 

o Protection from 60% of roof falls requires that exposed surfaces 
be designed for a kinetic energy of 3700 ft-lb!ft 2 , based on data 
from past roof falls. 

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. 

The key findings given above and other results which are documented 
in the report led to t~e following recom~endations: 

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

o A structural pe.formance test, such as the one described in Appendix 
E, should be used by HSHA in the certification of enclosures. 

o MSHA should require that XP enclosures be fabricated according 
to an American Welding Society (AWS) Standard. AWS D14.4 is 
recommended. 

o Materials, such as polycBrbonates and adhesives, which are kn~wn 
to be degraded by heat and UV radiation should be approved for 
use in XP enclosures only after appropriate environmental testing. 
Recommendea accelerated aging tests, which are designed to represent 
the mining enVironment, are given in Appendix K. 

o Vihration tp.sts should be performed on selected enclo8ures to 
determine how well they withstand, over their expected service 
life, vibration levels on typical mining machines. 

o Before a Ruggedness Test is 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 Background 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 flo. H077052, 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. 
Result9 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 ~~ed 
on a review of available analytical methods. Section 3.0 describes the 
survey which led to the selection of the finite-element c~puter program, 
ANSYS, 8S 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 tr.e analyses and the 
experiments. 

As a result of the work on safety factors, oth,r 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 failures 
which occurred during hydrostatic tests revealed the need for an evaluation 
of weld quality in 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 explosi,)n-proof luminaires. 
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Finally, the Mine Safety and Health Administration (MSHA) and the 
U~BM plan to base future certification of enclosures upon a series of 
performance tests simllllr to the Explosion Test now conducted. 
Consequently, SwRI was asked to prepare performance tests for strength 
and ruggedness and to propose acceptance criteria for batcery box covers. 
Results of these tasks are documented in Se~tion 8.0. Recommendations 
based on the 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 H0387009 [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 co~tinuations 
of studies documented on this report. 

Specifically, Contract H0387009 includes the following tasks which 
relate to this work. 

Accelerated Aging of Polycarbonates and Adhesives - This task follow~ 
the test plan, documented in Appendix K, for the a~celerated 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 H0377052 (under which the work reported herein was 
performed), was transferred to Contract H0387009 so that results 
from the accelerated aging tests and the thermal analyses could be 
includ£'G in its development. Much of the information in the guide 
will be Laken from the material presented in this report. 

Preliminary =esults 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 r.omputational method were based primarily 
upon requirements fur static and d~namic analyses of enclosures. 
Additionally, the availability of the program to the USBM and to the mining 
industry, ease of program use, and future tequirements that may ari~e at 
the USBM (such as the need to predict temperature distributl'Jns 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 
~fficiency. 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 nonlinear 
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 
~nalyse3 are conducted, a model analysis should be performed to calculate 
the natural frequencies and mode shapes of the struct~re. This is 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 classlfierl on the basl~ 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 analysis should be able to be superimposed on the dynamic 
analysis if the temperature time history is known. 

Input/Output: 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 setg. A computer graphic capability is also indispensable be':ause 
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. 

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

3.2 ~mput~r Code Survey and Evaluation 

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

ADINA 
ANSYS 
MARC 
NASTRAN 
NONSAP 

NASTRAN was not selected because it lacked gap elements, and current 
government versions lack provisions for metal plasticity. Letters were 
written to the developers of the four other programs to obtain up-~o­
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 Wildon 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 ~ccessed on the CDC Cybernet 
system. Table 3.1. Which summarizes program fea~ures that are important 
for the analysis of Schedule 2G enclosures. was compiled for these three 
remaining computer codes. Information was taken principally from replies 
by the p~ogram developers and from the User's Manuals for the programs. 
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 ZG 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 is 
uncertain. It would be impractical to Uye 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-dimensional solid must be used, which would 
significantly increase the analysis costs. Doth 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-oD this project. Table 3.1 shows that ANSYS has essentially all 
of the features necessary for the analysis. The only capability which 
AJiSYS lacks is an elastic-plastic quadrilateral shell element. tr. 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]. 

A1;SYS has been in use 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 aocumentation is extensive and easy to read. 
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TABLE 3.1. PROGP~ CAPABILITIES 
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ANSYS has a User's Manual, an Examples Manual, Verifi~ation 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 solution is generally accomplished with the 
followin~ steps: 

1. Select the type of analysis to be performed (elastic, elastic­
plastic, d~lamic 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 solution. 

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. ~ce 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 it 
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 I'un wa:J 
generally made. This run reads all input data, checks formats on the 
cards, produces additional geometry plots if desired, checks f'lr the 
completeness of the materials data, checks for inconsistencies in the 
element definitions, and tabulates the computer resources require.1 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 conv~nient 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, velocity 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 
kno~~ 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 fittlte 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 is very dependent upon the strength of the welded and bolted 
connections,and these models were used to evaluate modeling arproaches 
for these joints and to app~oximate stresses and deflections in the 
enclosure. Each of the four models is described below, and t~ey are shown 
in Figures 4.2-4.5. 

Case I (Figure 4.2): 

o Elastic flange with area below weld modeled USing solid elements 

o Flange rigidly connected to cover at two attachment points 

o Side and bottom shells attached using shell elements 

Case II (Figure 4.3): 

o Elastic flange with area below modeled using shell elements 

o Flange connected to cover with bolt and one attachment point 

o Side and bottom shells attached using one solid 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 

o Side and bottom shells attached using refined solid element model 
for weld and adjacent shells 
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Case IV (Figure 4.5): 

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

o 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 lOO-psi internsl 
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 

Ux • Uy • 8z • 0 at node 1 

Ux • 8 z • 0 at node 76 

Ui and e i are displacements and rotations in the i-th d1.rection. 

4.1.1.2 Results 

The differences in the solutions for e£ch 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, side shell, 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 at the 
flange-side shell joint). 

(3) The replacement of the elastic flange with constra1.~t 
eq\~tions has little effect on the stresses in the cover 
(Cases II and III compared with Case IV). 

S itle and Bot tom 
Shells: (1) The replacement of the elastic flange with constraint equations 

has little effect on the stresses in the side shell (Case 
IV compared with Cases II and III). 

(2) There appears to be a stress concentratien at the bottom 
and side shell intersections (Cases I and II compared w1.th 
Cases III and IV). 
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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 interseccing 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 tine 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 beam 
elements for the flanges (which ignore distortions in the cross-section 
of the flange) and shell elements to represent the sides, bottom, and cover 
of the enclosure. 

4.1.2 Three-Dimen~ional 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 its width and length are approximately equal (see 
Figure 4.1). The three-dimensional models described in this sectioll were 
developed using beam elements to represent the flanges and shell elements 
to represent the plates. Results from the two-dimensional analyses showed 
that thepe 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 ~btained from closed­
form, analytical methods w1t~ 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 
[4J 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 ~s 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 

bla • 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 - 0 

x/a ax (psi) oy (psi) y/b ax (psi) 0y (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 J.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 Ox and 0y are bending stresses in the x and y directions, respectively. 
The maximum defleetion at the center of the plate eorresponding to this 
solution is 

~ax (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) 0y (psi) 

x - a/2 18,388 15,516 

Y - /) 

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: 

15 max (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 
cnn also treat plastic behavior (plastic behavior will be treated in a 
later section using the same mesh). Tha mesh in the vicinity of tt~e 
boundary is reduced to account for the increased stress gradients in t!lis 
region. Nodes along the boundsry were constrained in translation and 
rotation, depending on whether the eover is simply supported or fixed. 
Nodes along the symmetry planes were given the symmetry boundary conditlons, 
i.e., 
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5y - 6x - 6z - 0 along y - 0 

6x - 6 y • 6 z • 0 along x - 0 

where 6 i and 6 i are displacements and rotations in the i-ith direction. 

The classical analytical and computed finite element 
solutions for the maximum deflection 4t the cent~r of the plate 8~e: 

Analytical 

Simply Supported 0.07012 

Fixed 0.02118 

0max (in.) 
Finite Element 

0.07289 

0.02251 

% Difference 

4.0 

6.3 

Fi,gure 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 10% 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 - O. but are computed at the element's 
centroid (located by the symbol "x" in Figure 4.11). 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 Characteristics of Three-Dimensional FEH 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. passing through the center of the sides., only one-quarter 
needed to be modeled. A schematic of one-quarter of the enelosure. which 
identifies the structural components. is given in Figure 4.14. and a 
corresponding view of the FEH model is given 1n 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 1s represented by the model. 
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The enljre model has 254 nodes with six degrees of 
freedom (three translational ana three rotational) per node. Each of . 
the components shown in Figure 4.14 conlains the following element types: 

Com~nent Element TZr:es Number 

1- Cover Triangular Shell ;~ 

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 body. 
The constraint equations are 

UXB - UXA 
UYB - UYA + 0.6875 ROTZA 
UZB - UZA - 0.6875 ROTYA 
ROTXB - ROTXA 
ROTY B - ROTY Z 
ROTZB - ROTZA 

(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 

UZe - UZA - 0.5625 ROTYA 

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

UXD - UXA - 0.6875 ROTYA 
UYD - UYA + 0.1125 ROTZA 

+ 0.06875 ROTXA 
UZD - UZA - 0.1125 ROTYA 

(d) Flan e 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 equation. are 

UXc - UXA + 0.53125 ROTYA 
UYG - utA + 0.1125 ROTZA - 0.53125 ROTXA 
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(e) Top of Bolt to Center of Cover: Node F (center of cover) 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 

UXE - UXF + 0.25 ROTYF 
UYE - UYF - 0.25 ROTXF 
UZE - UZF 
ROTXE - ROTXF 
ROTYE - ROTYF 

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 f~r the flange running in the x-direction. 

After the finite element model had been assembled, 
the next step wa~ to apply the prescribed boundary and loading conditions. 
For a symmetric structure loaded symmetrically, the nodes on the planes 
of symmetry wer~ allowed no displacements normal to or rotations in the 
plane. Figure 4.15 shows the boundary conditions on the y-z and x-z 
symmetry planes. The node at the center of the support flange was 
constrained in the z-direction to prevent rigid-body movement ~f the 
enclosure in that direction. The structure was loaded by an lOO-psi 
in~ernal 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 principal 
stresses and perpendicular displacements in the cover are given in 
Appendix A. In all of the stress contour plots, the inside surface of 
the shell is that on the inside of the enclosure. Figures A.l-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 cov~r 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 yield when the distortion energy equals 
the distortion p.nergy in simple tension. A combined stress, called the 
von Mises stress, is defined as 

cr vm • -{1/2 (al - 0'2)2 + (0'2 - 0'3)2 + (0'3 - al)2 
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where (J 1. a 2. (} 3 are principal stresses. The von Mises criterion expressed 
in terms of stresses states that yielding will occur when 

aVID - a y 

where 0y 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 internal 
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.14 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 50 ksi • 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.15. 

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 r~moved 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 ks1 
P - 100 psi x 44 ksi - 82 psi 

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

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 stress. 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 ~~ich would actually occur under these conditions. 
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However, coupling these nodes would 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 ca~culations were also checked to 
see if gaps cuuld develop between the ccvpr and the flange. Recall from 
Figu~e 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 befng 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 f~ange, 
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 dre also used in Section 5.0 for calculating safety 
factors. 

4.1.3 Three-Dimensional Elastic-Plastic Analysis 

The three-dimensional linearly elastic analYSis of Enclosure I. 
described in the previous s~ction, showed that stresses at several 
locations in the enclosure exceeded the material yield strength. Further, 
hydrostatic tests on the enclosure, reported in Section 4.1.5 and 4.1.&, 
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, permi:ting plastic rotations of the joint. 
To describe this nonlinear behavior, material 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 shown 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 ~vantage 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 Qf the material is well bounded by the elastic-plastic part. 
The hydrostatic t~~ts on Enclosure I (see Section 4.1.5) showed that the 
welds joining the bottom to side and side to back sustained permanent 
deformations. Thl.c is, the initially perpendicular plate intersections 
did not remain no~al to each other after loading. This phenomenon of 
weld yielding 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, MHAX. 

The elastic stiffness, K, was estimated by using 
result1 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 
relationship 

M 
K - 6(1) - 6(J) 

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 

5 in-Ib K (Case II, Figure 4.3) - 1.244 x 10 -----d in. ra 
5 in-Ib K (Case III, Figure 4.4) • 1.290 x 10 ----d- in. ra 

so both ~odels give quite good agreement with each other. The actual 
elastic-plastic analysis useJ the values from Case III, however. Note 
that these K-values are on a "per inch" 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 is 

Ho • 20oB82 

where 00 • material yield 

2B • width 

28 • thickness 

For Enclosure I, 

00 - 36,000 psi (A36-structural 8teel) 
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28 ~ 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 o - . 
ZB 

• 

(36,000) (O.~77)2 

281 in-lb 
in 

ir.-1b 
in 

Values of the spring stiffness and yield moment must be given in units 
of In-lb/radian and in-Ib, 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 

E10 • Ex • 0.00084 

Ell • ~y • -0.00006 

where e:x is perpendicular to the side wall. This was the lIIUimum value 
of Ex 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 lIIOIIent can be obtainad. Juvinal [5] gives an equation for the 
stress produced by biaxial strains as 

a 
x 

cr 
x 

29 x 106 

(1- 0.09) 

26,195 psi 

[(0.00084) + (0.3)(-0.00006)J 

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

"'hich 8i ves 

M • • 

-~ (2H)2 

(0 25)2(26.195) 
6 
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This gives good agreement with the values estimated from simple beam theory, 
so 

Mo - Hinge Momp.nt at Yielding - 281 X 2B in-lb 

where B is half of the spacing between hinge elements, was used 1n the 
FEM analys1s. 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 

Bottom, Side and Back 
Angle Iron 
Weld Joints 
Upper Section 

(Including Cover) 

Element Type 

STIF48 
STIF48 
STIF58 
STIF50 

Description 

Plastic Triangular Shell 
Plastic Triangular Shell 
Plastic Hinge 
Substructure 

Substructure (Elastic Model) 

Components 

Cover, Side & Back 
Flange 
Bolts 
Weld Joints 

Elemen t Type 

STIFl3 
STIF4 
STIF4 
STIFl4 

Description 

Elastic Flat Triangular Shell 
Three-Dimensional Elastic Beam 
Three-Dimensional Elastic Beam 
Spring Damper 

To initiate the model, the enclosure was first pressurized to 70 psi. 
This is close to the pressure where yielrling starts. During the next 
step, the pressure was increased to 100 psi and then in succesftiv~ 25-
psi increments until the internal pressure reaches 300 psi. The model 
~as then dep~essurized 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 loading. 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 platt:s are plotted 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 solutions 
compared with those obtained from elastic finite element analysis. However, 
while the elastic-plastic prediction was in general agreement with the 
physical ~ehavior of the enclosure, it failed to provide a good fit to 
the te~t 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 differen~e. Should more realistic bending stiffness of the hinge 
element be provide .... the elastic-plastic analysis can prove to be an 
accurate method of computing the stress, strain, and dpformation of the 
enclosure. 

4.1.4 Dynamic Analysis of Enclosure I 

In the mine. XP enclosures must contain the explosion of a 
methane-air mixture, should sach a mixture ferm in the enclosure and be 
ignited. Overpressurl:s produced in the enclosure by the explosion will 
occur rapidly and may cause greater stress~s and deflec~ion in the enclosure 
than would be produce~ by a static pressure of the same peAk magnitude. 
This increase in the response of the loaded str,,':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 proJuces the same stresses and deflections 
as the dynGlllic load. The dynamic loa-i hctor is a funcHon of the rise 
tiaa and decay time of the loading, the shape of the load-ttme pulse, 
and the natural frequencies of the loaded structure. In this section 
the dynamic effects produced by a methane-air explosion inside Enclosure I 
sre 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 1s 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 the 
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 trom classical plate theory. 
The central question in the model analysis was the correct choice of dynamic 
degrees of freedom for the ANSYS computer progr~. Whereas classical 
theory gives an infin1~e sec of natural frequer.cies, the finite element 
Llodel produces a set equal to the numbe:- of dynamic degrees of freedom. 
The accuracy of the sciuti~n increaoes as this number increases, but so 
do the costs of obtaining a solution. Therefore, it behooves the user 
to select 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-q\~rter model of the cover. Only 
dynamic degrees-of-fteedom in the U~ direction, normal to the plate, were 
chosen because the lower modes are due to bending. Symmetric boundary 
conditions were given to those nodes on the planes (x-z and y-z) of symmetry 
so the solution will only contain symmetrtc modes and the corresponding 
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frequencies. Only these symmetric modes will be present in the solution 
if the plate is 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. 7he 
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 finite 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 calculations, in 
order to calculate the natural frequencies of Enclosure I. . 

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

SimEll SUEEorted Plate ClamEed Plate 

~ode FE Model Analytical % Diff. FE Model Analytical % 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 dete~ination. 

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 t~e container vibrating in 
the Z-direction on the support flanges. Figure 4.30 schematically shows 
this behavior and i~dicates 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, 
is 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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Undeflected Shape 

f1 .. 650 Hertz 

f2 • 2674 Hertz 

FIGURE 4.27. FIRST FIVE snnmTRIC MODE SHAPES AND NATURAL 
FREQUENCIES FOR SIMPLY SUPPORTED PLATE 
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f 3 :< 3796 Hertz 

f4 .. 6002 Hertz 

f5 - 6962 Hertz 

FIGURE 4.27. FIRST FIVE SYMMETRIC MODE SHAPES A..'l'D NATURAL 
FREQUENCIES FOR SIUPLY SUPPORTED PLATE (; 'onel 'd) 
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0. : 

Undeflected Shape , 

f 1 - 1187 Hertz 

f2 .. 3599 Hertz 

FIGURE 4.28. FIRST FIVE SYMMETRIC mOE SHAPES AND NATURAL 
FREQUENCIES FOR CLAMPED PLATE 
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f 3 - 5073 Hertz 

£4 - 7561 Hertz 

fS - 8266 Hertz 

FIGURE 4.28. FIRST FIVE SYMMETRIC MODE SRAPES AND NATURAL 
FREQUENCIES FOR CLAMPED PLATE (Conel'd) 
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Undeflected Shape 

f 1 - 224 Hertz 

FIGURE 4.29. FIRST SEVEN SYMMETRIC MODE SHAPES AND 
NATURAL FREQUENCIES FOR ENCLOSURE I 
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f2 '"' 497 Hertz 

f3 - 933 Hertz 

FIGURE 4.29. FIRST SEmI SYUHETRIC mDE SHAPES A...~ 
NATURAL FREOUENCIES FOR ENCLOSURE I (Cont'd) 
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f4 • 1014 Hertz 

f 5 • 1135 Hertz 

FIGURE 4.29. FIRST SEVEN SYMMETRIC mDE SHAPES AND 
NATIJRAL FREQUENCIES FOR ENCLOSURE I (Con t r d) 
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• 

f6 • 1564 Hertz 

f 7 • 1960 'lertz 

FIGURE 4.29. FIRST SEVEN SYMMETRIC l10DE SHAPES AND 
NATURAL FREQUENCIES FOR ENCLOSURE I (Concl'd) 
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first natural frequencies for the simply supported and fixed cases are 
[6]: 

f (stmply supported) • 320 Hertz 

f (fixed) • 594 Hertz 

4.1.4.3 Character of the Dynamic Loading 

Dynamic pressures are produced in an enclosure dur!~g 
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 qiven 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; s~, 

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 theoretically can occur in 
a closed volume from the ignition of a mi7.ture of methane and air at the 
stoichio~etric. 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 volUllle methane-air mixture, ·whi..:.h in practice gives the 
highest measured value of the explosion pressure. Also, ~his pressure 
was measured in a spherical chamber with central ignition, which is an 
idealized condition relative to most enclosure tests. Typical valu~s of 
pressure measured by MSHA in the Explosion Test are 60-80 psig. 7nus, a 
peak explosion pressure of 100 psig was taken as a reasonable 'alue in 
this analysis. 

The rise tim~ of the explosion pressure, as well as 
its magnitude, is needed to 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 l~ng one. To determine the minimum r~se 
time, it is convenient to use the maximum rise rate of the pressure. Again, 
the data in Figure 4.31 for spherical enclosures were used. Usin~ the 
maximum rise rate determined for spherical enclosures will not guarantee 
that a minimum rise time for Enclosure I will be obtained. but using a 
minimum estimated rise time is conservative. and so the approach is 
appropriate for this analysis. 

An approximate relationship between the time fr~m 
ignition to peak pressure and the enclosure volume is given by Zabetakis 
[7] as 

7 1r,;' 
t - 5 • V , ms (4.1) 

*Ratic at which there is, theoretically, just sufficient oxygen in the 
air for complete combustion of all of the methane. This rat~o is 9.5% 
for methane and air. 
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where V is in ft 3 and t is in millis~conds. This is not a minimum rise 
time, but Equation (4.1) can be used to scale a minimum rise ttme or maximum 
rise rate determined for one enclosure to enclosures with different volumes. 
A maximum rise rate tor 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 

97 psi / 
Pmax - 10.5 ms - 9.2 psi ms (4.2) 

Combining equatioo4 (4.1) and (4.2) and taking a maximum pressure of 100 
psig gives the following equation for the minimum rise time: 

msee (4.3) 

Enclosure I has an internal volume of 0.60 ft 3 , which gives a minimum 
rise time of 17.7 msec. 

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 CRn be used as descdbed 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 bendi.ng 
of the bottom and sides of the enclosure. N~w, taking for tr 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 eye/sec • 8.8 

This value of tr/! 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 
similar in size to EI.closure I, it ~n 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 results of a 
literature survey on pressure piling is included as Appendix D. It shows 
that the pressure magnitudes and impulses associated with pressure piling 
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cannot be predicted quantitatively bas£d 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 1n the enclosure bottom plate. Testing of 
Enclosure IA is described in Section 4.1.6. 

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 0 single plnne rosettes were used at each location. giving a total of 
15 channels of strain data. The gage elements were identified 8S follows: 

1 Top of Coyer 

2 Iouo. (laal".) 

IoCCD. (Ooael1d.) 

, 

Ioclt Ii". <tnude) 
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Figure 4.35a is a photograph showing Rosettes No.1 and No.2 complet.ely 
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 lid was 
placed on the box and the 1/2-in. bolts "finger tightened" to determine 
the no-torq~e 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 to 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 W8S 
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 if 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 
distribution~ 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 
observe 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 lOO-psig 
pressure, indicating that tensile strains were below the 600 ~in./in. 
threshold determined from tests of the calibr.ation 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 fln.1 test on Encl~sute I. was to 
have taken the box to f~ilure or to the limit ~f the pr~~surizAtion system. 
In this test the pressure was increased in 40-psi increnents to 80 psi~ 
and 20-psi increments from then on. Measurements of gaps as well as 
observatic~ of the stress coat were continued In this test. The first 
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(a) 

(b) 

FIGURE 4.35. INSTRUMENTED 2G ENCLOSURE I 
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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 ~in. 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-eoating was that no cracking occurred 
around the penetrations at ?reSBUres 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-lid interface. Leaks increased to steady 
water sprays as the pressure increased. At a pressure of 180 psiS, 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-lb 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 
le&king from the box at such a high flow rate that the air regulator eould 
not keep up with it. The test was ended at this time. Inspection of 
the enelosure revealed significant bulging of the bottom as sh~wn in Figure 
4.36. Feeler gage checks revealed that all gaps at leak areas were smaller 
than 2 mils, which indicates that no permanent bolt set occurred. Removing 
the lid sho~ed 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 analytieal predictions for 
pressures up to 150 psig. All tensile strains are positive, and compressive 
straina are negative. The data from the three experiments are repeatable 
for each strain element and compare relatively well ~th the analytical 
predictions in the elastic range. In every case, the stTains measured 
with each rosette are magnitude consistent with the predictions, i.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 

Initial 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 oceurred at higher preS8ures. 
Maximum 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 
th,! 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 
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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 dir,ection, and 
crossed the zero axis before the end of the teHt. This unusual phenomenon 
was caused by yielding in the weld joint between the bo~tom 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, Ma. is found from the free-body diagram. 

• (in-lb/in) 

• ~ + if (a - b) 

Because b » a, the moment produce~ by the second term in the expression 
for Ma is negative. If the system remains elastic, both Mw and the term 
pa/2 (a - b) ir.crease linearly with pressure, and the net moment at the 
gage Mal (and thus the stress) increases li~early. 

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 11 ttle 
or no l~cal yielding, 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.1. 

It is clear from the gtrain 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 t~st, 
the onset of permanent deformation in the bottom could not be predicted. 
During testing of Enclosure lA, described in the next section, permanent 
bottom deflections were measured. 

4.1.6 .!!!t:1(,g...£!. Enclosure lA 

As note'j previously. this was the r.econd of two very similar 
enclosures to be tested. This enclosure was purchased for testing from 
Service. Machine Co., Huntington Beach I West Virlt":'nia. The purpose of 
this test was to monitor more carp-fully the perman~nt deformations in 
the enclosure. Also, two bolts/ere instrumentetf in this test to verify 
the treatment of the bolts in the fioite eleme.lt model debcribed in SQction 
4.1.2. 
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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 ·::over) was omitted In this test because of 
the low strains recorded previously. In addition. three dial displacement 
gages were 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 al\winum 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 shows the enclosure mounted cn a waoe.en 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 lA. 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-lb. 

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 pre~sure of 120 psig. At 120 psiS 
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 eac~ predsurization 
step. This procedure was repeated up to 180 pSig, at which point the 
pressure was increased without returning to zero pressure betwe~n 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-lb 
to decrease the water leaks and allow continuation of the test t~ 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 r~vealed 
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 
LA also experienced significant permanent deformations. These were not 
obrerved 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 [1]. 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 is greatest near the edge 
of the enclosure and that the Schedule 2G critP-ria 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 ~oint between the side 
wall and the bottoa plate is very weak in bending. 
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FIGURE 4.44. ENCLOSURE IA INSTRUMENTED WIm 
FOUR STRAIN GAGE ROSETTES 
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Pressure 
(psig) 

I 0 

20 

40 

60 
I 
I 80 

I 90 

I 100 

110 

120 

130 

140 

150 

160 

170 

180 

TABLE 4.3. DISPLACEMEt;l' DATA A!m 
CALCULATED SLOPES 

Residual 
Ll L2 L3 Center 

0 0 0 0 

0 0 0 0 

0 -0.5 +0.5 0.0023 

0 -0.5 +0.5 0.0023 

+4 +2.5 +1.5 0.0069 

+7.5 +5.0 2 0.0114 

11.5 8 2.5 0.0160 

2:l.5 15 3 0.0343 

32 21 3 0.0503 

I 
88 57 '3 0.1417 

167 109 3.5 0.2651 

235 155 6 0.3657 
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Slope (in! ft) 

I Edge 

0 i 
0 

-0.0046 

-0.0046 

0.0046 

0.0137 

0.0251 

0.0549 

0.0823 

0.2011 

0.4823 

0.6811 
J 



The strain data recorded on Test No.5 are presented 
graphically in Figures 4.4S-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 
is 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, etc. 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 yielded 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 4.4S-4.51. The analytical results are extended out to 150 psig 
even though nonlinear behaVior c.r.curs much earlier. Prior to the onset 
of nonlinear behavior, the analytical and experlmental 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 LA at 
relatively low pressures, an elastic-plastic analysis of these enclosures 
was 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 
~t 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 
enclosures 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 tedt 
did not provide strain information under unloading. Figures 4.57, 4.58, 
4.59. and 4.60 compare the straiu-pressure curves from the analysis to 
the experimental results repeated from Figures 4.48-~.5l. The analytical 
strains conform in both sign and ;'lagnitude with the test results. The 
negative values in the flgur.s indicate compressive strains. At locations 
2, 3, and 5, the predicted strain~ 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 Ell) than o~served In the experimental results. In 
the experiment. this rosette was mounted inside the side plate, 3/16 in. 
beneath the angle iron and only 1/4 in. above the weld joint. This area 
1s 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 yieldi~g of the analytical hinge at the weld joint during 
unloHding plus other changes in the model associated with the yielding. 
Overall. the comparisons between the analytical prediction and experimental 
res~lts are good. Some refinement in the analytical descri~tion of the 
weld failure would have made the correlation even better. 

4.2 Enclosure II Analysie 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 i:l 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 II 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 p~perience 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 l-l/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: 

Com~nent Element TIEes Number 

Cover Triangular Shell 134 
BC'ttom 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 is shown i~ Figure 4.62. The 
cover. flar.ge. 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 lOO-psi internal pressure. All nodes on the y-z plane of symmetry were 
given the symmetric boundary conditions. 

Ux - 9 Y • e z - 0 

where U1 and 6i are displacements and rotations in the 1-th coordinate 
direction. 

4.2.1.2 Results 

Stress and displacement contour plots for the various 
components are shown in Figures F.I through F.lO 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 eonfiguratiun. The computer results 
indicate that the stress levels tn Enclosure II are significantly below 
those of Enclosure I by factors rar.ging from three to five. In fact. 
for this lOO-psi pre~s~re loading, no von Mises stresses 1n the shell 
structure of Enclosure II exceeded the A36 steel yield stress of 36 ksi. 

It is instructive to indicate which regions will 
yield when the internal pressure 1s increased. Figures F.ll-F.13 1n 
Appendix F show elements with a von Mises stress which exceeds 10 ksi 
for the lOO-psi internal pressure (the lO-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 f~rst 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 '.!lduce a yield stress at this location is 

p 100 t:~ X 36 ksi yield -. 15 

- 240 psi 

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 enclosure 
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 
psi 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 
enclosure as follows: 

Rosette Location Element Orientation 

£2 

1 Right Side (Outside) 
Li3 

£1 Looking from Outside 

£5 

Bottom (Inside. Center ~£6 Looking from Top and 
2 anJ Close to Front Side) £It Right Side 

£S 

Bottom (Inside, Center ~g Looking froQ Top and 
3 and Close to Right Side) £.7 Right Side 

£.11 

4 lack Side (Inside) 
~12 

tl0 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 SOO psig. On this enclosure, the gap between 
the flange and the cover was monitored at two points, using dial indicators 
as shown in Figure 4.6S. 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 lnclosure 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 lid 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 tn 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-lb, 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 lid, it was noticed that some of 
the bolts were removed at a much lower torque than had been used to install 
them. Visual inspe:tion showed that the lock washers were deforming beneath 
the bolts, allowing the lid to raise and redUCing the pressure on the 
gasket. This problem was corected by installing double flat waAhers on 
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(a) View of Right Side (Front to Left) 

(b) View from Top (Front to Right) 

nGURE 4.64. INSTRUHENTED 2G ENCLOSURE II 
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FIGURE 4.65. ENCLOSURE II WITII DIAL GAGES 
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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 lid 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. readir.gs deviating 
only +1 ~in./in. Pressurization then continued in 20-psi increments to 
500 psig. Very slight water leake around two bolts developed at 460 psig, 
but posed no problems, and the test continued to the maximum pressure. 

The ewo dial indicators measuring the cover-flange 
gap were observed throughout the test, and at the SOO-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 to zero. 

4.2.2.2 Results 

The strain data recorded on this test are presented 
in Figures 4.66-4.69. Strain measurezents 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 'J. 

Displacement measurements on the bolts showed no 
permanent se:, 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 Gomparisons 

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

(1) Stiffening of the bott~ of the enclosure at 
gage location No.2 produced by the two standoff 
pieces welded to the bottom plate near the gage. 
These two pieces can be seen in Figure 4.64(b) 
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 enclosurp., 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 3dhesive 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 pi~ces welded to the bottom 
of the enclosure. They act to reduce bending in the botto~ plate at the 
gage location and can produce the basic disagreement in tte slopes of 
the calculated and measured strains at low press~res. These stiffeners 
were omitted in the analysis because they will have little effect on peak 
strains and stresses 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 aod 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 Enclosure 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 windoWB 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 section, 
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 toe Luminaire's 
Cross-Section 

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

Glass - Young's Modulus 
Poisson's ratio 

E • 10.0 x 106 psi 
~ - 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 ~re8sur~. 
Since the solution assumes linear elastic behavior, deflections and stl"eSSeS 
for other pressures were obtained by direct scaling. 

Model I - Rectangular Window 

The side and top glass windows are thick flat plates 
supported in a metal frame by an adhesive material. Figure 4.71 shows 
~he 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 chosen 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 accur.ate 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 ~~ndow (+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 ~'~inum structure is more substantial and is not bonded to other 
components. 

Three cases were analyzed. In 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 is 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 
supported 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 
1s shown in Figure 4.74. Because the disk is a body of revolution, and 
therefore axisymmetric, the analysis was reduced from three to two 
dimensions. This reduction greatly reduced costs relativ~ 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 inside and fully constrained 
along the outside threaded portion. The boundary condition preventing 
radial motion (ox - 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 ~ong. With this assumption, effects at the ends of the 
container were:-eg~.ectp.J, but the model should give reasonably accurate 
results for peak stresse= ani deflections near the mid-plane (a plane 
perpendi ... dlar 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 contair.er 
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 cr~ss­
section 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 
previously described models are given in the following sections. 
results are for stresses computed at the element centroids. 
stresses are usually higher than centroidal stresses, and these 
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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.I-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. Th~s~ pl~ts 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 Hodel II - Cylindrical End Window 

A displaced geometry plot for the cylindrical end 
window is given in Figure 4.79. The displaced geometry is shown by solid 
lines, 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.l3 through G.t6. 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 al~inum lip, but that all stresses are far 
below yield. 

Tabulated results, which include surface stresses, 
were 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 s~own in Figure 4.80. P~ak 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 22% of the peak stress 
in the glass. 

Results for Hodel III - Luminaire Cross-Section 

The deformed geometry for Hodel III is 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.l7 through G.21. The contours indicate that maximum 
stresses occurred in the aluminum casting near the junction of the bottom 
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FIGl:RE 4.80. LOCATIONS AND lIAGNITUDES 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 ~he 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: 

Model I - 3-D M~del of Top Window 

Case IE - Edge beams only 
Case IC - Edge beams plus support springs 

Model III - Cross-Section Model 

Stresses (psi) 
Maximum Minimum 

5793 
1737 

2133 

-5793 
-1737 

-1620 

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

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 wer~ 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 gag~s installed, is shown in Figure 4.83. Each of 
the four two-element rosettes was ~entrally mounted on the glass panels. 
and t~e 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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.' 
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.1 was mounted on the outside of 
the top window; Rosette N~. 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 lhe flange gap and to record center deformation 
in the bottom of the enclosul'e. The enclosure was mounted vertically 
with the cylindrical window ;It the bottom, to facilitate fUling 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 l/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 a1~inum 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 1. 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 gla8s 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 ~in./1n. 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 is possible to sustain these stresses without failure. The significance 
of these stresses will be further discussed in Section 5.0, which presents 
the safety factors computed for the enclosures. The displacement sages 
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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. wer~ reached when the analyt1cal and experimental 
results ~ere compared. Solid lines in Figure 4.86 throuGh 4.89 give the 
analytical predictions of strains in the windows of the luminaire. The 
analytical re&ults are linear because they are based upon a linear elastic 
analysis • 

Consider first Rosettes No. I and No.2. These are 
opposing gages, one on each side of the top window (Figure 4.83). Three 
sets of analytical results are compared to the measured r~sults. For 
the plane strain model (Model III) and for Case IC of the window three­
dimensional model. the maxinum 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 present. Fortunately. in the analyt ical 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 is transferred to 
the ends of Ule window where the aluminum frUle h st'.ff~r. Therefore. 
it is clear that there wss not good bonding between the window and the 
aluminum frame for the side windows. This observation is further sl1pported 
by the f~ilures 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 to the Side 
windows, these failures would not have occurred. 

An obvious question is "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 
longitudi~al support along its bottom edge and more flexible support 
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(because of inadequate bonding) along the top edge. Ttis 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 circula~ end window are shown 
in Figure 4.89. Agreement between analysis and (xperiment is very good 
in the _lnear range. 

4.4 Enclosure IV Analysi~ and Testing 

Enclosure IV was purchasec from Crouse-Hinds Company. Because all 
other enclosures provided to SwRI by the USBM had been rectangular in 
shape, a cyltadrical enclosure was selected. This enClosure, shown in 
Figure 4.~O, 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 ~o-dimensional model is shown in Figure 4.91. 
Each element in the model is an axisymmetric ring with midslde nodes (the 
mid side 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-dlrection. The loading and boundary conditions are shown in 
Figure 4.91. 

The condition ofaxisymmetry 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 port~on of the 
enclosure bounded by the XZ and YZ planes. An abrupt change in thickness 
occurs ir. th~ 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 flnite element model by defining 
two separate surfaces along this discontinuity line and connecting them 
together with constraint equations in the ~~SYS 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-di~ensional isoparametric 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 ~olid to 
allow representation of curved boundaries. A IS-node version was used 
to model wedge-shaped solids. 

The model was loaded by a uniform pressure applied 
over its lnternal 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 Ux 
displacements at nodes on the Y7 plane be zero. Figure 4.92(a) shows 
these loading and boundary conditions. 

4.4.1.2 Results 

Calculations of enclosurt; stra1.ns 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 f~r different elastic moduli just as they were scaled for different 
internal presaures. 

Preliminary comparisons with experimental results, 
to be prese~ted 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 ve=y different from the assumed value of 29 x 106 psi. 
Values of the e!astic modulus reported in the literature for gray east 
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 Enclos~re IV. material tests were 
conducted on six specimens cut from the cover and three specimens cut 
from the bottom plate or the enclosure body. Results of these tests ar~ 
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 is three to four times higher than that for the cover. A visual 
inspection of the fractured tensile specimens revealeJ that the cover 
had a much larger grain structure than the body, which indicates a 1IIOre 
brittle material. These differences were orobably due to the casting 
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TABLE 4.4 MATERIAL TEST RESULTS FOR THE COVER OF ENCLOSURE IV 

i 

I i I 
0.2.% I 

i 
Off-Set I Max. Yield Ultimate Elastic 

Specimen D1a. Load Load Stress Stress Modulus 
No. (in.) (lb) : (lb) (ksi) (ksi) 

I 
(psi) I 

I 
I 

I I I I 

I 
1* 0.251 850 960 17.2 19.4 I -- I 

I 

2 0.254 875 1070 17.3 21.1 ! 7.4 x 106 

3 0.250 820 1000 16.7 20.4 17.8 x 106 

4 0.248 800 1020 16.3 20.8 I 
17.4 x 106 

5** 0.252 1036 1236 20.8 24.8 5.7 x 106 

6** 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. 

Test 
No. 

1 

2 

3 

Average 
Properties 

TABLE 4.5 MATERIAL TEST RESULTS 
FOR THE BODY OF ENCLOSURE IV 

Elastic Elastic 
Modulus Modulus Yield 

(Clip Gage) (Strain Gage) Stress 
(ksi) (ksi) (kst) 

17.6 x 106 24.3 x 106 33.0 

24.4 x 106 23.5 x 106 30.7 

23.5 x 106 25.4 x 106 30.8 

21.8 24.4 31.5 

168 

Ultimate 
Stress 
(kat) 

48.2 

46.5 

47.4 

47.4 



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. Instead, 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 gRge locations were not matched 
exactly by element centroids or surface nodes in the finite element 
calculations; thus, pOint-for-polnt 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. Comparisons 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 the finite element 
calculations at the locations shown in Figures ... 94 aId 4.95 are given 
in Table 4.6. Note that the x and 'I directions of thl' 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 ~0incide. Values in 
the table have been scaled to give the results at 500 psig and for the 
correct values of the elastic modulus. The resulting scale factors were: 

Cover: 

Base: 

Modulus Pressure 
Scal1~ Scalinl 

29 x 106 EBi 500 Esi 
6.8 x 106 x psi 100 psi 

29 x 106 psi 500 psi 
24.4 x 106 psi x 100 psi 

Resulting 
Scale l"actor 

- 21.3 

5.94 

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

uniaxial stress: 18 300 
f:. y • t8 - 2690 )J in./in. 

biaxial stress: 1 
£y .. 6.8 [18,300 - (0.3)(18,300)] - 1880 )Jin./in. 

Thus. if these strain values are confirmed by the experiments, the enclosure 
is much stronger than necessary to satisfy Schedule 2G requirements. Also, 
the safety factors for this enclosure 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 SURF ACE STRAINS AT LOCATIONS 

1 : 

2 A: 

2 B: 

3 : 

4 : 

5 : 

6 : 

SHOWN IN FIGURES 4.94 AND 4.95 - 500 psig 
INTERNAL PRESSURE 

Strain \.lin./in. ----Strain Location EX l.y 

Bottom of the base -52 412 
inside surface 

-Outside surface of the 29 76 
base near the port 

Outside surface of 21 29 
the base on the port 

Outside surface of 1293 1297 
cover near the centp.r (radial) (hoop) 

Outside surface of 77 62 
the base near the top 

BottOlD 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 I, 
which is inside the enclosure, n~ar 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 0 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 easket or metal-to-metal contact" (wfth vacuum 
grease) that lias used on the other enclosures tested. 

4.4.2.2 Results 

Experimental strain data fOl" Enclosure IV are given 
by the symbols in Figures 4.96 through 4.101. Analytical results, for 
later comparison. are given by the solid lines. Locations 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 cwo 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 (stralns on each gage element are nearly 
equal, as they s:lould 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 (ElO) is small. &s 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 consistently 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 ~tter 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 too 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 encloBure 
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 properties 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 effe~ts were shown to be ~1important 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. 

5.1 Enclosures I and II 

Enclosures I and II were fabricated of ductile materials and can 
undergo limited plastic material behavior without fear of rupture. Just 
such behavi.or was observed in tests on Enclosure I as reported in Sections 
4.1.5 and 4.1.6. Thus, for these enclosures safety factors were based 
on collapse loads (the for alion 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 
Po applied over its surface in some manner. As Po is gradually increa~ed 
from zero, the stresses and strains will be elastic. until at a load, 
denoted by po.' the stresses at some point in the body reach the yield 
stress of the material 0 0 • If the load Po is now removed, there will 
be some permanent deform~ ion in the structure. Instead, if Po is further 
increased from po.' ther~ will be a value of the load, denoted by po··, 
for which the structure remains in equilibrium, but the displacements 
can increase indefinitely. geometry changes being ignored. This load 
po •• is 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 is ~alled strain or work hardening. In conventioral elastic­
plastic analyses, strain hardening is ignored, and the mpterial is assumed 
to be elastic, perfectly plastic. This is a valid engineering approximation 
since the amount of work hardening for metals is small. The approximation 
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is also conservative because it produces collapse loads which are smaller 
than the actual ones. 

To illustrate how collapse loads are determined, consider a 
dimply supported beam carrying a uniformly distributed load Po (forcel 
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 internal beam loads can be computed only from 
the equilibrium conditions. As the load Po 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 po·· is 
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 beam's 
cross section, the collapse moment for a rectangular beam can be computed 
to be 

** Ho (5.1) 

where 00 is the yield stress. In terms of the load, the moment at the 
center span is 

K - (5.2) 

and the collapse load intensity is 

** p • (5.3) 
o 

For a uniformly loaded clamped beam, fully plastic moments 
must be developed at the center span end supports before th~ 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 

p 
o 
** 

which is twice the collapse load for the simply supported beam. 

(5.4) 

In actual practice, the deformations for the fixed beaa 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 analog~us situation exists for plates 
forming the sides in the Schedule 2C enclosures. Therefore, the computed 
col18pse load could be considered a lower bound for structures capable 
of developing membrane behavior. 

Consider now the ~ollapse 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 unifor3 pressure applied normal to its surface, 
and plastic hinges will form along the lines shown. Jones and Walters 
[13] give the collapse pressure as 

where 

For a 
fully 

p -e 

3CJ 
o (fully clamped plate) 

B - alb (plate aspect ratio) 

(. • B [ -./ 3 + B% - BJ 

(5.5) 

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

30
0 

(stmply-suppo~ced plate) 
2(.2/h2) (3 - 2~ ) 

o 

(5.6) 

The expressions presented by Equations (5.5) and (5.6) redue~ to those 
of an infinitely long react angular plate or beam when the aspect ratio 
is reduced to zero (B - 0). It must bP. remembered that the beam loading 
is given in terms of forcelunit 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 is a simple procedure to define a safety factor. Bodge (14) and oth~rs 
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 
considered as e$ ~ntially equivalent. Using the relationships presented 
above. collapse loads were calculated for Enclosures I and II. 

In box-like structures such as Enclosures! 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 Inad from below and above. Table 5.1 gives the 
geometrical parameters associated with Enclosures I and II and the results 
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a -
Height 

Component (in. ) 

Top 6.75 

Bottom 6.875 

End 3.375 

Side 3.375 

a -
Height 

Component (in. ) 

Top 4.875 

Bottom 3.9375 

End 2.375 

Side 2.375 

TABLE 5. 1. UPPER A.'m LOWER BOUNDS FOR COLL.\PS E 
PRESSURES !,'OR ENCLOSURES I AND II 

b -
Width 
(in. ) 

5.375 

5.50 

5.50 

6.875 

b -
Width 
(in. ) 

4.00 

3.0625 

3.0625 

3.9375 

ENCLOSURE I 

Thickness 
Aspect 
Ratio 

, 

(in.) (B) 

0.50 1.26 

0.25 1.25 

0.25 0.61 

0.25 0.49 

ENCLOSURE II 

Thickness 
(in. ) 

0.625 

0.25 

0.25 

J.2S 

Aspect 
Ratio 

(B) 

1. 22 

1.29 

0.78 

0.60 

190 

0 

1.11 

1.11 

0.75 

0.64 

0 

1.10 

1.12 

0.87 

0.74 

Yield 
Stress 
(ksi) 

36 

36 

36 

36 

Yield 
Stress 
(ksi) 

36 

36 

36 

36 

Collapse Pressure (psi) 

Loyer Upper 
Bound Bound Avera~e 

380 760 570 

92 183 138 

198 395 297 

172 345 259 

Collapse Pressure (psi) 

Lower Upper 
Bound Bound Average 

1109 2219 1664 

286 573 430 

475 950 713 

394 787 591 



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 w{th 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 remembereri that 
the sides of Enclosure I were reinforced by 1.00 in. x 1.00 in. x O.2~ 
in. angle sections. 

For Enclosure II, 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 fts 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 conditio,. 
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 minimum 
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 
~nclosures I and II. This table gives both the lower and upper bounds 
as well as ~n averaged value. The overall safety factor for a given 
structure should be based upon the minimum safety factor of eaeh of its 
components. If the averaged value is considered representative of the 
actual containers, the safety factor~ for the two enclosures. based on 
the collapse loadS. are: 

Enclosure I - 0.9 
Safety Factor 

Enelosure II - 2.9 

These values indicate that the design ui Enelosure 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 Permanent D~formations 

The work by Jones in References [151 and [16] addresses the problem 
of large, permanent deflections of rectangular plates subjeeted to statie 
and dynamic pressure loads. The amount of damage or dishing of the plates 
is measured in terms of the maxim~lm permanent deformation. Jones [16] 
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Component 

Top 

Bottom 

End 

Side 

p 

p 
s 

TABLE 5.2. SAFETY FACTORS FOR ENCLOSURES I 
AND II FOR A DESIGN PRESSURE OF 150 PSIG 

Enclosure I Enclosure II 

Lower 
B d oun 

2.5 

0.6 

1.3 

1.1 

Upper 
B d oun 

5.1 

1.2 

2.6 

2.3 

Averaee 

3.8 

0.9 

2.0 

1.7 

Lower 
B d oun 

7.4 

1.9 

3.2 

2.6 

FI GURE 5.7. TRIANGULAR PRESSURE PULSE 
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Upper 
B d oun 

14.8 

3.8 

6.3 

5.2 

A verage 

11.1 

2.9 

4.8 

3.9 



states that if the plate is subjected to a triangular pressure pulse such 
as shown in Figure 5.7, dynamic effects must be considered when 

4 T __ r> 1 
T 

(5.7) 

where 

Tr - pressure rise time 

T - longest natural period of plate 

As was shown in Section 4.1.4, the ratio Tr/T for Enclosure I is bounded 
by 

T 
8 4 <2< 24 9 • T • 

(5.8) 

and so Equation (5.7) is certainly satisfied. The rise time and natural 
period for Enclosure II 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 

p. 112 11 

- - l+~ [to + (3 - 21;0)2 J 
when ~< 1 (clamped) 

Pc 

and 

P 
....!. -p 

c 

-
where 

3h2 3 - t 
0 h -

(5.9 ) 

211 [1 ~o (2 - ~o) 

(::2 - l)J w 
0 when ~> 1 -h + 

3 - t h -a 

wen 
w 
...2.< 
h 

1/2 (simply supported) 

4tJ 
o 

h when 
11 
~> 
h 

Wo - maximum permanent lateral displacements (damage) 
Ps - peak pressure 
Pc - collapse pressure (see Equations (5.5)and (5.6)] 
h - plate thickness 
~o - B [ / 3 + BZ - B ] 
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 ~se Equations 
(5.9) and (5.10) to predict the permanent defonnations in the bottoms of 
Enclosures I and II expected during the experimental tests. The maximum 
applied pressures during the tests were 

Ps - 290 psig for Enclosure I 
(5.11) 

Ps - 500 pSig for Enclosure II 

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

92 < Pc < 183 psig for Enclosure I 
(5.12) 

286 < Pc < 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 Enclosures I and II are 

0.35 ~ Wo ~ 0.40 in. for Enclosure I 

o i Wo ~ 0.20 for Enclosure II 
(5.13) 

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

The measured maximum permanent deformation in Enclosure I 
'ias approximptely 0.50 in., and no residual displacements were observed 
in Enclosure II. These obbervations agr~e 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 m~imum applied pressure to give permanent deformations less 
than 0.04 in. per linear foot. Based on the smallest dimension of the 
bottom plates. the allowable deformations and Wo/h ratios for Enclosures I 
and II are 

and 

Wo - 0.0183 in. 

Wo/h - 0.073 

Wo - 0.0102 in. 

Wo/h - 0.041 

Enclosure I (5.14) 

Enclosure II (5.15) 

The pressures for the clamped, simply supported. and "averaged" 
conditions are 
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Enclosure 

1 
2 

Simply Supported 
Lower Bound 

94 psig 
286 psig 

Clamped 
Upper Bound 

183 psig 
573 psig 

"Average" 

138 psiS 
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 i~ Enclosure IA (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 IA 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. 

Enclosure 

1 
2 

Pressure for 
0.040 in./ft 

110 
430 

Design Pressure 
(psig) 

150 
150 

Safety Factor 
S.F. 

0.73 
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 g1ven in Section 4.1.6,' For these calculations, only the ~~£ults 
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 I in •• 
has the following material properties. 

Yield strength: cry· 92,000 psi 

Ultimate strength: au - 120.000 p~i 

Safety factors in the bolts were based on :he yield stress. This was 
consistent with the calculations of safety (detors for the enclosure walls 
and covers. which were based on yield me~hanisms and small permanent 
deformations. 
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The safety factor ~s sitr.pl)' 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 fact~r, 
based upon the direct plus bending stresses, is less than one, then yielding 
will occur. Yielding will redistribute the load and reduce the bending 
stress in the bolt. If the safety factor based on direct stress alone 
is gr~ater than one, then the bolt may be adequate because bolt bending 
is limited in t!le enclosures bV the stiffness of the covers. 

Safety factors for ~he bolts in Enclosure I and II are given 
in Table 5.4. Stresses for Encl~sure I were taken from Table 4.1 and 
Appendix B. Stresses for EnclosuL'e 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 ~ifferent cover thicknesses to 
demonstrate the effect on the bolt of using thinner covers. 

The safety factor1 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 II 

Safety factors were computed for Enclosures I and II based 
on (t) collaps~ pressuh . .: for the enclosure bottom and side plates, (2) 
permanent deformations In the bottom and side plates, aud (3) stresses 
in the cover bolts. These results are contained in Tables 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 pe~anent deformation 
of the bottom of the enclosure and that the minimum safety factor for 
Enclosure II (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 lmtil 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)i however, for Enclosure II the minimum safety factors were S.F. - 2.9, 
2.87, an' .. 1.60 bAsed on collapse pressure, permanent deformation, and 
bolt stre£ses, respectively. 

5.2 Enclosure III 

The prec2ding sectio~s addressed the question of safety factors in 
Enclosures I and II. These safety factors were based on the concept of 
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Enclosure I 

ANSYS Solution 

Series Solution 

Series Solution 

Series Solution 

Enclosure II 

A".~SYS Solution 

Series Solution 

TABLE S.4. SAFETI FACTORS FOR BOLTS 
IN ENCLOSURES I AND II 

(lSD-psig Internal Pressure) 

Direct Stress Direct Plus Bending Stress 

cA,psi S.F. cH,psi S.F. 

(1/2" cover) 31,736 2.90 121,i85 0.75 

(1/2"cover) 41,888 2.20 107,151 0.86 

(3/8"cover) 44,297 2.08 117,548 0.78 

(1/4 "cover) 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 collapse 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. '-1-,wever. in components which are 
fabricated from glass. this procedure is 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 
1n the glasss. Likewise. cast materials. also found in this enclosure, 
exhibit low ductility and no cledrly defined yield point. Thus. the safety 
factors for Enclosure III will be based only on the peak stresses 1n its 
~omponents. 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 annealp.d piece of glass. 

Average short-time breaking stress (from test) 
Minimum probable brp.aking stress 
Minimum long-time breaking stress 
Design stress (Safety Factor - 2) 

~ 

8,000 
4,800 
1.920 

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 glH~s 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 PPC Industries. He reported that the soda lime glass, 
used in 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 
th~ 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 undp.r load 
can set up high bending str~ss in the glass and reduce the overall strength 
or the enclosure. For these rea;ons 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 a~proximately 10,000 psi. 

Based on the information available for the three materials, as 
discussed in ~he 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: Fallure will occur when the von Mises stress reaches the 
yield stress of 18,000 psi. This value is reported in 
Reference 13 for No. 3l9-F aluminum, which is believed 
to be the commercial No. 319 al~tnum specified on the 
Control Products, Inc., engineering drawings. 

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

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

Model I - SIde or Top Windo~s 

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

Model II - Circular End Window and F'r.-ame 

Model III - Two-Dimensional Cross-Sectional Model 

Peak stresses for an internal pressure of 100 psig 
these three models in Figures 4.78, 4.80 and ~.82. 
figures were scaled to an internal press~te of 
calculate the safety factors given in Table 5.5. 

~ere summarized for 
Stresses from these 

150 psig and used to 

As discussed in Section 4.3.2.3, Model IB gives the most realistiC 
description of the support conditions of the rectangular windows. This 
model also produces the lowest facto~ of safety in the glass (S.P. - 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 is c~ear 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 is 1.2 ~n~ is based 
u~n 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 (J :·he opening for 
the side windows as shown in Figure 4.85. These crac:~... firs t 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 e£cimated from 
the test as 
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TABLE 5.5 PEAK STRESSES AND SAFETY FACTORS 
FOR ENCLOSURE III: lS0-PSI INTERNAL PRESSURE 

d 1 Mo e Glass S.F. Al i um nUlD 

I - Side or Top Windows 

A - Simple Support 2297 2.6 NA 

B - Top Window wi th 8690 0.70 13,838 
Edge Beams 

C - Top Window with 2606 2.3 1,250 
Edge Beams on 
Foundation Springs 

II - Cylindrical 1182 5.1 1,041 

III- Plane Strain Model 3281 1.8 15,600 
of Cross Section 

NOTE: All stresses in psi 

Peak Stress 
Safety Factor (S.F.) • ------.....;...;....-­

Failure Criteria Stress 

200 

S.F. 

NA 

1.3 

14.4 

17.3 

1.2 

Eooxv S.F. 

NA NA 

NA NA 

NA NA 

255 39.2 

1905 5.2 



• 

200 psig 
S.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 material in the caleulation 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 ~hibited 
brittle behavior, with the yield stress and ultimate stress differing by 
as little as 11% 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 stre~s 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 

0y - 18,300 psi 

and is less than tIle minimum ultimate stress measured for any specimen. 

Peak calculated strainB 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 Rtrain is 

Emax • 1297 ~in./in. 

At the cente~ of the cover a biaxial state of strain exists and the yield 
strain, for ~y - 18,300 psi, would be 

1 
Ey • i (01 - v0 2) 

z __ 1 __ [18,300 - (0.3)(18,300)] 
6.8 

(5.16) 
1,830 ~in./in. 

The average elastic modulus for the cover was used in the calculation 
and Poissons ratiO, ~, was taken as 0.3. 

USing the yield strain given by Equation (5.16) as the failure 
c~iterion 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 ENCLOSl'RE IV 
FOR lS0-PSIG INTERNAL PRESSURE 

Max. Str~in 

@ 150 psig Yield Strain Safety 
Component (II in/ in) (\.lin/in) Factor 

Cover 389 1880 4.83 

Body 124 1880* 15.16 

*Biaxial state of stress taken 8S the lower limit. 

TABLE 5.7 SUMMARY OF SAFETY FACTORS 
FOR THE ENCLOSURES 

Enclosure 
Enclosure Enclosure Volume Minimum Strength 

No. Description (in3) Component 

I Steel Rectangular 926 Enclosure Bottom 
Box - Al Cover 

II Steel Rectangular 234 Cover Bolts 
Box & (Small) 

Cover 

HI Rectangular -140 Bottom Plate -
Luminaire - Al Al Casting 

Casting 

IV Cylindrical 142 Cover - Steel 
Junction Box - Casting 
Steel Casting 
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Safety 
Factor 

0.73 

1.60 

1.20 

4.83 
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5.4 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 el~ment models. Table 5.7 summarizes the minimum factor of safety 
_or each enclosure. This is the safety factor which ~verns the failure 
mode of the enclosure. the others were calculated for evaluation and 
comparison only. 

As Table 5.7 shows. there is a wide variation in the strength of 
Schedule 2G enc~osures. Also, all of these enclosures have passed the 
MSHA explosion tt.-at. The design cri teri"n of 150 psig used to compute 
the factors of sarety in Table 5.7 is a more severe load than the internal 
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 ill. 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 stl'uctures regardless of 
their size. This fact may contribute to the trend in Table 5.7 toward 
lower safet! factors for larger enclosures. Because Enclosure III is a 
luminaire, it is in a somewhat different class from the other three 
enclosure,s. 

It should be emphasized that these safety far.tors are based only on 
internal pressure loads. Although the safety factlr of the lumina ire 
(Enclosure III) is greater than that for Enclosure I. Enclosura I may be 
much more rugged in the mine environment. 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 encl06ures in the mine 
environment is di8c\~ssed in Section 8.3. 
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6.0 ESTABLISH WELD QUALITY STANDARDS 

Following the hydrostatic te~ting of Enclosures I and II (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 Research 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 2 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 list 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 direction is either 
being implemented or being considered by the larger manufacturers. While 
the smaller companies are depending more on the MSHA certification of 
their XP enclosures. The specific welding requirements acknowledged were 
the AWS D14.3-77, "Specification far Welding Earthmoving and Construction 
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Equipment." This "consensus" specification was formulated by large 
earthmoving and construction equipm~nt manufacturers of self-propelled 
and on- and off-highway machin~ry. 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 is 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 HSHA 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 designs and 
quality measures that are applied to XP enclosures are largely 
dependent upon the original qualification testing performed by 
MSHA. Five out of six manufacturers do no testing. Half of 
the companies or les~ use AWS prequalified joint designs. None 
of the companies have qualified their own welding procedures. 
and two are beginni~g 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 D14.3-77. 
"Specification for Welding Earthmoving and Construction 
Equipment," without any specific weld joint design efficiency 
being applied. Since the survey has revealed that five out of 
six companies use partial penetration joints. and in many cases. 
this is 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. In addition. some original testing 
or calculation of the joint efficiencies should be applied to 
each enclosure design. Therefore, the AWS D14.4-77 Standard, 
"Classification and Ap~lication 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 visual 
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 D14.4 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. SwRI recommends 
AWS D14.4 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 specification 
(2) Welding procedure qualification 
(3) Welder or welding operator qualification 
(4) Joint design 
(5) Acceptance criteria for weldments 

To soli~it 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 D14.4 is referred to heavily in the explanatory 
notes, and a copy must be on hand for ready 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 Regulations (Reference 1). 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 1~.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 D14.4 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 additio~al 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 Background 

If explosion-proof enclosures with windows are to operate reliably 
in an underground mining enVironment, each component of the enclosure 
must function properly. Hetal 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 in service environment on enclosure materials 
and to determine how well Schedule 2G qualification tests represent 
inservice loads. The following tasks were selected: 

o ~valuate the effect of vibrations on enclosures with windows 
o Evaluate the Schedule 2G Impact Test 
o Evaluate the Schedule 2G Thermal Shock Test 
o I.etermine the effect of the inservice environment upon selected 

lJhesives and polycarbonates which are used in enclosures 

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, SwRI 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 if 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: 
Manufacturer: 
Window: 

(b) Model & Type: 
Manufacturer: 
Window: 

(c) Model & Type: 
Manufacturer: 
Window: 

14812D Machine Light 
Control Products, Inc. 
Soda-lime place glasb, rectangular and round, seated 
with silicone and edge bonded with epoxy 

500131-35 Fluorescent Lamp 
Joy Manufacturing Co. 
Polycarbonate tube, mechanically fastened, slip fit 
wi th O-ring seal 

HHL2 Headlight 
Crouse-Hinds Co. 
Tempered glass, round, mechanically fastened, no gasket 
or seetlng compound 

These luminaires are shown in Figure 7.1. Note that the Control Products 
Luminaire is the same as Enclosure III, Yhich was analyzed and hydro­
statically tested as d~scribed in Section 4.3. Axes on the photographs 
1.dentify the excitation (drive) and measurement axes for the vibration 
tests. For example, X-dAis 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 HHL Headlight. Likewise, the measurement of 
vibration normal to the glass surface would be in the X-direction for 
t~e HHL Headlight, etc. This nomenclature is 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,OOO Hz and that vibration levels can be as 
high as 19 grms (data taken with a 1/3-octave bandwidth filter). We did 
~ot 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 exeitation 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 ~nclosures, 80 those data are 
not presented; all data will cover t;e frequency range from 100 Hz to 
LO ,000 Hz. A sweep rate of 30 Hzl se,~ was used in all tests for which 
d~ta are presented. A few tests wer~ also conducted with a sweep rate 
of LO Hz/sec. Differences in the maximum responses were small, and no 
new frequencies were o~served 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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(a) Control Products, Inc., Luminaire 

(b) Joy l1unufacturing Co. Fluorescent Lamp 

x~ 
y 

(c) Crouse-Hinds Co. HHL Headlight 

FIGURE 7.1. REFERENCE AXFS FOR VIBRATION TESTlUr. 
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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 frequencies proved to be somewhat impractical because the 
accelerations from the resouances were transmitted throughout the 
enclosures. It was conclud~d that the important resonances for the windows 
were primarily those that produ~ed the highest acc~leration 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 (if 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, these 
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 (c) of 
Figure 7.2 give accelerations measured at the center of the top window 
for excitation in the X, Y. ~nd 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 \;ich 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 
is being excited beeause it does not occur for Z-axia drive, which is 
the drive axis most likely to excite the windc~. 

The peaks in the response spectrum that oceur at ab~ut 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 is COmmon to all of them for Z-axis drive. Thus. t~is amplification 
is a consequence of the excitation system and will be ignored as a luminaire 
resonance. The second highest amplification is about 

23 

which occurs at 3700 Hz. High and possibly detrimental acce~erations of 
the window ean 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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Parts (d), (e), and (f) of Figure 7.2 show the effect of 
vibration on the round window in the end of the enclosure. Amplification 
factors are lower than for the top window. Note that the same spike 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 frequencies 
(longitudinal ~nding) 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 ~citation 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 spikes that occur within the respective bands. Resonances for 
this luminaire occur primarily beJ.ow 4000 Hz. 

Figure 7.4 gives results for the Crouse-Hinds HHL2 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 i& Part (a). Note 
also that for y-axis drive with the window retainer loosenec [Part (c)], 
a resonance peak occurs at about 7800 Hz. This could be the same re~onant 
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 is required to quantify 
the effect of vibrlltions on enclosures. No clear picture emerges from 
these tests as to 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 environment. 

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 usc in the mine environnent. 
To make the evaluation, the kinetic energy delivered to the lens by the 
impact test was compared to that which could be produced 1n 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 80 

the kinetic energy produced by the impact tes t 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 l50-psig hydrostatic test (see 
the Structural Performance Test. Section 8.2). Stresses in the leas 
produced by the impa~t test in~lude both overall bencing stresses and 
local contact stresses. 

Schedule 2G Impact Test 

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

"( a) Impact teste. A 4-round cylindncaZ weight IJith a 1-
inch-diamete~ hemispeh~icaL 8t~iking surface shaLL be d~opped 
(['ree faH) to smke the tJindotJ 07' Zens in i"ts lOOunting. O~ 
the equivalent the~of. at o~ nea~ the center. Th~ee or four 
8ampZ~S shalt IJithstand without breakage the impact acco~ing 
to the foHo7JJing tabLe: 

Lens rl1ameter z (D)! inches Heisht of Fall I inches 

D < 4 6 
4 < D < 5 9 
5 '( D < 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 1mpact 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 T 106 psi 
v • Poisson's Ratio • O.2~ 

pg - 9.1 x 10-2 lb/in3 

The tensile strength of th~ soda-lime glass under static loading 
ranges from 4 to 10 ksi. If there ls no pre-existing flaw, the tensile 
strength is 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-lb cylinder dropping 15 
inches was calculated as: 

K.E. - 1/2 MV2 • 1/2 M ({2gL)2 - MgL - WL - 5 (ft-lb) (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-lb) in the impact 
test is almost nil compared with the kinetic energy of 3,700 ft-Ib/ft 2 
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 is 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 tensile stress and vertical compressive stress can be detrimental 
and can inltiate 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 (AHF) 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 cylinder 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. V. That is, 

K. E. - VIens (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 

2t - 0.5 in 

a - 3.1875 in 

FIGURE 7.5. CIRCULAR PLATE HITH SIXPLY 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: 

(7.3) 

where D is bending rigidity and is equal to 1.111 x 105 in-lb in this 
case. 

Equation (7.3) can be written in terms of the maximum 
deflp.ction at the center, 

(7.4) 
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which gives W in terms of Wo as 

(7.5) 

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

U - ~2 J02 'II':rao r (a2
w +-1 ClW,2 - 2 (l-v)!. aw a2iJ] rdrd e arr r crJ r cr arz 

(1n-lb) (7.6) 

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

(Wo)i .. 2.384 x 10-2 (in) 

The displacement at the center of the plate due to 
the statically applied weight of the cylinder 1s given by Equation (7.4) 
as 

and now 

(Wo)s - _P- (3+\1) a2 .. 1.89 x 10-5 in 
16'11'D 1+\1 

AMF 
(Wo) 1 

---- -(Wo)s 

2.384 X 10-2 
1.890 x 10-5 - 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. 

(1 + \I) (0.485 log ;t + 0.52) + 0.48] (7.8 ) 

*~ark [211 provided a simplified equation for this factor. His equation states 

The AMP is calculated as 

AMP • 1 + ~l + (2) (15) 
1.89xlO-S 

where h is the drop height. 
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The stress produced by the 4-lb load applied 
statIcally becomes: 

(Ot)s - 25.88 psi 

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

7.3.3.2 Circular Lens with Clamped Edge 

t 

FIGURE 7.6 CIRCULAR LENS PLATE WITH CLAMPED EDGE 

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

Pr2 ~ P 2 
W - - log - + -- (a - r2) 

8~D a 16~D 

or in terms of the displacement at center. Wo as 

W 2 r Wo 
W - 2 0 r log - + --.yo (a2 - r2) -;z a a4 

(7.9) 

(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 Wo2 Ib-in. (7.11 ) 

Now using Equation (7.2) and a kinetic energy of 5 ft-lb, the center 
displacement produced by the ~pact was found from Equation (7.11) to be 

(Wo)i - 1.477 x 10-2 in 

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

p .- in 
1611'D 
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which gives an amplification factor of 

~1 
A.M.P. - (yO)S • 2030 

(7.12) 

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

at - (2~)Z (1 + v) (0.485 log ~t + 0.52) (7.13) 

The static load of cylinder weight produces a tensile 
stress of 

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

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 l50-psig pressure is 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 
pressure 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 7.1. 

It is clear from these comparisons that the Impact 
Test produces far higher bending stre~ses 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. Class is known to be rate sensitive and gla8s 
manufacturers permit higher allowable stresses for short duration loads 
than for long duration loads (refer to Section 5.0). The allowable stress 
ean 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 
Test. 
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7.3.4 Local Contact Stresses 

7.3.4.1 Calculation of the Maximum Stress 

When the 4-lb 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 
10-2 Ib-sec2/in. as opposed to a mass of 1.035 x 10-2 lb-sec2/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: 

PMAJ{ 1.14 X 
[( 91~~) 

v6~ k ~ ~YJl/5 2 (K
l 

+ K
2

) 

where Pmax 
V 

Rl 

K. 

I -.l 
f 

2t 

2t - 0.5" 

FIGURE 7.7. CIRCULAR LENS DIMENSIONS 

- maximum impact force 
- impact velocity 
- radius of the dropping cylinder 

1- ",2 
I • -.--.-- for the dropping cylinder 

TIEl 

1- ",2 
- ___ 2 for the lens 

1fE2 
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v • Poisson's r&tio 
E • Young's modulus 
ml and m2 are the masses of the cylinder and lens, respectively. 

It is noted that Equation (7.15) is exactly the same 
as Evans' when m2 approaches infinity. Using this relationship, the peak 
load delivered to the lens by the dropping cylinder was found to be 

Pmax • 5899 lb 

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

T - 3.214 [(91
1f
6
2

) 

• 0.000212 sec (7.16) 
• 0.212 msec 

For comparison, the fundamental vibration period for the lens of Figure 
7.7 can 1::e found in Appendix J. Tl:ese periods of 

T • 0.032 mse~ for simply supported edges 
T • 0.0158 msp.c for fixed edges 

are well below the contact duration. Thus, the lens vibration was neglected 
in the analys:'::. and Hertzian quasi-stat:ic 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 1s developed (see 
Figure 7.8). The radius of this contact surface was calculated as 
(References 24 and 25): 

c 

where 

. (4QP~)1/3 
3E1 

9 [2 2 £1 ] Q - 16 (1-"1) + (1-\12) £ 
2 

For our conditions we find c • 0.0652 in. 
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r 

• 2t 

L-~--------~r---~----~ 
LENS 

z 

FIGURE 7.8. CONTACT GEOMETRY 

The stress distributions around the contact area 
for general quadratic deformation surfaces were derived by Uilshaw [26]. 
!~ximum compressive stresses are generated at the center of the contact 
surface. The principal stresses at this point are: 

(0 z)~.AX 
3 

PMAX 662,559 psi (compression) 0 -2 --- (7.19) z 2 
'lTC 

1 + 2v 
• -496,916 psi (compression) J • O'e . - -Z 0 (7.20) r z 

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 - O. Note that the local stresses 
diminish to zero at about half the thickness from the contact point. 

Th~ 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 tensile stress, Oz 1s 
equal to zero; therefore, pure shear governs. This maximum tensile stress 
at the periphery of contact sur":ace can be expresF!!d 8S: 

at z - O. r • c: 

- -<>," - l-/v(i p~) -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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~O_r_.o_e ________ t-__________ ~~ 

t .... . ! (0 - 0 ) 
2 2 r 

FIGURE 7.9. VERTICAL, RADIAL, AND TANGENTIAL STRESS 
DISTRIBUTIONS THROUGH THE THIr~NESS AT r - 0 

(Or) • 110,427 
max 
(TENSION) 

o 
r 

r ,----+----=r 2t 

z 

FIGURE 7.10. RADIAL TENSILE STRESS DISTRIBUTION 
ON THE SURFACE OF LENS 
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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 c,)ntact 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 114 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.l1(b), 
and 7.1l(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 sUl!llllarized in Te.hle 7.2 for the Kirchner and 
Gruver [27] data and for the Impact Test. A complete circular crack was 
formed in the surface of the particular ppecimen when the maximum tensile 
stress is approximately equal to 84,OCO 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 sod9-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 glasr under impact can be four to five times higher than its normal 
tensile strength. That puts the tensile strength in the range of 20-40 
ksi und2r 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 lena was sevp.re 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 teRt without significant 
visible cracking; however, our calculations indicnte that it was near 
failure. 

7.3.4.2 Comparison of Contact and Bending Stresses 

Table 1.3 compares ~,e 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 eith~r the Schedule 2G Explosion 
Test or the proposed Structural Performance Te~t (150 psiS)' 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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(a) Velocity - 72 ft/sec (b) Velocity = 187 ft/sec 

(c) 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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Kirchner 
and 
Gruver' 5 

Tests 

Impact 
Test 
Stuoy 

TABLE 7.2. U1PACT FORCES AND THE CORRESPONDING 
~~IML~ TENSILE STRESSES 

Projectile Maximum Maximum 
Mass Velocity Impact Tensile 

Force Stress _. 
1b-sec 

2 

in. (ft/sec) (lb) (psi) 

1.142X10-7 
72.18 81.604 84.0"7 

l.142XlD 
-7 187.01 255.774 122,311 

1.142 X 10-
7 

377.30 593.810 163,508 

1.035 X 10-2 8.97 5899.000 110,427 

Description 

Circular Crack 

Cunical Crack 

Crushing 

Unkno'w"'tl 

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

"\ 

Impact 
Test 

Loading Characteristics Dynamic 

Applied Area 0.13-in.-Diameter 
Circle 

Load (or Pressure) 5.589 1b 
(Maximum Load) 

l-tax1mum Tensile 110.427*,,-
S tress (psi) (S. S • * .. Case) 31,211 

NOTES: * Locai. Contact Stress 
.* Flexure Stress 
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Explosion 
Test 

Dynamic 

Uniform 

(117 psi) 

6,085** 

Structural 
!"erformance 

Test 

Static 

Uniform 

(150 psi) 

7,430** 



7.3.4.3 Conclusions 

When the 4-lb 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 
ksi static tensile strength of the glass. However, from previous 
experience, the glass 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 ~an 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 from 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, sinc~ it can initiate the Hertzian (cone shape) crack and possible 
spalling. The lo~alized 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, etc. Such spalling, while potentially 
important, was not addressed in this study. 

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

(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 le~ses 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 is more severe 
than the impact test, but lenses may not need 
to pass the ruggedness test if their orientations 
and/or locations do not expose them to the types 
of impact upon which the ruggedness test is 
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: 

"§18.66(b) TherrmaZ Shock Te8t8. Fou.,. 8amp'Les of the window 
0'" 'Lens wiU be heated in an oven fo.,. 1 & minutes to a 
tempemtU1'e of Hoac (302°F) and immediate'Ly upon withdr'awaZ 
of the samples froom the oven they wilZ be immero8ed in water' 
having a tempemtu.,.e between l&OC (59°F) and 20°C (68°P). 
Throee of the [ouro ~les sha'Ll show no defect 01' broeakare 
froom this theromaZ 8hook te8t." 

In urder to determine the severity of the thermal shock test, 
the maximum st-resses it produces in the windows and lenses had to be 
calculated. These stresses are trandient and are a functi~n 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 kno·~. 

7.4.1.1 Transient Th~rmal 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 equatt~n: 

where 

1 0 e (T, x) 
a 31 

e (T, X) - T (T, X) - T 
• - time (min.) 
a - K/pC - thermal diffusivity (ft 2/min.) 
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FIGURE 7.12. SECTION TIlROUGH TIlE LENS 

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

The ther"'!lal parameter e (T I X) can be written as: 

e (T ,x) x (x) Q (T) (7.23) 

s~ that the general solution of the heat conduction equation now becomes 

e (T I x) 

or 

e (-r, x) 
2 

-aA T 
e (A cos AX + B sin)x) 

(7.24a) 

(7.24b) 

The parameters A, Cl. C2. C3. A, and B are all constants. In order to 
dete~ine coefficients, A. A, and B, the following boundary conditions 
were used: 

(1) Symmetry conditions: 

o ax T (t ,x) o o 
or ax e ('IX) - 0 

(~) ~~nvection Boundary Condition: 

a 
- oX T ("x) 

h - k [ T (T ,x) - Too J at 
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or 
3 ax 6 (-"x) 

h k e (l,X) 

(3) Surface Boundary Condition: 

j (0, x) T 
o 

- T co 

x = + .£ 
- 2 

equal to ZE'ro. 
exists: 

Based upon Boundary Condition (I), Coefficient B is 
From Boundary Condition (2). the following relationship 

Cot (\L) (7.25a) 

.... here 

L - t/2 and 8i - hL/k 

Equation (7.25) has an infinite number of values that will sathfy ),. 
In other .... ords. it can be written as 

Cet P. L) 
n 

\ L 
n 

z~ (7.25b) 

The characteristic values An can be determined froll the table prepared 
by Kantorovich and Krylov [31]. Coefflcients An are calculated by u9ing 
Boundary Co~dition (3). The resultant ~emperature distribution function 
is given below: 

T (T .x) - Too 

T - T 
o 

• 2 

T (1 ,x) T + 2 (T - T ) 
00 0 00 

sin A L ) 
+ sin An L cos A L 

n n 

I 
n=l 

7.4.1.2 Transient Stress Soluti~n 

2 
-aA T e n cos A x 

n 
~7.26a) 

Boley (1960) [32] derived the analytical solutions 
of the transient thermal stresSP8 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 sections 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 .as analyzed in this 
study. The stress distribution by Boley [32] can be summarized below: 

where 

Case 1 - Circular Plate with Free Edges 

= (-a ET 

- Poisson's ratio 
- thermal expansion 

E • modulus of elasticity 
T - temperature 
t - plate thickness 
y - distance from the mid-surface plane 

t/2 
NT - J I dy 

-t/2 

t/2 
MT - f Ty dy 

-t/2 

Integration of HI yields zero, and the equation becomes: 

;; xx = 

x 

lC 

(

sin A l ) _ax2, 
":"A-nrL-:+~S~l!"" n--:A:-n-TL'--C-O-S~A-n""'L e n cos A Y + ~ (T - T ) n At 0 aD n 

n 
[ 

Sin ~ l 
-aA

2
T J} e n sin AnL 
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aD 

~ 
n=1 

(7.28) 



The thermal sttess 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 Numerical Evaluation 

The arguments of the trigonometric function in Equation 
(7.26bj are the roots of the transc@n~ntal equations; that is 

where 

C-" L) tan (\ L) 
n n 

hL 
k 

h • heat transfer coefficient (BTU/sec-in2-OF) 
k • thermal conductivity (BTU/sec-in-aF) 

(7.29) 

A table prepared by Carslow and Jaeger [33] gives the first six 
characteristic values of )·n. A computer program for the solution of 
Equation (7.26b) was first written uaing just the first six values of 
An. The solution showed small temperature perturbations at the beginning 
of the quenching pi.·ocess when temperature gradients are high. By 
examination of Equation (7.26b) it was found that when time 1s greater 
than 1 sec (T ) 1 sec), six terms are suffiCient for the infinite series 
to converge. However, when the magnitude of T is approaching zero, the 
six 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 initial temperature across the lens was assumed to 
be constant at 302°F. Figure 7.13 shows that the temperature at the surf~ce 
plunges sharply 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 Fig'lre 7.14 that, about two minutes after thE' lens is dipped into the 
water, the surface of the lens reaches its 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 input 
to calculate the in-plane stresses, as given by Equation (7.27). For a 
free, unsupported circular lens, the x-direction stress (ax) is equal 
to the y-direction stress (ay). Figures 7.15 and 7.16 illustrate 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 starts, 
with a magnitude of 3700 psi. Maximum compression occurs at the mid­
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 tho~e produced by the Impact Te8t. the 
Explosion Test, and the Structural PerforMance Test (see Sections 7.3.3 
and 7.3.4). we Hnd that the Th('rm,~l Shock Test produces lower stresses 
than the Qt~ers. It should be noted that the thermally indl~ed stresses 
were calculated for an infinite plate and thus are approximations to the 
true stresses. 

To compute thermal stresses in a lens which is part 
of an enclosure requirf!S 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 analyses of 
enclosures were fWlded as part of USBH Contract H0387009 [2J. These results 
have not been completed, but preliminary. ,lItpublished 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 
USBH Contract H0387009 [2]. 

7.5 Evaluation of Polycarbonates and Adhesives 

7.5.1 Introduction 

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 construe, tion of windows in explosion-proof enclosures, 
as the physical 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 radiatiun. 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 plac'!d 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 
the COO "F' range wi thout significant decrease of physical properties. an 
accidental replacement 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 is a function of temperature, exposure to UV radiation, and 
compositi0n of the 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 r.!lting of the window, but also its rated 
life span. These same comments are applicable to the adhesives which 
are used to bond or se!ll 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 is clear from th~ foregoing discussion that the effect of 
environmen~al factors on polyca.bonates an4 adhesives is 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 t~e 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 mine environment 
and to provide data 90 that an allowable service life can be established. 

AJ.though not sI-ecif1cally addressed in this study, the 
inspec ti· m of plastic windo.'S will be more tedious than for glass windows. 
Administratively, the inspe~tions 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 vith a new one 
be noted and recorded in the equipment file. Technically, the inspections 
11I3Y require that (1) the surface temperature of the window be measured 
for conformance to desiga 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 tamp 
enclosures with windows fabricated not only from different plastics, but 
alsQ designed to operat~ at different temperatures. thE inspection program 
would have to rely on s~orage of pertinent data in camputers Which would 
provide the inspectors for each inspection with printouts defining the 
inspection 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 inspection 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 USBH to the possible increase in administrative 
costs that could result fr-)m wide-scale utilization of plastic windows 
in luminaires. Alternately, the inspection program could be assigned to 
mine operator.s, with ~SHA 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 glass 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 an~ heat 
aging is exhibited by acrylic; however, its maximum service temperature 
in structural applications is limited to 150°F. In 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 resistanc~, and good heat aging resistance are exhibited 
by polyphenylsulfone. Its service temperature in structural applications 
is 350°F. This p!astic, however, deteriorates rather rapidly under 
ultraviolet radiation. In 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 f~~ 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-lb/in. do not make it very desirable for 
applications as windows in explosion-proof enclosures. 

The highest impact resistance is found in polycarbonate 
materials; however, the service temperature is limited to 275°F, and 
polycarbonates have only fair resistance to UV and poor resistance to 
hydrocarbons. In fact, their resistance to hydrocarbons is less than 
for the other plastics. Also, it is toughneds that degrades first under 
the influence of UV radiation, sustained heat, 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 te~perature, 
good resistance to UV radiation, more than average toughness, and the 
retention of a very large percentage of room temperatl'.i,"e strength at 300°F 
service temperature make polyarylate plastics an ex~ellent candidate for 
windows in explosion-proof enclosures. 

In summary, other plastics bes1~es 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 com~ined 
effect of service temperature, UV, and moisture on the service life of 
transparent plastics serving as windows in explosion-proof enclosures 
(principally luminaires). 

At the pres~nt time, only two types of plastics should be 
considered for the test:fng program; polycarbonates and polyarylat:~s. 

Polycarbonates should ~~ tested first because polycarbonate windows are 
already in service an& the establishment of their service life is of utmost 
importance to the safety of miners. Polyarylates should als~ 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 initiated i~~diately. 
T~e 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 enclosure!. The test 
procedure, included as Appendix K, was developed to closely represent 
in~ervice conditions. It includes combined exposure to UV, heat, stress, 
humidity, and acid mine water spray. 

Under this contract (8037052) the test equipment was fabricated 
and assembled. Testing was performed as part of USBM Contract 80387009 
(Reference 2). The test procedure was subsequently changed from that 
included in Appendix K, as test conditions indicated. Two mdjor 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 stresseE in the lens during 
pressur iza tion • 

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

The complete test procedure will be included in the final 
report on Contract H0387009 [2]. Also included will be test results and 
recommended procedures for future testing. 
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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 
enclosures are evaluated in this way, rather than by specifying certain 
dimensions as in part 18.31(b) of the CPR, 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 
o a Ruggedness Test 

In addition, cliteria 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 T~st 

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 
t~sting of enclosures cited in Section 4.0. In 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 bP. 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 is the obvious choice because it is inexpensive 
and readily available. 

(4) Failure criteria should be based on an allowable permanent 
deformation of 0.04 tn./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 
~h~cking 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 gask~t. 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 section, 
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 Environme~t, 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 sealant 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 8 (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 
dro~'s. 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 Band E were supplied in 
caulking tubes and applied with a caulking gun (relatively easy to apply). 
All othe= "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 patterr.s with some of the 
sealants. 
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TABLE 8.1. SEALANTS EVALUATED 

Sealant Evaluation 
Identificatior; Sealant Description Test Number 

* 

A FOrm-a-GaSket~ Aviation 111 
Permatex PIN 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 

0 Permatex Silicone Form-A-Gasket, RTV #4 
Blue Gasket Maker, PIN GBR, Item No. t 

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/l6-inch 0.0 .• 1/8-incn 1.0 .• Tygon #10 
Tubing 

H Oayplas Hi-O Adhesive Bac~ed Tape 
#1389.0, 503-5, (Manufactured by 

#11 

TF! 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 Hines. 
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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: 

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

o 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 recollllllended 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 Refere~ce 19, the two tests are: 

Static Pressure Test 

It is .,.e~ommended that aU LuminaiJOfJ design pr'ototypes be 
subjeated to a statia pJOessu.,.e test, whi~h ie a modification of Pamg.,.aph 
18.67. TitLe 30. CFR. In pa.,.ticuLa.,.. the Light sou.,.ce in each encLo8u.,.e 
wiLL be tu~ed on and ~ ~ontinuousLy fo.,. a pe~d of fou.,.teen (14) days 
p.,.io.,. to the static test. The aim he.,.e is to assess the abiLity of the 
seaLant/adhesive to withstand Long-term thermal. ~po8u.,.e. Immsdiate!y 
foUowing this, a static pJOessu.,.e test witt be ~.,..,.ied out as pe'" Pamg'Mph 
18.87. Title 30, CPR, using a gage pr'eS8u.,.e of 150 pounds pe'" squa..,.e inch. 

Static Pressure Test, Mine Environment 

It is JOeaommended that aLL Luminai.,.e design ~ototypes be 
eubje~ted to a pr'essUJOe test simi La.,. to th~t descfOibed above, but ~.,..,.ied 
out uude.,. humidity contfOOtted envifOOnmentaL eonditions. In this case, 
the LW'lfinai7'8 tight 8Ou.,.ce tJitt again be tu.,.ned on and ?"WI aontinuouBLy 
fo~ a pefOiod of !ou.,.teen (14) days pr'io.,. to the static preS8u~e teet. 
Howeve.,.. the Luminai.,.e dUJOing this time wit L be contained "'ithin an 
envi.,.onmentaL ehambe.,. maintained at 20 oC, tJith a 90~ ~eLative humdity 
envifOOnment. The moistu.,.e in the envi.,.onment wiZL be the acidi~ simuLated 
mine wate.,. d'Minage soLution deveLoped by the u.s. EnvifOOnmental ~otection 
Agency. FoLlOwing this ~posu.,.e. the LuminaiJOe again is subjected to a 
statia gage pJOeS8u.,.e of 150 pounds pe'" squa7'B 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 
Perform.nce Test. 

253 



8.2.3.1 Test Procedure 

The test sequence for the enclosur~s 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 IUlI'inairelll for evident'e of 
deformations or damage. 

5. Turned "on" and left "on" the luminaires 
c.ontinuously for 14 days, in an environment which 
was maintained at a temperature of 20·e and a 
relative humidity of 90%. 

6. Again subjected the l~inaires to the Structural 
Performance Test. 

7. Reexamined the lu~inaires for evidence of 
deformatien or damage. 

One exception was taken to the test procedure for the mine environment. 
Moisture in the environmental test did not simulate acid mine water. We 
do not believe that this deviation from the test procedure was significant 
for the enclosures tested. This conclusion is based upon accelerated 
aging tests being conducted under Contr8~t H0387009 [2]. In these tests, 
which have been in progress for about twelve months, there has ~~n no 
significant deterioration of polycarbonate len~es or RTV :ldhesives 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 

Our evaluations of the two tests recommended for 
luminaires was based upon the tests themselYes, upon the results produced, 
and upon the results of accelerated aging t·!sts on pelycarbonates 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 environmental chamber is required to control the 
temperature and humidity in the environmental exposure portion of the 
test. These faciliUes are available at SwRI, and 80 the tests progressed 
smoothly. We experienced no particular difficulty in preparing the 
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luminaires 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 th~ luminaire is submitted for approval. 

One problem with the test equipment which must be 
addressed is the effect of acid mine water on the e~vironmental 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 tests 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 hydr~static test on the luminaire from 
Control Products, small leaks occurred at the junction ~f 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 sliver~ of glass (see 
Figure 8.3) were found inside the enclosure. An ~amination of the lenses 
in the enclosure revealed that the slivers came from the free edge of 
the glass plates (see Figure 8.4). In the thermal analyses being performed 
under Contract H0387009 [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 saNe 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 Control Products luminaire may have occurred 
from the 28-day "burn" and the hydrostatic testing, but the evidence of 
the deterioration is 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. LIDnNAIRE 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 OCCURBED 
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operation at normal tecperatures. Thus, continuous operation of the 
luminaires tested prob~bly did not £igniftcantly affect their strength. 
This does not invalidate the tests as a me~ns 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 ~ecommendations from the Test 
Evaluations 

Conclusions 

o Special equipment is required to conduct the tests. 
The equipment required includes a hydraulic test 
apparatus and an environmental chamber. Th~ 

environmental chamber must be resistant to acid 
mine water. 

o The tests are straightforward and easy to perform 
with the proper test equipment. 

o 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. 

o Dn1y the most unsuitable of materials will be 
significantly degraded by these tests. 

o 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 luminair(~ from the 28 days of exposure 
testing. 

Recommendations 

o More extensive tests such as those recommended 
in Appendix K are requirp.d to determine the 
suitability of materials for long-term use in 
enclosures. We recommend that materials be 
pretested and selected from a~ approved products 
list which is based on valid test results. 

o The tests evaluated should be performed for 
preliminary screening until such a l19t is 
ava1lable, 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 exrlosion 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 
enclosures 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 
criteria Which an enclosure should meet to ensure that it will functior 
properly in the mine. Further. a testing procedure for e' 'osures. to 
evaluate their ruggedness, is recomwended. 

8.3.1 Environment in the Mine 

To estimate the forces which can occur in typical mining 
operations (forces Which can be applied to exposed surfaces of ~plosion­
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 rib (as in 
turning a corner) 

o Impact forces when a shuttle car rams a mining machine 

o Impact forces produced by rock falls 

Rib burst can also produce substantial lateral forces Which might damage 
an enclosure; however, lie were unable to qllantify the magnitude of these 
forceJ. Later~l 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-produclng forces and kinetic energy 
are: 

(1) Light guard: 1/2-in.-diameter bar 10 in. long 
with l/2-1n. ?!rmanent lateral deformation. 

tJniform static force to deform the bar: 
F - 600 Ib 
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Kinetic energy (uniformly applied) to deform 
the bar: KE - 25 ft-lb 

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

Uniform static force to deform the plate: 
F ~ 60,000 Ib 

Kinetic energy (uniformly ap~lied) to deform 
the plate: KE - 3700 ft-Ib 

The estimates of the kinetic energy required to deform 
the plate and ,he bar are based on bending behavior only (t'o in-plane 
stretching). If 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, if the plate 
deforms I in. and is sufficiently restrained at its boundary. the kinetic 
energy required for this deformation is 

KE ~ 14,300 ft-lb 

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 lb 

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

3,700 ft-lb ~ KE ~ 14,300 ft-Ib (8.1) 

and 

60,000 lb ~ F ~ 217.000 lb (8.2) 

For thr 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 Wit~ a Rib 

This force wi~l 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 
analysis 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 resourr.es of this project. We believe 
that a reasonable estimate of the upper bound of this contact for=e is 
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 [35J. a 100.000-
lb miner could produce a contact force of 
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F - 0.70 (100,000 lb) - 70,000 lb (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 miner side. This forcp should give a reasonable upper bound 
for slowly applied (quasi-static) 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 
lb and operate at spe~ds from 0 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-lb (1 mph) ~ KE ~ 98,200 ft-lb (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,OOO-lb force required to slide 
the mining machine, as estimated in the preceding section. Most likely, 
impacts wtll occur at the lower speeds, say 2 mph. At this velocity the 
impact energy is 

KE - 8000 ft-Ib 

This value is a reasonable level for side impact. 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. Terzaghl [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 + HT) (8.5) 

where Band HT 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 - 0.50 

These values give a rock load of 14 ft. which Is a static load (for 160 
lb/ ft 3 rock) of 
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F • 2240 lb/ft 2 - lS.6 psi (8.6) 

This value is very close to the IS-psi requirement for canopies as required 
by U.S. Congress Federal ~oal Mine Health and S~fety Act of 1969 [38]. 
Enclosure covers, which are designed ~Jr ISO-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 
kinetic energy at impact of 

KE - 13,440 ft-lb/ft 2 (8.7) 

As will be shown later, this kinetic energy, which must be dissipated by 
the cover, is 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 I ft below 
th~ 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 unit 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-lb/ft 2 • Thus, 
to protect against 60% of all roof fall accidents, XP enclosures* should 
be designed for a kinetic energy level from roof falls of 

KE60 - 3,700 ft-lb/ft 2 (8.8) 

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

KE90 - 16,000 ft-lb/ft 2 

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

KEloa - 77,520 ft-lb/ft 2 

*Thls 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. 

KE86 • 13,440 ft-lb/ft 2 

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, 0y' of 36,000 psi. Using Equation (5.6), the plate 
thickness to withstand a pressure of 150 psig was found to be 

h 

2 2 Pa (3 - 2; ) 
o 

30 
Y 

0.75 in. 

(150 psig) (12) 2 [3 - 2 (0.7928») 
6 (36,000) 

(8.9) 

To compute the required cover thickness for KE60 • 3,700 x 2 x 3 x 12 -
266,400 in-Ib, 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 

* u - • n:60 (8.10) 

If the ratio of the plate center deflection, woo 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 lCE60 is: 

• 
4 (36.000)(0.04) [(',2/ + 18 + 2J¥)] • 

266.400 1.164 
(8.11) 

h - 1.08 in. 

These values are for illustration 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 (B.l1). 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 (8.11). 
the required plate thickness would have been much larger. 
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Thus, the kinetic energy level, KE60, given by Equa tion 
(8.8) repr.eF"nts a very severe load on enclosures, and it Is clearly 
impracti~al to protect against higher kinetic energy levels. It is also 
clear from the above calculations that KE60 represents a much more severe 
load than the IS-psi ~equlrement now specified for canopies on mining 
equipment (Reference 38). Further, it seems inconsistent to design 
Schedule 2G enclosures for a load which is significantly higher than that 
specified fot the canopy which directly protects the operator from a roof 
fall. Thus, bdditional work is recommended to better quantify the severity 
of rock falls ~nd their effect on mining equipment. This work should 
address data all equipment damaged from rock falls and relate the damage 
to the kinetic energy in the fall as reported in Reference 39. In this 
way, a less severe criterion for roof falls can perhaps be established. 

8.3.1.5 Summary of Environmental Effects 

From t!le previously discussed investigations, the 
forces and energi~s which can occur in the mine are summarized as follows: 

Based on Observed Damage 

From ahove. F - 600 lb 
KE-- 300 in-lb 

Fr~m the side: 60,000 Ib < F < 217,000 lb 
3,670 ft-ib < KE < 14,300 ft-lb 
(observed damag~ Is near the low end of this range) 

Based on Accident Scenarios 

From above: F - 15.6 psi 
XI < 77,520 ft-lb/ft 2 
KE60 - 3,iOO ft-lb/ft 2 

From the Ride: F· 70,000 lb (rib contact) 
2000 ft-lb (1 mph) < KE < 98,200 ft-lb (7 mph) 
(shuttle car impact) -
(most likely impact velocities will be at low speed) 

It is clear that the maximum energies and forces which caD occur in the 
mi"p. are ~uch 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: 

o Test enclcsure surfaces exposed to the roof to a 
kinetic energy level which will protect against 
60% of the roof falls reported in Reference 39. 

267 



o Test enclosure surfaces exposed to side impacts 
to an energy level which corresponds to a 60,000-
lb shuttle car impacting at 2 mph. 

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

These reco~endations correspond to the following energy levels: 

Top Exposure: Test to KE - 3,700 ft-lb/ft 2 

Side Exposure: Test to KE - 8,000 ft-lb 

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

As noted 1n 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 1s actually needed 
to assure 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 (lDOst 
likely a drop test) is preferred because it more accurately characterizes 
the postulated accidents which mlg~t 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 fxposure, 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 lb. 

To develop a static test, an equivalent external 
pressure must be defined. This pressure will be a function of both area 
and geomeery and adds uncertainty to the test. While this presure can 
be read1ly defined for regular geometries,lt will be more difficult to 
define for complex shapes. Another difficulty is that the pressure must 
be applied externally to the enclosure and only over specified areas. 
Thus, a dynamic drop test is recommended which produces the kinetic energies 
specified. 

8.4 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. lUth regard eo cover strength. Schedule 2G now states: 

"18.44 Batte.,.y oozes and batteT'ies (e:raeeding 12 vol.ts). 

(a) A batteT'Y aoz (troy). including the coveT'. shalZ. be rrruie of 
steel the thickness of ~ich is to be based on the total ~ight 
of the batteroy and f;1>ay, as !oUows; 
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Weight 

2,000 lb maximum 
2,001-4,500 lb 
OVe7' 4,500 lb 

Thickness 

3/16" 
1/4 " 
5/16" 

Mate7'ials othe7' th~n stee~ that p7'ovide equivalent st7'ength 
lJil l be (!onside7'ed. 

(bJ Batte7'y-bo~ aOVe7'S shall be lined with a j1ame-7'esistant 
insulating mate7'ial, p1'efe7'ably bonded to the inside of the 
cove7', ~le8s equivalent p1'otection is p1'ovided. 

(aJ Batte7'y-bo~ COVe7'S shall be p1'ovided with a means fo7' secu7'ing 
them in dosed 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 sti fIe the 
development of new and better designs for battery boxes. Thus, the USBM 
and MSHA are seeking more sui table c ri teria 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 ~anufacturers.discussions were held with 
representatives of two battery manufacturers [411. 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: 

o 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 w3rp easily and, once warped, are difii~ult to remove. 

o 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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f. Size limitations because batteries constructed to a new 
performance criterion might not be interchangeable with 
batteries in existing vehicles 

g. Battery life 

o 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. 

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

o Battery manufacturers do not know the magnitudes of the load that 
the tops of their batteries (not the coveLS) can withstand before 
shorting or other serious damage occurs. They suggested that 
such data could be generated by a seri~s of relatively simple 
tests that utilize several existing cells potted in place as in 
normal battery assembly. 

o The design of battery covers to resist roof falls is logical for 
battery covers that are exposed to the mine roof. There was ~o 
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 is frequently exposed to 
unsupported roof falls near the cuttil~ face. whereas battery operated 
vp.hlcles 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 WP 

recommend that the KE60 criterion be applied to both battery box covers 
and to enclosures. 

Calculations were made for battery covers under the assumption 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 
outside corner.* If membrane action 1s 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 intersecting partitions 
and two intersecting sides of the box. 
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the permanent r.over deflections are set at 

w 
o 

L 
y 

0.10 , 

the cover thicknesses in Table 8.4 are obtained. 

TABLE 8.4 THICKNESS OF A STEEL BATTERY BOX COVER 
(0 Y - 36,000 psi) 

Allowable 
Permanent 

Partition Spacing Deflection Cover Thickness t h 
2Y x 2X (Wo) KE60 KESO 

6 in. x 8 in. 0.6 in. 0.35 in. 0.28 in. 

10 in. x 10 in. 1.0 in. 0.40 in. 0.3~ in. 

12 in. x 18 in. 1.2 in. 0.53 in. 0.42 in. 

24 in. x 36 in. 2.4 in. 0.74 in. 0.59 in. 

Cover thicknesses for ~o different kinetic energy levels are given for 
comparison. It is clear tbat 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 desi~ns, 
which include support to the cover from the battery cells themselv.!s, 
~ay 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 is .!vldent from the results in Table 8.4 that applying a kinetic 
energy level equal to KE60 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 survey 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 conjuncti.on wi th a determination of the probabil1 ty 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 1n conjunction with a study of alte~nate battery box cover 
designs. 
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What is proposed is basically a strength criterion for battery box 
COvers. Other factors, such as vp.nting, electrical insulation, and locking 
provisions are already covered adequately in Schedule 2G. The perform&nce 
requirements for the battery would be that (1) no cells or electrical 
components be broken by the test, (2) the battery function properly, and 
(3) a s~raight 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 sections of this report covered five 
majol areas of research. These are: 

o Selection of a computational method 
o Hargins of safety in XP enclosures 
o Weld quality in XP enclosures 
o Reliability of XP enclosures with windows and lense~ 

o Performance tests for XP enclosures 

Several tasks were performed in each of these areas. The key findings 
were: 

Selection of th~ Computational Method 

o The ANSYS finite element computer program has all of the features 
required for the analysis of XP enclosures, and lt was chosen 
for the finite-element analyses documented in this report. 

:) 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 leps "user friendly" 
than ANSYS. 

o 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 

o DynamiC effects, produced by explosions of methane and air, were 
found to be very small for the enclosures analyzed in this study. 

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

o None of the enclosures tested ruptured at internal pressures of 
150 psig. 

o Weld joints in one enclosure partially failed at pressures as 
low as 60 pSig, and ~t~anent deformations of 0.31 in./ft were 
produced in the enclosure by a pressure of 150 psig. 

o At locations other th4n the cov~r seal, only one enclosure leaked 
(during the hydrostatic test) at pressures below 150 psig. A 
small leak ocurred around the window ~t 140 psig in the first 
hydrostatic test of one lumina!re. 

o Safety factors tend to decrease with increasing enclosure volume. 
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.} Physical properties can vary widely for some cast materials. 'nlese 
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. 

o The behavior of welded joints under load is d:fflcult to predict 
and therefore to accurately describe in an analytical model. 'nlis 
is particularly true for low-efficiency joints. High-efficiency 
joints are more predictable. 

Weld Quality in XP Enclosures 

o Small manufacturers do not have well-documented welding practices. 

o Large manufacturers have welding procedures, and most adhere, at 
least partly, to AWS w .... '.ding codes. 

o 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. 

o Amplification facto~s (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 windo'J surfaces. 

o 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 Shock Teat. 

I) 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. 

o Heat and UV light degrade polycarbonate windows and adhesive 
materials that are used in some XP oenclos'lres. 

o Polyarylate may be a more suitable material than polycarbonate 
for XP enclosure windows and lenses. It 1s a plastic with good 
heat and UV resistance and adequate toughness. 

Performance Tests flnd ~ceptance Criteria 

o To assure thbt all enclosures are designerl for l50-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 environment 
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. 

o 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 Protprtion [lom bU% of roof falls requires that exposed surfaces 
be designed for a kinetic energy of 3700 ft-lb/ft 2 • based on data 
from past roof falls. 

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. 

9.2 Conclusions 

Based upon the key findings noted in the preceding section and other 
results reported herein. the following conclus:l.ons were reached: 

o Nonhomogeneous material properties and weld joint stiffness 
and strength are not always well known. Because of these 
uncertainties in the input data. HSHA should not rely exclusive]y 
upon analytical methods for enclosure certification. MSHA could 
use a combination of analysis and testing for certification if 
they chose to do so. 

o 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 
enclosure is unusually large. 

o Sooe enclosures have been designed to withstand the MSHA Explosion 
Test and not lSO-psig internal pressure. Enclosures should be 
hydrostatically tested by MSHA to assure that they will contain 
pressures equal to or 6reater than 150 psig. 

o 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. 

o Joint efficiency is not well understood by many enclosul'e 
manufa'~turers • 
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o 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 ZG 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. 

9.1 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. 

o A structural performance test, such as the one desc ribed in 
Appendix E, be used by MSHA in the certification of enclosures. 

o MSHA utilize analytical methods as an aid to enclosure 
certification. A &creening program for enclosures, to be used 
prior to testing, is one way that this recommendation can be 
implemented. 

o MSHA require that XP enclosures be fabricated according to an 
American Welding Societf (AWS) Standard. AWS D14.4 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 ~ine environment, are given in Appendix K. 
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o Vibration tests be performed on selected enclosures to determine 
how well they withstand. over their expected service life, vibra~ion 
levels on typical mining machines. 

o Before a Ruggedness Test is 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. 

o 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. 

o Windows and lenses. particularly those made of glass, be protecte~ 

from roof falls and side impacts. 
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APPE:mIX A--GRAP4S OF ANALYTICAL RESULTS FOR ENCLOSCRE r 

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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r to Yield 

FIGURE A.12. ELEMENTS IN BOTTOM SHELL WIm VON MISES STRESSE.S 
EXCEEDING 36 KSI - INSIDE SURFACE 

A.13 



FIGURE A.I3. ELEMENTS IN BOT!OM SHELL WITH VON MISES STRESSES 
EXCEEDING 36 KSI - OUTSIDE SURFACE 

A.l~ 



First Element to Yield 

FIGURE A.l4. ELEMEN1'S IN SIDE SHF.LL WI'm VON MISES S~SSES 
EXCEEDING 36 KSI - INSIDE SURFACE 

A.lS 



FIGURE A.iS. ELEMENTS IN SIDE SHELL WITH VON MISES STRESSES 
EXCEEDING 36 KSI - OUTSIDE SURFACE 

A.16 



FIGURE A.16. ELEMENTS IN BACK SHELL tnTH VON MISES STRESSES 
EXCEEDING 36 KSI - INSIDE SURFACE 
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1-1 

FIGURE A.Ii. ELEMENTS IN BACK SHELL WITH VON Ml~ES STRESSES 
EXC~EDING '36 ~{SI - OUTSIDE SUP..FACE 
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APPENDIX B--SERIES SOLUTION FOR tOLT STRESSES 

SERIES SOLUTION FOR BOLT STRESSES 

This ~ppendix presents a means of computing bolt and cover ~tresses 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 bRsed upon saveral 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 

lD01Dents 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 may 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 defl~ction 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 iutersects the midplane of the cover. Figure 8.2 

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 hol~s. The bolts are assUIlled to be attached to a solid 

cover at their discrete locations. 

8.1 
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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 is conservative in that .the computed 

safety factors will be smaller than th~ 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 th~ bolts is bas~d 

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 Po. The deflec­

tion of the plate will be represented by a double sine series of the form 

~here 

ao ex> 

w(x,y) - I 
m-l 

a sin am X sin Bny 
mIl 

amn ~ Fourier series coefficient 

m'IT --a 

Sn 

(B. I) 

(B.2) 

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) - 0 
w(a,y) - 0 (B.3) 
w(x,o) • 0 
w(x,b) • 0 

and 

B.3 



Mx (0 ,y) .- -r· [a2w~~~y) + \i a2w~;~y) ] - 0 

Mx(a,y) - -D[ 3
2
w(a}y) + \i a2w Ca}y)] _ Q 

3x ay 

M/X,o) 0: -D [a2w~~}o) + \i a2w~=}o)] '" 0 

M (x b) .. -D [a2
W(X}b) + \i a2

w(X}b)] = 0 
y • 3y 3y 

where D is the flexural rigidity of the plate 

and 

E 

h 

- modulus of elasticity 

• Poisson's ratio 

- plate thickness 

M and M • the bending moments per unit length in 
x y 

the x and y directions 

(B.4) 

(5.5) 

The Fourier cnefficients a will be determined by evaluating the 
mn 

total potential energy of the system and using the principle of stationary 

potential energy. If we let 

Ub - strain energy in bending for the plate 

Uf = strain energy for the bolts (fasteners) 

n - potential energy of the internal pressure Po 

then the total potential energy of the system is 

(B.6) 

The principle of stationa!1' potential energy says that, for equilibrium 

o TT - <S (U
b 

+ U f + n) • 0 (B.7) 

where 5~) is the first variation [B.I]. 

The strain energy of bending in the cover can be shown to be [B.2] 

B.4 



Ub - ~ If l(W + W )2 - 2(1 - v) (w w - W 2») dxdy 2 xx yy xxyy xy 
(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 evaluated to be 

or 

The potential energy of the constant applied pressure Po is 

n - J I -Po w(x,y) dxdy 
A 

(B.9) 

= -Po f f [~ I amn sin am X sin sny] dxdy 
A mal n-1 

where a - 0 (for m or n odd) 
mn 

~ = a
mn 

a b 
\' \' -- cos am X leos Snyl 
I. 1'1 amSn 

m-1 n- 0 0 

(B.lO) 

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 ~, shown in 

Figure B.3. The moments and shear forces at any section Z are 

B.5 



p 

z 
y 

Lateral Deflection 
at Top is Zero 

FIGURE B.3. GEOMETRY AND LOADING 
FOR TYPICAL BOLT 
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M (z) x - MxT - U' - z) VyT 

M (z) -!i -y yT (l - z) VxT 
(B .11) 

V (z) - V x xT 

V (z) y -" yT 

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., 

1. 

U 1 fb [M 2(z) + M 2(z)]dz ----f 2EbTb 0 x Y 

Ks r [V 2(z) 2 (8.12) 
+ 2~~ + V (z)]dz 

x Y 
0 

2 
+ P ib 

2~~ 

where 

~ - modulus of elasticity for bolt 

~ - shear modulus (G - 2 
E 

V») (1 + 

1\ - bolt cross-sectional area 

\ - area moment of inertia about any diameter 

4 
K • shear shape factor (Ks - 3 for a circular cross-

S section) 

~b - length of bolt 

If the moments and shears in (B.ll) are substituted into (B.12), 

evaluation of the integrals yields 

B.7 



+ MyT 
2 

+ My! V xT 'o + ,~
2 

V xT ' ] 

+ KS2.b [V 2 + V 2 + p21b 1 
~~ xT yT 2~~ 

The deflections and angular rotations may now be determined by using 

Castigliano's theorem, which states [B.3]. 

(13 .13) 

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) 

0i is the deflecxion 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 

(B .15) 

0 
ib 

[- H 
2 

'o'OyT] --- tb + '3 mT 2~Ib xT 

(B.l6) 

K ;, ,VmT + s 

'\~ 

B.B 



(B .17) 

dOxT 3v 
-,,- - ex - x - slope i\ t top '"' -- -

ax aMyT 
(B .18) 

35yT 3\i 
" • By - y - slope at top • - "M 
a y a~ 

~ .] 
- 2~~ [2MXT - VYT 2.b 

(B .19) 

If we assume that the lateral displacements at the top of the bolt 

are zero. then 

o '"' 0 • 0 
xT yT 

(B.20) 

and fro~ Equations (B.15) and (B.16) 

(B.21) 

(B.22) 

B.9 



By substituting Equations (B.21) and (B.22) into (B.18) and (8.19), the 

slopes can be expressed only in terms of the moments at the top of the bolts 

If the constants Cl , C2" and C3 are defined as: 

C1 • 121b1tKs + ~c"" 2 

C2 • 6Fo1bKs + 2~~" 2 

Equations (8.23) and (8.24) can he rewritten as: 

Q.
b 

C
1 

ex • 2Eb" Cz MYT 

io2 
C1 -----v 21b1b C3 xl 

B.IO 

(S.23) 

(8.24) 

(8.25) 

(B.26) 



(S.27) 

The above equations can be substituted into Equation (B.13) so that the 

total strain enE'.rgy in the bolt can be expressed in tet'1DS of the rotations 

and axial displacement at the top 

(S.28) 

Equation (B.28) can be simplified to 

(B.29) 

(B. 30) 

x [e 2 + e 2] + ~ ~ is zT 2 
x y 2';' 

R.ll 



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 b~ written as 

TT ... U ... U + n 
b f 

(B.3l) 

where Xi' Yi - location of i-th bolt 

N - number of bolts 

1 if m and n odd 
£.mo ,. 

o otherwise 

B.12 



All bolts are assumed to have the same geometry and mechanical properties. 

The principle of stationary potential energy, i.e., 

(B.32) 

can be expressed by taking the partial derivative of Equation (B.31) with 

respect to the generalized coordinate a • 
pq 

This yields 

2 a
p
.] 

sin am Xi cos Sn Yi) (~ sin ap Xi cos 

N 

[1 
... 

+ 2 K2 I I. a sin am Xi sin 
i-1 n-1 mn 

x [sin CLOP Xi sin Sq Yi ] - 4{! 2abF;~S 
'!1'zpq 

a mn 

Sq Yi ) 

an Yi ] 

• 0 

(B.33) 

Expression (B.33) represents an infinitely squared set of linear alge-

braic equations for the coefficients a • 
pq 

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 N2 equations. After 

the coefficients a have been calculated, the deflections and stresses in 
pq 

the bolts and cover can be evaluated. This will be addressed in the discus-

sion which follows. 

B.l3 



The deflection and slope of the plate can be expressed as 

U N 
w(x.y) - L L a

mn 
sin m:x sin n~y 

m-l n-=l 

N N 
e - oW L L m1f a cos ~ sin n1fy 
x dX m-l n-1 a mn a b 

N N 
e ow '\ \' bmT sin ~ cos n1Ty 

y - 3y - l. l. amn a b 
m-l n-1 

(8.34) 

(8.35 ) 

(8.36) 

By e'Talutating the plate deflection at the bolt locations. the axial loads 

in the bolts can be directly computed from 

°axial -

E'oW(X.y) 

ib 
(B.37) 

The bending moments and shear forces at the top of the bolts can be found 

from Equations (B.23) and (B.24)' 

(8.38) 

11.14 



Equation (B.ll) gives the relationship for the moment and shear at any loca­

tion along the bolt's length. It indicates that the bending moment ,'aries 

linearly, and the shear is constant with length. Therefore, the maximum 

moment occurs either at the top or bottom of the bolt. At the bottom the 

bending moments are 

(B.39) 

The bending and shearing stresses in the bolts can be found from the stan­

dard strength of materials relationships 

where 

Me 
0-­

T 

T -~ Ib 

cr - bending stress 

T - shearing stress 

M - bending moment 

V - transverse shear force 

c - distance from neutral axis to location bending 
stresses are to be computed 

I - area moment of inertia about neutral axis 

(8.40) 

(8.41) 

Q - static moment (about neutral axis) of cross-sectional 
area between free edge and plane through point being 
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 
°max - 'I1'Dt 

16v 
Tmax - 3'11'D2 

b 

where Db - the diameter of ~he bolt. 

B.15 

(8.42) 

(B.43) 



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 

plar.e are [B.4] 

Mx .. -0 [TN + vt.; ] xx yy 

M '"' -D[W + vW ] 
y yy xx 

M '"' -M .. 0(1 - v) W 
xy yx xy 

(B.44) 

o aM + 3M -0 ~ [W + W ] 
"'X '"' ~ ....2. '"' ax xx yy 

3y ax 

3M aM a 
Qy • --:L - .--!! - -D - [\~ + W ] 

3y ax ay xx yy 

where w(x,y) can be evaluated from the series given by Equation (B.l). The 

maximum bending and shearing stresses in the plate at location (x,y) can be 

found from the relationships 

6M 
(0' )max - x 

x ~ 

(0 )max _ 6Hy 
Y }iT" 

(B.45) 

where h is the thickness of the plate. 

By assuming the transverse shearing stresses T and T are distributed xz yz 

parabolically across the thickness of the plate, then 

1~ 
(T )max - 2 h xz 

(T )max _ 19I. 
yz 2 h 

B.16 

(B.46) 



z 

x 

z 

x 

OM 

3M 
?-f + -..:I.. dy 

Y 'ay 
M +~dy yx oy 

aM 
H +~d x.y aX. x 

(a) Bending and Twisting :1oments 

(b) Shearing Forces 

a~l 

+~dx 
:1X 

a~ 
o + -,,- dx 
"X aX 

FIGURE B.4. SIGN CONVENTION FOR PLATE LOADS 
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The theory developed up to this point will allow computati~n of the 

deflections and stresses in the cover and bolts. Because the determina­

tion of the coefficients a requires the solution of a large set of 
mn 

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 

res~lts taken at the center of the plate are compared with a nine-term series 

solution in Table B.l. 

TABLE B.l. COMPARISON BETWEEN SERIES SOLUTION FOR A 

STAINLESS STEEL PLATE AND TIlE SOLUTION OF 
REFERENCE 

T1moshenko's 
Analytical 
Solution [B.4] 

Series 
Solution 

Deflection 
(in. ) 

0.07012 

0.07139 

a Stress 
x(psi) 

18,319 

18,138 

a Stress 
Y(psi) 

13,923 

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 i~ 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 asst~d to be 0.85 in., the distance 

B.18 



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. 

1 
(long side) 

2 
(comer) 

3 
(short side) 

TABLE B. 2. COMPARISON BETWEEN SERIES AND FINITE 

Solution 
Procedure 

Finite Element 
Series 

Finite Element 
Series 

Finite Element 
Series 

ELEMENT SOLUTIONS 

Deflection 
(in. > 

0.001332* 
0.000818 

0.000252* 
0.000041 

0.000828* 
0.000642 

Axial Stress 
(psi) 

21,157 
27,925 

3,929 
1,406 

16,573 
21,906 

Bending Stress 
Top of Bolt 

(psi) 

4,438 
5,046 

7,207 
2,181 

46,693 
33,680 

60,033 
43,509 

8,104 
2,220 

4,546 
4,972 

*The deflections include rigid body motion as well as elongation of the 

bolts because of where constraint was applied in the F.E. model. 

For bolts land 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 comer 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 

B.19 
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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 

platt!. 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 shows the distribution along two 

a~jacent edges of the plate. In all cases the reaction is positive. which 

means t.here is no tendency for a gap to open up between the plate and sup­

port. Figure B.5 also indicates that with a O.SO-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 HIeHER V I BRAT toN M()DES ON THE 
DYNA.~I C RESPONSE OF ENCLOSURE 1 

EFFECTS OF HIGHER VIBP~TION ~ODES ON TijE 
DYNAlfiC RESPONSE OF ENCLOSURE I 

In the computation of the dynamic load factor for Enclosure It 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 Qodes. 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.l(a) 

subjected to a uniform pressure q(t). The pressure increases with time 

acco~ding to the loading indicated by Figure C.l(b). 

The partial differential equation of motion is: 

D + + 

(C.l) 
q(x,y,t) 

where 0 - flexural rigidity of plate Eh3 

12 (1-v2) 

(J ,. mass/unit volume 

h ,. thickness of plate 

q(x,ytt) ,. q(t) for a uniformly lQQded plate 

W(x.1,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: 

l. w(o,y,t) • 0 
2. w(a,y,t) - 0 

3. w(x,o,t) -~ 
4. w(x,b,t) - 0 

C.l 
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FIGURE C.l. RAMP LOADING ON SIMPLY SUPPORTED PLATE 
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5. Mx(o,y,t) - -D [ a2w(o~!,t2 + va2w(o~l:zt) ] ax 3y 

6. 
Mx(a,y.t) - -D [ aLw(a~~&t) + v32w(a~~!t) ] ax 3y (C.2) 

7. My(x,o,t) - -D 
[ a2C1J(x~ozt) 

3y + 32w(x
2

o zt) 
v ax ] 

s. 
t<1y(x,b,t) - -D [ 32w(X2b zt) \1 32w (x2b I q ] 

ay ax 

For initial conditions, we will assume that the plate is underflected 

and at rest at the time t - O. These give: 

CIJ(x,y,o) - 0 

and (C.3) 
aUl(X!~,O) - 0 

dt 

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.l and C.2. Taking the Laplace transform of Equation (C.l) 

with respect to time gives: 
4-

D [ a w(x~yzs) 
ax 

+ + "14:-', •• t s) ] 
2 v "'4 z 

ay 

+ ph [ S2w(x.y.s) Sw(x.y,o) 

where w(x,y,s) is the Laplace transform of 

transform of q(t). 

aw(XIYzo) ] 
at 

w(x,y,t) and ~(s) is the 

The ramp loading shown in Figure C.l(b) can be written as 

q(t) - qot[l - Sto(t)] + qoSto(t) 

where the Sto(t) is ,the unit step function defined by: 

o < t < to 

• 1 t > to 

C.3 
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The pressure q(t) correctly reduces to: 

q(t) - ~ 
to o < t < to 

.. qo t > ta 

The Laplace transform of q(t) then becomes: 

[
1 toetos 
":7 --s S 

-tas 
+~ 

S 

-t s] e 0 

-sr 

and with the initial conditions, Equation (C.4) 

D d W(X4Y.S) + 2d (o)(x,y~s) + 
[ 

4- 4-

ax dx2ay 

+ ph [ s2i:i(x,y,s) 1 
We will take the function i:i(x,y,s) to be: 

... ... 
i:i(x,y,s) Z L 

n-l 
L ~ (s)W (x,y) 

m-l nm run 

(C.7) 

(C.B) 

(C.9) 

(C.10) 

where W (x,y) are the free vibration mode shapes. These are given by: 
run 

where 

W (x,y) - _2_ sin C\ X sin 8 y 
nm ~ n m 

nn 
a -­n a 

Note that W (x,y) are orthogonal and normalized to one, i.e., 
nm 

Jb J w (x,y) W (x,y)dxdy - a nm pq 
o 0 

(n .; p) 

(m .; q) 

C.4 

- 1 (n .. p) 

(m - q) 

«(;.11) 

(C.12) 



and of course, satisfy the boundary conditions given in Equation (C.2). 

Substituting the expression for ~(x,y,s) [rom Equation (C.10) into 

Equation (C.9) gives 

I I 1 o[a n
4 ~nm(S) W (x,y) + 2~ 2 S 2 ~ (s) w (x,y) 

n"'l m-l nm n m nm nm (C.13) 

If Equation (C.13) is multiplied by W (x,y) and both sides integrated over pq 

the area of the plate, the resulting expression becomes: 

11 sin ~ X s:l.n SqY dxdy 

a b 
cos ~p X J cos t\ y b 

(C.14) 

(cos p~ - 1) (cos q~ - 1) 

p and q odd 

p or q even 

The expression for ~pq(s) now becomes: 

<Ppq (8) - ----,:--~ ...... -~ , (p, q odd) 
(C.1S) 
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The inverse Laplace transform of ~pq(t) is: 

~P.(t) • apS. 8~ t.ph [b-<kt - sin kt) 
(C.l6) 

where 

- (~ (k(t - t.» - sin k(t - t.») St. (t)] 

k2 _ 'p':-<a 2 + a q2) 2 , (p, q odd) ph p 

It 1s instructive to note that k is simply the natural frequency of free 

vibration for given integers p and q, i.e., k • w • The complete solution 
pq 

is: 

.(x,y,t) • !:p~~. pI, qi, ~Bq [~(kt - sin kt) 

(P. q odd) 
(C.l7) 

-( k! (k(t - t.» - sin k(t - t.) ) St. (t.)]Si. a p X sin SqY 

Since the general solution contains only odd integers p and q, the 

response will be symm~tric about the midplanes of the plates. In the 

time interval 0 < t < to, the solution reduces to: 

w(x,y, t) 
_ 16 a.. L 

abph p-1 

(p, 

L 1 1 t "" [ 
q-1 k2~ Bq t:C 

q odd) 

sin 0p X sin Bqy 

In the time interval t > to, the solution becomes: 

(C.18) 

_ !.Lh eo 00 

1 [1 + ~Sin k(t - t.) - sin kt)] w(x,y,t) L L abph 
p-1 q-1 

kZo B to 

-. 

( p, q odd) (C.19) 

sin Q p X sin BqY 
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The expressions in the brac~ets of Equations (C.l8) and (C.19) are analo­

gous to the dynamic load factor given by Biggs [C.3], i.e., 

DLF _ ~ (t _ sin wt) 
t" w 

o <. t < to 

(C.lO) 

B 1 + __ 1_ (sin wet - to) - sin wt) 
wt" 

t > to 

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 to. the solution reduces to that of a plate 

loaded statically. That is. 3S to approaches infinity 

00 00 sin p'IT X sin .9.!.I 
_ 16 q" ~ ~ a b 

w(x.y. t) ::o-n L L 2 2 
'IT 1'-1 q=l q(?- + p.)2 

(P.q odd) 

This expression agrees exactly with the static given by Timoshenko in 

Reference C.4. 

(C.2l) 

To obtain the solution for a step loading. we let to ~ 0 in Equation 

(C.l9). and using L'a9spital's rule. 

00 00 sin (l X sin S y 
( ) -~~ ~ p q ( ) w x.y.t abph L I. CLS

q
k 2 1 - cos kt 

p-1 q-l p 

(C.22) 

(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 EquatiQns (C.1S) and (C.19) and define a dynamic 

load factor in the pq mode by the expressions: 

DLF(p,q,t) .. l- (t _ sin Wpgt) 
to W 

pq 

o < t < to 

(C.23) 

• 1 + _1_ (sin W (r. - to) - sin W t) 
Wpqt pq pq t > to 

The factor can be read direct1v from Figure C.2 if the frequency w and the . pq 
rise ti~! t are known. Equations (C.1S) and (C.19) now can be written as: 

o 

co 

( .~ \' w x,y,t) abph L 

DLF(p,q,t) sin a X sin 8 y 
" 9 

(p,q odd) 

The bending stresses in the plate are: 

aM ax _ x 
~ 

where the bending moments are given by: 

aM 
ay· ~ 

In terms of the solution for the simply supported plate, the bending 

stresses become: 

ax • - 969 0 ¥ I 
abph 1 p. 

00 

(p,q odd) 

DLF(p .9, t) 
w2 

pq 

C.B 
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QI) 

3y" 96900 \" 
-~ I. 

p-l 

ao 
\ OLF (p, q. t) 
I. W2 

q=1 pq 

(p,q odd) 

sin Cl p X sin BqY (C.28) 

~or a pIete with the properties of the bottom of Enclosure I, the 

frequency Wpq and corresponding period Tpq for p,q - I, 3 are [C.5]: 

Wpq (rad/sec) IT (msec) 

~P.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 

Using the shortest rise time of t - 17.7 msec determined in Section 
r 

4.1.4.3 the ratios of time tr to natural periods. Tpq' are found to be 

T It pq r 

Ip .9-+ 1 
I 

2 3 

1 5.7 12.3 23.3 

2 16.1 22.7 34.0 

3 23.6 40.2 50.6 

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 stre~ses from 
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Equations (C.24), (r..27), and (C.2S), 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 mo~e 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 w1th 

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 ~.~. Because 

of its simplicity, this approa~h certainly offers many advantages to the 

designer for the initial ~izing of the containers and to the 

Bureau of Mines in checking the adequacy of proposed enclosure designs 

to dynamdc response. 
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APPENDIX D--PRESSUKE PIU~G: 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 enclosure 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 JS8M and HSHA 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, instead, 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 2G 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 considere.d abnormal compared to pressure obtained in a 
constant volume combustion process with a precombustion gas pressure at or 
very near standard atmospheric pressure. 

Compartmentation alone 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; how~ver, 
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 Examole 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 used to explain the high explosion pre­
sure. They agreed with the conclusion of a much earlier work by Beyl1ng 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). Bet, 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 butning flame jet protruded into 
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the second, smaller chamber. P~ecompression 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 t~e turbulence and sizeable 
(large relat1ve 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 ~~eeler. 

A large part of the report in Ref. D.l was devoted to the instrumentation 
for measuring pressure and to ascertaining what pressure was probably attained 
from pr~ssure-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 em long and 33.5 em 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 l20-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
mosphere 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 em long and 3.2 cm diameter or 
2.5 em 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 unburced 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 flamea died out altogether. 

4. A cubical iron box ~6 liters in volume was connected to an 8-
liter bronze sphere by a 7.S-cm-long and 2.5-~diameter steel 
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tube. The box was destroyed by an internal explosion of uut'e­
cordable intensity when 9.5% methane in air was ignited. 

5. A lOO-liter cylinder with domed ends and havinE a length equal 
to the cylincer diameter was connected to a 6-liter sphere by a 
7.6-cm-long and 2.S-cm-diameter steel tube. With ignition in the 
far end of the larger volume of 9.S% 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 l4S 
and 235 psi). The peak was followed by a dip to a pressure below 
100 psi and a return to about 115 psi. Th1~ 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 returned to about 100 psi and then the cooling phase 
occurred in typical fashion. 

Because 9.5% methane in air leads to an explosion pressure/initial pressure 
* ratio of approximately 1.0 , a 2S0-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 
~nttia1 (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 500 tests on a large core-cooled electric motor, pressure piling was 
common until the number of motor cooling ducts were reduced by one-half, thus 
reducing the fo~ced cooling circulation in the motor easing. 

In other tests in a special apparatus designed to investigate pressure 
piling. a one-cubic-foot cylinder was connected by a l-!n.-long, l/8-in.­
diameter duct to a 1/4-cubic-foot cylinder. Peak pressure attained was 820 
psi. Additional data pertaining to the above mentioned studies &&y be found 
in Refs. 0.2 through 0.16. 

An earlier work by Gleim (Ref. 0.17) than reported in Ref. 0.4 gives 
some eight factors that could result in "pressure heaping." l'he factors as 
described by Gleim in Ref. 0.17 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 fr. 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. Unfortunately, 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 (P~f. 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 ~elative size of the flame ignition source to the compartment in 
which 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 11 partitions 
with 4-in. holes over a distance of 106 ft, was filled vith 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 detonation in a tube without obstructions. 

To quantify the pressure piling effect, Gleim and Marcy conducted ex­
periments within a l-ft- by I-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 lO-kHz carrier frequency. A 9.5% mixture of nat­
ural gas (91% methane, 8% ethane, and 1% 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 conditl~n, central ignition of au unpartitioned test 
contiguration resulted in 80 psi. For a 7:1 volume ratio using the lO-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 1n 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. For 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 
195 psi was obtained for a volume ratio of 1:1. Ignition occurred at the 
midpoint of the first volume wall, and peak pressure occurred at the far end 
wall of the second volume. However, peak pressures of approximately 155 psi 
were obtained in the second volume for 1:1 vol~e 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 less than 
15 ms to reach 80-90% of the peak pressure. 

For a compar~nt volume ratio of 1:1 separated by an orifice plate 
having a 2-in.-diameter hole, a peak pressure of 315 psi was obtained. 
Ignition was at the side wall, but away from the hole ccnnecting the two 
volumes. The mirYor tmage 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 2-1n. holes indicate that highest pressures are obtained when ig­
nition occurs away from the connecting 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, Cleim 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 1f pressure piling ~ould 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 ~ high peak pressures. What was clear was that a 
small opening or passage was more likely to give higher pressures than large 
o?enings. and high pressure could be expected in the chamber opposite that 
chamber where ignition occurred. They also suggest that tests be conducted 
USing fast response pressure gages ha~~ng diaphragms flush to the walls. 
Their suggestion i~dicates that they believed that resonance frequency of 
gages may have b~4n 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 
iu the gas during burning. This phenomenon has been observed by others 
(Refs. D.l8 and D.l9. 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. 

Mechanisms 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 a~celeration from 
one chamber of an enclosure volume through an 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 burning 
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 more 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 
quatioDs may be raised as to whether pressure·piling is predictable or 
whether it 1I18y occur in experiments. In the case of an analytical model, 
the effects necessary to predict pressure piling should be included in the 
model 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 th~ enclosure 

2. gas type and concentration 

3. initiation location and strength 

4. precompression of unburned gas in excess of normal pre­
compression 

5. 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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1. Subscale gas explosion experimental testing has been shown to 
give different results than full-scale model experiments. 

2. For hydrocarbcn gases except methane, cellular instability 
(described later) occurs in rich fuel-air mixtures. 

3. A volume of explosive gas centrally ignited may result in more 
severe and rapid pressure rises than an end ignited gas mixture. 

4. Precom~ression of explosive gas leads to higher peak combustion 
pressure. Gas in a second chamber, ~recompressed before flame 
arrival through a connecting passage and consequential ignition 
of the connected volumes gas, produces greater than normally 
expected pressure peaks. 

5. 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 pos!tive feedback loop is evident. 

6. 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 correlation 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 burned and unburned gas, as be­
tween accelerated venting gas through the passage and 
secondary chamber gas, shear grad1ents 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.2l). 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.a., temperature) being the same, the effect of pre­
compression may be incorporated into an evaluation model with leS8 difficulty 
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than would be required to evaluate flame ins tab iIi ties. Whatever experi­
ments or models cne 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. 

F~rther Refer~nces to Pressure Piling 

Several references have been made to pressure piling in USBM reports 
and elsewhere. Often, 90~eY6r. a shortcoming is chat references do not go 
on to describe wat "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 BU1'eaU'8 Experimental Hine, foro example, propagating 
explosions have developed froorr' 1 to 127 psig, and in a few trials proes8U1'e 
piling ~aU8ed higher', unr'€corodabZe proessuroes, and aonsiderabZe damage. 

In his paper on rapidly applied pressures in enclosures, Smith, Ref. 
D.23, gives recognition to pressure piling: 

It is known (Griae, 1929 and Titman & Raig, 1950) that, 
when ignition of an explosive mi=ture takes pl.ace in one 
of 1A.10 interaonneated compartments, and in aertain other 
cirocwnstanaes, 'pressure-pi u,ng' may occur in the other 
corrpartment if the ratio of their voI.wnes is within cer­
tain Zimits. The encZosures used for the tests to be 
dsscribed t.1ere of simpLe internal. design that did not 
lead to proessure-piUng tJith its assoaiaud high proessures. 

Also, Marinovic (Ref. D.24) warns of pressure-piling dangers, but refers 
to the phenomenon as the "detonation effect" in his discussions on max:i!!1um 
safe gap of enclosures. 

In the last ten or moroe years it has been fowtd out in 
various aountries that in case of f7,curmable mirt;u..""Ss the 
I'I'ItlZi.mwn safety gap <:an be reduced due to other phenomena. 
This can be c:aused by the so ~l.Zed 'obstacl.8' effect~ 
""hich with ertsmal. obstacles in ths vicinity of the gap 
can cause ignition of er..ernaL at;mosphere~ or a'tso by dsto­
nation effeat~ which can ocaur in casings with divided 
compartments or in casings of oblong form. 

Scott, Kennedy, and Zabetakis, P£f. D.25, describe bripfly the work of 
Grice and Wheeler, Ref. D.l,with confined methane and air. and attribute 
the high explosion pressure to geometry as well as ignition location. Scott, 
Kennedy, 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.S% methane). Also. 11% 
gives the same pressure as 9.5%. and an even richer mixture of appro~tely 
11.9% will yield the same explOSion pressure as an 8% 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% mechane in air. 

Engel and Merritts, Ref. D.26, refer to pressure piling. but in fact 
do not experience it in their demonstrations. Stefanko and Morley, Ref. D.27 
in discussions of USBM Schedule 2G comparison and IEe recommendations on 
mechanical strength, state the following: 

Mechanical, Stloength. The comparison h~re has been al,ready 
investigated thoroughl,y ~ith the e=ception of pressure piling. 
PNssure piUng refers to the devel,opment of' abnormal, pressure 
as a resuZ t of a gas-air mi:::ture' s acee l.€rated burning rate 
(ioo-r!' It is frequen-i'Lij- caused by restricted configurations 
LJithin enaz.osures. The IEe recognizes this proHem can occur 
~henever an enclosure is subdivided and requires designs 'Leading 
to pressure piUng be precluded as far as it is practicaL If 
not, the rrechanicaZ strength must be increa8ed. The design speci­
fications and testing requirements of Scheaule 20 appear to elimi­
nate the prob'Lem. H~ever, if changing to perforomaTICe, a require­
ment simi1.ar to nc's is abso'Lutety necessary." 

It 
USBM, ScheduZe 2G, 1968. 

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--S'fRUCTURAL PERFOP'}1A:lCE TEST FOR SCHEDULE 2(; ENCLOSURES 

STRUCTURAL PERFORMANCE TEST 
FOR SCHEDULE 2G ENCLOSURES 

I. PURPOSE 

The purpose of this structural performance test 1s to verify that 
explosion-proof enclosures are designed for a minimum static pressure of 
150 psig. 

II. 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 
test 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 in a separate test cell from the 
individuals conducting the test. 

The water tank should be at least 50 gallons 1n 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 p~ovide 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 1s used as a rough reference of the 
pressure being applied and as a backup safety indicator of whether tr.e 
system is under pressure or not. 

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 unit, should 
have a pl'essure range of 0 to 500 psig wi.th full range output voltage of 
5.0 volts. This type of transducer requires an unregulated power BOurce 
of 12 to 30 volts DC and a simple digital volt~eter to display the output. 
The output voltage sensitivity is approximately 10 millivolts per psi of 
pressure. Thus. prp.ssure can be read directly in psi's by simply dividing 
the nww~er of millivolts indicated by 10. The accuracy of this transducer 
is +0.25% of full range output, which is equivalent to +1.25 psi. 

III. HOUNTING OF TEST ENCLOSURE 

The geometry, size, and complexity of the test enclosure will dictate 
how it is connected to the pressurization apparatus. The general procedure 
is to use an existing feed through , if available. and adapt it for connection 
to the pressure tubing. In 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 cove~ 
for pressurizing the enclosure. 

Once a pressure connection is available. the next step is to provide 
a tight Real 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 is cut from 1/l6-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 toe mating surfaces with acetone 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.l. 

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 solvent 
and apply the sealant in a uniform bead 1/16 - 1/8 in. in dia=eter. 
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 
l10·F for a faster cure. The lid can be applied after the sealant 
"skims" 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.1. 

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, if 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 1s 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 is now ready to be closed for pressurization. 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.1. Using feeler gages, the gap, if any, between the enclosure and it~ 

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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insertion 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 
hydrostati.c test is conducted as follows: 

(1; Turn on voltmeter and power supply set at 15 VDC. 

(2, Hake 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 8S followa! 

Pressure 

30 
60 
90 

120 
150 

Change in Voltage 

0.300 
0.600 
0.900 
1.200 
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 inspe=t 
the enclosure 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 psiS, close the nitrogen 
cutof: valve. 

E.5 



(13) Shut off the regulator and open vent valve by reference dial 
gage. 

(14) Close water ~utoff valve. 

(15) Measure and record the gap between the enclosure and its cover 
at the same locations surveyed after sealing. 

(16) Remove enclosure. 

(17) Remeasure and record flatness of each side to determine if 
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 i.n./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--(;RAPHS OF ANALYTICAL RESl!LTS FOR ENCLOSURE I I 

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 .md 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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v .-
x max: 532 psi 
o min: 180 psi 

• 

FIGURE G.l2. MAXIMUU SHEAR STRESS AT CENTROID 
OF UPPER PLANE OF ELEUENTS - RECTANGULAR 

WINDOW - EDGE BEAMS WI'm EPOXY BOND 
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FIGURE G.D. MAXIMlJl1 STRESS - END WINDOW 

-

FJ CURE ~. 14. MINIMlJM STRES S - END WINDOlJ 

G.B 

X max: 588 psi 
o min: -137 psi 

X max: 42 psi 
o min: -564 psi 



X max: 289 psi 
a min: 23 psi 

FIGURE G.1S. MAXIMDM SHEAR STRESS - END WINDOW 

X max: 652 pfii 
o min: 71 psi 

FIGURE G .16. VON MISES EQUIVALENT STRESS - END WINDCM 
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APPENDIX H--STRESSES IN RECTANCULAR AND CIRCULAR 
HINDOHS BASED O:-l HAN!JBOOv.. 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.1 and give the stress factor, kl' as 
a function of the plates' geometlies. For a rectangular plate, the minimum 
bending stress is given by the expression 

where 

o 
m 

kl - curve A When edges are simply supported 
kl - 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 

cr k1 (%)2 p 
:1 

where 

kl - 0.3025 when edges are simply supported 
kl - 0.1875 when edges are clamped 
d - plate diameter 
t • plate thickness 
p - external pressure 

(H.1 ) 

(H.2) 

As a numerical example, we will take the dimeosions of the rectangular 
and circular plates in Enclosure III. For the rectangular plate 

a • 7.50 in. 
b - 3.75 in. 
a • 2.0 (aspect ratio) 0 t • 0.75 in. 

(H.3) 

and the stress factor from Figure H.I is 

kl • 0.75 (0.4) 

The maximum bending stresa for a 100-psi pressure can be computed to be 

<:1 
m 

-
2 

-Q.&l (~:;~) 100 psi 

1525 psi (H.S) 
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FIGURE H.1. STRESS FACTORS FOR RECTANGULAR PLATES 
UNDER UNIFORM PRESSURE (ADAPTED FROM TIMOSHENKO). 
A--Edges free. B--Edges clamped. (From [H.l)) 
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RELATIVE OISUN::t: aOIl EDGE 

FIGURE H.2. RELATIVE STRESS DISTRIBUTION IN FLAT CIRCULAR PLATES UNDER 
DISTRIBUTED PRESSURE. A--Edges free--circumferential streSR. 

B--Edges free--radial stress. C--Edges clamped--circumferen ial 
strens. D--Edg~s clamped--radial stress. (From [H.l]) 

H.2 



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 stt"esf. factor Is 

kl - 0.75 (H.6) 

and the peak bending stress is 

2 
a • 0.75 (~:;;) 100 psi m 

- 1875 psi (R.7 ) 

The finite element results 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 l~ttle restraint in 
bending. The surface stresses from Fig •• re 4.82 on the inside and out side 
of the window should be averaged to give the nominal bending stess, which 
is 

CJ m - 1877 psi 
and (R.8) 

CJ III - 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. 
(H.9) 

t - 0.625 in. 

and Equation (E.2) gives 

2 
a • a 3025 (3.406) 100 psi m . 0.625 

898 psi (simply supported plate) 

2 
o 0 1875 (3.406) 

m . 0.625 

• 557 psi (clamped plate) (H.lO) 

The averaged hoop surface stress at the center of the window computed by 
the finite element method is found in Figure 4.80. 

cr hoop • 771 psi (B.ll ) 
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This value is lower than the results for the simply supported case, but 
is still higher than the stress for the clamped plate. It is reasonable 
to eltPf'.::t the stresses computed by the fillite 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.1 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 Enclvsure III, as discussed 1n Section 4.3 in the 
body of the report. 
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APPENDIX I--r.xPLANATORY NOTES FOR USING AWS D14.4 WELDING STANDAR,) 
IN FABRICATING EXPLOSlON-PROOF ENCLOSURES WITH EXAMPLE COVER LETTER 

United States Department of the Interior 
BUREAU OF MINES 

4800 FORBES AVENUE 

PITTSBURGH. PESNSYLVA..:U\ 1~21! 

Pittsburgh Research Center 

Southwest Research Institute 
6220 Culebra Road 
Post Office Drawer 28510 
San Antonio. Texas 78284 

Attn: Mr. P. A. Cox 

Dear Sirs: 

$~pt~ber 24. 1979 

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 ~ith the task of 
p~ulgating 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 sevfral years. Our 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 'm~:erground mines to review their present welding practices. Also, 
a thoro'Jgh 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 fnnovations--American Welding Society 
Standard 014.4-77. 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, Pe"nsylvania 15213 
Telephone: (412) 675-6637 
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Ltr. to Mr. P. A. Cox. Southwest Research Institute. from Roger L. 
King re Quality of weld for explosion-proof enclosures; 9/Z4//9 

I have attached for your use a copy of AWS 014.4-77 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, 

fr~~ 
Technical Project Officer 

Enclosure 
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EX1'LAHATORY NOTES FOR USING AWS D14.4 WELDING STANDARD* 

IN FABRICATING EXPLOSION-~F ENCLOSURES 

Prepared by Southwest Research Institute 

Background 

It is Soutbvest Research Institute's recommendation that AWS D14.4 be 

adopted for fabricating XP enelosures. The use of this standard would not 

necessarily ~hanae weld joint designs or weld quality from ~st1ng practice. 

In face, of the six companies visited, welding practices conform to, and 

escead the design and quality requirements of the Standard; however, none 

of the companies visited formally recognize the visual examinations performed 

aD final weld surfaces, the class of design used on weldments. and the certi-

fication of welders used on XP enclosures. In recommending AWS Standard 014.4 

it is intended that the minimum requirement will be used. The specific parts 

of the standard vhich would apply to maftufacturers of XP enclosures are reviewed 

10 the following paragraphs. 

* 

The AWS D!4.4 Welding Standard is divided into t:,e following sections: 

(1) Scope 

(2) Cla •• ification cf Welded JoiDts 

(3) Welded Joint neaien 

(4) Worlaaanship 

(5) Quality Control Requirements and Procedures 

Unl.ss clearly stated as "in these notes," all references to figures. 
aectione, and pages refer to D14.4. 
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(6) Qualification 

Part A - General QualificatioQ Requirements 

Part B - Welding Procedure Qualification 

Part C - Welder Qualification 

Part D - Welding Operator Qualification 

Part ! - Qualification of Tackers 

(7) Inspection 

Part A - Radiographic Inspectiou 

Part B - Ultrasonic Inspection 

Part C - Magnetic Particle InspectiOl.'. 

Part D - Liquid Penetrant Inspection 

Part E - Visual and Dim.nsional Inspection 

These sections cover three criteria common to all welding codes, 

which are: 

(1) Welding Procedure Specification (Section 2, part of Section 3) 

(2) Welding Procedure Qualification (Section 6, Parts A and B) 

(3) Welder or Weldini OperatDr Qualification (Section 6, Parts A, C, 

D. aud E). 

In additioQ, D14.4 covers: 

(4) Joint Deaign (SecUon 3), ,mci 
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(5) Acceptance Criteria for Weldments (Se~tioQ8 4 and 7). 

A good feature of this cod. is that it ia self contaiDed, i •••• it gives 

sufficiently detailed information to perform all of the five functions enum­

erated. We believe that cla.aification of joint efficiencies, and the 

permissible us. of prequalified joints aDL procedures will be of great 

benefit to XP enclosure manufacturera. These features are discussed in 

more detail in the following paragraphs. Those unfamiliar with welding 

codes may not readily realize that maat of the written code addresses require­

ments for joints which are clas.ified .. "otb.r than prequalified. It Thus, a 

majority of the standard does not apply when a prequalified procedure and 

visual inspection are used. However, all of the prOvisions for qualification. 

testing and inspection-methods are given in the event they do become necessary. 

The following discussions will attempt to.show both the Simplified, prequa1ified 

procedure and also the procedure qualification testing situations. 

Applicable Sections 

Ther. are some parts of AWS D14.4 thAt do ~ot apply to manufacture of 

XP enclosures under present practic.s. For example, Classes I, II, and III weld 

jOints, which give 100% static joint eificiency, are not presently used for XP 

enclc~urea. Therefore, the weld quality requirements for these classes of 

w.lds do not apply. and so ultra.onic, radiographic, and magnetic partiele 
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nondestructive testinl are not a.c ••• ary in the d •• ien for IP enclosures. 

Cla •••• It lIar III could b. u •• d if at anytime the desiener con.ider~ it i. 

beneficial to have a hiaber joint efficiency. It follow. that inspectic.~ 

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 014.4 that 

should be applied to present practice. 

JOiDt Efficiencv (Section 2) 

Joint efficiency i. the ratio of the strenath of a joint to the .:ren.t~ 

of the ba •• metal expre •• ed in percent. The .• election of joint efficiency 

depend. entirely aQ the de.ign parameters that are established by each m.nu:ac­

!urer to meet the .ervice intended for the part. Pa.t experience and certifica­

tion testina are also u.ed to determine suitability of joint desiras in .edi­

tion to calculatinl allowable unit .tre..... Allowable unit stre •• e. (~ mo.t 

often are calculat.d by the fo~la: 

where P i. the joint load 

and A i. the effective weld ero •••• ctional area per unit lenlth of weld 

The allowable .. x~ .tr ••• mu.t then b. multiplied by the joint efficiency 

shoWD on Figure 2.1 on page. 2 and 3 of the .taDdard to e.tabli.h the permis­

sible de.ira .tress. Fatiaua of the weld can also be evaluated as .hOWD in 
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Figu~e 3.1.3 on pages 4 and 5. Host Xl enclo.u~es a~e presently built to Clas. 

IV and V type of joint designs. The ~s. of joint efficiency in enclosure 

designs is demonstrated in Example 1 of these notes. 

P~eQualified Welding Procedures (Section 3) 

Prequalification of a welding procedure speeific.~ion (YPS) 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 teiting. The purpose in qualifying a welding proced~re or using a 

prequaliiied procedure is to provide alsuranee that quality welds and strength 

levels ean be produced within a certain range of welding variables using the 

mate~ials and processes telted. Procedure qualification provides a deaonatra­

tion that sound welds can be aade and offe~1 a measure of quality assurance for 

product liability. 

Details of wel~ed joints (paragraph 3.3 page 1) and the fillet weld 

details for carbon and low-alloy staels (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 .s p~equalified 

joints. The referenced Figure. 3.2.5, 3.3.4.1.2, 3.3.5.1, and 3.3.5.2 pages 8 

through 15 show ~~e ehoices for prequalified ?roce~urp, process, and joint 

parameters. 
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~lder Qualifieation resting (Section 6, Part. A and C) 

Three app~oaches are p~ovided in paragraph 6.3. page 18 for qualifying 

welder •• weldin~ operator •• or tacker.. Details of welder qualifications 

~rovided in Part C of the Standar3 cover the va~iable. that MUst be tested in 

order to match production requirements. A second approach is to accept 

evidence of previous qualification of the welders. i.e •• from previous e~ploy­

ment. schooling and certication, state certificati~n, etc. Accepting evidence 

of previous qualification of a welder is very practical and is based largely on 

the premise that the welde~ has continued to make satisfactory welds. This 

pre~ise is u.ually valid if the welder has used the welding procesl within a 

.ix month period. Jud,e~ent on acceptance of welders is left to the de.c~etion 

of an Engineer. If previous qualification is accepted the Engineer will 

normally keep a record on file of the statement of his or the Compa~'. 

acceptance of the welder'. qualification. The third approach pr~videl for 

welder certification by radiographic examination of a test plate. Welding a 

grooved te~t plate of J/S-inch thickness qualifie. a welder or operator for any 

thicknes. fillet weld for tho •• weldi~g position. te.ted. ro qualify for 

groove weld. of unli~ted thickness, the plates tested must be at lea.t linch 

thick. uainl ~ single-Vee groove as described in paragraph 6.19. The alloy 

group de.ignatiou for variou. weld strength levels for which. welder ~ust 

qualify, are described in paragraph 6.18.2, page 35. ~eferring again to 

Example 1, the welder used to ~ke the fillet weld. could be qualified by 

either Option 1 or 2. Option 1 test il Ihown in Figure 6.23.1, pale 40 which 

consist. of a lingle fillet-welded 'l.' joi:t. 8 inches long on l/2-inch plate 
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which i. sectioned for a macro-etch and a break test (paragraph 6.28.2 page 

38). Acceptance for the test i. pl'ovided in parag-:aph 6.29.2, page 39. Op ti 011 

2 provides for making fillet welds into root-bend ~est specimen. a. shown in 

Figure 6.23.2, page 41. The tve root-bend teat specimens (Table 6.27.1. page 

43) tested in one of the jigs sh~WQ in Figure 6.28.1, page 46 must no~ ex;eed & 

l/8-inch crack (or defect) on the convex surface of the 0 bend as re~uir.d in 

paragraph 6.29, pages 38 and 39. 

Ihe position of welding i. an e •• pntial variable for welder qualifica­

tion. The welder must be tested and qualified for the placement and pos~t~on­

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 ,ummarized in Table 6.24, page 42. 

P~ocedure Qualification Testing and Testing Laboratories (Section 6, 

Parts B and C) 

It is common prActice for smaller cempani·~s (who do not have their own 

test facilities) to send both their welder and procedure qualification test 

COUPO&S to a commercial testing laboratory. Most major cities have testing 

laboratc:ies capable of testing and reporting results needed for certification. 

In the event a procedure qualifica~ion test i3 required because the desired 

joints or welding proce~ses are not considered as prequalified in th~ Standard, 

th. us. of a testing laboratory is very helpful. Mechanical test. are required 

for ?rocedure qualification whicn involve both tensile and guided-bend t.ltina 

a. sbown in Table 6.11.1.1. page 27. Removal and prepalacion of test spec~en. 

are pr.s.nted in sufficient detail that aay shop or laboratory can make them in 

accordance with Figures 6.11.1.3, (A) through (E) pagel 28 through 35. 
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For typical explosion-proof enclosure construction, procedure qualifi­

c.tion would not be nec •••• ry. On the other h.nd. where the fluz c~red .rc 

w.lding (FCAW) process is used for other than fillets, it would be neces.ary to 

qualify any groove welding procedure. Example 2 of these notes describes 

the steps necessary for a procedure qual~f1cat1on. 

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 a •• urance requirements," for a Class V weld. 

Therefore, all of the visual acceptance cri~eria on pages iO through 74 apply 

for final weld .urfaces. 

In-Process In.pec~ion (Not Specifically Covered in the Standard) 

Considerable added quality a.surance mea.ure. can be provided during 

fabrication that are ~ mandatory in the StAndard. Nondestr~ctive and visual 

testing at intervals during welding can avert many of the condition. that pro­

duce defects. The quality of the root bead is important a. is the i~terDead 

cleaning and grinding preparation that are performed. To help ensure the sound­

ness of the welds being made, it i. recommend that an inspector be as.igned to 

in-process as well as final weld inspection. 
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Exam"le 1 

A typical preaualified welding procedure that might be used t~ fabricate 

explosion-proof enclosures in accordance with AWS D14.4, is desc=ibed in t~e 

following items for a hypothetical case. The items required include: 

1. Providing a written procedure. 

2. Choosing a prequalified joint design and proeedure. 

3. Coo~dinating the weld joint de&ign selection with the efficiency 

determined by the design engineer. 

4. Establishing how fit up will be maintained, i.e., by jiggi~g, tacki~g, 

etc. 

5. Qualifying the welders and welding operators o~ the caterial, thicknesses 

and positions that are required in production. 

Form E-l (Figure 1.4 of these notes) was selected for the written welding 

procedure specification in this example and is shown in the attachments. 

The form (E-l) is the sample provided by the AWS Dl.l-79, "Structural Steel" 

Welding Code and is also suitable for use with the Dl4.4 Welding Standard. 

Filling out the form is essentially self-explanatory. The welding parame­

ters Lntended to be used in production need to be provided. 
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The shielded metal arc weldina (SHAW) proce •• and a CIa •• V fillet weld joint 

i. typical for XP enclo.urel and va •• elected for thil example. Refer to the 

weld joint details Band C in Figure 1.1 of these notes where the plate sides 

or 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 

1.2 of these notes. Calculation of the weld joint stresses for the enclosure 

is c~mplicated because the box structure is indeterminate; therefore, in this 

example only the stresses in the weld produced by shear reactions are considered. 

Base Material - AS!M A36 Steel Plate - 1/4 Incb - 60 ksi min. tensile, 36 

ski min. yield strength 

Yeld Material - E-70lS, AWS AS.l or AS.5, 10 ksi min. tensile, 57 ksi 

min. yield strength 

Pressure Load Inside Enclossure - 150 psig 

Safety Factor - lX 

Sixe of ·plate receiving maximum load - 1 sq. ft. (144 sq. in.) and 48 in. 

of veld to receive the load 

Size of fillet weld preferred - 3/16 inch 
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Static joint efficiency to establish permislible delilu atrels - 50% for 

Class V weld joints. 

Oimax .! x Safety Factor; 
A 

where 0'" max • allowable IUximum stresl 
P • preslure load 
A • area of fillet weld throat 

Cimex - 150 ~si x 144 10. in. x Z • 6789.3 pli 
48 x 3/16 x 0.707 

A 50% efficiency live. Cimex· 13,579 psi allowable stresl 

13,579 psi is acceptable since it is much lUI than either the bu. or 

filler material strength (approxi~tely 36 ksi) by a factor of 2.65X. 

The coordination of these calculations with the weld joint selected and the 

relulting e~ficiency for static loadins in shear is fulfilled. 

The fitup required for the IF enclosure will be required to have no gaps 

greater ~haD 1/8 inch spacing before welding between the ends, sidel, and 

bottoa on joint C. The tolerance between the .ides and the frames will be 

required ~o have no laps greater than 1/16-inch spacinl before welding. 

Clampinl is the only means required to hold the parts for welding. 

The welders used for this procedure shall be qualified as a min~um to weld on 

mild carbon steel. Fillet welds are to be made in the 3F (vertical) weldinl 

position. Option 1 shova in Figure 6.23.1 on page 40 will be used to test 

welderl usinS lIZ-inch plate. The 3F wr.ldi~1 position for fillet weldinl is 

ShOWD in Filure 6.9.3(c) on pale 26. Welder qualification in the 3F (vertical) 
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positian qualifies for flat, horizontal and vertical po.ition fillet weldinl of 

plate 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 

con.ist. of a visual examina~ioQ, bending the weld back on itself and al.o 

examining a macroetched epecimen cut through the weld joint. !he test result. 

of each welder', test. \0 .• 1 be kept in a permanent record file. Sample Form 

E-4 (Figure 1.6 of these :lotes) is provided as a su1tab~_e welder and welding 

operator qualification test record. 
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Exam!)le 2 

A typical groove welding p~ocedure using the flux cored arc welding (FCAW) 

process is an example where welding procedure qualification is requi~ed by AWS 

D14.4. Items 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 wechanical testing of the procedure 

must be documented. Items to be included are: 

1. Providing a written p~ocedu~e 

2. Choosing a suitable joint design and procedure 

3. Coordinating the weld joint design with the efficiency dete~ined by the 

design engineer. 

~. Establishing how fit-up will be maintained, i.e., by jigging, tacking, 

etc. 

S. Perform a procedure qualification on a suitable groove weld test joint. 

6. Preparing, testing. and reco~ding of the procedure quali=ication test 

information. 

7. Qualifying the welders and welding operators on the material. thicknes., 

and position. that are required in production. 
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The form for the written welding procedure specification chos(':n for this 

example is shown in the attachments as Figure 1.3 of these notes - Sample 

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 1.3 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 enclo~ures, especially on the frame members, are partial penetration 

joints. Therefore, the joint configuration chosen for I."nis example is Joint A 

of Figure 1.1 of these notes. As shown in the sketches, a single bevel pre­

paration of 50 0 minimum angle will be machined or ground on the side frame 

member connections. The frame required is a 2-inca square and the depth for 

the bevel 3/8 inch for this example. One pass of FCAW weld is required all 

around this corner joint so t~at the surfaces can be finish ground or machined 

flush to make a sealing surface. 

Analyses of a typical enclosure have shown that ~mum scresses in the frame 

are quite low, typically less than 20% of the yield strength of the material 

at a design pressure of 150 psi. The design detail chosen has a static joint 

efficiency of 80% as shown in Figure 2.1, page 2 of DI4.4. 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 IG poeition. 
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Procedure qualification for uling the FCAW process in a groove weld is required 

by AWS D14.4. !he welding procedure qualification test record if Form E-2 

shown in Figure 1.S 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 ±IO%. The requirements for 

essential welding procedure variables listed in Paragraph 6.6.2.4 on ppge 20 

for Flux Cored Arc Welding are considered to be the minimum of information 

recorded in the Procedure Qualification Record. To 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 traove welds, Paragraph 6.7.1 on page 21, includes 

tensile and bend test~. A flat plate welding position only will be tested as 

shown in Fig~re 6.9.l(A) on page 24. In 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 qualified. 

The test plate thickness must be 2S ~ or 1 inch minimum, using one plate 

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 specifications for 

reduced section tensile specimens i. 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 minimum of 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 o~ening in excess of liB-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). 

1.17 



Qualification of operators for the flux cored are welding procesa, in 

accordance with Part C of the Standard, requires a grooye weld qualification 

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 acceptance of welder plate tests as provided in Paragraph 

0.29.4 and Part A of Section 7. Again the same form ~-4 will be used to record -

the radiograph test results for each welding operator. The test plates foc 

this example will be sent to a local testing laboratory acd the accept3cce 

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 inforcation._ 
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Beveled Bars for 
~king Frame Joints 

A. Partial Penetration 
Corner Weld Joint for 
Frames 

B. Side and Ends Joine~ by a Lap Joint 
to the Frame 

D. Double Fillet Welded Tee Joint for 
JoininK Th1D Sida to Heavy Bott01ll 
Plate. etc. 

C. Inset Type Fillet Weld Joint 
for Enclosure Ends using WrAp­
Around Sides 

E. Corner T:;pe Joint 

l'1GOlU. 1.1. EXA.~LES OF WELD JOINT DE'IAIL USED ON 
SOH! EXPLOSION-PROOF ENCLOSURES 
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3/16' 
--~".J..f--- END PLATE 

SIDE AND BOTTOM WRAP 

FIGURE 1.2. SKETCH OF TYPICAL ENCLOSURE END DETAIL 
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~DIHr W~LD'NC '.OClDURl 
,,.tCl'ICArION 100. __ 

JO.N' __ 

tAU "U&. CSHCIPltATION 110.) ______________ _ 

lL.lCTaODI (CUSlI'ltATiON aI TUDI 0IN'It), _________ _ 

'ONtI sou.ce CAe Ott DC) _ ",UIlITY II' DClJ~ _______ _ 

'ACKI~ oa aOOT T.IAr .... T 
,.aINIATI~ _______________________ __ 

I'OIT"IAT I 105, _____________________________ _ 

1'01 IT ION 0' WIUlINC _____________________ ,--_ 

CITAIL.S 0' WlLOINC .aOCIDUlI 

'ASS ILlCTaODI cu.alNT AlC 
~Ia SIZI IAM51 YOLT"~ LOtAT:ON AHO S.QUfNCI 0' .ASSIS 

_·ta~ J.. 
I 

FIGURE 1.3. SAMPLE JOINT WELDING PROCEDURE SPECIFICATION 
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Material specification 

PReaUALIFIED JOINT WELDING PROCEDURE 
PROCEDURE SPECIFICATION 

Welding process ____________________________________ _ 
ManualormKhine __________________________________________________________________________ _ 

Position of welding 
Filler metal spec:ific:ltion ________________________________________________________________ _ 
Filler metal classification __________________________________________________________ _ Flux _________________________________________________ __ 

Weld metalilrade- ___________________________________________________________________ _ 
Shielding gas ________________________ _ Flow rate _________ _ 
Singl. or multiple PHI ______________________________________________________ _ 
Singl. or multiple arc _______________________________________________________________ _ 
Welding current _______________________________________________________________ _ 

Polarity 
Welding progression _______________________________________________________________ _ 
Roottreaunent ________________________________________________________________ __ 

Preheat and interpass temperature ___________________________________________________ _ 
Postheat treatment _____________________________________________________________ _ 

• AppliCibie only when filler metal has no AWS et_ification. 

WELDING PROCeDURE 

Pass Electrode Welding current Tray.1 Joint detail 
no. size Amperes '(olts 

speed 

This procedure may vary due to fabriution SlQuence, fit·up, PISS size, etc., within the limitation of vari.bles given in 48, 
C, or D of AWS 01.1, Structural Welding Code. 
Procedure no. _______________ _ M.nufacturer or contractor ______________ _ 

Revision no. ___________________________ _ Authorized by ___________________ _ 

Dlte ......;. ________________ _ 

Form E·, CI 1978 DY p..".ric:Ift WelClI", SOcietY. An ri;lta,...."..,. 

FIGURE 1.4. FORM E-1 
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WELDING PROCEDURE QUALIFICATION TEST RECORD 

PROCEDURE SPECIFICATICN 

M.':eri.1 specification ___________ _ 
Wilding procm _____________ _ 
Mlnu.1 or mKhine ______________ _ 
Pcsition of _Iding _____________ _ 
Filler met.' specifiCition __________ _ 
Fillir mlul c1,sslfication __________ _ 
Weld mlt.1 grlldl· _____________ _ 

SI' ielding II.' Flow nte ______ _ 
Si"lIle or multiple pus ______________ _ 
Single or multiple arc ____________ _ 
Welding current , ______________ _ 
Wilding progression ________________ _ 
Pnhen temper.ture _________________ _ 
p~th •• t treltment ________________ _ 
We-d.,·, ".ml _, _____________ _ 

• Appliabll when fiJIlr mltal hu no 
AWS cl.ssificat on. 

GROOVE WELD TEST RESUL T5 

Reduced-section tlnsion terti 

Tensill nnngUl. psi 1 _____________________________ _ 
L ___________________________ __ 

Guided-bend tesu 12 root·, 2 f.I»-, or 4 lid. bend) 

Root Faca 
1. ________ _ 1. _________ _ 
L ___________ _ L ________ _ 

RadlOCjinphic-ultrasonic Ixamin;n;on 

FILLET WELD TEST RESULTS 

Minimum size multiple pass 
Macroetdl 
1._ 3. __ 
2. __ _ 

AlI·weld·metal tension tat 

Maximum size single pus 
Macroetch 
1. __ _ 3. __ _ 
2. __ _ 

Tensile strength. psi _______________ _ 
Yield point, psi _________________ _ 
Elongation in 2 in., ~ ___________ _ 

uboratory tlSt no. ______ _ 

WELDING PROCEDURE 

Pas .. Elect. I Welding current Speed of 
No. size Amperes Volts trlllel Joint dluil 

. 

W" ttl, undersigned, certify th.t the statements in this record art correct and that ttl, test MIdi wer, pnlpared. welded. 
and tasted in ICCOC'dance with th, requirements of 58 of AWS 01.1, Stnlct'.lral Welding Code. 
Procedunr no. _______________ __ M.nufacturer or eontrmor _________ _ 

Revision no. ________________ _ Authorized by _________________ _ 

0. ______________________________ __ 

,_ E.' 0 tl78 by Amerieln WeIdi,.. Society. A" ri9ha ~ 

FIGUBE 1.5. FORM E-2 
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WELDER AND WELDING OPERATOR QUALIFICATION TEST RECORD 

Welder or welding operator's name ________________ Identification no. ________ _ 
Welding process Manual _____ Semi.utomatic Machine ___ _ Position ________________________________________ _ 

IF!It, horizontal. overhead or vertial - if vertical. state whether upward or downw.rd) 
In accordance with procedure 5pec:ifiation no. _________________________ _ 
Materi.1 sPKification __________________________________ _ 

Di.meter .nd wall thickness (if pipel- otherwise, ;oint thickness ___________________ _ 
Thickness range t+1is Qualifies _________________________________ _ 

FILLER METAL 

Spec:if:cation no. O'Slifiation ________ _ Fno. ______ _ 

Describe filler metallif not covered by AWS specification! ______________________ _ 

Is backing strip used? __________________________________ _ 

Filler met.1 diameter and trade n.me _________ _ Flux for submerge~ .re or gas for gls metal arc or flux 
cored.re _Idin-a ______________ _ 

Guided Bend Ten Results 

Type Result Type Result 

Test conducted by ________________ _ ubofitOry tlSt no. ___________ _ 

peI'--------------------------
Fillet Tat Results 

A;Jpelranca Fillet size __________________ _ 
Fracture tlst root penetrltion Macroetd't __________ _ 

(Describe the location, natura, .nd size of .ny crack or telring of the specimen.' 
Test conduCted by Laboratory tilt no. _______ _ per ________________________ __ 

RADIOGRAPHIC TEST RESULTS 

Film Film 
identifi· Results' Remarks identifi· Results Remarks 
cation ation 

rest wilness'Jd by _____________________ _ Testno. __________________ _ 

~-------------------------
We, the undersigned, certify that thl statements in this record Ire correct .nd thal the WIlds _ra prepared and tested in 
ac:cordana with the requirements of 5C or D of AWS 01.1. Structural Welding Codl. 

M.nuflCtUret' or contractor _____________ _ 
Authorized by _______________ _ 

D.u __________________ , ________________ __ 

Cll171 by ~ w ..... Socifty. All rithu--..ct. 

FIGURE 1.6. FORM E-4 
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APPEND[X J--CALCuLATIONS OF STRAIN ENERGY AND 
LOAn FACTORS FOR A CIRCVLAR 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.l). 

p r~ (a2 _ /) 2 rJ w • 161TD + 2r log a-1 + \I 
L. 

P (3+\1) 2 
W 

l61T D I'"""+'"" V- a 
0 

w 
(~) 21TD P 0 .2" 3 + \I a 

w 
( .!.....:!:....: ) [:3 + \I ( 2 _ 2) + 2 2 log ;] 

0 w · -2 3+\1 1+\1 a r r 
a 

The strain energy can be written as [J.l]: 

u 
D 21T 

• 2" J 
o [( 

2)2 2 J a aw law lawaw f - + - - - 2 (1 - \I) - - --
~ 2 r ar r or a 2 a or r 

rdr de 

Using Equation (J.4), the derivatives are evaluated as: 

~: - :~ (~: ~) [ -2r ~ : ~ + 4r 
x [1-:\ + 4r 109;] 

r 
log - + a 

w 
o 

2" a (~) 3 + \I 

(J .1) 

(J.2) 

(J.3) 

(J.4) 

(J.S) 

w20 (~) [-=.L + 4 log!. + 4J - wo (~) [~+ 4 loa.!] 3+\1 1+\1 a 2 3+\1 1+\1 "a a a 

2 

[
-4(1- \I) + 8 10 .!] 

1 + v g a 
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2 
I dW a w 

2 (1- v) - - -- • 
r at' drZ 

x 
[ 

4v 
1+v+ 4 

2 (l-v) 
a I + v -4 r 

( W)2 2 [ ] 
a 2 ( 3""+""V ) l"+V + 4 10 8 a 

log ~J 
Substitutir.g these term.'J into Equation (J.5) and eO laluating the integral 

over a radius a - 3.1875 in •• we find: 

u • (~) ,. ( (:~ r u : ~)' [(-4?;~) 2 
+ 8 log -i) - 2(1- \I) 

x ( 1-: v + 4 log ~) (1 t.; v + 4 log ~ ) ] rdr 

(

w )2 2 3.1875 
~D) (;! ~) ! 2 

[41.314 -102.842 log r + 64 log r 

- 1. 5(-5.214 + 4 log r) (-1.214 + 4 log r)] rdr 

3.1875 

J 
o 

2 
[41.314 -102.842 log r + 64 log r 

- 9.495 + 38.568 log r - 24 10g2 r) rdr 

· 'D() r O:~)' 
,D (:~ )' (; :~ )' 

3.1875 
f 2 

[31.819 r - 64.274 r lOR r + 40 r log r] dr 
a 

• [15.910 
~ 

r - 32.137 r2 log r + 16.069 r2 + 20 r2 

2 r2Jo3.1875 (log r - log r) + 10 

• 'D (:~ )' (;: ~)' • 211.330 (lb-in.) 

- w2 
x 1.056 x 105 (lb-in.) 

o 

oJ .2 
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Circular Plate, Fixed Edge 

The same procedure is followe~ for fixed edges as for simply supported 

edges. 

.. a 
o 

.. a 

.,2 
o w 

2 
Pr log!. + _P_ (a2 _ r2) 
8nD a l6nD 

P 2 
16nD a 

2 w 
r r 0 2 2 

2 w 0 2" log a + 2' (a - r ) 
a a 

w 

-1 (4r log ~ + 2r - 7.r ) 
a 

or2 = 

-+--( ~2 . .; 1 <l") 2 
~ 2 r or or 

x (:~ r (10/ ~ + log ~ ) 
¥ n [( ::~ + ~ ;: r-u s 

3.1875 
f 
o 

3.1875 

w 
o .. 2' 

a 
( 2 r 2 2) 2r log a + a - T 

1 ow 0 W 2 ] 2 (l-v)- --- rdrd'3 
r or or2 

(J.7) 

(J.8) 

(J.9) 

I IJ 2 log -+ 
a 

(J .10) 

• ,0 ()) 2 

,0 (:,0), f 2 
[-0.0276 log r+ 4 log r- 1.5 (logr-O.503) 

o 

x (log r + 0.499)] r dr 
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3.1875 

(

4W )2 
11"D a 20 J 

2 2 
[-O.0276r logr + 4r log r- 1.5r log r+ D.OOOrlogr 

o 

+ 0.375r 1 clr 

3.1875 
J 2 [-0.019r log r + 2.5r log r + 0.375 r J dr 
o 

• ,D (:; ) 

2 

[-0.019 ( i 1;' r _ r4~) + 2.5 (r22 10,2 r _ i 1;' r + r: ) 

r2 J 3.1875 
+ 0.375 "2 

o 

.0 (:; r 5.079 

2.748 x lOS.,} 
o 

Dynamic Load Factors 

(1b-in. ) 

Circular Plate with Simply Supported Edge 

The frequency equation is 

f .. 
...L Ani _ rn-
2n 2 -VP"h r 

o 

For the fundamental mode. 

i - 0, n - 0, and Ani - 4.977 (Reference J.2) 

Substituting into Equation (J.12), we find: 

f -
4.977 x J:... -, /1.111 x 105 

(0.5)2 2w V 2.355 x 10-3 

- 21.763 (Hertz) 

T - l/f - 0.0460 msec 

J.4 

(J .11) - .. 

(J.12) 



Now the ratio of the rise time to the fundamental period is 

t 
o T .. 17 370 

0.0460 

Based on Biggs' curve 1n Reference J.3, the dynamic load factor (DLF) is 

DLF < 1.05. 

Take DLF • 1.05 (J.13) 

C1r~u1ar Plate with Fixed Edge 

For the fundamental mode, 

1 • 0, n - 0, and Ani· 10.22 (Reference J.2) 

Using Equation (J.12): 

f 44,690 (Hertz) 

and 

T 
1 

0.0224 - I - msec 

i~ow 

t 
0 - 760 T 

so that DLF < 1.05. 

Take DLF • 1.05 (J .14) 
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Objective 

APPENDIX K--RECOMMENDED ACCELERATED AGING TEST 
FOR POLYCARBONATES AND ADHESIVES 

RECOMMENDED ACCELERATED AGING TEST 
FOR POL~CARBONATES AND ADHESIVES 

Determine the life of sealants. adhesives, and po1ycarbonate plastics 
in explosion-proof luminaires under typical operational environments found 
underground. 

Purpose 

Generate an adequate data base which would permit extrapolation of 
one-year fatigue data to at least a three-year period with reasonable 
confidence. 

The test program shall be limited to two window materials. two sealant 
materials, two sealant/adhesives, 180 to 300 0 p 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 po1ycarbonate plastic windows. Mercury vapor 
fluorescent lights shall be utilized for generation of UV radiation. The 
windows shall operate at distinct temperature levels; po1ycarbonate plastic 
at 180°'. 210°' and 240°F and glass at 180°F. 240°F and 300'P. 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 po1ycarbonate 
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 (l) UV 
stabilized polycarbonate plastic and (2) borosilicate glass. 

The thicknesses of polycarbonate discs shall be constant. but their 
diameters shall be varied to induce different levels of flexure stress 
into the plastic by internal pressure of 150 psi. The t/Di ratios chosen 
for the windows are based on experimental data from ANSI/ASHE PVHO Safety 
Standard for Acrylic Windows, as the tensile strength of po1ycarbonate 
plastic is similar to that of acrylic plastic. 

The t/Di ratios selected for experimental evaluation are: 0.135 
(i.e •• CF2*), 0.152 (i.e •• CF4). 0.190 (i.e •• CFS). 0.21 (i.e., CF12), 

*CF - conversion factor, ratio between short term critical pressure and 
design pressure at room temperature. 
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and 0.23 (i.e •• CF16). These t/Di ratios correspond approx~mately to 
maximum effective stress levels of 5000 psi. 2500 pSi. 1250 psi. 830 psi 
and 625 psi in the center of the window subjected to l50-psi internal 
pressure. It is predic ted that the tlDi ratios of 0.135 and 0.152 :!!!.! 
fail. 0.190 and 0.21 may fail. and 0.23 won't fail during a one-year long 
pressure cycling program to 1S0 psi at elevated temperatures. 

Polycarbonate test specimens are to be machined from a single sheet 
of O.S-in.-thick UV stabilized polycarbonate 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 tlDi ratios by the lSO-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 O.:S-in.-thick x 2.S-in.-diameter circular 
Pyrex annular edge sight glas8 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 dimens'ions 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 hOtlSing 
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 e1ectrir 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 wss borrowed from USBM Contract H0387009 [K.1l. 
One-half of the test fixtures with polycarbonate windows shall be 
illuminated with mercury vapOI fluorescent lamps, as provided with the 
Q.U.V. chamber. while the test fixtures containing glass windows require 
no illumination. 

Resistance heaters shall 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 adjustments to the rheostats. 
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SPECIMEN 

0.25" 
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FIGURE K.l. TYPE A FIXTURE FOR POLYCABBONATE LENS 
SPECIMENS - ClOSURE FLANGE NOT SHOWN 
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FIGURE K.2. TYPE B FIXTURE FOR GLASS LENS ADHESIVE 
SPECIMEN - CLOSURE FLANGE NOT SHOWN 
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FIGURE K.3. PHOTOGRAPH OF ENVIRONMENTAL 
CHAMBER WITIl 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 failures of windows may take place. 

To simulate the exposu~e of polycarhonate plastic windows to water 
found underground, fine jets will be located in front of each window that 
spray water intermittently upon the hot exterior surface of windows. A 
typical arrangement is .h~wn in Figure K.4. Water from the spray will 
be collected in the bottom of th~ chamber. Heaters in the water reservo~r 
will operate to Aaintain the atmosphere in the chamber at 100% relative 
humidity. 

The internal pressurization and depressurization of each test fixture 
shall be accomplished from a COlllJDon manifold by actuation of solenoid 
operated ,alves 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 ~oOD 
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 
consists 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 l-lb 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, lIS at high temperatures the entrapped air will expand 
and rupture the seal. The enclo.ures with freshly potted windows will 
be set aside for at least 100 hours in roam temperature environment to 
allow for vulcanization of the silicon seals or heated in a temperature 
controlled oven to reduce the cur::.ng 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 c~pleted. ready for pressure proof testing. 
The pressure proof test consists of pressurizing the cold assembly to 150 
psi and monitoring the rate of pr~ssure 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. th~ 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.l. TE,)T SETUPS FOR POLYCARBC"~A'l'E WINDOWS 
OPERATING IN AIR WITH 100% RELATIVE HUMIDITY 

AND INTERMITTENT WATER SPRAY 

Fixtures 1-5 Fixtures 6-10 Fixtures 11-15 

Interior 
Window 180°F 210°F 
Temperature 

Sealant GE RTV 108 Same 

Lamp Hg Hg 

Closure 
Type A LEXAN 
Di - 3.70 Ow • 4.62 Same 
Do • 4.75 t • 0.50 _. 
Cl('S\ll~e 

Type A LEXAN 
Di - .).29 Ow • 4.11 Same 
Do • 4.24 t - 0.5 

Closure 
Type A LEXAN 
D1 - 2.63 Ow - 3.29 Same 
Do - 3.42 t - 0.5 

Closure 
. 

Type A LEXAN 

D1 - 2.38 Ow- 2.98 Same 

Do - 3.11 t - 0.5 

Closure 
Type A LEXAN 
D1 - 2.17 Ow- 2.71 Same 
Do - 2.84 t - 0.5 

D1 - internal diameter of opening in closure 

Do - external diameter of window seat 
D - D + 0.125 o w 

Dw • external diameter of window 
Dw • Di X 1.25 

K.7 

240°F 

Same 

Hg 

Same 

Same 

Same 

Same 

Same 



TABLE K.2. TEST SETUPS FOR GLASS WIND~S OPERATINC 
IN AlR WI'nI 100% RELATIVE HUMIDITY AND 

INTERMITTENT WATER SPRAY 

fixture. 46-50 Flnur.. 51-55 

Interior 
Wbdov lSO-" 240·1' 
Tellll'eratura 

Lamp None S_ 

Cloeure Pynx Glasa 
TnleB D., - 4.0 s_ 
Dl • 2.6 t u 0.75 
Do • 4.125 GB 1l1'V 108 

Sealant 

Closure Pyrex Claea 
typeS Dv - 4.0 S ... 
Di • 2.6 t • 0.75 
Do • 4.125 GB llTV 108 

Sealant 

Cloaure Pyra Glasa 
TypeB Dv - 4.0 
01 • 2.6 t • 0.75 

5_ 

Do • 4.m GB 1l1'V 108 
Sealant 

Cloaure Pyra Glasa 
typeB Ow - 4.0 S ... 
01 • 2.6 t • 0.75 -Do - 4.125 !pozy 

SealaDt 

Closure Pynx Glua 
Tn- B Dv • 4.0 s_ 
01 • 2.6 t • 0.75 
Do • 4.125 Epoxy 

Sealant 

Cycllc 
* Intemal lSOpai 150 pai 

P-rea_re 

01 - 1.Dt.~ dta.8ter of opening in eloaure 

°0 • ~:~l + d~~;-r of window •• at 
o w 

Ow" atemal di .. ter of window 

K.A 

* 

Fixture. 56-60 

300-1' 

S ... 

S_ 

S .. 

I 
S_ 

S ... 

S_ 

* 150 pai 

*After adhesive failure, 
cyclic pre.aure 18 
reduced by 6P - 25 p.i 
(Lovut pn •• un will 
be P 0& 2S psi) 



LEiS SPECIMEN 

a WATER LI~ 

FIGURE K.4. TYPICAL WATER SPRAY NOZZLE 
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fixture is 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 
1s 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 
allover with the appropriate primer for better adhesion of RTV silicon 
adhesive. Type B fixtures are utilized for mounting of glass windows. 
The Type B fixtures are designed to rroduce 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 test~ng 
adhesives. After one cure of the silicon or epoxy ~eal. the end clo~ure 
1s 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 Bend 
closure. The setting of temperature on the iuternol surfaces of glass 
windows in the assembled test fixture follows the same procedure as setting 
of temperature in the fixture with polycarbanate windows. During 
pressurization of the test fixture, the room or e~closure where rhe fixture 
is located must be cleared of all personnel. 

Test Procedure 

Polycarbonate windows - The objective of the test procedure is 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. moistur~ 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 teat procedure is also to simulate 
inside lamp enclosures 'Jethane 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. Slnce the glass windows have been sized not 
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to fall 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. thl! end 
closure shall 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 ~r.d closure, 
bonded again in the seat and used for another test. 

Data Reduction 

The objective of data reduction is t~ 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 yee 3. Past experience with testing of 
acrylic plastic windows sholr~ th&t the static and cyclic fatigue life of 
plastic structural components can be projected into the future if data 
are plotted (',n log-log coordinates. In the case of this study, the 
coordinates for data resulting from testing of polycarbonate windows should 
be time vs tiD! 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 104 hours. 

Conclusions 

On the basis of the experimental data plots, the designer shall be 
able to (1) select the appropriate t/Di ratio for polycarbonate windows 
rated to withstand periodic lSO-psi internal pressure excursions at 180, 
210 or 240·, window surface temperature for a period of five ,ears and 
(2) select the tensile design stress level for RTV 108 adhesive in contact 
with glass windows at 180, 240, and 3oo·F that will preclude adhesive 
failure for a period of fIve years. 
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(a) 

(b) 

:?IGURE 4.35. INSTRUMENTED 2G ENCLOSURE I 
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FIGURE 4.36. DEFOIUlATION OF ENCLOSURE I 
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FIGURE 4.44. ENCLOSURE IA INSTRUMENTED WITH 
FOUR STRAIN GAGE ROSETTES 
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FIGURE 4.46. BOTTOM DEFORMATION 
OF ENCLOSURE IA 
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(a) View 0; Right Side (Front to Left) 

(b) View from Top (Front to Right) 

FIGURE 4.64. INsTRurmNTED 2G ENCLOSURE II 
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FIGURE 4.65. ENCLOSURE II WIlli DIAL GAGES 
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CYl.INIJRI CAL ______ _ 
END WINDOW 

z 

CtOBAL 
<\XES 

RECTANr,ULAR 
SIDE IVI NDOWS 

_-------- CAST ALL1lINUM 
BODY 

FIGURE 4.70. ENCLOSURE III -
LUMINAIRE WITH WINDOWS 
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FIGURE 4.83. ENCLOSURE III WITH STRAIN 
GAGES INSTALLED 
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FIGURE 4.85. CRACKS IN THE ALUMINUH CASTING OF 
ENCLOSURE III WHICH OCCURRED DURINr, TESTING 

157 



164 



z 
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(a) Control Products, Inc., Luminaire 

x~ 
y 

(b) Joy Hanufacturing Co. Fluorescent Lamp 

z 

x~ 
y 

(c) Crouse-Hinds Co. MHL Headlight 

FIGURE 7.1. REFERENCE AXES FOR VIBRATION TESTING 
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(a) Velocity = 72 ft/sec (h) Velocity 187 ft/sec 

(c) V 377 ft/sec 

FIGURE 7.11. LOCALIZED IMPACT DAMAGE ON SODA-LIME GLASS 
BY GLASS SPHERES (l.S-rom RADIUS) AT VARIOUS SPEEDS 
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FIGURE 8.2. LUHINAIRE FROM CONTROL PRODUCTS 
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FIGURE 8.3. GLASS SLIVERS INSIDE 
CONTROL PRODUCTS LUMH1AlRE 
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FIGURE 8.4. EDGES OF THE LENS WHERE 
GLASS BREAKAGE OCCURRED 
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FIGURE K.3. PHOTOGRAPH OF ENVIRONMENTAL 
CHAMBER WITH FIXTURES INSTALLED 
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