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lNTrODUCTI ON 

B-14 

The desi gn requirements for explosion-proof enc,losures used in $"a~sy areas of 
underground mines are contained in Part 18, ''Electric Motor-Dr iven Mille Equipment 
and Accessories," of Title 30, U.S •. Code of Federa l Regul ations (CFRl. These 
regul ations define an explosion-proof enclosure as 'An enclosure that complies 
with the applicable design requirem~nts in subpart ~ of this part and is so con ­
structed that it will withstand irlti,r nal explosions of methane-air mi xtures: 
(1) Without damage to or excessive distortion of i t~ walls or cover(s) and (2) 
without ignition of surrounding methane-air mixtures or discharge of flame from 
inside to outs ide t he enclosure. " ~xper ience has shown that enclosures constructed 
to the design requi rements of subpart Band subsequently explosion tested to verify 
t hei r abil ity t o satisfactorily witpstand an internal methane-air explos ion can 
operate in the mining environment w[thout a loss of integri ty. 

However, the present design reiuirements do not' allow for much deviation, and 
the approva 1 process is prirnari ly based on enclosure's constructed to these requi re­
ments. Therefore, any innovative design attempts by1 an enclosure manufacturer 
would require substantial effort on, his part to prov·? that the enclosure is as 
safe as an enclosure constructed to 1t he requirements of subpa rt B. Consequently , 
almost a11 designers of explosion-·proof enclosures aj here to the design require­
ments. 

Since 1977 , the U.S. Bureau of! Mines has been Cl)nducti ng research that wi ll 
lead to t he development of perforroafce standards for expl osion-proof enclosures. 
These new standards will provide a inethod of approving enclosures for use in mines 
based sol ely on the performance of the enclosure dur-1 ng specified tests . It is 
visual ized that two t ests would be 1onducted on most .enclosures. One test is 
similar to the present internal met,ane -air explosio1) test in that it wou ld veri fy 
that t he enclosure would not transm1 t an explosion tt, a surrounding methane-air 
atmosphere . The other test, a hydrostatic pressure 1

1.est, would verify the struc­
tural integrity of the enclosure. ln some instances , a test to ensure the rugged­
ness of the enclosure might be required. 

I 
Before a performance standard dan be written, Sl,bs tanti a 1 base 1 i ne data must 

be accumulated on the equipment pre~ently in operaticn . Therefore, Bureau of 
Mi nes research has consisted primarily in t he determ~nation of character istics of 
materials commonly used in enclosures. Such mater ials include steel , a1uminum. 
polycarbonates . ashes tos, and various seal ants , Emphas is i s placed on how these 
materi als satisfy the present desi grl requirements and produce an explosion-proof 
enclosure. The minimum safety factors contained in the requirements of subpart B 
wi ll then be determi ned and this daia used to develop failure criteria for the 
performance standards . · 
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Figure l. --Finite-e1 ement grid of Enclosure 
with OM-quarter symmetry 
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Figure 2.--Enclosure prepared for hydrostatic test 
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Figure 3. --Roset te No. l data compar ison 
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STRUCTURAL INTEGRITY 

A finite-element computer model is being used to ascertain the structural 
integrity of existing explosion-proof enclosures. A finite-element model consists 
of many small elements, each of which has stress and deflection characteristics 
easily defined by classical theory. By proper element selection and writing any 
necessary constraint equations at the corners or "nodes" of the elements, a good 
analysis can be obtained of the stresses generated in the enclosure by an internal 
loading functio n. Figure l shows a three-dimensional, quarter model of the 
explosion-proof enclosure pictured in Figure 2. 

The computer code selected to perform the finite element analysis is ANSYS . 
This code is collil11ercial1y available and contains all the capabilities deemed 
necessary for analyzing explosion-proof enc losures. It has a library of finite 
elements that includes general shells, three-dimens ional beams and sol ids, and 
gap elements. It has the capability of performing elastic, elastic-plastic, 
or thermal stress analysis and static or dynamic loading. 

The first analyzed enclosure is shown in Figures l and 2. Jt was constructed 
of 0.635 cm (0.24 in) A36 structural steel except for a l.27-cm {0.50 in) 6061 
aluminum alloy cover. The free-air volume of the enclosure was 0.016 m3 {0.58 
ft9 ) . The enclosure was subjected to a static internal loading of 689.5 kPa 
{100 psi), and the principal stresses in the different surfaces were determined. 
The results showed that the outside edge of the cover tended to seal against the 
flange, and no gaps would develop unless elongation {yield ing) of the bolts 
occurred. Therefore, it would be reasonabl e to recommend the use of high-strength 
bolts in the covers of explosion-proof enclosures. 

The results also indicated where initial yielding of the structure would occur. 
In determining the yielding of the structure the von Mises yield criterion was 
used {it assumes that the structure will yield when the distortion energy equals 
the distortion energy in simple tension). A combined stress, called the von Mises 
stress, is defined as 

,/ 2 2 2 1 
OVM = 0.707 y (01 - 02) + (0 2 - 03) + (03 - 01) • 

Where o1 , o2 , o3 , are principal stresses. The van Mises criterion expressed in 
terms of stresses states that yielding will occur when 

0 vM " 0 o• 
where o is the yield stress in simple tension. Utilizing this criterion it was 
predict8d that the structure would first begin to yi eld on the interior of the 
side plate at its connection With the bottom at an internal pressure of 565.4 kPa 
{82 psi). 

To verify the predicted stresses in the enclosure, a hydrostatic pressure test 
was conduLted on the enclosure. At five different locations (see Figure 2) , three­
ele111ent, 45°, single-plane rosette strain gages were mounted to the enclosure. 
Vacuum grease was applied to the flanges to minimize water leakage, and the bolts 
were torqued so that no gaps larger than 0.051 mm {O 002 in) existed. The enclosure 
was then pressurized in 137 .9-kPa (20 psi) increments to a final pressure of approx-
1mat.ely 2,000 kPa (290 psi). 

Some of the experimental strain data are shown in Fi()ures 3 and 4. The data 
from the experiment agreed relatively well with the c111al i.11.al predictions in the 
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Figure 4.--Rosatte No. 4 data comparison 

I 

,....., 
00 
·rl 
C/l 
l'.l. 
'-' 

QJ ... 
::l 
Ul 
II) 
QJ ... 

p.. 



X w 68 , 425 psi )< E 19 ,850 p~l 
0 ~ -4,91,2 psi 0 m -9,891 psi 

..,., Contour Contour 
tO lntervnl 

8,000 psi Interval 
• 4,000 psi 

C .... 
n> 
u, 

I / 
I - -'"O / .... ~. ___.. 

::, 
n \ ~- - --c, / -Ill 

"' 
/ \ \ t+ I .... 

Ill 
V, 
V, 
Ill 
V, I w 
er I-' 
0 -.J 
t+ c- ·-..... 
~ I 
"' \ C: .... ...., 
Ill 
n 
rt> 

I 
::, 

"' I 
a. 
rt) 

VI \ I \' 
::J" 

~ 

11,,id mum StreAs 7. Mint.mum Stress 



31 8 

Figure 6.--Di llon Model K tensile tester 
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elastic range. The most unusual behavior occurred at the rosette placed on the side 
wall near the bottom (Figure 4). This unusual strain recording was caused by 
yielding in the weld joint between the bottom and side plates at very low pressures . 

In determining the safety Factor of this enclosure, a design press ure of 
l ,034 kPa (150 psig) (i.e., safety factor: 1) was used. A safety factor for each 
component of the enclosure was determined by 

p 
Safety Factor : VM , 

pdesign 

where PVM is the pressure that will give the van Mises stress. The safety factor 
of the cover was 3.8 , the bottom 0. 9, the ends 2.0, and the sides 1. 7. Using the 
minimum component safety factor for t he entire enclosure , it is seen that this 
~nclosure has a safety factor of 0.9 . Although this may seem unsafe, one must 
remember that the design pressure was an arbitrarily selected value. 

Similar tests have been conducted on three other encl osures with experimental 
results similar to t he predicted results. The geometry and material of these other 
enclosures were as follows: 

(1) Rectangular shaped, steel plate. 
(2) Cylindrical shaped, cast steel. 
(3) Rectangular-shaped, cast aluminum with four glass windows. 

WELD JOINT DESIGN 

After the weld joint in the first enclosure yielded at a relatively low pres­
sure, i t became apparent that a better understanding of weld joint design was needed. 
Since no one welding standard is recognized by all manufacturers of enclosures , it 
was decided to survey the standards available and t he present welding practices to 
find t he best match. 

American Welding Society Standard D14 .4-77, "Classification and Appl icatfon of 
Welded Joints for Machinery and Equipment," is believed to be the best match . It 
establishes co11111on acceptance criteria for classifying and applying welds that are 
used in enclosure fabrication . It also covers design, workmanship , and quality 
control requirements (e.g., dimensional checks, nondestructive acceptance test 
criteria). The standard is presently being circulated to enclosure manufacturers 
for their comments . 

The weld used on the first enclosure was a partial joint penetration fillet 
weld. The fillet weld was a corner joint welded on only one side, the ou tside. 
This type of weld joint design sa tisfies the design r2quirements for explosion­
proof enclosures, in that it is "a continuous gas-tight weld." 

Ar.cording to AWS D14.4-77 , this type of weld is a Class V. Th is classification 
of weld joints is based on the design of the joint and its anticipated performance 
undel' sta~ic and dynamic loads. Weld joints are divided into six classificati ons 
and a joint effic·ency of 100 percent means that the full permiss ibl e design stress 
cf the base meta1 may be utilized . The Class V weld joint oesign has a joint 
efficiency of 50 percent for sta tic loads and 20 percent for dynaniic (dynamic 
bc!i;1g defined as a loadi ng function with a minimum 20,000-Hz f1. 11.1ency) If i t 
was determined t hat a stronger weld wa s needed here . b• cha11gin9 the manufacturing 
process to make double-sided welds , a Class IV weld could bP achieved. The Class 
IV weld has a joint efficiency of 80 percent for sta ic lor1 ... s and 40 percent for 
oynamic. 
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The importance of having good weld joint design was evidenced by the ~omputer 
model of the enclosures. Figure 5 shows a stress contour plot of the side shel l. 
This plot shows that the maximum stress for the structure. and the location of the 
highest stress concentra ti on factor , is at the corner weld. In fact. it can be 
safely assumed that for most enclosure designs the corners will be the areas of 
maximum stress and highest stress concentr ation. Thus, to achieve satisfactory 
results From a performance test, the enclosure designers will need to assess their 
weld joint designs. 

CABLE ENTRIES 

Cables that extend through the wall of an explosion-proof enclosure must pass 
through a cable entry. The cable entry fulfills two Functions for cables entering 
an enclosure. Its primary function is to seal the flame path around t he cable 
so that explos ions within the enclosure cannot be transmitted to the outside along 
the cable. A secondary function i,. t o provide a ·degree of strain relief for the 
cable. 

A cable entry consists of three major components--the packing nut. the stuff­
ing box, and the packing material. The packing nut and stuffing box designs vary 
from manufacturer to manufacturer; however, t he most predominantly used packing 
material is asbestos. The inherent f"lame retardant charcteristic , effective seal­
ing qua 1 i ty and avail ab ·i 1 i ty have contributed to its wide use. However, recent 
recognition of hea l th hazards associated with the manufacturing of asbestos may 
soon make it difficult Lo acquire ~sbestos rope for use in the cabl e entries. 

Since cable entries using asbestus have worked so well i n the past, it was 
uecided that performance s t andards fo · cable entries shoulcJ also be developed to 
aid in evaluating new packing materials. Bec:ause it was thought that most new 
packing m,tericols would be synthet ic elastomers, the performance standards were 
written with that in mind 

Obvious performance tests to be conducted on new packing materials are for the 
determination of Cheir potential toxicity hazard and flall"dllability characteristics. 
These material tests will be conduct".!d uti1ii.ing existi ng tesi: cri teria.* 
A11other test would be the explosion p-:rformance of the entry. This would b~ accom­
plished hy instal li ng tile new cable ~ntry on the enclosure during the explosion 
testing of the enclosure. An ,mdersL, nding of cable variations on a mining mac.hine 
and how miners presently enter cables into the asbestos cable entry was required 
before any more performance standard~ could be writte,. 

Typicil rahle sizes used on min 19 machinery rang:: from 0.97 cm (0.38 in) to 
6.07 cm (2.39 in) in diameter. The ,m;i ller cables are used on-board the machine 
for control s, lighting, a11d other i=u,ir•;ons ; larger ones are used for trailing 
cables. In i'ddition, a variety of ce.Jle jacket mate:·ia1s including braided 
asbestos, neoprene, polyvinyl chlo:-t,·?, and others must be accommodated. Typical 
~iamete; variations between the minimum and maximum c'lo\'lat>le values vary about 
O 75 mm (0 03 iill fo,' small cables and up to 2.54 mm (O.,O i11) or more for the 
larger sizes. Mor~ver, the Cdble cross sections a,·e not round , and this condicion 
can be p,onour.ced in multiconductor c,'Jles. 

In 1,,rer11iew, and o::iserva,.io1is of personnel entei"ing cables fot.c a conve11t'onal 
a!.he£tts -=nr.•y t11e Follo~•ing finrJ,ngs were made: 

1t M1 ,E -b f:•y a,1e1 '-leal::h Admi,1i,; tf• 11 "J11i:erim Fi1e and iuxic:ity Criceria for 
I ca!),-'nc• of ~ro.1uc;t; Taken l,w, Unti'.!rground Mine: " 01•;,f• N,1 , 2 March 22, 
ll,77 
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(l) Packing a cabl e entry is very labor intensive and may require 
as much as 30 minutes. 

(2) Proper packing of the entry is highly dependent upon the care 
and skill of the assembler . 

(3) The torque applied to the packing nut is primari ly a matter of 
feel or judgment. 

Ttre above findings on cable variations and packing procedures led to the devel­
op1ne11t of two additional perfonnance standards. One test is a minimum torque test, 
and the other is a pull-out test. 

The torque test was developed through observations of personnel packing cable 
entries . Measurements were made of the amount of torque applied to the packing nut 
to give what the assembler felt was adequate compression of the asbes tos. The torque 
t.est therefore, requires that a packing material must be capable of supporting a 
compression nut seating torque of 20.34 nt-m (15 ft-lbf) minimum for all cable sizes. 

The purpose of t he pull-out test is to determine the force requi red to pull 
the cable out of a properly packed entry. The tests were conducted on the conven­
tional tensile testing machine shown in Fi gure 6. The cable is inserted into the 
entry and then the entry is attached to the tensile machine. The entry is pulled 
at a constant rate of 0. 33 cm/mi n (0.13 in/min) until the cabl e slips in the entry. 
At this time, the pull-out force is recorded. Based on tests conducted on various 
cable sizes and jackets , a minimum acceptable pul l -out force of 155.7 nt (35 1bf) 
is reco,m1ended when the cable is pulled at t he constant rate of 0.33 cm/min 
(0.13 in/min). 

CONCLUSIONS 

Research to develop performance standards for explosion-proof enclosures wil 1 
continue . The results to date have been promis ing, and they have revealed much 
about the mechanisms of containing an explosion . Other parallel areas t hat are 
in the early stages of developing performance standards include potting compounds 
(both solid and liquid), adhesives, and epoxy resins. 
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