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FOREWORD 

Tnis report was prepared by the National Aeronautics and Space 
Administration, Johnson Space Center, White Sands Test Facility under USBM 
Contract nurroer JO318O8l. Investigations were performed by Lar ry Joe Linley 
and Alton B. Luper with assistance from James H. Dunn. The contract was 
initiated under the Minerals, Health, and Safety Technology Program. It was 
adrni ni stered under the technical dire ct ion of the Pi ttsburgh Re search Center 
with Lawrence W. Scott acting as the Technical Project Officer. Joseph A. 
Gilchrist was the contract administrator for the Bureau of Mines. This report 
is a sunmary of the worK recently completed as a part of this contract during 
the period 15 August 1981 to 15 November 1982. This report was su bmitted by 
the authors on 15 December 1982. 



Foreword 

Abs tract 

Executive Summary 

Intro duct ion 

Definitions 

Background 

Explosion Protection Theory 

flammability Cnaracteristics 

CONTENTS 

General High Voltage System Characteristics 

Performance Criteria for Explosion Protection Metnods 

Explosion Proof Method 

Pressurized Method 

Potted Method 

High Voltage Explosion Protection Method Comparison 

Canel us ions 

Appendix - The Effects of Corona Discharge and High Voltage on 

Page 

4 

6 

7 

10 

l l 

12 

12 

12 

14 

15 

15 

20 

25 

29 

30 

39 

the Combustion Characteristics of Methane, Coal Dust and Air 

Mixtures. 

A-1. Test Charnber 

A-2. Corona Discharge Source 

A-3. High Energy Arc Source 

ILLUSTRA TIONS 

A-4. Auxiliary Spark Ignition Source and Schematic 

A-5. Instrumentation Distribution Inside of Test Charnber 

A-6. Field Strength Circuit used in Corona Discharge Test 

A-7. Data Acquisition Equipment External ta Test Chamber 

A-1. 

A-2. 

J\-3. 

Corona Discharge Experiments 

Corona Discharge Experiments 

High Energy Arc Experiments 

TABLES 

54 

55 

56 

57 

58 

59 

60 

61 

63 

5 



6 

ABSTRACT 

The Department of the Interior, Bureau of Mines is reviewing explosion 
;)rotection methods for use in gassy coal mines. This performance criteria 
guideline is an evaluation of three explosion protection methods of machines 
electrically powered with voltages up to 15 000 volts AC. A sufficient amount 
of basic research has been accomplished to verify that the explosion-proof and 
pressurized enc lo sure methods can provide adequate exp los ion protection with 
the present state of the art up to 15 000 volts AC. The routine application 
of the potted enclosure as a stand alone protection method requires further 
investigation or development in order to clarify performance criteria, 
verification, and certification requirements. An extensive literature search, 
a series of high voltage tests, and a design evaluation of the three explosion 
;)rotection methods performed at White Sands Test Facility indicates that the 
explosion-proof, pressurized, and potted enclosures can all be used to enclose 
up to 15 000 volts AC, if the performance criteria, verification, and 
certification requirements recommended in this guideline are implemented. 



EXE CUTI Vt SUMMARY 

Introduction 

The development of more efficient coal rerroval equipment for use in 
underground coal mines has resulted in a demand for more electrical power at 
the working face. This can be accomplishea in a number of ways, ho1vever, the 
most cost effective method appears to De the increase of the supply voltage. 

'-
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Tne Bureau of Mines is presently reviewing the effects of increasing the 
high voltage limit to ·15 UOO volts AC. One of the aspects of this review is 
the effect of the new voltage limit on explosion protection techniques. The 
National Aeronautics and Spac e Administration, Johnson S pace Center, White 
Sands Te st Facility has conducted an in depth revie w of three explosion 
protection techniques (explosion-proof, pressurized, and potted technique s) 
which is presented in this perforrnance criteria guideline. The three 
explosion protection methods are based on an understanding of explosion 
protection ttieory , mine environment flam1ilability characteristics, and the 
pertinent characteristics of high voltage systems. 

Bacl< ground 

The theories behind explosion �rotection me thods range from completely 
i solating an ignition source from the m ine atmosphere to conf in ing ignitions 
of the atrrosphere to relatively small volumes. The application of each 
explosion protection method is also dependent on the flammability 
characteristics of the environment. Inclu ded in the mine environment are such 
materials as methane gas, coal dust, electrical insulators, and various 
materials used in the fabrication of machine enclosures. A number 9-f 
environmental and material effects, which become more important as the voltage 
is increased, must als o be considered. A corona discharge becomes more 
intense and the potential for a high voltage arc is increased as the supply 
voltage approaches 15 000 volts AC. 

Performance Cr iteria for Explosion Protection Methods 

The three explosion protection me thods investigated have performanc e 
criteria which are dependent upon the theory of operation and potential 
failure modes of the machine and enclosure. The certification and 
verification procedures recommended will ensure that the design satisfies the 
performance criteria before it is placed in service and throughout the servic e 
life of the device. 

Explosion-Proof Metnod 

The explos ion-proof method is a passive form of explosion protection, 
which is based on the containment of methane and coal dust deflagrations and 
electric arcs. This enclosure must isolate the i gnition source by containing 
any fl�ne generated within the enclosure, limiting the surface temperature to 
less than 42::PK (15CFC), and containing all electrical arcs. The 
explosion-proof enclosure must also contain any pressure generate d within the 
enclosure which can not be vented through the flange gap. The potential 
failure modes include flame propagating to the exterior of the enclosure, 
surf_ace overheating, and grounding circuit failure. 
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There are a number of verification and certification procedures 
recommended for the explosion-proof enclosure. The verification procedures 
include a visual inspection of the enclosure, measurement of the flange gap, 
and verification of the grounding circuit, high voltage conductor isolation, 
and any current limiting or safety devices. The tests described in Sections 
18.60 through 18.62 of the Code of Federal Regulations Title 30, are 
sufficient to certify that an enclosure will contain a methane flame, however, 
high voltage machines must also be certified incapable of generating high 
energy arcs. 

Pressurized Method 

The pressurized method is an active form of explosion protection based 
on the isolation of the ignition source from the atmosphere in the mine. The 
enclosure integrity, ignition source isolation, and the purge supply 
requirements are critical performance criteria for the pressurized enclosure. 
The potential failure modes for this explosion protection method include flame 
propagating from the enclosure, loss of purge pressure, and the enclosure 
surface becoming an ignition source. The verification procedures, for this 
enclosure type involve testing the flange gap (if so equipped), the ground 
circuit integrity, and the isolation of the high voltage conductors as 
required for the explosion proof enclosure. The purge gas and gas supply 
system must also be verified. Certification tests involve an inspection of 
components, (per Sections 18.60 and 18. 61 of the Code of Federal Regulations 
Title 30 except Section 18. 6l(bl}}, tests of the effectiveness of the initial 
purge cycle, enclosure deflection, enclosure pressure indicator performance, 
spark/flame containment, and the functionality of safety switches specified 
for the enclosure. 

Potted Method 

The potted method is a passive form of explosion protection which 
isolates the electrical ignition source from the atmosphere in the mine with a 
solid barrier. The mining industry is not currently using potted enclosures 
as an independent explosion protection method at any voltage rating. Most of 
the performance criteria sited were established by the National Aeronautics 
and Space Administration for use in the outer space environment. These 
performance criteria involve material selection, the protective enclosure, and 
machine power dissipation. The evaluation of potential failure modes of this 
protection method involves the consideration of the failure modes of the 
potting compound, the enclosure integri ty, and machine failures which generate 
heat or arcs. Adequate verification and certification procedures are not 
fully defined, at the present time, for the potted enclosure in a coal mining 
application. 

High Voltage Explosion Protection Method Comparison 

The effects of supply voltage on adequate conductor isolation, irsulator 
selection, and power dissipation must be considered in comparing explosion 
protection methods. Potted protection presents more unanswered questions in 
the area of conductor isolation than either of the other two protection 
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methods. The theory of operation for the potted 1netnod implies inherent 
isolation, while practical application requires definition of verification and 
certification procedures, potting compound specifications, and a protective 
enclosure specification. The explosion-proof anu pressurized pro tection 
methods provide isolation by separation of conductors and ins ulation. It has 
been demonstrated that separation is not a reliable isolation technique for 
high voltage unins ulated conductors during methane combustion, which can occur 
in explosion-proof enclosures. Conductor separation is a viable isolation 
technique for the pressurized protection method due to the inherent lack of 
methane and other combustible materials. The harsh operating conditions and 
the high voltage environment make insulator selection most critical in the 
explosion-proof protection method . Insulators selected for use in 
pressurized and potted enclosures must survive the effects of the hi gh voltage 
environment, and are not normally subjected to such harsh operating conditions 
as methane combustion. The potted enclosure is very sensitive to the power 
dissipation of the enclosed machine due to the natural thermal insulation of 
the potting compound. The pressurized and explosion-proof enclosures are 
relatively insensitive to the power dissipation of the machine due to forced 
air circulation and convection cooling. 

Co nc 1 us ion 

The performance criteria recommended in this guideline are sufficient to 
provide adequate explosion protection with any of the three methods 
evaluated. The practical impl anentation of the criteria, verification and 
certification requirements may be difficult in some cases. The implementation 
of the potted enclosure presents the most difficult obstacles to overcome for 
high voltage applicatons. The explosion-proof enclosure can be utilized in 
high voltage applications if due consideration is given the selection of 
insulation materials. The pressurized enclosure can be directly applied to 
high voltage machines using the present state-of-the-art. 
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INTRODUCT ION 

The m1n1ng industry is developing more efficient coal removal techniques 
as the demand for co al increases. To this end the industry is using 
progressively larger and more powerful machines at the working face, which 
require more electrical power to be  de1 ivered (ref. 45 p .2-3 ) • The past 
practice has been to increase the supply voltage and current to obtain the 
required power; however, the voltage which may b e  contained within a 
permissible enclosure is 1 imited to 4 16 0 volts AC  oy Ti t1e 30 of the Co de of 
Federal Regulations, Section 18.47(d). An alternative to increasing the 
voltage is to increase the current. However, an increase in current requires 
a corresponding increase in the cable size to maintain the cable voltage 
losses at an acceptable level, which 1 imits the maximum power available at the 
face (ref. 45 p.1- 1). This limiting effect on the maximum power available 
makes it necessary to investigate the merits of explosion pro tection 
techniques for electrical mine equiprrent, energized with up to 15 000 volts AC. 

A technical investigation of the merits of utilizing several explosion 
�rotection techniques with applications up to 15 000 volts AC  was conducted by 
the Na tional Aeronautics and Space Administration, Johnson Space C enter, White 
Sands Test Faci1 ity (N ASA/WSTF), for the Department of the Interior Bureau of 
Mines. The investigation was initiated with an extensive literature search 
and review to determine the history and present state-of-the-art of explosion 
protection techniques. A design evaluation of three explosion pro tection 
methods at 1� 000 volts AC  was also conducted. An investigation of the 
cri tical effects of corona discharges and arcing faults on methane air 
mixtures was perfonned to provide data unavailable in the literature. The 
data compiled from the 1 iterature search, design evaluation, and the 
discharge/fault investigations is presented in the form of a design guidelin e. 

The design guideline consists of explosion pro tection considerations and 
design philosophy; performance, verification, and certification requirements 
for each explosion protection method; and a comparison of the three explosion 
protection methods with respect to high voltage considerations. The design 
philosophy, performance criteria, and recommended verification and 
certification requirements provide a basis for selecting a method and 
designing an enclosure for use at up to 15 000 volts AC. The performance 
criteria discussion for each rrethod establishes the minimum requirements for a 
successful enclosure method. Various concepts are recommended to verify and 
certify each enclosure for use up to 15 000 volts AC. Material and design 
considerations are also included to increase designer awareness of critical 
safety factors. 



DEF IN IT IONS 

Ignition Source - Any material, action, or process which can generate 
sufficient energy to ignite a combustible mine atroosphere containing a 
flammable gas and/or coal dust, and air (ref. 12 p.25). 
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Minimum Ignition Energy (MIE) - The minimum electric spark energy required to 
ignite a combustible gas or dust mixture (ref. 12 p.35). The actual 
ignition energy varies with the concentration of the constituents, 
pressure of the mixture, and configuration of the spark electrodes (ref. 
66 pp .326-335). 

Upper Flammability Limit - The maximum concentration of a gas or vapor in air 
above which the propagation of flame does not occur on contact with an 
ignition source (ref. 12 p. 13). 

Lower Flammability Limit - The minimum concentration of a gas or vapor in air 
below which the propagation of flame does not occur on contact with an 
ignition source (ref. 12 p. 10). 

Minimum Explosive Concentration - The m1n1mum concentration of organic dust 
which, when ignited, will develop 14 00 0 to 21  000 pascals (ref. 12 
p. 137). 

Autoignition temperature - The temperature at which vapors ignite spontaneously 
from the heat of the environment (ref. 12 p.25). 

Deflagration - A propagating reaction in which energy transfer from the 
reacting zone to the unreacted zone is by ordinary heat and mass 
transport processes (ref. 49). The resulting flame travels slower than 
the local speed of sound (ref. 92). The overpressure is developed from 
the heating due to the chemical reaction (ref. 12 pp.47-49). 

Detonation - A reaction in which the energy is transferred from the reacting 
zone to the unreacted zone on a reaction generated shock wave. This 
type of reaction always propagates faster than the local speed of sound 
(ref. 49 pp.4-6) (ref. 17 and ref. 66 pp.512-5 17) (ref. 65 and 77). 

Enclosure Failure - An enclosure is considered to have failed when it allows 
the potentially combustible mine atmosphere to be exposed to an ignition 
source normally contained by the enclosure (ref. 74 p . 16). 

Machine - Any electrically powered equipment considered as a potential 
ignition source in a mine atroosphere is referred to as a machine. 

Maximum Experimental Safe Gap (MESG) - The maximum gap of a joint of 25 mm 
width which prevents any transmission of flame from the combustion of a 
given gas (ref. 25 p. 5). 



BACKGROUND 

Implementation of explosion protection methods for use in coal mines 
requires a consideration of explosion protection theory, flammability 
characteristics of the mine environment, and characteristics of high voltage 
systems. Several explosion protection methods have been derived from these 
basic facts. 

Explosion Protection Theory 
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The primary function of an explosion protection method is to prevent 
ignition of the atmosphere in a mine caused by machine operation or failure. 
This ,nay be accomplished by isolation of ignition sources from the combustible 
atmosphere in the mine. 

Ignition Sources 

The ideal way to prevent the combustion of coal mine atmospheres is to 
isolate all potential ignition sources from the combustible atmosphere. This 
can be accomplished by either placing a barrier between the ignition source 
and the mine atmosphere or physically removing the ignition source fro1n the 
mine. The physical barrier between the ignition source and the combustible 
atmosphere must be such that the two have no opportunity to interact. The 
barrier could be constructed of a solid, liquid, or gas, which must be inert 
to the ignition source as well as the mine environment. A small portion of 
the mine atmosphere around the ignition source may be allowed to burn if the 
combustion is confined to a volume of gas around the ignition source. The 
method of confining the combustion might be passive (enclose the ignition 
source in a box) or active (an automatic fire extinguishment system). 
Physical removal of electrical ignition sources would appear to require that a 
nonelectrical power source be used in the gassy areas of the mine. Hydraulics 
and compressed air are examples of the use of nonelectrical power sources. 
Both isolation and physical removal of the ignition source are applicable in 
certain situations involving known ignition sources. 

Combustible Atmosphere 

The actual removal of the methane contaminant from the mine atmosphere 
is not practical due to its inherent nature in coal. Mine ventilation is a 
method used to dilute the combustible atmosphere below the lower flammability 
limit. Regulations govern the amount, velocity, and quality of the air which 
is delivered to the face and specifies what actions must be taken when the 
methane concentration increases above a given level (ref. 89 Section 75). 
Flammable concentrations of methane are assumed to be in certain areas of the 
mine, and the law requires that ap propriate measures be taken (ref. 89 Section 
7 5. 500) . 

Flammability Characteristics 

The coal mine environment necessarily contains many flammable 
materials. The selection of an explosion protection method is dependent on 
the fla�nabi lity characteristics of methane, coal dust, electrical insulation 
and other enclosure ;naterials. The fla,rnnability characteristics of all the 
materials used in the construction of ijn ex�losion protection device must be 
evaluated. 
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Methane 

Methane may be di stributed throughout the coal seam or concentrated in 
areas of high porosity coal which rapidly vent into the mine when ruptured 
during the coal removal process. Mine ventilation is required to dilute the 
methane to less than 1.0 percent by volume (ref. 89 Section 75.30 8). However, 
in the event of rapid methane release or a ventilation failure, it is possible 
for the methane concentration to increase to within the fl arnmabi l ity limits of 
5.0 to 15.4 percent by volume in air ( ref. 12 p .1 8 and ref. 16 p .441). 
,�ethane ignition sources are grouped into three general categories: ele ctri c 
sparks, open flame, and autoignition temperature (8100K or 5 370C) (ref. 12 
p.L7 and ref. 16 p.441). The minimum spark ignition energy of these 
concentrations of methane range from 0. 3 to 10 mi 11 ijoul es (ref. 66 p .3 33). 
An open flame will nonnally have sufficient energy to ignite flammable 
concentrations of methane. 

Coa 1 Dust 

Coal dust is constantly generated during the rn1n1ng process. The 
minimum ignition energ y of coal dust is dependent on the concentration in air 
and the particle size. The smaller more easily suspended particles require 
the least amount of energy to be ignited for a given concentration of coal 
dust in  air (ref. 12 p.139). The minimum spark ignition energy of coal dust 
is from 20 to 60 millijoules and the minimum explosive concentration is from 
40 to 60 milligrams of coal dust per liter of air (ref. 35 pp. 21-22). The 
ignition temperature of layered coal dust can be as low as 42 80K (15SoC) 
for deep (.10 to .20 m) layers of dust (ref. 12 p.143). 

El ectrical Insulation 

The selection of an electrical insulating material in an explosion 
protection device is  dependent on the flammability and the potential 
decomposition products of the material when exposed to the mine machine 
operating environment. Many organic ins ulating materials generate combustible 
products during decomposition as reported by Morley and Trutt (ref. 75 
pp.35-39) and by Kratzer, Lee, Nakahara, and Paciorek (ref. 6 4  p p.12 7-13 3). 
Decomposition is accelerated and product distribution varies when the material 
is heated or burned. These decomposition products can have flammability 
characteristics which could exceed the capabilities of a protective enclosure 
designed for me thane and coal dust combustion. For example, an 
explosion-proof enclosure designed to contain methane combustion wil 1 not 
contain hydrogen combustion due to the difference in  MESG ( ref. 7 5 p .11). 

Enclosure Materials 

Tne relative flammability of metals can be based on consideration of 
ease of ignition, combustion rate, character of combustion products, effect of 
combustion on other enclosure materials, and the character of any probable 
failure as recommended by M cKinley (ref. 71 p .2). Explosion protection 
devices in the Un ited States are general ly constructed of metal with no stated 
specifications as to the composition of the metal. However, certain metals 
used in the construction of explosion protection devices can be ignited if 
exposed to high energy electric arcs (ref. 51 pp.B20, 835, and ref. 71 
pp.26-29). 



Pl astics or cerami cs may be considered for use as encl osure wal l 
materi al s i n  sor ne cases ( ref. 2 4  Section 6 and ref. 25 Section 1 1.6). 
Cerdmi cs are considered a noncombustibl e materia l .  However, most pl asti cs 
must be gro uped with the organic insu l ators and have simil ar f l ammabil ity 
characteristi cs. 

General High Vo l tage System Characteristics 
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The characteristics of high vol tage systems must be considered in the 
design of expl osion protection devices for the mining envirnoment. The two 
characteristi cs of interest are corona and arc discharge since the probabil ity 
of the occurance and effects of both is  increased with sup pl y vol tage. 

Coron a Discharge 

Corona discharg e is defined as an e l ectri cal discharge of l ess than 0. 1  
ampere (ref. 33 p .2 0 7). It i s  caused by the ionization of gases under the 
infl uence of an e l ectri cal fiel d (ref. 33 p.2 52). The i ntensity of a corona 
discharge aepends on the vol tage, size of the conductor, frequency of the 
vol tage, conductor s urface conditions (ref . 3 0  p .2 9), and atmospheri c pressure 
and temperature ( ref. 33 pp .256, 27 7 ,  and 28 0). 

A corona d ischarg e wil l resu l t  in  a certain degree of ionization of the 
l oca l atmosphere and a corresponding de crease in the diel ectric streng th of 
the atmosphere ( ref. 33 p .335). Corona has been s ho wn to be an i gnition 
source for methane in air mixture s  (ref. 3 8). The diel ectric strength of 
i nsu l ation materi al has been shown to degrade when exposed to corona discharge 
( ref. 84 p .562 } .  

H i gh Vo l tage Arc ing 

An arc i s  defined as a discharg e current greater tha n 0. l ampere whi ch 
i s  self-sustaining ( ref. 33 p .2 07). H i gh vol tage arcs occur w hen the source 
vol tage exceed s the breakdown vol tage of the gas separating the conductors . 
The combustion of a methane and air mixture g enerates free ions w hich decre ase 
the diel ectric strength of the resu l ting atrro sphere (ref. 15 p. 1) . This 
decrease in diel ectri c strength can l ead to an unpredictabl e  arc discharge 
from exposed high vol tag e conductors (ref. 3 8). 

The effects of high vo l tage arcs on the peak combustion pressure of 
methane has not been wel l described in the l iterature. Tests si mu l ati ng l ow 
energy coro na discharg e faul ts and high energy ( u p to l 408 k i l ojou l es) arcing 
fau l ts across a 0. 1 5  meter ( 6  i nch) gap in a 1 .0 6 1 cubi c meter chamber 
i ndicate that methane and ai r c ombustion pre ssures were approiimatel y the same 
when ignited by d high energ y  drc as \'/hen ignite d by corona . The combustion 
pro2 ssures of the coro na tests and arc tests were repeatab l e  with i n  5% given 
simi l ar initia l conditions ( ref . 3 8) . Cia k  reports that tests conducted i n  a 
. l'.'. S0 c ubic meter c h amber w here e nerg i es 2� t irnes greater than those descri bed 
abo ve ,Jroduce d  cornoustio n iJress ure s  ap proxi mate l y  2 times greater ( ref . 3 2  
p4 . 6) .  Thi s i ndi cates th at tr ie  p eai< combustion pressure is virt ual l y  
indepenaent of the energy wt1i ch i gnited the mixture ,  and very dependent on the 
vo l ume of t11e encl ,Jsure . 
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PERfOR r'V\ NC E  C R I TE RI A FO R EXPLO S IO N PR O TECT ION  METHOD S 

All methods of explosion protection n1ust prevent ignition of the mine 
atroo sphere, but each method ha s separate definable requirements in order to 
meet that objective . Th ree explosion protection methods (expl o sion-prJ of, 
pres surized , and potted ) are evaluated fo r supply voltages up to 15  00 0 volts 
AC . The explo sion protection methods are compared by evaluation of the theory 
of operation , performance criteri a ,  fai lure modes, and 
certification-verification procedures .  

Explosion- Proof Method 

The explosion-proof method i s  a passive form of explosion protection . 
Thi s  methO d isolates the ignition source with an enclosure which is c apable of 
containing ignitions of the 1 nine atmosphere . 

Theory of Operation 

The explosion-proof enclosure must contain all events occurring within 
the enclosure and prevent an ignition of the atroo sphere outside the 
enclosure . (ref . 89 Sections 1 8 . 50 and 1 8 . 6 2 ) . Thi s passive type of 
protection must  be constructed to contain methane deflagration, coal  dust 
deflagration and electric arcs s ince it  is a ssumed th at any combustible 
atroosphere entering the enclosure will be ignited . 

Performance Criteria 

An explosion-proof enclosure must  isolate any ignition source from the 
atmosphere in the mine, and contain the pressure generated from combustion 
within the enclosure .  An enclosure which meets thi s general performance 
criteri a will protect the mine atmosphere from ignition sources in 
electrically powered machines contained within the enclo sure . 

Isolation of Ignition Source 

The enclosure must not allow fl ame to propagate th rough the flange gap, 
(a specified separation between an enclosure body and a flange, the dimensions 
of which produce complete quenching of a fl ame) and must not a llow ignition of 
tne combustible atroo sphere in the mine (ref . 89  Section 1 8 .62 ) . Materials 
u sed witnin the enclo sure must not decompo se into fl ammable by-products (ref . 
8 9  Section 1 8 .2 5) . The decomposition products of rnany electrical insulator s 
h ave a smaller MESG than methane. Thi s could result in a fl ame propagating 
through the flange gap without being quenched (ref . 75 p .l l} . 



The outside s urface temperature of the explosion-proof enclos ure must 
not exceed 4 230K ( 15  OOC ) . Thi s  limit has been established in paragraph 
1 8.2 3 of tne Code of Federal Regulation s to prevent the ignition of coal 
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du st. Materials u sed withi n the enclosure s hould not continue to burn after 
an ignition so u rce i s  removed (ref. 12 p. 18  and ref. 8 9  Section 18.62(b3) ) .  
Thi s require ment prevents excessive heat stre ss on the enclosure and minimizes 
pressure generated during combu stion. 

The explosion-proof enclosure m ust contain all electri cal arcs. 
Electrical di scharge s mu st not occur on the exterior of the enclos ure. 
Paragraph 18.50 of the Code of Fe deral Regulations require s that enclosure s be 
connected to the mine grounding system to prevent the ignition of coal dust or 
methane by spark discharges. Electrical gro unding and conductor i solation 
become more critical as the operating voltage i s  increased due to the 
unpredictability of the atmospheric dielectri c strength d uring a me thane 
deflagration (ref . 38) . Electrical machine s and conductor s energized with 
voltages and currents of s ufficient energy to mechanically damage enclos ure 
walls du e to arcing (ref. 38 and 62 ) should be ins ulated in a manner whi ch i s  
independent o f  the atmospheric dielectri c strength. The failure of many 
electrically powered machines can produce an electrical arc capable of 
producing 3 9 37 008 joules per m eter (1 00 000 joules per linear inch ) w hich 
will melt a 0. 01 2 7  meter (l/ 2 inch) steel plate (ref. 68) . 

Pre ssure Containment 

The explosion-proof enclosure must contain any pre ssure generated within 
the enclosure which canno t be vented thro ugh the flange gap. The Code of 
Federal Regulations require s that an enclo sure contain at least l 0 34 2 14 
pascal s (15 0 psig ) . The combu stion of materials u sed in the enclos ure mu st 
not produce pre ssure s  that exceed the overpres sure caused by methane 
combu stion in air (ref. 8 9  Section 18. 3 1  (al) ) .  

Failure Modes and De sign Considerations 

Explosion-proof enclos ure s must meet the performance criteria in order 
to provide explosion protection from electri cal machines. Failure modes for 
explosion-proof enclos ure s include flame propagating to the exterior of the 
enclosure, s urface overheating, and gro und circuit failure. 

Flame Propagation 

The combu stion of gases other than methane, mechanical damage to the 
enclosure wall, or compromis e  of the ME SG may al low a flame to propagate to 
the exterior of the enclosure. Flames which re sult fro m the combu stion of 
gase s s uch as  hydrogen and acetylene can readily pas s through a flange gap 
designed for methane (ref. 7 5  P. 1 1 ) .  Currently, no materials are a llowed 
within the enclos ure which decompos e to produce a combustible by-product (ref. 
8 9  Section 18.2 5) . 
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An ex plos i o n-proof enclosure can be me chan i cally damaged by a roof fal 1 ,  
rn etal fat i gue, arc burn t h rough , transport at i on and handl i ng ,  etc.  V i sual 
observatio n i s  the only mean s of sens i ng such damage .  The enclosure should be 
constructed w i th a s  much reinforc ement a s  pract i cal and i ns talled in a 
locat i on that prov i de s  as  much protect ion from damag e as pos sibl e .  The 
prevent i on of mechan i cal damage i n  the f orm of fat i gue fa ilures beg i ns w i th a 
s trong des i gn ,  with  wide t olerances for thermal or mechan i cal s tres se s .  King 
and Bol l i nger report independently t he use of computer models t o  analyze 
proposed expl os i o n-proof enclo sure s  for stresses  produced during methane 
defl agrat ion ( ref . 13 and 6 3 ) . Arc burn th rough (a s d efined i n  t he Am eri can 
Soc iet y  for Testing and Mater ial s  tes t E3 9 0 )  i s  an i mportant cons ideration for 
h i gh volt age enc losure s .  The pos s i b i lity of a n  arc from a high voltage 
conauctor to the enclosure wall i s  not i ncreased by the  add i tion of methane t o  
the atrrosphere . Ho wever , a methane defl agra t i on h as been s hown t o  greatly 
increas e the probab i lit y for arci ng to the enclosure wal 1 .  Test s  conducted a t  
N ASA/WSTF i ndicate that the di electric streng th o f  t h e  a tmo sphere between 
exposed h i gh voltag e ( 14  400 volt s AC ) conductor s i s  very unpred i ctable duri ng 
rnethane· combust ion.  Arc gaps were s hown to vary from 0 .15 t o  0 . 59 meter (6 t o  
2 3  inche s )  under thes e cond i t i on s  (ref . 3 8 ) .  An arc within t h e  enclosure tha t  
causes failure o f  a wall would re su lt in a n  enclosure failure a t  t h e  worst 
po ss i ble t i me , for it mus t  be assumed that i f  a combust i ble m i xture exis t s  
w i th i n the enclo sure , a s imi lar m ixture i s  out side also. Fa ult cleari ng 
devi ces to sens e the exces sive curren t (ref . 86 ) or the phas e change between 
c urrent and voltage (ref . 4 8 ) could be used t o  prevent t h i s failure mode. 

Th e  MESG can be exceeded in several way s .  Part iculat e lef t on the  
flange duri ng reassembly can increas e t he flange gap s uff i c i ently to allow 
methane flarne s to escape . Hea t or me chanical damage can caus e the flange to 
warp or d amage t he flame q uenching s urfaces . An exces s i ve gap may be caused 
by a temperature gradient acros s the flang e or mechani cal abus e .  Th i s  i s  
readi ly detectable w i th s tandard veri f i cation test s .  However , a damaged 
quenching surface coul d remain undetected until the enclosure fai led . Secured 
flang es with access 1 i m i ted t o  author i zed per sonnel h as been recommended (ref . 
2 8) t o  prevent ignition source s frorn bei ng exposed to the atrro sphere in the 
m i ne by i nadvert ent rerooval of the flange wh i le t he mach i ne i s  engaged . 

' 
Surface 0verneat i ng 

The external s urface t emperature s of the enclosure are l imi ted to 
42 30K (1 5 CPC )  (ref .  8 9  Se ct i on 1 8 . 2 3 ) . The des i gn must prevent the normal 
operating temperature fro m exceed i ng thi s limit due t o  .the i gnit ion 
characteris tics of coal dust . The insulat ing q ual i tie s of dust s  which can be 
expected t o  accumulat e on exposed s urface s mus t be consia ered when det erm i ni ng 
the max i mum surf ace t emperature of the enclosure (ref . 89 Sec t i on 75. 8 00 and 
ref . 4 8 ) . Abnonnally h i gn temperature s ca n be producea by some elec tr i cal 
fault cond i t i ons .  Current s ensing devi ces , to clear the fault , and f ire 
retardent mater ial s rru s t  be used t o  l i mi t the heating in the enclosure . A 
t emperature s ens i t i ve s wi tch m i ght  b e  appl i cable in  s ome cases t o  deactivate 
the mach i ne and/o r activat e an alarm when the surfac e temperature e xceeds 
4 2 30K (1 5 CPC ) . 
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Ground  C i rcu i t Fai l ure 

The c i rc u i t  c onnect i ng the e nc l o sure t o  the m ine  g ro und i ng system 
become s more cri t i ca l  a s  the enc l o s ure operat i n g  vo l tag e is i nc reased . The 
e l ec tr i c f i el d o f  the vo l tage s uppl y w i l l c h arg e a n  e nc l osure wal l gro unded 
through  a h i gh res i st anc e to a vo l tag e  propo rt i ona l  to  the c apac i ta nce betwee n 
the enc l o s u re a nd gro und . Th i s  c an c ause a spark d i sch arg e from the s urf ace 
of an expl o s i o n-proof  enc l osure whi c h  can  i gn i t e  me than e o r  coa l  dust and a i r  
m i xture s .  An e ffect i ve gro und i ng c i rc u i t  does not a l l ow a c harg e to 
accumu l ate on the encl os ure wal l wi t h  re spec t to  ground . An arc to  the 
e nc l osure wal l c an a l so r a i se the e nc l osure t o  vo l tages n ear the s uppl y 
potent i a l  i f  the grou nd  c i rcui t i s  no t suff i c ient  i n  qual i ty .  A protected and 
mon i tored gro und c i rc u i t  i s  req u i re d  t o  preve nt g ro und i ng f a i l ure s ,  as  
spec i f i e d  i n  sect i on s 1 8 .50 and  7 5 .80 0 o f  the  Cod e of  Federa l Regul at i on s 
Ti t l e  3 0. 

Veri f i c at i on  a nd Cert if i cat i on  

Veri f i cat i o n  tests  are use d  t o  i ns ure that a n  ex p l o s i o n-proof enc l os u re 
c ont i n ues to  meet the perf ormanc e c r i ter i a  i n  accord anc e w i th S e ct i o n  7 5 . 5 03 ,  
Ti tl e 30  of  the  Federa l Cod e of  Regu l at i on s .  Cert i f i cat io n test s demonstrate 
that a n ew o r  recond i t i oned u n i t  s at i sf i es the performanc e c r i teri a before 
be i ng pl ace d  i n  serv i c e .  The veri f i catio n and c e rt i f i cat i o n  test s  now bei ng 
conducted o n  expl os i on-pro of enc l o sure s are adequ ate for h i gh vol tage  
appl i cat i o n s  wi th  some add i t i on s .  

Ver i f i cati on  

V i sual i n spect i on ,  f l ang e g ap ver i f i c at i o n ,  and rout i ne ma i ntenanc e are 
current l y  used t o  guarantee ex pl o s i o n- proof enc l o sure i nte gr ity . However, the  
u se o f  h i gh vo l tage requ i re s  ver i fy i ng the i ntegr i ty o f  the gro und i ng c i rc ui t ,  
h i gh vo l tage conducto r i so l at io n ,  and any current  l i m i t i n g  o r  s afety d evi c es .  

Gro und C i rc u i t  I n t egr i ty 

The c onductanc e of  the gro und c i rc ui t s ho u l d b e  ver i f i ed a nd recorded o n  
a period i c  bas i s .  Adequat e  ground i ng shoul d b e  veri f i e d  by a meas urement of  
the  res i stance from  a def i ned po i nt on  the  enc l o sure to  a d ef i ned po i nt on  the 
m i ne  ground  system . The same  meas u rement po i nt s  s houl d b e  u sed  for each 
s ubs equent measurement o n  a g i ven e nc l o sure . The se measurement po i nt s  must be 
c l ea n  (w i re brushe d or pol i shed )  an d dry s o  that they w i l 1 pro v i d e  low contac t  
re s i s t ance e ach t ime a measurement i s  made. The gro und wi re s hou l d a l so be 
phys i cal l y  check ed for cor ros io n ,  frayi ng ,  cr imp i ng ,  and ti ght contac t s . The 
need f or these ver i f i cat io n t ests h as been reporte d by To wl e ( re f .  8 5) . 
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Conductor !sol at ion 

The conductor isolation verification test is used to determine the 
resistanc e between the high voltage conductor and the enclosure wall. This 
measurement should be record ed and o bserved for any downward trend in 
resistance over a perio d  of time. A downward trend would indicate that the 
insulating medium between the conductor and ground is degrading ; thus, 
eventual failure can be  expected .  Firm guidelines are not now available and 
will be required before this verification c an be effectively implemented. 

Safety Devices 

Any device which increases the safety of using an explosion-proof 
enclosure must be routinely checKed  for proper operation. This should  involve 
a visual and functional checK to determine the operational status of the 
device. Part 7 5  of the Code of Federal Regulations Titl e 30 specifies the 
methods and procedures for verifying the operational status of the safety 
devices currently required . Verificatio n proce dures must be  established for 
all safety devices approved for any explosion protection method. 

Ce rt i f i cat i o n 

The present c ertification tests, as specified in Title 30 Part 18, 
Subpart C, of the Cod e  of Federal Regulations are adequate for enclosures 
powered with lower voltages. However, as the supply voltage approaches the 
corona transition, as defined by Lewis an d Von Elbe, specific tests are 
required to guarantee that high energy arc failures do not o ccur (ref. 6 6  
p .330). The corona transition voltage for a specifi c case depends on the 
orientation of the conductor relative to the ground or neutral conductor, the 
size, surfac e condition, type and composition of the conductor, and conditions 
and composition of the surrounding atmosphere. 

Enclosure Inte grity Tests 

The c ertification tests described in Section 18.60  through 18. 62 of the 
Cod e  of Federal Regulations Title 30 certify that the explosion-proof 
enclosure will contain a me thane flame. These tests consist of reviewing the 
design, comparing the enclosure configuration with the drawing, and subjecting 
the enclosure to methane flame tests. 

High Voltage Certification Tests 

It is recommended that a high voltage machine be certified to be 
incapable of generating a high energy arc . Any part of a mac hine whi c h  can 
generate a corona discharge must also be considered as a source for an arcing 
fault during a methane  deflagration (ref. 38). A visual inspection of the 
unit shoul d be conducted, and discrepancies which could increase the corona 
current must be eliminated (ref . 30 p2 9). The explosion-proof enclosure must 
be pl aced in a combustible atmosphere similar to that defined in Title 30 of 
the Code  of Fe deral Regulations, Section "1 8.62, and tested as follows. The 
machine should be energized with the specified supply voltage in a manner 
which  simulates the intended use (interm ittent or continuous). The methane 
and air mixture s hould be ignited as required in the explosion test to cert ify 
the high voltage isolation is maintaine d during methane combustion. The 
enclosure configuration should be considered unacceptable if an arc is struck 
at any time during this test (assuming sufficient current is available for a 
damaging a re) . 



Pressur ized Method 

The pressuri zed method i s  an acti ve form of explosi on protection. Thi s 
methOd requ i res an inert or noncombust i ble gas to replace combusti ble gas 
m ixtures exposed to the i gniti on source. 

Theory of Operation  
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Pressuri zed enclosures i solate an i gn i t ion source from a potent i ally 
combusti ble atmosphere by f illi ng the enclosure wi th an inert gas or fresh a i r  
and maintai n i ng a pos it ive pressure w ithin the enclosure. The pos it i ve 
pressure does not allow combusti ble  gases to enter the enclosure ; thus , the 
enclosure must be rated to contai n  only the purge pressure. 

Perf orrnanc e Criteri a 

The e nclosure i ntegr i ty, i gn i t ion source i solat ion, and the purge supply 
requ i rements are cr it ical i n  providi ng an effect i ve pressur ized enclosure. 
Enclosures whi ch meet thi s performance cr i ter i a  w i ll i solate the coal m i ne 
atmosphere from i gn i t ion sources generated by the enclosed electrically 
powered machi ne. 

Enclosure I ntegrity 

The pressuri zed enclosure must be  constructed to contai n  the purge 
pressure. The purge pressures requ i red for thi s  method are effect i ve at 
differenti al pressures as low as 24.9 pascals (O. l i nch of water ) (ref. 3 ) . 
The enclosure desi gn must be suffic i ently rugged to wi thstand the handli ng 
procedures corrmon to the m in ing i ndustry and should comply wi th the ASrvE 
Pressure Vessel Code (ref. l) . A safety device must deact i vate the machine i f  
enclosure pressure i s  too low (ref. 3 p .14 and ref. 2 8  p p.23-24 ) .  

Ign ition Source Isolation 

All i gn i t i on sources associ ated w i th the machi ne and the pressuri zed 
enclosure must b e  i solated from the atmo sphere i n  the m ine. The pressuri zed 
enclosure must not provide a means of produc i ng external arcs or sparks. The 
enclosure must b e  connected to the m ine groundi ng system (as di scussed for the  
explosion-proof method) such that the enclosure wi ll not develop a stat i c  
charge. The enclosure must b e  constructed t o  contai n any spari< s o r  flame 
whi ch m i ght b e  generated w i thi n the enclosure. The appl icat ion of flange 
gaps , gaskets , and spar k/flame arrestors i s  requ i red to contai n any spari< s or 
flame generated w i thi n the enclosure (ref. 39 p .96) . Co mbustion produces i ons 
whi ch i ncrease the conductance of the local atmosphere and the poss i b i l ity  of 
a h i gh voltage arc which could damage the enclosure and i gn i te the m ine 
atrrosphere (ref. 7 5  p . 18) . Therefore , mater ials selected for use wi thi n an 
enclosure must be f ire retardent or noncombusti ble (ref. 75  p.22) . Lo w 
flammab i l i ty materials must be use a to m i n i m ize the external surface 
temperatures duri ng enclosure atmosphere combustion by reduc i ng the 
avai lab i l i ty  of fuel to i gn ition sources. The temperature of all enclosure 
exter i or surfaces as well as the enclosure exhaust a ir  ternperatures must not 
exceed 4 2J)I( (15 v:>C) to prevent coal dust i gn it ion (ref. 12 p. 14 3) .  



21 

Purge Supply 

The purge suppl y for the pre ssuri zed method of expl osion protection must 
be adequatel y specified an d monitored in ord er to en s ure that the machine is 
i sol ated from the combustibl e mine atmosphere . The design specification of 
the purge gas suppl y shoul d incl ude the type of gas (compressed air, bottl ed  
air, bottl ed n itrogen, etc . ) , the q ual ity of the ga s ( a l l owabl e hydrocarbon s, 
1AJater content, etc. ) ,  an d the vol umetric fl ow rate of the ga s required to 
maintain the min imum encl osure pre ssure . Tne purge gas s uppl y must have 
provided at l east 10 encl osure vol ume change s  before the machin e i s  en ergize d 
( ref. 3 p . 2 1). The purge must dil ute any combustibl e gases generated by 
material  decomposition to bel ow the l ower f l ammabil ity l imit. The purge must 
n ot a l l ow accumul ation s of d ecomposition pro ducts. The a l l owabl e rate of 
combustibl e  materia l gen eration nru st be specified for each materia l used in 
each appl ication. This determin ation is  prirnari ly depen dent on the amount of 
material  used  in the encl osure ( ref. 7 5 )  an d the purge specification. 

The quantity an d q ual ity of the purge suppl y must be continuous l y  
monitored in order to assure that the purge specification s are met. Al l 
pre s suri zed encl osure s must be eq uipped with a pre ssure or fl ow switch capa bl e 
of activating an al arm an d de-energizing the enclosed machin e when the 
intern al  pre ssure of the encl osure fa l l s  bel ow 24.9 pa scal s (O. l  inch of 
water) ( ref. 3 p .15 ) . A methan e monitor, simil ar to those used on continuous 
miner s, must be l ocated in side the pre ss urized encl osure to continuous l y  
monitor the purge supply. The monitor must act iv ate an al arm an d d e-en ergiz e 
the ,11achine if methane is  detected. The alan11 l eve l s houl d be set to 1% by 
vol ume of methane, a s  this quantity of methan e in air i s  wel l establ ished  as  a 
required action point ( ref. 89 Section 7 5.307-8 ) .  

Fail ure Modes an d Design Con sideration s 

Pres suri zed enc l osure s which fail to meet the performance criteri a wil l 
not provide adequate expl osion protection. The method fail s when fl ame 
propagates from the encl osure, purge pre ssure is l ost, or the encl osure 
surface becomes an ignition source. 

Fl ame Propagates From the Encl osure 

Encl osure materi al s an d contamin ating gases can provide sufficient fuel 
for combustion in a pressurized  encl osure. Thes e material s an d gases  can be 
ign ited by mech anical or e l ectrical fail ure s in the machine. The encl osure 
must  be con s tructed to contain any fl ame or sparks gen erated within the 
enc losure during such fail ures. Thi s require s the use of s eal s an d/or fl ange 
g aps at acces s ports ( ref. 3) , spark/fl ame arrestors on the exhaust port( s )  
( ref. 80} , an d con sideration of the geometry of the encl osure-machine 
combin ation (no  potentia l spark source s in the pl an e of a fl ange gap or in 
l in e  with an exh aust port) ( ref. 75 p.9 ) .  
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Th e  u s e  o f  f l ame retardent  o r  no ncombust i bl e mat eri al s i s  a l so a 

n ecessary practi ce to m i n i mi ze c ombu st ion poss i b i l i t i es ( re f .  7 5  p .2 2) . The 
press u r i zed  expl o s i o n  protect io n me tho d prevent s gase s from  ent eri ng the 
e nc l osure from the exteri or; however,  combus t i b l e g ases c an be g enerated from 
materi al s wi th i n the enc l osure . Fo r exampl e ,  c oron a d i sch arge s an d res i stanc e 
heat i ng o f  e l ectr i cal i nsu l ators h ave been s hown to g enerate f l ammabl e g ases 
( ref . 64 p p . 1 2 7- 13 3 an d ref . 7 5  � .3 5-3 9) . The o ff gassi n g  rat e of  the 
e nc l osure mater i al s must be  s uch t h at the purg e  i s  s uff i c i ent to d i l ute the 
resu l t i ng corrbust i bl e ga s mixt ure bel o w  the l ower  f l ammab i l ity l imi t of the 
offgassed pro ducts .  

Me th ane c ontami nat i on o f  the purg e  s uppl y i s  a nother pote nt i a l  sourc e of 
fue l .  However,  th i s woul d be detecte d by the enc l osu re methan e mon i tor  and 
re sul t i n  a n  a l arm be i ng act i v ated and the m ach i ne b e i ng de-e nerg i zed .  The 
use  o f  a n  i nert gas  pu rg e  wou l d el i m i nat e combust i o n  wi thi n the e nc l osure by 
removi ng the o xygen sourc e .  Th i s  s o l u t ion ,  however,  wou l d  req u i re that the 
enc l os ure be  vented outs i d e  the mi n e .  

Lo ss o f  P u rge  Pre ssure 

The purg e  pre ssure c an b ecome i neffect i ve w hen the purg e sourc e i s  
i nterrupte d o r  the enc l o s ure i nte grity i s  compromi sed . The purge suppl y can  
be  i nterrup ted by d amage to the s uppl y d uct or  by d epl et ion  o f  the purg e g as 
sou rc e .  Thes e fa i l ure modes must  b e  detecte d by the e nc l osure pressure/fl o w  
s ensor.  The s upply d uct must be  m ai nta i ned to pro v i de t he req u i re d  q uant i ty 
o f  p urge  gas  to  the encl osure . The p u rg e  suppl y pressure shou l d be rout i ne l y  
ver i f i ed and ma inta i ned . 

The e nc l osure i ntegr i ty may b e  c ompromi sed t h ro ugh d amage or  i mproper 
acces s .  Enc l osure wal 1 damag e ca n b e  the so urce  of  a l eak whi c h  al l ow s  the 
e nc l osure pressure to  f a l l  b el ow 24 . 9  p a sc al s (0 . 1  i nc h  of  w ater ) . The 
pre ssu ri ze d  e nc l o sure mus t  be  constructe d t o  wi th stan d  the expecte d cond i t ion s 
of u se ( re f .  3 p .8 )  a nd c ont a i n  a ny spark s o r  f l ame as  prev i ous ly  no ted . Any 
damag e compro mi s i ng the encl os ure i nte grity mus t  be  immed i atel y repa i red . The 
effec t i veness o f  t he purg e  i s  l ost i rrrned i ate ly  w hen any access port i s  opened 
whi l e  tne mach i n e  i s  en erg i z ed .  An e nc l osure pres sure sw i t c h  or a purg e  f l ow  
s afety sw i tch i s  a n  effect i ve e l ement i n  prevent i ng the i gn i t i on o f  the m i ne 
atm sphere whe n a purge d system has bee n com promi sect . Safe ty sw it che s that 
are u sed to  g uarantee the purg e system i ntegr i ty must  b e  c onf i gure d  to addre ss 
a l l  mode s o f  p u rg e  fai l ure  ( ref . 3 p . 1 6) .  An acces s port sw itch  shoul d be  
i nstal l ed s uch t h at the  m ach i ne i s  de-e nerg ized a s  s oon a s  poss i b l e after the 
po rt begi n s  to  ope n ( ref . 3 p . 14 ) . Add i t i ona l  sec ur ity s houl d be prov i ded  
s uch a s  t he  l ock ed or  s ecure d access c urre ntl y  u sed o n  e xpl o sion-pro of 
enc l osure s  ( ref . 2 8  pp .23-24) . 

Su rf ace Ign i t i on So urc e  

The s urface o f  a pre ssur i zed e nc l o sure c an become a n  i gn i t i on  sourc e 
when the s urf ace temperature e xceeds 4 230K ( 1 5 <PC )  o r  w hen a s tat i c  c h arg e 
devel ops  o n  the enc losure s urfac e .  A temperature sw itch  a s  de scri bed  fo r the 
exp 1 os ion-pro of e nc l osure may be  req u i re d  i n  equ i pme nt wh i ch may be  overl oa ded 
( ref . 3 p . 1 5) .  A groundi ng c i rcu i t fa i l ure can  al l ow  a n  enc l osure s u rfac e  to 
deve l op a s tat i c  charg e  d ue to the movi ng purg e  gas .  The pres suri zed 
enc l os ure mus t  have gro und c i rcu i t protect io n an d mon i tor i ng dev i ce s  a s  
descr i bed for the expl osi on-proof e nc l osure .  
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Verification and Certification 

Verification tests are required to guarantee that pressurized enclosures 
are providing explosion protection. These tests must be  designed to verify 
the enclosure, purge system, and electrical system integrity. Certification 
testing must be performed to assure that the design and implementation of the 
pressurized enclosure performance criteria have been practically incorporated 
in the construction of the unit. 

Verification 

The flange gap (if the enclosure is so equipped) , ground circuit 
integrity, and the isolation of the high voltage conductors should be verified 
for pressurized enclosures in the same manner as described for the 
explosion-proof enclosure. A pressure indicating device should be  installed 
on pressurized enclosures to provide a readily available means of monitoring 
the purge supply, checking the operation of the pressure or flow safety 
switch, door safety switches, and detecting an enclosure failure (ref. 3 
p.31) . Flame arrestors must be  routinely serviced to remove any foreign 
material which may clog the openings (ref. 28  p.l 1). The flame arrestor must 
be replaced if corrosion or other mechanical damage is observed during this 
service. The purge supply may consist of bottled gas or some means of forced 
air from outside the mine. The purge source must be routinely analyzed to 
guarantee that the purge supply is not contaminated with flammable or other 
unwanted gases. A periodic visual inspection of the purge system supply line 
must be  conducted for damage and leaks to minimize the potential for 
contamination downstream of the source. 

Certification 

There are several tests of the pressurized enclosures which are required 
to guarantee that the design meets the performance criteria. However, an 
explosion test of the pressurized enclosure is not required (ref. 5 6  
pp.72 -73 ) .  The inspection of components of the complete machine are required 
as described in Sections 18. 60 and 18. 61 of the Code of Federal Regulations -
Title 30 (except 18. 61  (bl) which requires an explosion-proof enclosure) .  
Additional tests must certify that the initial purge cycle, enclosure 
deflection, the enclosure pressure indicator, spark/flame containment, and the 
function of any safety devices specified for the enclosure are adequate to 
meet the performance criteria. 

The purge cycle certification procedure recommended by Hinds is 
performed by purging the pressurized enclosure with pure nitrogen until the 
oxygen concentration is reduced below 1%. The enclosure is then purged with 
air at the specified pressure or flow rate until the oxygen concentration 
approaches that of air. The time required to return the oxygen concentration 
in the enclosure to that of air should be less than or equal to the purge 
cycle time specified by the enclosure designer (ref. 5 6 ) .  

The Pressure Vessel Code specifies that a given vessel must be equipped 
with a pressure relief device such that if the supply regulation fails so as 
to deliver a maximum flow, a hazardous pressure cannot occur within the 
enclosure (ref. 1 and ref. 3 p.3 5 ) . A wall deflection test is recommended in 
order to certify compliance with this requirement. This test is performed by 
pressurizing the enclosure to the maximum pressure capable of being developed 
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by a failure of the purge system and then measuring the resulting deflection. 
Any distortion over 3. 3 33 1nillimeter per linear meter (0. 040 inch per linear 
foot) is not acceptable (ref. 89  Section 18.62b5). The enclosure pressure 
indicator rnay be certified in conjunction with the wall deflection test. An 
acceptable indicator mus t di splay an accurate status of the enclosure pressure 
above and below 24. 9 pascals ( 0. 1  inch of water differential). A test to 
certify that an enclosure will prevent sparks or flame generated within the 
enclosure from igniting a combustible atmosphere outside the enclosure is 
required. However, there is insufficient documentation in the literature to 
define the requirements for such a test (ref. 3 p. 14). 

The certification of the enclosure safety devices can be accomplished 
using a simple series of tests. The enclosed machine is activated with the 
specified purge in progress. Each access port is opened to observe that each 
switch operates as designed. The enclosure pressure switch or flow switch is 
certified by reducing the flow of purge gas while monitoring the enclosure 
pressure. The switch must operate at 24. 9 pascals (O.l inch of water 
differential pressure), thereby d �-energizing the equipment and activating the 
alarm. The methane monitor is certified by injecting a quantity of methane 
(dependent on the purge gas flow rate) sufficient to form a 1% mixture of 
methane in air within the enclosure and verify that the alarm is activated and 
equipment is de-energized by the monitor. The temperature switch , if so 
equipped, is certified by heating the local area of the switch to a 
temperature slightly greater than 15 0°C and observing that the switch is 
activated at 4230K ( 1 5 QOC). 
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Potted Method 

The potted rnethod is  a pass ive form of explosi on protect i on. Thi s  
method isolates the electri cal i gn i t io n  source from the atmosphere i n  the m i ne  
with a sol id  barri er. Thi s d iscuss ion i s  general due to the w ide vari ety of 
potti ng compounds available and the small amount of research performed i n  
explos i on protecti on related are as. The cri ti cal character i st ics of potted 
enclosures i nclude lo ng term mechan i cal and c hem ical stabi l i ty of pott i ng 
c ompounds and the effect of vari ous aspects of the m i n ing env i ronment on the 
cand idate compounds. 

Theory of Operation 

The soli d material used i n  the potted enclosure must completely isolate 
the electr i cal i gn i t i on source from the combusti ble atmosphere. The pott ing 
compound must coat or encapsulate all electrical i gn i t ion  sources i n  order to 
prov i de a hermet ic  seal and electr i cal i solat ion. A jacket or shi eld i s  
provi ded to mechan i cally protect the potting and machine components. 

Performance Cr i ter i a  

Potted enclosures are not i n  common use as a n  i ndependent explos ion  
protect i on method i n  the m i n ing i ndustry at  any voltage rating (ref. 45 
p.32.2.2). Most of the performance criteri a s ited for encapsulati ng hi gh 
voltage sources were or i g i nally establi shed by the Nati onal Aeronaut i cs and 
Space Adm i n i strati on for use i n  the outer space envi ronment (ref. 30). The 
followi ng perfonnance cri ter i a are adapted for appl i cati on to the coal m i ne 
env i ronment and are subject to ref i nement as more experi ence i s  ga ined i n  the 
use of these enclosures. The performance cri ter i a  concern the general areas 
of material selecti o n, the protect ive enclosure, and the machi ne power 
d i ssipati on. 

Material Selection 

The stab il i ty of the potti ng compound selected must be suff ic i ent to 
guarantee that i t  wi ll not degrade i n  servi ce to the po i nt of allowi ng 
exposure of an electr i cal i gn i t i on source to the m i ne atmosphere. The potting 
co111pound  rnust be mechan ica l ly, c hem i cally, and electri cally stable over the 
expected l i fet i me of the mach ine i t  i s  to pro tect. These compounds must be 
appl ied  i n  such a manner that no vo i ds are fonned duri ng the pouri ng or curi ng 
process, and must have suff ic i ent ,nechan ical strength to w i thstand the 
stresses induced by normal machi n e  operation. The chem i cal stab il ity of these 
potting compounds must be such that the electr i cal and mechan i cal 
character ist i cs are not comprom i sed when exposed to the m ine en v i  ronrnent, such 
as methane, coal dust, m i ne water, var i ous o i ls and greases, and temperature 
extremes. The potti ng compound must provide electr ical isolati on of the 
suppl i ed power under all use condit i ons. 
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P rotect i v e E nc l os u re 

The p ro tec t i ve e nc l osure for  a potted or e nc ap s u l ated mac h i ne must  
preve n t  th e pott i n g  compound fro rn bei n g  de grade d by the  m i n e  en v i ro nment . Th e 
pro tec t i ve e nc l osure m us t  prevent the  pott i ng c ompound fro m b e i ng expo sed to 
stand i ng  wat e r ,  s i nc e  roo s t  compo und s abso r b  wat e r  t o  a c ert a i n extent 
re s u l t i ng i n  d egradat i o n  of v ari ous  c r i t i c a l  ch aracter i st i cs ( re f .  64 p . 3 5) .  
Th e  ;iro tect i ve e nc l os u re mus t  b e  o f  s uf f i c i en t  s t re ng t h  to preven t  d amag e t o  
t h e  c ompound d ue to mech an i c a l  s tre ss w h i l e  the  e nc l o sure i s  be i ng move d .  Th e 
e nc l os ure  s hou l d pro v i d e  prote ct io n fro m  abras i o n  and  o th e r  forms of  
mech an i ca l  d amage , and  i t  s hou l d  be  c on stru cted of  a c onduct i ve mater i al and 
connecte d t o  t h e  mi n e  gro u nd i ng  syste rn a s  de scr i be d  for  the ex p l o s io n-proof 
e nc l o s u re .  Se c t i o n  1 8 . 3l { b }  i n  T i t l e 3 0  o f  the Co de o f  Fe der a l  R e gu l at i ons  
spec i f i e s  the  th i ck nes s o f  mater i al s and  f l ang e  g ap s  to  b e  used  on  the 
e nc l os ure a nd the means of e l ectr i cal  acce s s .  

Ma ch i n e  Powe r  D i s s i pat i o n an d Temperat u re 

A m ach i ne t o  b e  i nst al l ed i n  a po tted e nc l o sure s ho u l d not  d i ss i pate 
enough h e at to  a l l ow the s urf ace t emperature to e xceed 4 230K ( 1 5 CPC ) . The 
actu a l  po we r  d i s s i pat io n l imi t depe nds  o n  the therma l  conduct i v i t y  and  hea t 
c apac i ty o f  t he p art i cu l ar pott i ng compound . Th e p o tt i ng compound and 
pro t ect i ve enc l os ure  comb i na t i o n  mu s t  b e  c apabl e o f  c o nt a i n i ng a mac h i n e  
f a i l ure .  

Fa i l ure Mo des an d De s i gn Co n s i dera t i ons  

Th e fa i l u re of  the  potte d e nc l o  su re to  mee t the  perfo rmanc e c r i t er i a 
c ou l d res u l t i n  a n  i gn i t i o n  source b e i ng e xpo sed to  the  m i ne e nv i ro nment . The 
pott i n g mat er i a l , the protect i ve e nc l os u re ,  o r  the  e nc l o se d  mac h i n e  cou l d f a i l 
i n  a n umber o f  w ays . 

Mater i a l  Fa i l u re 

The pott i ng c ompo und may a l l ow t he i gn i t i o n  so urc e  to  be e xpo sed to  a 
combu s t i b l e at rro sphere by f a i l i ng me chan i ca l l y  o r  e l ec tr i c a l l y . An e l ec t r i c a l  
i gn i t i on  sourc e  c an b e  e xpo sed t h ro ugh  mech an i ca l  f a i l ure o f  the pott i ng 
mater i a l  i n  the  form o f  vo id s ,  stres s crack s ,  and  comp ress i ve f ract u re .  V0 i d s  
c an b e  formed i n  t wo ways . A i r :11 ay b e  e ntrap ped i n  the  pott i ng compo und 
dur i ng  the po u r i ng proces s ,  or  gase s  may evo l ve a n d  become e n trappe d d u ri ng 
the c ur i ng pro ces s .  Vo i ds a nd crack s i nc re ase the  e l ectr i cal s tre ss ac ro ss 
the g a s/s0 l i d  i nterf ac e  an d l ea d  to e l ec tr i c a l  d i sch a rge s whi c h  over a per i o d  
o f  t i me d egrade t he d i el ec tr i c s tre ng th o f  t he pott i ng com po und . Cr ack s may 
devel o p  a s  the p0 l ymer ch ain s are  c ut by e i ther e l ec tr i c a l  d i sch a rge s o r  the  
re su l t i ng by-pro duc ts ( re f .  3 0  p p .2 5 a nd 3 3 ) as  report ed by Sh arbo ugh a nd 
De v i n s  ( ref . 3 6 ) . Roo f f al l d amag e coul d c au se a comp ress i ve f ract ure o r  
cr ack i n  t h e  compo und a nd expo se a n  i gn i t i o n  sourc e  t o  the combust i b l e  
atmo s phere . 
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L i ttle i nformatio n i s  availab le concerni ng the degradation of electri cal 
a nd mechani cal character i sti c� of potti ng compound due to chemical 
i nteract ions wi th low energy di scharge s (corona), methane, coal dust, etc. 
The react ion between methane or coal dust and a specif i c  pott ing compound can 
generally be  pred i cted by standard chemical evaluatio n; however, the effect of 
an energy source (corona, leakage curre nt, etc.) on the chemi cal reaction i s  
very diffi cult to determine  (ref. 30 p .2 5). 

The effect of water exposure on pott ing compounds i s  well documented and 
i s  the subject of a test standardized by the Amer ican  Soci ety for Testi ng and 
Mater i als (Procedure N u mber 0570 - Water Absorption). The d i electr i c strength 
and track i ng res istance decrease as water i s  absorbed i nto the potti ng 
corrpound result i ng i n  an i ncrease i n  the leakage current and resi st ive heat i ng 
of the material. The degradation of ei ther of these character isti cs will lead 
to a potent i ally catastroph i c fai lure of the enclosure due to the energy 
released by a h i gh voltage arc (ref . 8 3). Var iat i ons i n  the d i electr i c  
strength are more 1 ikely to  cause arc i ng as the voltage i ncreases. Some 
hydrocarbons (oils, greases, etc. ) found i n  the mi ni ng i ndustry can attack 
potti ng compounds resulti ng i n  loss of mechani cal and di electr i c strength 
(ref. 7 3  p. 10 9-160). The potti ng compound be i ng cons idered should be 
carefully evaluated for compati b i l i ty w ith any reactive components that are 
found i n  the m ine env i ronment. 

Protect ive Enclosure Integr i ty 

The pott i ng compound may expose an i gn i t ion so urce to the mine 
atmosphere if the protect i ve enclosure fails to provide adequate �rotectio n. 
Compressive fracture, cracks or excess ive exposure to water could compromise 
the potti ng compound to the poi nt of electri cal or me chan i cal failure. The 
protect ive enclosure may become a spark ign i tion source i f  the enclosure 
groundi ng c i rcu i t  fails. The possi b il ity of the protect i ve enclosure comi ng 
i nto direct contact w i th the supply potent ial i s  m i n imal due to the i nherent 
insulati ng quali t ies of the potti ng compounds. However, a protected ground 
c irc u i t  i s  necessary d ue to the capaci tance between the machi ne and the 
enclosure wall. 

:-1ach i ne Fa i lure 

Mach i ne fa i lures generati ng heat or arcs can cause the potted enclosure 
to become an i gn i t ion source. A mach i ne failure whi ch generates heat can 
raise the potti ng compound temperature to a decompos it ion po i nt (ref. 6 4) 
(ref. 7 5  p.35) and/or phase chang e (ref. 8 3). n,e probab il ity of potti ng 
compounds attain ing high temperatures i s  i ncre ased d ue to the natural thermal 
insulating q ualities of good electr ical insulators (ref. 31  p.296). Certain  
compounds have been  found to  generate combust i ble gases such as hydrogen and 
acetylen e at elevated temperatures (ref. 7 5  p. 35-29). The evaluation of 
current research indi cates that these compounds should be s trictly avo i ded 
(ref. 64  and 7 5). Appli cat ions in whi ch the power d iss i pation of the mach ine 
ap prodches the l irni t  al lowed for the selected pott in9 compound, rnay require 
the installation of a temperature sensitive sw itch (ref. 3 p .2 3). Thi s  switch 



would be located i n  an area of the enclosure expected to attain  the hi ghest 
operating temperature and would act ivate an alarm and de-energ ize the mach i ne 
as the temperature exceeded 423°K (150°C). Thi s surface temperature l imi t 
i s  now w idely accepted and would requ i re no retrain i ng of personnel ,  and data 
reported by Kratzer and co-workers i nd i cate that many compounds do not beg in  
decomposi t i on below the temperature range of 433°K to 47 30K (1600C to 
2 000c) i n  a i r  (ref. 64 pp.13 9- 157). 

Verificati on and Certif icati on 
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The potted explosi on protecti on method requ ires per i od i c  ver i fi cat i on 
tests to guarantee the integri ty of the electri cal c i rcui t and potti ng 
compound. Potted enclosures must be cert ifi ed to meet the performance 
cr iter i a whi ch i ncludes the mechan i cal , thermal, and batch i ntegri ty of the 
pott ing compound . Adequate ver i fi cati on and cert if icat i on test procedures for 
the potted explosi on protecti on method cannot be fully def ined at the present 
state of development. 

Verificati on 

Ver i f i cati on tests must conf i rm the electr i cal c ircu i t  i ntegr i ty ,  
mechan i cal stab i l i ty ,  and chemi cal stab il i ty of the enclosure. Ground i ng 
c ircu i t  integr i ty and the conductor i solaton ver i fi cat i on tests should be 
perfonned as descr i bed for the explos i on-proof enclosure. Tests to determine 
if  cracks, voi ds, and chem ical breakdown have occurred i n  the pott ing mater i al 
must be rout inely performed to ver ify that the enclosure can functi on 
properly. The development of practi cal ver i fi cati on tests for pott ing 
compound electri cal , chemi cal, and mechani cal i ntegri ty are essenti al before 
thi s  method of explos i on protect i on can be successfully uti l i zed. 

Certifi cati on 

A des i gn revi ew specificat i on and cert ifi cat i on test procedures must be 
developed before a potted enclosure can be cert if ied. Certifi cati on tests 
must check for vo i ds and crack s, determ ine batch sensi t i v i ty of the potting 
compound ,  and detenn ine the stable operati ng temperature of the machine. Each 
enclosure should be cert if ied at the t i me of manufacture to be free of vo i ds 
and cracks i n  the potti ng compound. Batch sens it i ve testi ng should be 
accompl i shed to assure that each lot of pott ing compound i s  w i thi n 
specif i cat i on .  The batch certif icati on tests should i nclude parameters such 
as d i electr i c  strength, tracking resi stance, thermal conductiv i ty ,  water 
absorpti on ,  and flexural modulus ,  whi ch are cri t i cal to the potted enclosure 
method. The methods for testing each of these parameters for samples of the 
potti ng compound are well establ i shed by the Amer i can Soci ety for Testi ng and 
Mater i als; however , test ing the completed un i t  to cert ify a vo i d  and crack 
free potti ng compound requ i res the same development requ i rements described for 
ver i f icati on tests. The potting compound temperature should be cert if ied to 
remain below 4230 (150°C ) .  Thi s  could be accompl i shed by actual 
measurement or by calculat ions involvi ng the max i mum power d i ssi pat i on of the 
mach ine and the heat capacity and conduct i v i ty of the potting compound. Thi s 
measurement or calculat i on should be completed for the machine i n  the nonnal 
operating mode. 



HIGH VOL TAGE  EX PLOS ION PROTECT ION ME THOD COMPARISON 

E ach of the th ree expl osion pro tection methods pre sents varying degrees 
of difficu lty in protecting the mine environment  from ignition for 
ap pl ications up to 1 5  000 vol ts AC . The effects of the sup pl y  vo l tage on 
adequate conductor isol atio n, insul at or sel ectio n, and power dissipation must 
be  c onsidere d when comparing expl osion protection me thod s .  

Conductor Isol ation 
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High vol tage conductor isol ation must be  re l iab l y  accompl ished within 
the sel ected enc l osure due to the avail abl e  en ergy and the pote ntia l for 
d amage to e nc l osure materi al s during b re akdown . The t he ory of operation for 
the potted enc l osure assumes  inhere nt conduct or isol atio n .  However, practica l  
ap pl ication of thi s method require s d efinition of various verification and 
certific ation test s  (as discussed e ar lier), the potting compound 
specification, and the protective enc l osure specification .  The 
expl osion-proof method provides conductor isol ation by separation and 
insul ation .  It h as b een d emonstrated th at separation is not a re l iab l e 
isol ation technique at high vol tages for uninsul ated conductor s d uring methan e 
combustion . High vo l tage conductors s houl d b e  insul ated to provide re liab l e  
isol ation i n  a n  expl osio n-proof e nc l osure .  The pres surized e ncl osure provide s 
conductor isol ation by separation and insul ation, a l so.  However, the inherent 
l ack of methane combustion within the e ncl osure greatl y i nc reases the 
re l iabil ity of the separation method  of isol ation. 

I nsul ator Sel ection 

A high vo l tage insul ator must re liab l y  isol ate the conductor under any 
conditions  anticipated for the e nc l osure . The sel ection of an  insul ation 
material  is  most critical  in the expl osion-proof enc l osure due to the h arsh 
conditions  present during methane combustion .  Thes e i nsul ators must not onl y 
survive the se combustion episodes, but they must a l so re sist the effects of 
coron a disch arg e .  The insul ators sel ected for use in pressurized and potte d 
enc l osure s are not required to survive meth ane combustion due to  the l ack of 
fl ammab l e gas  concentration s within thes e encl osure s .  However, the insul ators 
must be re sistant to the effec ts of corona disch arge. 

Power Dissipation 

The power dissipa tion of a given machi ne wil l natura l l y incre ase as the 
supp l ied power is i ncreased . The potte d enc l osure is  very sensitive to 
variations in the power dissipation due to t he natural thermal insul ation of 
the potting compound . Smal l cha nge s in the power di ssipated within this 
enc l osure c an pro duce l arg e t emperature gradient s  in the potting compound . 
The resul tant temperature gradients are dependent on  the heat c apacity, 
conductivity, and t hi� ness of the pottin� compound .  The pre ssurized and 
expl osion-proof e ncl osures provide air circu l ation around t he machine by 
forc ed circul ation or convection; thus, these two methods  are re l ative l y  
insensitive to  change s in the machine pow er dissipatio n .  
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CONCLUSION 

The performance cr i ter i a recommended i n  thi s gui del i ne are suff i c i ent to 
provi d e  adequate  explo s io n protectio n wi th any of  the three method s 
evaluated. However, the i rrplernentation of these cr i ter i a, ver i f i cation ,  and 
certi f i cati o n  requ i rements may be d i ff i cult i n  some case s .  The lack of 
def i n i tion,  spec i f i cations ,  a nd b as i c  research i n  the areas concern i ng potted 
encloure s cur rently mak e thi s parti cluar enclosure me tho d  a d i ff i cul t cho i ce 
a s  a hi gh voltage explos ion protect ion devi ce. The explos ion-proof enclo sure 
explos ion  protection  method can be applied  to hi gh voltage machi nes i f  due 
cons i deration i s  g iven to the selection of the i nsulation m ater i als .  Cert a i n  
materi als  are not acceptable for use i n  thi s explos io n  protectio n · rnethod due 
to the i r  decompo s i tion products and flammab i l i ty character i sti c s .  The 
pressuri z ed enclosure prov ide s  con s i derably more flex i b i l ity i n  the selectio n 
of i nsulat i on mater i als , and c an be  d i rectly appl ied to hi gh voltage mach i nes 
us i ng the present state  of the art . 
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s u bm i t t e d  b y  t h e  a ut h o r s  o n  3 1  J a n u a ry 1 9 83 . 
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AB S T RA C T  

T h e  De p a r t me nt o f  t h e I n t e r i o r ,  B u re a u  o f  M i n e s ,  i s  re v i e w i n g  
e x p l o s i o n  p r o t e c t i o n  m e t h o d s f o r  u s e i n  g a s sy c o a l  m i n e s .  T h i s 
t e s t  re p ort  d e s c r i b e s a n  i n ve s t i g a t i o n i n t o  t h e  e f f e c t s c o r o n a  
d i s c h a rg e  a n d  h i g h v o l t a g e  a rc i n g h a v e o n  t h e  c o m b u s t i o n  o f  
v a r i o u s  c o m b i n a t i o n s  o f  m e t h a n e , c o a l  d u s t a n d  a i r m i x t u re s .  
C o ro n a  d i s c h a r g e  a n d  h i g h v o l t ag e  a rc i n g w e r e f o u n d  t o  e n h a nc e  
t h e  re a c t i o n c h a r ac t e r i s t i c s  o f  me t h a n e , c o a l  d u s t , a n d  a i r  
m i x t u re s .  H o w e v e r ,  t h e  o b s e r v e d  i n c re a s e i n  r e ac t i o n r a t e s w a s  
we l l  w i t h i n t h e r a t e s  e x p e c t e d  by me t h a n e d e f l a g r a t i o n s .  
C o ro n a  d i s c h a r g e  w a s  o b s e r v e d  t o  i g n i t e c o n c e n t r a t i o n s  o f  
m e t h a n e a n d  a i r i n  s ome  c o n d i t i o n s .  I n c r e a s i n g  t h e d i s t a nc e  
b e t we e n h i g h  v o l t a g e  c o n d u c t o r s  a n d  g r o u n d  r e t u r n  p a t h s  i n  a n  
a i r  a t mo s p h e re d i d  n o t  re d u c e  t h e s u s c e p t i b i l i ty f o r  h i g h  
v o l t ag e  a rc i n g d u r i n g  me t h a n e  d e f l a g r at i o n .  V a ry i n g t h e  
i g n i t i o n e n e r g y  f r o m  l e s s  t h a n  1 0  m i l l i j o u l e s  t o  o v e r  1 5 0 0  
k i l o j o u l e s c a u s e d  n o  s i g n i f i c a n t  i n c re a s e i n  t h e  c om b u s t i o n  
o v e r p r e s s u re f o r t h e  m i x t ure s t e s t e d . T h e s e  r e s u l t s  h a ve a 
d i r e c t b e a r i n g  o n  t h e  rec omme n d a t i o n s  f o r  t h e  p e rf o rma n c e  
c r i t er i a o f  e x p l o s i o n p r o t ec t i o n d e v i c e s  a s  s u bm i t t e d  o n  1 5  
Dec em b e r  1 9 8 2 . 
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I N TROD UC T ION  

T h e U n i t ed S t at e s  D e part me n t  of the  I n t erior,  Bure au of M i n e s  
( U S BM ) has re q ue sted  t h e  Natio n a l  Aero n autics a n d  S pace 
Admi n i stration, White  S a n d s  T e st Faci l i ty  ( N A SA W S T F) t o  
e valuat e me a n s  o f  exte ndi n g  pre se n t  explosi o n  prot e ctio n 
methods  t o  voltag e s  up t o  15 , 0 0 0  vo l ts R M S  A C. E xplosi o n  
prot e ction  methods  curre n t l y  u nder  co n sid eration  i n clude 
exp l osi o n-proof, purg ed, a n d  potted  e n c lo sure s. The effects  of 
cor o n a  discharg e associated with high voltag e  a n d  high e n ergy  
arc i ng were exami ned  i n  ord er t o  evaluate explosi o n  protection  
method s. Whi l e  the  de l eteri ous  effects of  coro n a  on  i n su lat or s 
a n d  various materi als are we ll  k n own, the i n f l ue nce  of  
a l ter n ati ng  cur re n t  coro n a  o n  methane  a nd  air  com bustion  has  
n ot bee n r e p ort ed and  a l iterature se arch has  co nfirmed  that  
little  data exi st s on  the  effect s  of high e n e rg y  arci n g  on  
m e th a n e  and  air com bu stion. Thi s report  descri be s  an  
i n ve st ig atio n i n t o  some  of the eff ects that coro n a  di sch arg e 
a n d  hi gh e n erg y arc i ng have o n  com busti o n  of meth a n e  a n d  air 
mixt ure s a n d  coal dust su spe n si o n s  i n  methane  a n d  air mixture s. 

BA C K GR O U ND A ND OBJ E C T I V E S  

Coro n a  di s charge  betwe e n  e l ectrodes  i s  defi n ed i n  n um e r ou s  
ways. Some d ef i n i t i o n s  are based o n  curre nt  a n d  p ot e n t ia l 
charact eri stics, measurab l e  curre nt,  visi ble appe ara n ce or 
manifestat i o n s, a n d  levels  or thre sho l d s of e le ctri ca l 
di scharge  up t o  a n d  i nc l udi n g  comp l ete brea k d ow n. I n  thi s 
experi me nt,  the t erm  " c or o n a "  refers  to  a c l ass  of electri cal 
di sch arge s  as  a resu l t  of acce lerat ed ionizatio n of g as u nder  
the  i nf l ue nce  of the  e l e ctri cal field withi n a curre n t  ra nge  of  
1 0- 6  to  10- 2 ampere s. Thi s  g e neral  defi n ition  bou n d s  a l l 
of the  charact e ri stics  of coro n a  di scharge that are fou nd  
through out the  li terature except " d ar k curre n t "  or " d ar k  
discharg e "  coro n a  whi ch occurs at less cur re n t  a n d  complet e 
bre akd ow n  whi ch occurs at great er curre nt s than  the r a ng e 
sp ecified. The  term  " high e n e rg y arc "  or 11 ar c 11 i s  defi ned  as  a 
high curre n t  (gre at er than  1 0- 2  ampere s), se l f-su stai ni ng 
d i sch arg e. ( 1 , 2, 3 , 4) 

I g n ition  o f  a f l ammable gas  mixture i s  g e n era l l y  d e scri bed as 
com busti o n  which i s  m ore sp ecifica l l y  bro k e n  down i nt o  
deflagr ation  a n d  deto nation  t yp e  reactio ns. 

l. The  term  def l agratio n i s  defi n ed as a p ropag ati n g  
re action  i n  whi ch e nergy  t r a n sf er from the reacti ng z o n e  t o  the 
u n reacted z o n e  is by ordi n ar y  heat and  mass tran sport proce s s. 
The  re sulti ng f l ame trave l s  slower than  the l ocal speed  of 
sou n d  a n d  the re sulti ng  overpressure  deve lops from the heati n g  
d ue t o  chemi cal re action.  
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2. The t e r m  d e tonat i on i s  d ef i n e d  as a reac t i on i n  wh i c h 
the  energ y i s  transf erred  from  the reac t i ng to the unreac ted  
zone  o n  a r eac t i on generate d sho ck wav e. Th i s  type  of  reac t i o n  
always pro pag ates faster than the lo c al speed  o f  soun d .  

The o bje c t i ves  o f  th i s  ex pe r i men t  were : (a ) Determ i n e i f  
ex posure to  6 0  H e rt z al ternat i n g c urrent  c o rona i gn i tes, 
enhan c es i gn i t i on o r  enhances  the reac t i on o v erpressure i n  
m e than e an d a i r  env i ronments ; ( b ) D eterm i n e i f  ex posure to h i gh 
ene rgy a rc i n g en hances  reac t i on rate o r  o v e rpressure  i n  me than e 
an d a i r  and  c oal d ust suspens i ons i n  m e than e an d a i r  
env i ron ments.  

E X PER I M E N TA L  A P PARA T US 

The test syste m  used  to character i z e the eff e c ts o f  h i gh 
v oltage  on  m ethan e c o m bust i on c ons i st e d  o f  a test c hamber  (se e  
F i gure  A - 1 ) ,  a c o rona d i s c harge  so urc e,  h i gh en ergy arc  
equ i pment,  an  aux i l i ary i gn i t i on so urc e,  an d d ata acqu i s i t i on 
an d i nstrumentat i on. (See F i gures A - 2, A - 3,  A -4 ,  A - 5 ,  an d A - 6. ) 

Th e test  c ham ber prov i d e d  a c ontrolle d volume  where the methan e 
an d a i r  c o u l d  be  a c c urately m i x e d ,  ex posed  to the poten t i al 
i gn i t i on so u rc es, an d mon i to r e d  for  c o m bust i on 
c harac te r i st i c s. The test cham ber  was a one  c u b i c meter  
al um i nu m  sphere  w i th a one- q uarter  i nc h  t h i ck wall. The 
chamber  was rate d to a system  work i n g pressure  of 2 5 0  ps i .  A 
flange  equ i pped  w i th two h i gh tens i on f e e d throughs an d a glass 
w i n d o w  was m o unte d on  the front of the c hamber.  A back flang e  
had p en e tr at i on ports t o  prov i d e f o r  m i x i ng m e than e an d a i r, 
purg i n g w i th n i trogen an d v en t i ng.  A d d i t i onally, the bac k  
flan g e  was f i tt e d  w i th a 500  ps i stra i n  gauge  t rans d u c e r  to 
i n d i cate  test  pressures on an osc i llo graph, a 1 0 0 0  To r r  
c apac i t i ve manometer t o  mon i tor  m i x i ng pre ssures, an d a 
fee d thro u gh fo r i nstrumentat i on w i r i n g. (Se e F i gure  A - 1. ) 

The c orona d i scharge  sourc e cons i sted  of  an 8, 0 0 0  volt  R MS A C  
6 0  m i ll i ampere  lum i nous tube  tran sformer  secon dary  conn e c t e d  t o  
the  h i gh t ens i on feed throughs by h i gh tens i on (4 0, 0 0 0  volt 
max i mu m ) c a ble.  The  po i nte d elec tro des  were  constr u c t e d  fro m 
3/8 i n ch  s ta i nless steel ro d an d were moun t e d  on  the h i gh 
voltage feed throu ghs pro tru d i n g i ns i d e the test c ham ber. The 
pr i mary v oltag e  was controlle d by an autotransformer  i n  ord er 
to prov i d e a var i a ble secon dary voltage.  (Se e  F i gure  A -2. ) 
So urc es o f  un d es i re d  c o rona d i scharg e were washed  w i th F reon 
an d coated  w i th c o rona suppressan t ( D i ele c tr i c s trength -
1 5 , 0 0 0  v olts/ . 0 1  i n c h ) . 
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T h e  h i g h  e n e rg y  a r c  s o u rc e  w a s  s u p p l i e d b y  a 1 4 , 40 0  v o l t s  R M S  
A C  p u b l i c  u t i l i ty l i n e t h ro u g h  a 1 0 0 ampere  f u s e d  c u t o u t , a 1 0 0 
amp e r e  r e c l o s e r ,  a n d  a r emo t e l y  c o n t r o l l e d o i l s w i t c h .  A 2 6 4  
o hm s er i e s  r e s i s t o r  w a s  u s e d  t o  l i m i t  t h e a r c  c u r re n t  t o  5 5  
amp e re s R M S . ( Se e  F i g u r e  A -3 . )  

A n  a u x i l i ary i g n i t i o n s o u rc e  p l ac e d  w i t h i n t h e t e s t c h am b e r  w a s  
u s e d  i n  t h e  c o ro n a  d i s c h a rg e  t e s t s t o  i g n i t e me t h a n e  a n d  a i r 
m i x t u re s t h a t h ad n o t  b e e n  i g n i t e d  by t h e  c o r o n a .  T h i s  s p a r k  
i g n i t i o n s o u rc e  c o n s i s t e d  o f  a s t a n d a r d  1 2 v o l t  o i l -f i l l e d 
a u t om o t i v e i g n i t i o n c o i l e n c a s e d  i n  a p l e x i g l a s s  p r o t e c t i v e b o x  
w i t h  t w o  s t a i n l e s s  s t e e l e l e c t r o d e s  c o n n e c t e d  t o  t w o  
h i g h - t e n s i o n f e e d t h r o u g h s m o u n t e d  o n  t h e  b o x . T h e  i g n i t e r  w a s  
a c t i v a t e d  e x t e r n a l l y  b y  a s w i t c h i n g  c i rc u i t  c o n s i s t i n g  o f  a 
0 . 2 2  m i c r o f a r a d  c ap ac i t o r  a n d  a p u s h b u t t o n  b re a k e r s w i t c h  
c o n n e c t e d  t o  a 1 4  v o l t  DC  p o w e r  s u p p l y .  ( Se e  F i g u re A -4 . ) T h e  
s p a r k  i g n i t e r  w a s  s e c u re d t o  a n  i n s t r u m e n t a t i o n m o u n t i n g  f r am e  
w h i c h w a s  c o n s t r u c t e d  f ro m  a ng l e  i ro n  a n d  p l a c e d  w i t h i n t h e  
t e s t  c h am b e r .  ( Se e  F i g u re A-5 ) . T h e  i g n i t er p r o v i d e d  a s p a r k  
o f  l t o  1 . 5 m i c r o s e c o n d  d u r at i o n w i t h  a n  a v e r a g e  e n e rg y  o f  8 
m i l l i j o u l e s i n  a 3 / 3 2 i n c h  g ap .  

A c ap a c i t i v e c i r c u i t  w a s  a s s em b l e d  by c o n n e c t i n g t w o  p a r a l l e l  
p l at e  c a p ac i t o r s  i n  p a r a l l e l . O n e  c ap ac i t o r  w a s  f i x e d  t o  t h e  
i n s t r u me n t at i o n m o u n t i n g  f r ame  i n s i d e o f  t h e  t e s t  c h am b e r . 
( Se e  F i g u r e  A - 5 . ) T h e  s ec o n d  c ap ac i t o r  w a s  e x t e r n a l  t o  t h e  
c h am b e r . C o n n e c t i o n s  w e r e  f ac i l i t a te d  b y  t h e  i n s t r u m e n t a t i o n 
f e e d t h ro u g h .  E ac h  c a p ac i t o r  w a s  f a b r i c a t e d  f ro m  t wo s q u a r e , 1 
3 / 4  x 1 3 / 4  i n c h  c o p p e r p l a t e s  s e p a r a t e d  by  1 / 1 6  i n c h .  
T o g e t h e r ,  t h e  e f f e c t i v e c a p ac i t a n c e  w a s  3 5 0 p i c o f a r a d s .  A 
d i g i t a l  m u l t i me t e r  w a s  u s e d  t o  m e a s u re t h e  v o l t ag e  a c r o s s  t h e  
p l at e s .  ( Se e  F i g u r e  A-6 . ) T h e s e  two  c a p ac i t o r s  we re  u s e d  
d u r i ng c or o n a  t e s t i ng t o  d e t e c t  t h e e l e c t r i c f i e l d  d u e t o  t h e  
i g n i t e r ,  i n d i c a t e  t h e  s t re n g t h  o f  t h e  f i e l d  d u e  t o  t h e  c o r o n a  
d i s c h a rg e ,  a n d  i n d i c a t e  t h e  f i e l d  g e n e r a t e d  b y  t h e i n c re a s e  i n  
c u r r e n t  a s  t h e  f l ame  f r o n t  p a s s e d  t h e  c o ro n a  d i s c h a rg e  s i t e .  

I n  s o me  o f  t h e  c o r o n a  d i s c h a rg e  a n d  h i g h e n e r g y  a rc t e s t s ,  o p e n  
a l u m i n u m c a n s  w e r e  p l a c e d  i n  v a r i o u s  l oc a t i o n s  i n  t h e  c h am b e r  
t o  o b s e r v e  i f  t h e  d i f f e r e n t i a l p r e s s u r e  b e t we e n  t h e i n s i d e a n d  
o u t s i d e o f  t h e  c a n w a s  s u f f i c i e n t  t o  c r u s h  t h e m . T h i s c a n  b e  
re g a rd e d  a s  e v i d e nc e  o f  a d e t o n a t i o n .  

A n  o p t i c a l  d u s t d e n s i ty m o n i t o r  w a s  c o n s tr u c t e d  u t i l i z i n g a n  
i nf r a re d  e m i t t e r  a n d  d e t e c t o r  t o  a s s u re re p e a t a b l e  c o a l  d u s t  
s u s p e n s i o n d u r i n g  o n e p h a s e  o f  a rc t e s t i ng .  T h e  d u s t d e n s i t y 
o u t p u t  w a s  r e c o r d e d  o n  a s t r i p c h a rt r e c ord e r . A f u n n e l w a s  
m o u n t e d  i n  t h e  t e s t  c h am b e r  a n d  a t t a c h e d  t o  t h e  a i r i n l e t l i n e  
w h i c h  p r o v i d e d  a m e a n s  o f  d i s p e n s i n g t h e  c o a l  d u s t a n d  a f a n 
w h i c h  w a s  u s e d  t o  d i s p e r s e  t h e  c o a l  d u s t . ( S e e  F i g u r e  A -5 . ) 
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F o u r  c h r ome l - a l u m e l t y p e  t h e rmo c o u p l e s  w e r e  s e c u r e d  w i t h i n t h e  
c h am b e r  i n  o r d e r  t o  m e a s u re c om b u s t i o n t em p e r a t u re s .  T h r e e  
t e m p e r a t u r e  o u t p u t s  w e r e  rec o r d e d  by t h e  o s c i l l o g r a p h  a n d  t h e  
f o u r t h o u t p u t  w a s  r o u t e d  t o  t h e  s t r i p c h a r t  r e c o rd e r .  

V o l t a g e  a p p l i e d t o  t h e  e l ec t r o d e s  w a s  m o n i t o r e d  by  l OO OX 
v o l t ag e  p r o b e s  a n d  r e c o r d e d  by t h e  o s c i l l o g r ap h a n d  a m em o ry  
o s c i l l o s c o p e .  C u r re n t  me a s u reme n t s  w e r e  m a d e  w i t h  a t o r o i d a l  
c u r r e n t  p i c k - u p  c o i l w i t h t h e  o u t p u t  amp l i f i e d a n d  d i s p l ay e d  o n  
t h e o s c i l l o s c o p e  a n d  o s c i l l o g r ap h .  A l l t e s t s w e r e  r e c o rd e d  o n  
v i d e o  t ap e  by a c l o s e d  c i rc u i t T V  c am e r a l o c a t e d  i n  f r o n t  o f  
t h e  g l a s s  w i n d ow o f  t h e  t e s t  c h am b e r .  ( S e e  F i g u r e  A - 7 . ) 

E X P E R I ME NTAL  P R O C E D U R E  

Th e c o r o n a  d i s c h a r g e  t e s t i ng  a n d  h i g h e n e rgy  a rc t e s t i n g  w e r e  
c o n d u c t e d  s e p a r a t e l y .  T h e  c o r o n a  d i s c h a r g e  s o u r c e  a n d  h i g h  
e n e r gy  a rc s o u rc e  w e r e  e n t i re l y i n d e p e n d e n t  o f  e a c h  o t h e r . 
T e s t s  o f  c o a l  d u s t c om b u s t i o n  w e re  c o n d u c t e d  o n l y  w i t h  t h e  h i g h 
e n e rgy  a r c s o u rc e .  

T e s t s  w e r e  c o n d u c t e d  a t  t w o  f u e l - a i r r at i o s .  A m i x t u re  o f  8 . 3  
p e rc e n t  m e t h a n e i n  a i r w a s  u s e d  a s  t h e  mo s t  e a s i l y  i g n i t a b l e  
m e th a n e  a n d  a i r  m i x t u r e .  A 9 . 5  p e rc e n t  m e t h a n e  i n  a i r m i x t u re  
wa s  u s e d  a s  t h e  s t o i c h i ome t r i c  c o n c e n t r at i o n w h i c h  b u r n e d  m o s t  
c o mp l e t e l y ,  t h u s  l e a d i n g  t o  g r e a t e r o v e r p r e s s u r e s  o n  i g n i t i o � 
a n d  t h e  r e l e a s e  o f  t h e  m a x i m u m  am o u n t  o f  f r e e  i o n s .  ( 5 , 6 ,  7 J 

A s e r i e s  o f  n i n e  c o r o n a  d i s c h a r g e  t e s t s  w e r e  c om p l e t e d  u s i n g a 
t e s t  m i x t u re  o f  8 . 3  p e rc e n t m e t h a n e  i n  a i r a t  a n  i n i t i a l t e s t  
p re s s u r e  o f  1 4 . 7  p s i a .  S e v e n a d d i t i o n a l  t e s t s  w i t h  t e s t 
m i x t u re s o f  9 . 5  p e r c e n t  m e t h a n e  i n  a i r a t  t h e  s am e  i n i t i t a l  
t e s t  p r e s s u r e  w e r e  a l s o  p e rf o rm e d . T e s t  m i x t u re s  o f  me t h a n e  
a n d  a i r  w e r e  a l t e r e d  i n  s ome o f  t h e  c o r o n a  t e s t s  i n  t h e  s e n s e 
t h a t  t h e  a i r s o u rc e  w a s a c o m b i n a t i o n o f  b o t t l e d c e r t i f i e d 
b re a t h i n g a i r a n d  a t mo s p h e r i c a i r w i t h  a h i g h e r  r e l a t i v e 
h u m i d i ty ,  w h i l e  t h e  o t h e r  te s t s  u s e d  t h e  d ry b o t t l e d a i r o n l y .  

A t o t a l  o f  e i g h t  h i g h e n e rgy  a r c  t e s t s  w e r e  p e r f o rm e d .  F o u r  o f  
t h e  t e s t s  w e r e  c o n d u c t e d  i n  m e t h a n e  a n d  a i r e n v i r o n me n t s  a n d  
f o u r  w e r e  i n  t e s t  e n v i r o nme n t s  w h i c h h ad c o a l  d u s t  
s u s p e n s i o n s .  T h e  m e t h a n e  a n d  a i r  t e s t s  h a d i n i t i a l t e s t  
p r e s s u re s  o f  1 4 . 7  p s i a ,  t w o  a t  f u e l - a i r  r a t i o s o f  8 . 3  p e r c e n t  
m e t h a n e  i n  a i r a n d  t w o  a t  9 . 5  p e rc e n t me t h a n e  i n  a i r .  T h e  c o a l 
d u s t s u s p e n s i o n t e s t s  w e r e  c om p r i s e d  o f  t w o  t e s t s  of  c o a l  d u s t  
s u s p e n s i o n s  i n  a i r a n d  t w o  c o a l  d u s t s u s p e n s i o n s  i n  me t h a n e  a n d  
a i r • 



TE ST PROCED U RE 

T h e  fir s t phase  of the  cor ona d ischarg e t e s t ing was perfor m e d  
in  ord er  t o  base lin e the  exp eriment  by comparing the  corona 
d i sch arg e charac t er i s t ics  exhi bi t e d  in la bor a t ory op en air 
exp erimen t s  t o  those achie v e d  in air  in the  t e s t  cham ber.  T h e  
r ang e o f  voltag e s  appli e d  t o  the  electr o d e s  was 5 , 000 v ol t s  
p e a k  t o  1 1, 000 v o l t s  pea k.  Elec trode  gap spacing was ei ther  
3 / 4 inch e s  or  6 3 / 4 inch e s  d ep en d ing on the  t e s t .  
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T h e  f i r s t  phase o f  t h e  h i g h  en ergy arc t e sting con si s t e d  of 
g enera t ing high  energ y arcs in air across  elec t r o d e  spacing s of 
6 3 / 4 inch e s  t o  e s t a b li s h  a sys t em base lin e. 

T h e  se con d phase  of the  corona d ischarg e an d high  energy  arc 
t e s t ing  was to p e rform a series  of simi lar t e s t s  in ord er t o  
(a ) De t ermine if  exp osure t o  60  her tz alternat ing cur r e n t  
c or ona d i s charge  i gn i t e s  o r  enhances  ign i t i on o r  the  reaction 
o verpre ssure ; (b ) D e t ermine if  expos ure to  high energy  arcing 
enhances  reac t i on rat e or o v erpressure in me t hane an d air an d 
c oal  d us t  susp ension s  in me thane  an d air en vironmen t s. 

The  following proce d ur e  was used  in the second phase of c or ona 
d isch arg e an d high  energy arc t e s t ing, excep t as  n o t e d .  

( i ) The  t e s t  cham ber  was e vacuat e d  t o  ap proxima t e ly 0.5 
t orr.  

(ii )  Me thane (minimum 9 9  p erce n t  pure) an d air  (cer t if i e d  
brea thing a i r ,  excep t when o th erwise  n o t e d  on the  t e s t  data  
sheet ) were  a d mi t t e d  in t o  t h e  cham ber by  using the  method  of 
partial  pre ssures  t o  o b t ain  the r e q uir e d  pressure  and mixt ure.  

(i ii) The  data  acq uisi t i on an d close d circui t t e l e v i sion 
system  was act i v a t e d .  

(i v )  F or the  cor ona d i scharg e test s : 
(a) T h e  t e s t  cham ber en vironment  was exposed  t o  

c orona d i scharg e f or a sp e cified  t ime. 

( b ) The  auxi l lary i gnition source was act i v a t e d  t o  
i gn i t e  t h e  me than e  an d air  mixt ure a f t er exp osing the  t e s t  
chamber en v ir onment  t o  corona d i scharg e if no  i gnit i on ha d 
occurre d .  

(c) T e s t s  were r ep eat e d  w i thout  g enerat ing a corona 
d i scharge  in the mixt ure  u t i lizing the spa r k  igni t e r  as  the  
only i gn i t ion source. 
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(v) For  t h e  h i g h energy arc  te sts : A 1 4, 400 v o lt RMS 

a ltern at i ng current  w a s  appl i ed to  copper  e le ctro d e s  w i t h  a g ap 
of  6 3/ 4 i n c h e s  fus i n g a str and of 40 g auge  w i re w h i ch 
i n i t i ated  an arc. T h e  arc w a s  a llowed to  con t i nue  for t h r e e  
seconds a n d  t h en t h e  v o lt age w a s  removed . 

(v i )  The t e st ch amber was  t h e n  p ur g ed w i th  g aseous  
n i trogen.  

E X P E R IME NTAL  RE S U LTS 

T h e  results  of the ex per i ment are presented  i n  two c ategor i e s : 
t h e  coron a d i sch arg e test i ng p h a se of t h e  exper i ment and t h e  
h i g h en ergy  a r c  test i n g ph ase. Re sults  o f  t h e  c oron a d i sch arge  
ex per i ment s  w i t h 8. 3 percent and  9 . 5 percen t  meth ane  i n  a i r  are  
s h own i n  T a b le s  A - 1 and  A-2 re spect i ve ly. T a b le  A-3  i s  a 
summ ary of d a t a  co l lected fr om  t h e  h i g h energy  arc  tests. 

Coron a Test  Re sult s  

A comp a r i son between coron a d i sch arge  ex per i m ents i n  t h e  
l a b o r at ory and t h e  coron a d i sc h arge  i n  a i r  tests  p erformed i n  
t h e  test  ch amber rev e a led th at  t h e  current  and v o lt age  
me asurements  from  both  conf i gur at i on s  were w i t h i n  one st and ar d  
d ev i at i on w h en t h e  test i ng c i rcu i t  and me asurement app a r a tus  
were i dent i c a l. 

Re sults of t h e  coron a d i sch arge  ex per i ments  w i th  8. 3 percent  
and 9 . 5 p e rcent  m e t h ane  i n  a i r  are  s h own i n  T a b l e  A- 1  and  A -2 
re sp e ct i v e ly. T h e  pr e t est  g a s  m i x ture temper ature,  t h e  source  
of a i r, the  length  of the  coron a d i sch arge  e le ctrode g ap,  t h e  
m ax i mum coron a current ach i eved,  an d t h e  source o f  i gn i t i on are  
l i sted for  e ac h  te st. T h e  m ax i mum ch ange  i n  pressure  and 
temper ature i s  reported  as  6P  and 6T . T h e  occurrence of s h arp 
pre ssure  and temp er ature pe a k s  d ur i ng the  more  gener a l  
i ncr e a s i ng tr ends  i s  i nd i cated  for e ach  te st. T h e e lectr i c  
f i e ld me a sured  at t h e  po i nt w h ere  t h e  coron a current w a s  
m ax i mum a n d  at t h e  po i nt o f  i gn i t i on i s  re cord ed a s  t h e  v o lt a g e  
across  t h e  p ar a l l e l  p l ate c a p ac i tor.  Comments concern i ng t h e  
d eform at i on o f  open a lum i n u m  cans  p l aced  i n  t h e  c h am ber g i v e  a 
q u a l i t at i ve v i ew of t he  ov erpressure  ph enomen a d ur i ng t h e  
te st. T h i s  d at a  pr ov i des  a b as i s f o r  ev a lu at i ng t h e  combust i on 
process  dur i n g e a ch  te st. T h e i gn i t i on of 8. 3 p ercent meth ane 
i n  t h e  h um i d atmo sp h er i c  air m i x ture w i th  t h e  sp a r k  i gn i ter w a s  
ach i eved  only after t h e  test m i xture  h ad been exposed t o  coron a 
d i sch arg e acr o s s  a 6 3 /4  i nc h  g ap for 30 m i nutes  (T est 3). 
T h e se cond i t i on s  ex h i b i ted t h e  gre a test  p e a k  pressure  and 
f a stest pr e ssure r i se of the tests  performed i n  t h i s  p h ase of 
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t h e  e x p e r i me n t . I n  T e s t s  4 t h r o u g h  7 ,  t h e  s p a r k  i g n i t e r  f a i l e d 
t o  i g n i t e t h e  s am e  m i x t u r e s w h i c h h ad n o t  b e e n  e x p o s e d  t o  
c o r o n a  d i s c h a rg e .  T h e s e  t e s t s  i n d i c a t e  t h a t  t h e  
p r e c o n d i t i o n i n g o f  t h e  t e s t  m i x t u r e w i t h  c o r o n a  d i s c h a r g e  
e n h a n c e s  t h e  l i k e l i h o o d  o f  i g n i t i n g  t h e  m i x t u r e . 

C o r o n a  d i s c h a r g e g e n e r a t e d  t h r o u g h  a 3 / 4  i n c h  g ap p r o v i d e d  t h e  
o n l y  s o u rc e  o f  i g n i t i o n i n  T e s t  9 .  T h e  c o r o n a  d i s c h a r g e  w a s  i n  
t h e  g l o w d i s c h a r g e r e g i me ( 6 0 0  m i c r o am p e r e s  R M S ) a n d  e v o l v e d  
i n t o  a f u l l b r u s h  d i s c h a r g e  t h a t c a n b e  e s s e n t i a l l y  c l a s s i f i e d 
a s  s e l f - s u s t a i n i n g ( 4 . 6  m i l l i am p e r e s ) . ( 1 , 2 , 3 ,  4 J T h e  
c o r o n a  c u r re n t r a p i d l y v a r i e d  b e t w e e n  v a l u e s  l e s s  t h a n 1 . 0 a n d  
g r e a t e r  t h a n  4 . 6  m i l l i am p e r e s w h i c h w a s  v e r i f i e d o n  t h e  v i d e o 
r e c o r d w h i c h i n d i c a t e d  o c c a s i o n a l  mome n t a ry e x t i n c t i o n o f  t h e  
d i s c h a rg e .  T h e  v i d e o  r e c o r d  a l s o i n d i c a t e d  t h a t a s  t h e  m e t h a n e  
b e g a n  t o  b u r n ,  t h e  c o r o n a  d i s c h a r g e  i n t e n s i f i e d .  A s  t h e  c o r o n a  
d i s c h arg e i n t e n s i f i e d m o r e  c o mb u s t i o n o c c u r r e d  l e a d i n g  t o  a 
f u r t h e r  i n c re a s e  o f  c o r o n a  d i s c h a r g e  c u r re n t . T h i s r i s e  i n  
c u r re n t w a s  d u e  t o  t h e  f l ame  f r o n t  of  t h e  me t h a n e  a n d  a i r 
m i x t u r e p ro d u c i n g f r e e  i o n s  t h at c a u s e  a l a r g e  d e c r e a s e  i n  
r e s i s t a n c e  o f  t h e  g ap b e t we e n  t h e  e l e c t r o d e s .  ( 5 ,  8 )  
T w o  o f  t h e  a l u m i n u m  c o n t a i n e r s  i n s i d e t h e  t e s t  c h am b e r  d u r i n g  
T e s t  9 w e r e  d i s t o rt e d  f o rm i n g a h e m i s p h e r i c a l s u r f ac e  at  t h e  
e n d  o f  o n e  a n d  t h e  e n d  p a rt i a l l y  e x p a n d e d  o n  t h e  o t h e r .  T w o  
o t h e r c o n t a i n e r s  h a d m i n o r  d i s t o rt i o n s .  E v e n  t h o u g h  t h e  
r e a c t i o n r a t e s i n  t h i s  a n d  o t h e r  t e s t s  w e r e  a c c e l e r at e d , n o  
i n d i c a t i o n o f  d e t o n a t i o n o r  e x t re m e  c o n t a i n e r  d e f o rm a t i o n w a s  
o b s e r v e d . 

T h e  r em a i n i n g t e s t s  at  8 . 3  p e r c e n t  met h a ne  i n  a i r ( T e s t s  1 ,  2 ,  
a n d  8 ,  T a b l e  A - 1 )  w e r e  p e rf o rm e d  u s i n g o n l y  t h e  b o t t l e d a i r 
s o u rc e .  L a rg e  d i s t o r t i o n s  o f  c o r o n a  d i s c h ar g e  c u r r e n t  w e r e  
o b s e r v e d  i n  Te s t  1 .  T h e  c u r re n t  w a s a l m o s t  t w i c e a s  l a r g e  a s  
t h e  c or o n a  d i s c h a rg e  c u r re n t  o b s e r v e d  t h ro u g h  a g ap o f  e q u a l  
s i z e ( 6  3 / 4  i n c h e s )  i n  t e s t  3 a n d  t h e  c o ro n a  d i s c h a r g e  c u r r e n t  
t h r o u g h a 3 / 4  i n c h  g ap w h i c h  i g n i t e d  t h e  t e s t  m i x t u re i n  Te s t  
8 .  T h i s  l a rg e r  c u r r e n t  w a s  p r o b a b l y  d u e t o  r e s i d u a l  i o n s  
a t t r a c t e d  t o  t h e  e l e c t r o d e s .  ( 2 , 3 ,  4 )  H o we v e r , t h e  l a r g e r  
c o r o n a  d i s c h a r g e  c u r r e n t  o b s e r v e d  i n  T e s t  l d i d  n o t  i g n i t e t h e  
t e s t  e n v i r o n me n t . T h e  e x i s t e n c e  o r  c r e a t i o n o f  t h e s e  i o n s  m ay 
h a v e  b e e n  r e l a t e d  i n  t h e  d i f f e r e n c e  o f  t h e  w a t e r  c o n t e n t  o f  t h e  
a i r  s o u r c e .  A n  u n e x p e c t e d  i g n i t i o n o c c u r r e d  d u r i n g  T e s t  8 e v e n 
t h o u g h  t h e  l i m i t o f  c o r o n a  d i s c h a r g e  c u r re n t  ( l o - 2 a m p ere s ) 
w a s  n o t  r e a c h e d . T h e  p o w e r  w a s  t u r n e d  o f f  i mme d i a t e l y  u p o n  
i g n i t i o n .  T h e  a u x i l l a ry i g n i t i o n s o u r c e  i g n i t e d  t h e  
e n v i r o nme n t  i n  Te s t  2 w i t h  a s i n g l e  s p a r k .  T h e s e  t e s t s 
i l l u s tr a t e  t h e  g r e a t  u n c e r t a i n ty o f  c o r o n a  d i s c h a r g e e f f e c t s o n  
t h e  i g n i t i o n a n d  c om b u s t i o n c h a r a c t e r i s t i c s  o f  m e t h a n e . 
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Re s u l t s  o f  s e v e n  c o r o n a  d i s c h a r g e  t e s t s  i n  9 . 5  p e r c e n t  m e t h a n e  
i n  a i r  m i x t u r e s  a re s h o w n  i n  T a b l e  A-2 . T e s t s  6 a n d  7 w e r e  
c o n d u c t e d  w i t h  o n l y  t h e  a u x i l l a ry i g n i t i o n s o u rc e  i n  o rd e r  t o  
e s t a b l i s h a b a s e l i n e o f  met h a n e  r e a c t i o n c h a r ac t e r i s t i c s  i n  a i r  
a t  t h i s g a s m i x t u r e .  Te s t s  l t h r o u g h  3 w e r e  e x p o s e d  t o  c o r o n a  
d i s c h a rg e  f o r  a p p r o x i m a t e l y  3 0  m i n u t e s  a n d  t h e n  i g n i t e d  w i t h  
t h e  a u x i l l a ry i g n i t i o n s o u rc e .  O n l y  s l i g h t  v a r i a t i o n s  i n  
re a c t i o n  r a t e s  w e r e  o b s e r v e d  i n  t h e s e  t h re e  t e s t s  w i t h  t h e  
e x c e p t i o n  t h a t  s h a rp p e a k s w e r e  r e c o r d e d  o n  t h e  t e mp e r a t u r e a n d  
p r e s s u re c u r v e d u r i n g  Te s t  2 a n d  3 .  T h e  v i d e o r e c o r d  o f  T e s t  3 
i n d i c a t e d  b r i g h t  g l o w i n g  s p o t s  i n  t h e  a r e a  o f  t h e  c o r o n a  
d i s c h a rg e  e l e c t r o d e s  b e f ore  t h e  s p a r k  w a s  i n i t i at e d . T h i s 
r e c o rd a l s o  i n d i c a t e d  s om e  l o c a l  i g n i t i o n o c c u r re d  b ef o re t h e  
a u x i l l ary i g n i t i o n s o u rc e  i g n i t e r  w a s  a c t i v a t e d . T h e  m e t h a n e  
a i r m i x t u r e w a s  e x p o s e d  t o  t h e · c o r o n a  d i s � h a rg e  f o r  f o u r  h o u r s 
b e f o r e  t h e  s p a r k  i g n i t e r  w a s  a c t i v a t e d  i n  T e s t  4 .  A 
s i g n i f i c a n t  i n c re a s e  i n  t e m p e r at u r e  c h a n g e  a n d  r a t e  o f  
t emp er a t u r e  a n d  p r e s s u re c h a n g e  w a s  o b s e r v e d  a f t e r  t h i s l o n g e r  
4 h o u r  c o r o n a e x p o s u r e w h e n  c om p a r e d  t o  t h e  n t h e r  t e s t s  i n  t h i s 
s er i e s .  A c o r o n a  d i s c h a r g e  a c r o s s  a 3 / 4  i nc h  g ap u n e x p ec t e d l y  
i g n i t e d  t h e  g a s  m i x t u r e i n  T e s t  5 .  T h e  r a t e  o f  r e ac t i o n  
i n d i c a t o r s  a r e  n o t i c e a b l y  i n c r e a s e d  f o r t h i s  m e t h a n e. a n d  a i r  
m i x t u r e w i t h  l o n g e r  e x p o s u r e  t o  c o r o n a  d i s c h a rg e .  

H i gh E n e rgy A r c  T e s t i ng 

A s u mm a ry o f  t h e  d a t a  c o l l e c t e d  f r om  t h e  h i g h  e n e rgy  a r c  
d i s c h a rg e  t e s t s  i s  i n c l u d ed a s  T a b l e  A-3 . T h e  t e s t a t m o s p h e re 
c omp o s i t i o n a n d  p r e s s u r e ,· p o w e r  d i s s i p a t e d  by t h e  a r c , a r c  
e n e r g y , p e a k  p r e s s u r e  a t t a i n e d  a n d  p r e s s u re r i s e  r � t e  a r e  n o t e d  
f o r  e a c h  t e s t . 

T h e  p r e s s u r e  p r o f i l e s  o b s e r v e d  .d u r i n g  t h e  h i g h e n e r g y  a r c  a n d  
c o r o n a  d i s c h a r g e  me t h a n e  a n d  a i r te s t s  a r e  v e ry s i m i l a r i n  
s h ap e  a n d  m a g n i t u d e .  H o wev e r , t h e  i n c i d e n t a l  r ap i d  p r e s s u r e  
a n d  t emp e r a t u r e  p e a k s o b s er v e d  d u r i n g  t h e  r e a c t i o n s  i n i t i at e d  
by s p a r k  a n d  c o r o n a  d i s c h ar g e w e r e  n o t  o b s e r v e d  d u r i n g  t h e  h i g h 
e n e r gy  a r c  t e s t s .  A l u m i n um c o n t a i n e r s  e x p o s e d  t o  t h e  h i g h  
e n e r g y  a r c  i n i t i a t e d  r e ac t i o n s  w e r e  o n l y  s l i g h t l y  d e f o r m e d  
d u r i n g  t h e s e  t e s t s .  T h e  h i g h  v o l t ag e  a r c  w a s  o b s e r v e d  t o  b e  
v e ry u n s t a b l e  a n d  u n p r e d i c t a b l e  i n  t h e  p r e s e n c e  o f  m e t h a n e  
c om b u s t i o n .  T h e  a r c  t r a v e r s e d  g ap s  r a n g i n g f r o m  6 3J 4 i n c h e s 
( t h e  g ap b e t w e e n  t h e  e l e c t ro d e s )  t o  2 3 i n c h e s  ( d i s t a n c e  f r o m  
a n o d e  e l e c t r o d e  t o  t h e  a n g l e i r o n  i n s t r u me n t at i o n f r am e ) .d u r i n g  
t h e  m e t h a n e  a n d  a i r  i g n i t i o n s .  T h u s  t h e  i n t e g r i ty o f  t h e  
e l e c t r o d e  g a p w a s  n o t  m a i nt a i n e d  d u r i n g  me t h a n e  c om b u s t i o n .  

P e a k p r e s s u r e s  a n d  t em p e r at u re s  w e r e  l o w e r  i n  t h e  t e s t s  w h i c h  
i n c l u d e d  t h e a d d i t i o n o f  c o a l  d u s t  t o  t h e  m e t h a n e  a n d  a i r  



mix t u r e s. T h e  e l apse d time  from  a r c  i n itiation  to a tt a i nme n t  
of  p e a k  p ressure  w a s  d e c r e ase d b y  a f a c tor  of  2. 4 i n  t h e  c o al 
d ust  tests, i n d i c ati n g  a c o o l e r, f aste r r e a c ti o n .  

C O N C LUS I O N S  

5 1  

Coro n a  d i sc h a rg e  a n d  h i g h  v oltage  a rci n g  e n h a n c e  t h e  re a c tio n 
c h a r a c teri sti c s  of  met h a n e ,  c o a l  d ust, a n d  a i r  mixtures, 
h owe v e r, t h e  i n c re ase  of  re ac tion  r ates o bs e r v e d  d u ri n g  t hese  
t ests was  well  with i n  t he  r ates ex p ecte d  by  meth a n e  
d efl a gr ati o n s. C o ro n a  d i s c h a rg e  c a n i g n i te c o n c e n t r at i o n s  o f  
meth a n e  a n d  air  u n d e r some c o n d itio ns. T h e  sepe r ation  o f  h i g h  
v oltage  c o n d uc t o r s  wi ll  n o t  p r e v e n t  h i g h  voltage  a r c i n g  d u ri n g  
m e th a n e  d efl agr atio ns. V a ri ati o n  i n  e n ergy  o f  t h e  i g n ition  
sou rc e  c ause d n o  i n c re ase i n  o v e rpressure  d u r i n g  t he  c o m b ustio n 
of  t h e  mixtures  tested .  

C o ro n a  Disc h a rge 

(i ) Coro n a  d isc h a r g e  se r v e d  as  an i g n i tio n  sour c e  i n  
meth a n e  a n d  a i r  e n v i r o n me n ts. T h is was o bser v e d  i n  two tests 
at 8. 3 per c e nt meth a n e  in  air  a n d  o n e at  9 . 5 per c e nt.  In  t h ese 
c ases, t h e  g eome t ri c  d om ai n  a n d  v o ltage at t h e  c o ro n a  disc h a rg e  
s i t e  w e r e  m a n ip u l a t e d  to  ac c eler ate  t h e  coro n a  d isc h a rg e .  T h e  
v i d e o  re c o r d  fo r T est  3 ,  T a b l e  A -2 shows th at  e v e n  a t  g ap si zes  
of  6 3 / 4  i n c h , c o ro n a  d isc h a r g e  m ay ign ite  meth a n e  air  mixtures. 

(i i) C o ro n a  d i s c h a rg e  e n h a n c e d  co n d itio n s  for  i g n itio n of  
m eth a n e  in  air  e n vi r o n m e n ts. In  o n e  test usi ng  the  8. 3 per c e n t 
meth a n e  i n  a i r  mixtu re ,  i g n ition  oc c u r r e d  wit h  a si n g le sp a r k  
g e ne r a te d  b y  t h e  sp a r k  ig n iter  (T est  3 ,  T a b le A - 1 ) afte r  t h e  
test e n viro nme n t  h a d b e e n  exposed  to  c o ro n a  f o r  3 0  mi n ute s. I n  
c o n tr ast,  four  t ests usi ng  t h e  s ame  meth a n e  i n  air  r atio  t h at  
were  n o t  exposed  to  c o ro n a f ailed  to  i g nite  w h e n  the  sp a r k  
i gn iter  was  a c t i v ated  (T ests 4-7 ,  T a ble  A- 1 ) .  

(ii i )  C o ro n a  d i sc h a rg e  i n c re ased t he  possi b i li ties  of  
o v e r p r e ssure c o n d itions. Test  e n vi ronme n ts expose d to  c oro n a  
d isc h a rge  s h owe d h i gh e r  r ates of  p r essu re rise.  T h e g re atest 
p r essure rise r ate  oc c u r r e d  in  a test in  w hi c h  the  mix ture  h a d 
b e e n  ex pose d to c o ro n a  for  t he  lo ng est time (4 h o u r s). T his 
test a lso h a d t h e  h i g h est p e a k  p ressure (T est 4,  T a b le A-2). 

H igh E n e rgy A r c  T esti ng 

(i ) T h e  sep a r ation  of c o n d uc tors by t h e  air  g aps 
spe c ified  i n  t hese  exp e rime nts d i d  n ot p re v e n t  t h e  h i g h  v o lt age  
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system  from  a rc i n g d uri n g  t h e  c o m b ust i o n of meth a n e  a n d  a i r  a n d  
c o a l  d ust . Ot h er me asures are  n e c ess ary t o  g u a r d  ag a i nst 
a rc i n g at  t h e  v o lt ages used ( 14, 400 v o lts  RMS A C ) i n  t h ese  
e nv i ro n m e nts. 

( i i )  T h e  meth a n e  a n d  a i r  e n v i ro nme nts  h a d n o  gre ater 
t e n d e n c y  toward  ex cess i v e overpressures w h e n  i g n i te d  by  h i g h 
e n ergy a rc s t h a n  t h e  s ame env i ro n m e n t s  i g n i te d  by low e n ergy  
sp a r k s  i n  t he  prese n c e  of  coro n a .  

( i i i ) T h e  a d d i t i o n of  c o a l  d ust to  t h e  meth a n e  a n d  a i r  
m i xtures  resulted  i n  re a c t i o ns  w i t h  sl i g ht ly h i g h e r  pressure 
r i se r ates  a n d  lower temp er at ur e  re ac t i o ns  c omp are d  t o  t h e  arc 
i n i t i a t e d  re a c t i o n s  i n  meth a n e  a n d  a i r  e n v i r o n me n ts w i t hout  
c o a l  d ust . 
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TABLE A-1 
Coron a d i sch arge experiments 

8 . 3  percent methane i n  a i r  a t  14 . 7  ps i  a 

Max i mum 
Pre i gn i t i o n  A i r  So urce Expos ure Max imum Press ure/ F i e l d Can 

Test Temperature ( Bott l ed/ T i me Curre nt I gn i t i on t.P t.T Temperature Stre ngth Deformat i on 
Number ( ·q Atmo seheri c )  (seconds} (ma RMS} Source  1E!l ru Peak s ( VO l t s) Comments 

1 29  B 1 800 0 . 9  Spark 78 1 187 Ye s  1 N/A 

2 32 B 0 N /A Spark 8 7  500 Yes 1 N/A 

3 34 B and A 1800 0 . 4  S park 89 660 Yes  102 N/A 

4 28 B and A 0 N/A N/A 0 0 No 1 N/A 

5 3 1  B and A 0 N /A N/A 0 0 No 1 N/A 

6 29 B and A 0 N/A N/A 0 0 No 1 N/A 

7 30 B and A 0 N/A N/A 0 0 No 1 N/A 

8 41 B 1 200 N/A Coron a N/A 590 N/A 175 Moderate 

9 44 B and A 1 500 4 . 6 Coro na 8 7  688 Yes  N/A Sl i ght to Moderate 



TABLE A-2 
Corona d i scharge experi ments  

9 . 5  percent methane i n  a i r  a t  14 . 7 

Pre i gn i t i on A i r  Source Exposure Max imum 
Test Temperature ( Bott l ed/ T ime Curre nt I gn i t i on AP 

Number {°C) Atmo spheri c) (second s) {ma RMS) So urc e) � --
1 20 B 1 80C 0 . 5  Spark 92 

2 36 B 1 800 0 . 6  S park 9 1  

3 39 B 1800 0 . 4 Coro na/ Spark 88 

4 40 B 14 , 400 0 . 4  Spark 93  

5 42 B 1 200 N/A Coro na N /A  

6 40 B 0 N /A Spark 88  

7 39 B 0 N /A Spark 88 

psi  a 

Press ure/ 
AT Temperature 
m Peak s 

562 Ye s  

640 Yes 

640 Yes  

7 12  Yes 

540 N /A  

640 Yes 

640 Yes  

Max i mum 
Fi e l d  

Strength 
(vo l t s) 

1 60 

1 08 

1 79 

48 

N/A 

1 

1 

Can 
Deformati on 

Corrments 

N/A 

N /A  

Sl i ght 

Sl i ght 

Sl i ght 

None 

Sl i ght 

CJ") 

N 



TABLE A-3 
Hi gh energy arc experi ments 

Meth ane/A i r  
M i xture Coal Du st Pre i gn i t i on Pre i gn i t i on 

Test (Percent Concentrat i on Pressure Temperat ure llP 
Number Meth ane) (mg/ 1}  (es i a} (°C) ill.!L 

1 8 . 3  0 1 4 . 7  3 1  N/A 

2 8 . 3  0 1 4 . 7  3 5  9 3  

3 9 . 5  0 1 4 . 7  3 4  99  

4 9 . 5  0 14 .  7 30 101 

5 0 . 0  50 1 2 .4 24 0 

6 0 . 0  200 1 2 . 4  2 5  8 

7 9 . 9  50 1 3 . 8  3 4  99 

8 9 . 6  200 1 3 . 8  2 4  95  

Pre ssure / 
llT Temperat ure 

ill Pe aks 

N/A N/A 

603 Yes  

537 Yes 

497 Yes 

0 No 

58 No 

21 2 Yes 

348 No 

Peak 
Arc Power 

(KW) 

315 

285 

3 1 5  

3 1 5  

375 

175 

3 20 

338 

Arc 
Energy 
{KJ) 

N/A 

925 

903 

1 195 

1155  

608 

1582 

409 

O'l 

w 


