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MEMORANDUM
To: R. Karl Zipf
From: G.S. (Essie) Esterhuizen

Subject: Review of draft report “Explosion pressure design criteria for new seals in US
coal mines”

Date: March 16, 2007

The report provides a logically developed and well written account explaining the
development of new criteria for seal design for underground coal mines. My review has
focused on the mechanical stability aspects of the report, specifically reviewing the
calculations and assumptions regarding the required strength of seals. I am unable to
comment seal loads by methane and coal dust explosions since these topics are outside
my area of expertise. My comments follow:

1) The requirement for a safety factor of 2.0 in seal design seems to be adequate, given
the uncertainty in loading and strength of seals in coal mines.

2) The failure mechanisms of arching for slender seals and plug failure for wide seals are
realistic for assessing seal stability under side loading. The simple equation for plug
failure is correct and I obtained similar results using a similarly developed equation.

3) Since I do not have access to the WAC code, [ carried out a number of preliminary
numerical analyses using the UDEC software of Itasca Inc (Minnesota) to evaluate the
failure mechanism and ultimate strength of 2m high seals subject to a static side load. The
results obtained are very similar to the results you reported, see Figure 1 attached.
Interpolation of the UDEC results show the following seal sizes for 24 MPa concrete
blocks at a factor of safety of 2.0 and are compared to the recommended values from the
design charts in your report:

Table 1. Preliminary UDEC model results for 2m high seals constructed with 24
MPa concrete blocks

Static Pressure Udec required wall Design chart Figure in report
thickness (m) required thickness
(m)
4.4 MPa (640 psi) 0.85 0.9m Figure 25
0.75 MPa (120 psi) 0.35 0.4m Figure 26
0.5 Mpa (50 psi) 0.27 0.27 Figure 27

4) I carried out a number of spot checks to see if the design charts are in agreement with
the provided equations. Except for the 3.5MPa line in Figure 25 which seems to be too
low(?), the results shown in the charts appeared to be correct.




Seal Pressure vs thickness for FOS = 2.0 based
on UDEC results for 24 MPa block structure
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Figure 1: Preliminary UDEC model results showing relationship between required seal
thickness and static pressure for 24 MPa strength concrete walls constructed in a 2m hi gh
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Explosion Pressure Design Criteria oo pad
for New Seals in U.S. Coal Mines

R. Karl Zipf Jr., Ph.D., P.E., Senior Mining Engineer, NIOSH ~ Pittsburgh Research Laboratory -
Michacl J. Sapko, M.Sc., Senior Scientist, NIOSH — Pittsburgh Research Laboratory
Jirgen F. Brune, Ph.D. Branch Chief, NIOSH — Pittsburgh Research Laboratory

Executive Summary %Mﬂ’k (L/%uﬁ 6MM

Seals are dam-like structures constructed in underground coal, mines throughout the U.S. to
isolate abandoned mining panels or groups of panels from the active workmgs Historically,
mining regulations required seals to withstand a 140 kPa (20Lpsr) explosion” pressure; however,
the 2006 MINER Act requires MSHA to increase this des1gn standard by the‘end of 2007. This
report provides a sound scientific and engineering justlﬁcanonito recommend a'thtee: Stiered
explosion pressure design criteria for new seals in coald fmines in response to the MlNER Act.
Much of the information contained in this report also apphes‘to existing seals.
NIOSH engineers examined seal design criteria and pract1ceg u‘sed in the U.S. Europe and
Australia and then classified seals into their vanous apphcatlons gNext NIOSH engineers
considered various kinds of explosive atmospheres that can accumulate “within scaled areas and
used simple gas explosion models to estlmate“worst case explosronvpressures that could impact
seals. Three design pressure pulses were developed for tHe- dynamlc structural analysis of new
seals under the conditions!i it whlch those seals magf be used:, unmonitored seals where there is a
posmbrhty of methane- a1r detonatmn behind the seal unmonitored seals w1th’_lgt_le#h_k_ehhmd of
ctonation; and momtored seals where the amount:df potentially explosive methane-air is strictly
limited and controlled. These desrguanressure pulsgs apply to new seal design and construction.
o ‘el
For the first; condltron an_ unmomtored seal!w1th the possibility of detonation, the recommended
design pulse rises to 4.4 MPa (640 ps1) and then falls to the 800 kPa (120 psi) constant volume
explosmn overpressure. re. For unmomtored seals without the possibility of detonation, a less
severe des1gn pulse that snnply rises {6 "the 800 kPa ( lZOﬁg constant volume explosmn
: overpressure’ but without the jitial sprke may be employed. For monitored seals, engineers can
use a 345 kP4 (50 ‘psi) design. pulse if monitoring can assure 1) that the maximum length of
explosive mlx'b_e'EiHa seal does not exceed 5 m (15 ft) and 2) that the volume of explosive mix
does not exceed 40% of the %otal sealed volume. Use of this 345 kPa (50 psi) design pulse
requires monitoring and hctive management of the sealed area atmosphere.

NIOSH engmeers used these design pressure pulses along with the Wall Analysis Code from the
U.S. Army Corps of Engineers and a simple plug analysis to develop design charts for the

minimum required seal thickness to withstand each of these explosion pressure pulses These !
design charts consider a range of practrcal construction materials used in the mining industry and
specify a minimum seal thickness given a certain seal height. These analyses show that

resistance to even the 4.4 MPa (640 psi) design pulse can be achieved using common seal
construction materials at reasonable thickness, demonstrating the feasibility and practical




applications of this report. Engineers can also use other structural analysis programs to analyze
and design seals by using the appropriate design pulse for the structural load and a design sa
factor of 2 or mare-. Finally, this report also provides criteria for monitoring the atmosphere
behind seals. '

NIOSH will continue research to improve underground coal mine sealing strategies and prevent
explosions in sealed areas of coal mines. In collaboration with the U.S. National Laboratories,
NIOSH’s new project will further examine the dynamics of methané and coal dust explosions in
mines and the dynamic response of seals to these explosion loads. Th1s work seeks better
understanding of the detonation phenomena and simple techniques to protect seals from transient
ressures. Additional work will conduct field measurements of the al:mosphere within sealed
areas. Successful implementation of the seal design criteria andrthe 'asiociated recommendations
in this report for new seal design and construction should mgmﬁcantly reﬁdu::e the risk of seal
failure due to explosions in abandoned areas of undergro&mgi‘c_oal mines. l




Section 1 — Introduction

1.1. Report objective

Seals are used in underground coal mines throughout the U.S. to isolate abandoned mining arcas
from the active workings. Prior to the Sago disaster in 2006, mining regulations required seals to
withstand a 140 kPa (20 psi) explosion pressure; however, the recently passed Mine
Improvement and New Emergency Response Act of 2006 (the MINER Aict) requires the Mine
Safety and Health Administration (MSHA) to increase this design standard by the end of 2007.
This report provides a sound scientific and engineering JUStlﬁC&thI’l Lto recommend a three-tiered
explosion pressure design criteria for new seals in coal mines F}n response to the MINER Act.
The recommendations contained herein apply to new seal design and constructlon in U.S. coal
mines. e S v A

& T

1.2. Seals and ventilation systems in underground coal mining “ I, -
I I L A J

To control methane in mined-out areas of coal mines, z'md Pthereby reduce explosion risk from
methane build-up, current mining regulations (30 CFR 75: 334)Arequ1re companies to either
ventilate or seal those areas. Continued ventilation of abandonE:d areas is costly and may divert
ventilating air away from other, more productwe uses. Seals are sometlmes a more economical
alternative to ventilation. Without seahng,:lgrge mined-out area stlll requ1re regular inspections
and can expose miners to underground hazards e,
| ‘l ’ ' ‘i ] I

A ventilation system dehvers'fresh air to the main$, submams gateroad entries, production
panels and all the active 'areas of the mine via 1ntake airways, while return airways remove
contaminated air ladén -w1th dust aﬁd methane. Vanous ventilation control devices, namely
stoppings, overcasts and regulators control and dlrect the airflow throughout the system. Fans,
located on the surface, provide thle powerLto movye the required air quantity. In addition to the
primary ventllanonﬁsylstem for‘prowdmg air tb all the active mining faces, bleeder entries located
around the perimeter of mmmg aréas’serve to dilute methane from all mined-out areas long after

I & -’

panels : are extracted. " I‘ \ "

.l "l 'y 'l " '
When an aréa of an unclerground coal mined is mined out, operators W1ll frequently choose to
1solate the abandoned area w1th simple dam-like structures called seals rather than continue to
ventilate the area. [Seals are walls constructed from solid, incombustible materials such as
concrete, brick or cmder block that separate abandoned panels or groups of panels from the
active areas of the mme IMSHA data indicates that over 13,000 seals in over 2,200 sets exist in
active coal mines throughout the U.S. Estimates suggest that mining companies or their

contractors build several thousand seals annually.

In active mining, primary access to production areas occurs via a system of “mains” and
“submains” corridors. These corridors contain a conveyor system to remove the mined coal and
the ventilation system. Production panels are developed from these corridors.




For room-and-pillar mining, as shown in Figures 1A and 1B, mining companies typically
develop five to eleven entries plus the cross-cuts to mine a panel. The pillars created during
advance mining may be extracted completely during retreat mining. A room-and-pillar system
may or may not utilize “bleeders” along the outer perimeter of the panel as part of its ventilation
system to remove methane gas from the mined-out areas. Figure 1A shows a typical layout with
bleeders, which is the more common practice, while Figure 1B shows a typical bleederless
room-and-pillar layout. Bleederless systems are sometimes applied when spontaneous
combustion is a potential problem for the mine. For longwall mining, as shown in Figures 2ZA
and 2B, coal companies will typically mine a three-entry gateroad system off the mains or
submains to develop a longwall panel. As shown in Figure 2A or 2B *H% entire coal block is
then extracted using retreat longwall mining. 4 I' _
l' ™ ‘l
Once a panel or a group of panels in a mining district has beefilmined out‘ seals may be
constructed. Depending on mining conditions, operators - mlght seal individual room-and-pillar
panels, individual longwall panels or groups of panels: m’mmmg districts. Sealmg an individual
room-and-pillar panel might entail construction of multlple seals at the mouth and; bleeder ends
»
of the panel. Sealing several adjacent panels may’ occgru later. Finally, scaling the: entlre To0m-
and-pillar panel district might occur with the construction ’of multlple seals acrossfmams
submains and bleeder entries at a judicious location (Flgure 1 A). When using a bleederless
ventilation system, sealing of individual regm-and-pillar panFels:ﬁ and districts occurs in a similar
manner, but fewer seals are required (Flgur:e 1B). l. o
AL B I e
Sealing mined-out longwall panels has many mmﬂa'ntfes tohroom-and pillar mining. Multiple
seals may be constructed at the mouth and bleeder end of the panel after a longwall panel is
mined out and the tallgate is" no longer needed. A Tined- out longwall panel district may then be
closed off by constructing seals acroes mains, submams and bleeders at the proper location. This
type of sealing is reférred:to as “delayed panel sealmg” and is common where there is low risk of
-spontaneous combustion (Flgure 2A) Where spontanieous combustion is a potential problem,
mining companies may demde to' tscal longwall panel during retreat mining, called “immediate
panel sealing” (Flgure@B) I th1s [case, séalf afe constructed in every cross-cut between the
first and. mlddle headgate entries behlnd the longwal] face. The newly formed mined-out area is
substantlally isolated from oxygen soon after mining, thereby decreasing the risk of spontaneous
ombustlon[problems Dependmg on e length of the longwall panel, 50 to 100 seals might be
construeted=asrthe panel is mmed
h I I
1.3. Seal apphcatzons and design issues
] ’” )
In developing design c’rgite!ria for scals, engineers must consider the seal application and the
conditions created by those applications. Different explosion pressures and other forces that may
act on seals in various applications should influence their design. There are four seal
applications with unique characteristics: a. panel, b. district, . cross-cut, and d. fire. Figures 1A
& B and 2A & B illustrate the first three seal applications. Fire seals will not be considered in
this report.

For each seal application, there are three conditions to consider: a. explosion loading potential, b.
convergence loading potential, and c. leakage potential. The explosion loading potential depends
‘mainly on the volume and geometry of the mined-out area behind the seal. Larger sealed



volumes with longer propagation distances can lead to higher gas arid coal dust explosion
pressures. The roof and floor convergence loading potential depends mainly on the proximity of
the seals to mined-out areas. Seals located close to fully-extracted longwall or room-and-pillar
panels are more likely to experience damage due to excessive convergence. Finally, the leakage
potential of a seal depends on the ventilation system as well as damage to the seal and
surrounding rock caused by convergence loading. Seals located in areas of high pressure
differential in the ventilation system will have greater potential for leakage of either fresh air into
the sealed area or potentially explosive methane out from the sealed area. The level of each of
these conditions by seal type is summarized in Table 1. S
i "\

A. Room-and-pillar panel seals or lpngwall gateroad seals (Figurges; lA 1B, 2A and 2B) are the
first seal application. These seals are constructed soon after a panel s abandonment at the mouth
and bleeder ends of a room-and-pillar panel or longwall panelon the tallgate side. Hundreds of
meters of open entry are likely behind the seals and around the periphery of a room—and pillar
panel Ina longwall gateroﬁ while the outer gate entnes probably cave in aﬁeg mmmg, the
inner entries may remain open for three to four kilometers or more in larger mifes.t The length
of open entry behind these seals can lead to a largei potentlal volume of explosive !rnpx in turn
creating a high explosion loading potential. Panel sealsqhave a[moderate level of edbnvergence
loading. They also have a moderate leakage potential due to the possibility of damage from
ground pressure and higher pressure dlfferenual from the vent11at10n system. Judicious
placement of the seals, however, can minimiZe.the risk of groundi"pressure and therefore of

1

damage to the seal and the resulting leakagew Lo o'

v wn |" ' ‘;

B. District seals (Figures 1A, 1B, 2A and 2B) arezthe second application and possibly the most
common seal application. These 'seals are constructed at strat?egw locations to remove groups of
room-and-pillar or longwall paneISJ 'from the ventilation system. In large room-and-pillar or
longwall mining s1tuauons the entr%es behind the Segals most likely remain open for distances of
Wers and the;poten‘nal volume of exploswe mix behind these seals may fill several

arge panels. The large volume of exploswe le contributes to a very large explosion loading
potential. Convergence loadmg Js Jikely to befow glven the distance of the seals from the
‘Iﬁi"n‘eﬁ’out -areas. Leakage potential of district seals is again moderate, owing to the low
convergence loading but the h1gh vent}latwn pressure differential.

AN} L I 7

C. Longwall, gaz‘eroad CrOSs- cut seals (Flgure 2B) may be constructed if the spontaneous

combustion potenual for the coal is high, necessitating the isolation of the mined-out areas from

. oXygen as s00n ds p0531b1e These seals are constructed behind the retreating longwall face in

the cross-cut between”thef_ﬁrst and second headgate entry. Open area behind these seals 1s small,
making the potential voliime of explosive mix and the explosion loading potentiai also small.
Cross-cut seals are likely, however, to have high convergence loading and therefore to become
damaged. Despite low ventilation pressure differential, the high convergence loading contributes
to high leakage potential.

D. Fire seals are used to isolate a fire from the ventilation system and may be located anywhere
in a mine layout. Fire seals have the unique requirement that they must develop their design
strength quickly; a cure time of less than one day is preferable. Fire seals are mentioned here for
completeness, but will not be considered further in this report.



1.4. Development of explosive gas and dust accumulations in sealed areas of coal
mines

Ventilation is maintained in mined-out areas during seal construction up to the point of final seal
completion. Upon sealing, the typical coal mine atmosphere contains about 21% oxygen and
79% nitrogen and less than 1% methane. When ventilation to the abandoned area ceases,
composition of that atmosphere will begin to change depending on t'hengeolog'ic characteristics of
the coal. Some coals will stowly oxidize and therefore remove oxygen and release carbon
dioxide into the atmosphere of the abandoned area. However, with few exceptions, all
underground coal beds liberate methane to some degree, and thus the methane concentration
‘within the sealed areas will increase. Methane is explosive i in ir wherf the concentration ranges
from 5 to 15% by volume, and all sealed areas will eventually enter'this €xplosive range at some
point in time after sealing. Fortunately, methane will, contmue to accumulate | n the sealed area,
and when the concentration exceeds 15%, that atmolsphere 1s ne longer exploswe! The time
required for the atmosphere in the sealed area to pass lbeyond the upper exElg_s_l_\ge_‘lEn_lt_qr_l_(_i___
Become inert ranges from about one day to several weeks dep_endlng on the mine’$ methane
liberation rate, of

- I I .
Durmg the time the sealed area contains a volume of explosive mnewhlle its atmosphere crosses
" from the lower to the upper explosive limit} Hanngmtlon source could initiate an explosion in the
sealed areca. Therefore normal sealing practlce can cfegte’an exploswe gas accumulation until
the sealed area atmosphere ¢ither self-inerts naturally or becomes inert artificially via engineered
procedures such as the 1nJeet10n.of inert gas. ¢ . .

5 LI 'y
Based on the types of seals‘and the:rr\umng methods shown schematlcally in Figures 1A, 1B, 2A
and 2B, NIOSH researchers have identified three types of explosive gas accumulation that can
form within a sealed area. In[Flgure 3 rn3A "and- 3C show two types of explosive gas
accumulation Hat & canJoccur asd Iresult of nornal sealing practice. The first type of explosive
gas accurnulahon isa 1arge volume;that is completely filled with explosive mix and is
completely confined with Hg possible vetiting (3A). This situation arises behind district and
panel seals sometlme after seahng durlfllg the inertization phase. Bécause the explosive mix is
confined with ¥ ho ventmg, ifit 1gn1tes there is no place for the expanding gases to go, and
significant pressurle increases w1th1n the sealed area will result.
L
The second type of accumulatlon is a completely filled but partlally confined and partially vented
volumeé (3C). This kmd iof accumulation develops behind panel or cross-cut seals adjacent to a
fully extracted longwall or room-and-pillar panel. These seals are most often constructed close
to the broken rock of the mined-out area (the gob) and if accumulated gas 1gmtes the expanding y
v

gases ¢an vent to some extent into the inert gob. Nevertheless, large pressure increases within W
the sealed area remain a distinct possibility. : 8({{[ [W ?

Even after a large sealed area has become inert as a result of methane concentration above the
upper explosive limit, oxygen depletion from coal oxidation, or artificial inertization, sealed
areas continue to present explosion hazards because air leakage around seals can create an



explosive atmosphere around the perimeter of the sealed area. During periods of falling
atmospheric pressure, sealed areas tend to outgas and leak potentially explosive methane gas into
the mine ventilation system. The active-mine side of seals must therefore have sufficient airflow
_ to dilute this methane influx. During periods of rising atmospheric pressure, however, oxygen-
laden air tends to leak into sealed areas and can create a volume of potentially explosive mix
immediately behind the seals. In addition, the mine ventilation system itself can create a
pressure differential across a sealed area leading to leakage into one set of seals and leakage out
of another set. This third type of explosive gas accumulation caused by leaking seals is depicted
in Figure 3B. The explosive mix is partially confined and can vent elther into a large reservoir
of inert atmosphere or into the gob. This situation can arise behind any Kind of seal, district,
panel or cross-cut. If an ignition occurs, significant pressure 1ncreases are still possible.

I
[ s l
1.5. Explosions in sealed areas of coal mines ‘i KN W

4 . |

" “n
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Since 1993, ten known explosions have occurred within the sealed areas of a%:tlve underground
coal mines in the U.S. Table 2 summarizes the kno;.vn characteristics of these explos1ons
including the mine name, the year, size of sealed area; damage cause, possrble 1gn1t10n source

9

and reference to any reports on the incident if availabletgs, " "
l I
The 1993 explosion at Mary Lee #1 Mine.(Checca and Zuchelh »+1995) blew out two seals
underground and displaced a shaft seal cap,byd m (3.3 feet). A1r§1eakage around the seals may
.have allowed an explosive mix to develop behind the, seals. Productwn of methane gas from the
sealed areas via surface boreholes may have!mcreased alrclgakage through seals and contributed
to the explosive mix accumulatlon n the sealed‘art'aa" nghmmg;s the suspected igmtion source.

A 1997 MSHA report descrlbes explosrons at theJOak Grove #1 Mine that occurred in 1994,
1996 and again in 19971 The ﬁrst explosmn occurred in April 1994 in a sealed area, which
enclosed approximately 3H5 km? (1135 square mlles) of ‘abandoned workings. This explosion
destroyed three of the 38 seals that* surrounded the: hined-out area. After the explosion, the seals
were rebuilt-o: thegl 40 kPa (20 351) desrgn stantlard. In January 1996, a second explosion in the
sealed area destroyed ﬁve addmonal seals less than 600 m (2,000 ft) from the seals destroyed by
the 1!994 explosion. In July'ﬂ 997, the third’and most violent explosion occurred in the same
vicinityas'the previous two! explosrons:and three more seals were destroyed. The MSHA
investi gatlon report concluded "that “the propagatmg forces of the explosron . were estimated to
be greater than' 140 kPa (20 ps1) ? Again, air leakage around the seals may have led to an
explosive mix accumulatron Behind the seals. Possible methane production from surface
“boreholes mio the sealﬁ 3rea and high ventilation pressure differentials may have exacerbated
the air leakage. Lrghtnmg appears to be the most likely ignition source for all three explosions.

A 1995 MSHA report describes explosions that occurred sometime in 1995 at the Gary #50 Mine
(now called Pinnacle Mine). Once again, air leakage around the seals caused an explosive mix to
accumulate immediately behind the seals. Surface metharie production from gob boreholes may

_ have caused air leakage around seals and the development of an explosive mix. Several ignition
sources are suspected including lightning, a roof fall or metal-to-metal contact.

Two explosions within sealed areas happened at the Oasis Mine, as described in a 1996 MSHA
report. In May 1996, mine personnel noted an unusual spike on the fan pressure recording chart.



Inspection of the mine revealed three destroyed seals and one damaged seal, along with elevated
levels of CO gas. A second occurred in June 1996. Mine personnel noted smoke coming from
an exhaust shaft and another spike on the fan pressure recording chart. Damage from the second
explosion is not clear, but more seals were destroyed. Lightning is a suspected ignition source in
both explosions. The mine was idle at the time of both €xplosions. |

According to a 2006 MSHA report, an explosion happened within a sealed area of the McClane
Canyon mine on November 27, 2005, which destroyed nine seals. No one was underground at
the time of the explosion. Subsequent investigation suspected improper c?nstructlon of the scals.
R

Official MSHA accident investigations of explosions at the Sago I&Iu&e and the Darby Mine are
still in progress. In each case, explosions occurred within the sealed sarea which caused the
catastrophic failure of seals. Recent MSHA inspections of the ‘Jones ForktE 3 Mine found
evidence of an explosion within a sealed area; however, there were 1o 1n]ur1es associated with
the event. . 1" "1 .

T | ",
In summary, several documented explosions withih sealed areas that destroyed seals occurred
between 1993 and 2006 prior to the Sago disaster. Slgmﬁcant aéciimulations of methane air mix
behind the seals led to the explosions. Investigators could—not always conclusively determine the
ignition source, although lightning was suspected in several 1nstances

h |
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At this time no data is available on explosu':ns within sealed areas that happened prior to 1990.
Nagy (1981) documents 18 major explosions in urf'derground coal mines that occurred between
1958 and 1977 and another 52 smaller exploswns between 1 9704and 1977. Reviewing the
1gn1t10n source from all these[explosmns indicate§ that all occ'hrred in the active areas of the

mine. It 1s not known ifral frany exp105}ons occurred within sealed areas.

The number of explosu;)nsi in the 19!90 's and 2000’ s.may correlate with a trend towards more
sealing by the U.S, undergrouund'I| coaﬂmmmg mdustty Unfortunately, quantitative data on the
number of seals:constructed annually does nbt &xist in the record. Mitchell (1971) notes “that
prior to World War II seahng unused and abandoned areas was a common practice.” He also
states- that the few seals bullt between 1945 and 1970 were mainly in mines with high
spontaneousicombusnon potent1a1 1mplymg a decline in the overall use of seals during this time
period. Passage of the Federal Coal Mine Health and Safety Act of 1969, which required mines
, to either ventﬂate or seal w1th “explosion-proof bulkheads” all areas, may have contributed to an
increase in the usey of seals sifice 1969. Increased underground coal production may have also
contributed to an 1ncrease31n seahng :

R




Section 2 — Comparison of Seal Design Practices in the U.S., Europe,
and Australia

2.1. Origin and evolution of 140 kPa (20 psi) seal design criterion in the U.S.

The earliest known engineering standard for seals in underground coal mines in the U.S. isa
1921 regulation for sealing connections between coal mines located, on; (1S, government-owned
lands. Rice et al. (1931) stated that this regulation requlred seals to w1thsta.nd a pressure of 345
kPa (50 psi) and that it was "based on the general opinion of men: experlenced in mine- exploswn
investigations.” Evidently, the intent of the regulation was togrevent an explosion in one mine
from propagating to a neighboring mine. Sealing a mined-out; abandoneg area may have been a
secondary consideration. Rice et al. (1931) provided engmeermg de31gns for seals to meet the
345 kPa (50 psi) criterion along with test results to substantlate the designs. " ' l
N | n e
The 140 kPa (20 ps1) criterion for “explosion- proof seals JIn the*U :S. originates from D.W.
Mitchell’s 1971 work titled “Explosion-proof bulkheads™ present practlces » Mitchell
developed what became the 140 kPa (20 p31) design standardJm response to needs of the Federal
Coal Mine Health and Safety Act of 1969H 'Ihls Act required I'nmed out areas to be ventilated or
sealed with “explosion-proof bulkheads” that"weére to be constructed with “solid, substantial and
incombustible materials.” The original Act nreqmred'thﬁ bulkhead * to prevent an explosion
which may occur in the atmosphere on one s1de fromﬂpropagatmg to the atmosphere on the other
side.” g "\, L
L v .

It appears that prior to 1970 mmlng englneers believed that sealed areas required protection
from explosions orlgmatmg in the actwe mining area thiat would breach the seals and flood the
active workings with toxic or=ﬂammableugases Mltchell reports on work at the former U.S.
Bureau of Mines'now NIOSH;Plttsburgh Research Laboratory (PRL) Experimental Mine done
by Rice i in the 193075} who found lthat a weak stoppmg with rock dust barriers on both faces
would prevent flame propagauon mto the sealed area even though the stopping was destroyed.
Mitchell: dld not consider the p0851b111ty of an explosmn originating within the sealed area that
could rupture the seals and destroy the' active mining area through blast effects or with toxic
gases. It was cémmonly believed that sealed areas were inert with methane concentrations far
above the 15% 1!1pper exploswe limit.

"M r

’

Mitchell reviewed se.al dle51gn standards and pract1ces in use in the U.S., the UK., Germany and
Poland. In the UK., commissions investigating various coal mine exploswns assumed that
pressures of 140 to 345 kPa (20 to 50 psi) could deveiop and therefore a 345 kPa (50 psi)
standard would provide an adequate safety margin for seals. In Germany and Poland, authorities
decided that seals should withstand 500 kPa (73 psi) based on observations from moderate-
strength experimental coal mine explosions.

Mitchell also considered the hundreds of test explosions conducted.in the former U.S. Bureau of
Mines now NIOSH PRL Experimental Mine from 1914 through the 1960’s. Most explosions
developed from 7 to 876 kPa (1 to 127 psi), although a few tests developed higher pressures that
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caused considerable damage, which were un-recordable with existing sensors. Mitchell noted
that more than 60 m (200 ft} from the origin of an explosion of a smiall amount of explosive mix
in 15 m (50 ft) of entry, the explosion pressures seldom exceeded 140 kPa (20 psi). Most sealed
areas are far from the active mining areas, so Mitchell concluded that a seal may be considered
“explosion-proof” if it is designed to withstand a static load of 140 kPa (20 psi). Again, this
conclusion is derived from the perspective of containment of an explosion of a limited amount of
explosive atmosphere on the active mining side. It does not consider the containment of an
explosion within the sealed area. Explosions from the active mining side will usually occur far
enough away from seals such that a 140 kPa (20 psi) design standard u.rould provide the desired

. 1
protection. att
. ‘ ,

Mitchell also considered the hazard of explosive methane gas leakage into the active mine
atmosphere from sealed areas, which can occur during perlodsfof falling barometric pressure.
The additional methane drainage into the active workings ¢ could exceed thefcapamty of the
ventilation system and result in an explosion hazard somewhere in the mine. « However Mitchell
did not consider the opposite hazard created when au-leaks from the active atmosphere into a

sealed area to form an explosive mix behind the stals: : " ;; . 1. )
' . k' I‘ "o 4
Prior to 1992, the Code of Federal Regulations (CFR) lacfecz a;deﬁnitive engineering design
specification for explosion-proof seals. CFR 30 Part 75 stated that pending the development and
publication of more specific design criteria’for. explosion-proof se'ials or bulkheads, such seals or
bulkheads may be constructed of solid, substant?al and 1noombust1ble Pmaterial such as concrete,
brick, cinder block, etc. Stephan (1990) sought to provrde techmcal Just1ﬁcat1on for such a
specification in the CFR. Based on 1nvest1gat10ns of underground coal mine explosions between
1977 and 1990, he concluded[that the explosronrpressure on seals generally does not exceed 20
psi. Hence, the explosré)n pressufe: f)erformance criterion for seals became 140 kPa (20 psi) in
the 1992 rule change’to. CER 30 Part!75 335(a)(2)X LNIOSH researchers also note that the CFR
states thrs criterion as a “‘static horlzontal pressure”lof 140 kPa (20 ps1)
_ "': " "ll lz-r
The Stephamreport’also recogmges that the abandoned areas can contain an explosive methane-
air le as ‘the atmosphere crosses through the flammable range in the process of self-
mert}zatwrr Stephan clearly warns that a seal constructed to wrthstand an exploswn pressure
wave of 1 4QJkPa (20 psi) may; hot be shifficient in these cases.” Stephan also recognizes that air
leakage though seals can lead: to an explosive mix accumulation behind seals and that potential
ignition sourcés always exist such as roof falls or spontaneous combustion.
R I
In summary, the ongmal 140 kPa (20 ps1) design criterion for seals is not based on containment
of an explosion within the sealed area. The criterion apparently stems from the belief that the
atmosphere within the Sealed area was not explosive and that the real hazard from sealed areas
arises from leakage of methane or toxic gases from sealed areas into the ventilation system.

2.2. Seal design practices in Europe and Australia

Table 3 summarizes the seal design, construction and related sealed-area practices used in
Europe and Australia: The underground coal mining methods in each locale vary significantly,
although all are highly mechanized. European coal mines tend to use arched, single-entry gate
roads for longwall mining. Australian coal mines use two-entry and some three-entry gate road
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systems for longwall development. Production from room-and-pillar coal mining is very limited
in both Europe and Australia. In contrast, the U.S. coal industry uses both room-and-pillar and
longwall mining, and the mains, sub-mains and gate roads will have multiple entries. The
following discussions will trace the origins of seal design standards in locales outside the U.S.

Seal design practices in the United Kingdom

Early research in the UK (Mason and Tideswell, 1933) sought means for suppressing
spontaneous-combustion fires in mined-out areas. After sealing an area to suppress a gob fire, an
explosion of flammable gases distilled from the coal can occur. Fire-control seals must resist the
anticipated forces developed by the explosion. Beginning in 1942, and Telissued in 1962, a
committee of the UK Institution of Mining Engineers issued a report on "Sealing Off Fires
Underground" to provide ventilation system design guidance forrpossrBle fire control with seals.
Succeeding committees state that "it is desirable in desrgnmg exploswn—promof stoppings (i.e.,
seals) to assume that pressures of 140 to 345 kPa (20 to 501ps1) fnay be devgloped.” These
reports recommended seal designs, mostly using gypsurh, to resist the assumed explosron
pressures. In addition, these reports recommend "pressure balancing"” to controt the Hxygen
influx to sealed areas along with monitoring practlces for these argas. With reference fo
explosion testing at the former UK Buxton facility, the ¢ Seahng Off Fires Underground” report
reissued in 1985, recommended an explosion design pressure of 524 kPa (76 psi) and a formula
for calculating the required thickness of an explosion proof seal, given as:

e L
t=H;W+0.6 R kb
L N A

where t is the required seal“thrckness in meters and Hand W z!re the roadway height and width in
meters, respectively. Thls formula assurnes the usg of "Hardstop" for the seal, which is a
gypsum product with h: compresswe strength of about 4 MPa (600 psi). Recent explosion tests
on full-scale seals vahdatedrthrs de51gn formula and showed that the formula containing an
mplicit safety ‘factonof at least 2 (Brookes‘and N1col 1997; Brookes and Leeming, 1999; Anon.,
IMM, 1998)1 """ % B0 . !']

'.l . 'n II N q |
Seal deszgn practices in Germany N l P
Mrchehs and Kleine (1989) descrrbe regulatory standards in Germany for the design and
construction og explosion- proof seals in underground coal mines. The official "Directives for the
Construction of~Stopp1ngs" requrre that seals withstand a static pressure of 500 kPa (72 psi) with
a safety factor of 24, This standard has apparently been in place since the 1940's and possibly
earlier. Similar to the. UK seal design standards, the German standard also includes a formula to
calculate the required stal thickness, given as:

_ 074

O

1z

where t is the seal thickness in meters; a is the largest roadway dimension (width or height), and
O is the flexural strength of the seal material in MPa. Genthe (1968) developed this formula
based on an arching analysis. Seal construction material is a mixture of 2/3 flyash and 1/3
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cement with the possiblexaddition of an accelerator. The flexural strength of this material ranges
from about 1 to 2 MPa (150 to 300 psi), and its compressive strength is about 5 MPa (750 psi).

Full-scale testing of seals at the Tremonia Experimental Mine verified the design formula in
typical conditions. A safety factor of 2 may be implicit to the formula.

Seal design practices in Poland

Cybulski et al. (1967) discussed a series of test explosions conducted in the "1 Maja" mine which
generated pressure greater than 3 MPa (450 psi) and caused great damage to a test seal. These
researchers believed it difficult or impractical to construct a seal robust enough to withstand
these observed pressures. They reasoned that in practice only small|volumes of explosive
methane-air could accumulate in the face area of an active longwall ropcaratlon and therefore the
maximum explosion pressure at a seal does not exceed 500 kPa (72 p51) IiThls design standard
appears to correlate with those in Germany and the UK. . L 0, LIS

N .
" 'l,

Examination of the Polish technical literature did notildentlfy a demgn formula'for seglqthmkness
Full-scale testing at Experimental Mine Barbara is usedtto valldate various seal désigns. Lebecki
(1999) describes several such validation tests. These tests w111 apply a pressure of about | MPa
(145 psi) to a candidate seal in order to assure that the deSlgnH has a safety factor of about 2.
Seal design practices in Australia ' .| . l l: N
After the Moura No. 2 disaster which killed llﬁmllners!m 1994 (ijcborough 1997), Australian
regulatory authorities and the Australian coal" mmmg mdustry 1mplemented major safety changes
with respect to seals and sealed areas of coal mines: 'The Moura No. 2 explosion resulted from
the 1gn1t10n ofa methane -aif: mlxtlb;re within a ro"or‘r’n and-pillar panel that was sealed about 22
hours prior to the explosmn Queensland regulatlons now recognize two types of seals, namely
the “type C” and the r‘type D" seal: (G)berholzer and‘Lyne 2002). The seal regulations in New
South Wales have similar” requilre'mtlantis .as in QueePsland (Gallagher, 2005).

. e, " “t i 1*
Atype D seal mustlw1thstand 2.1 345,kPa (50 psi) explosion overpressure and is required “when
persons: afé to remain underground whlle an explosive atmosphere exists in a sealed area and the
possdnhtyhof spontaneous combustlon Tncendive spark or some other ignition source could
exist” (Lym—i 1}996) Altemattvely, if monitoring of the sealed area atmosphere demonstrates that
an explosive .atmosphere does not ex1st then a type C seal designed to withstand a 140 kPa (20
psi) overpressure, is perrmtted Hn adopting these pressure design criteria for type C and type D
seals, Australian aflthormes recogmzed that explosion pressures up to 1.4 MPa (200 psi) had
been observed in exper’imental mine explosions; however, these experts believed that it is not
practical to build structures to withstand this pressure throughout a multi-heading mine (Lyne,
1996). !

Using a type C seal, designed for a 140 kPa (20 psi) overpressure, requires stringent monitoring
of the sealed area atmosphere. NIOSH researchers note that the Queensland standard for a type
C scal does not allow for any amount of explosive mix behind a seal. When using the type C
seal, detection of any explosive mix within a sealed area requires the immediate withdrawal of
all mining personnel until the problem is corrected, usually by injecting inert gas behind the seal.
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The Australian standards allow the mine operators broad latitude to adopt whichever technology
or materials they wish to employ; however, the seal design must meet four key elements:

1. Full-scale testing at an internationally-recognized mine testing explosion gallery must

validate the design and specifications for a seal.
2. The seal design must consider site specific factors such as de51gn hfe, geotechnical
conditions, repair possibility and water head.

3. Management must ensure that the actual seal installation meets all design specifications.

4. Management must inspect and maintain all seals according to design specifications.
Initially, the new Australian seal standards relied on full-scale testing to validate seal designs.
Tests conducted in the late 1990’s on a few seal designs provided key Yalidation data for
structural analysis computer programs, and now these analysis programs have become the means
to evaluate new seal designs as opposed to additional full-scale testmg-

X EEAC) '
As mentioned earlier, the use of type C seals designed to,withstand a 0. 140LMPa (20 psi)
explosion overpressure requires routine gas samphng and ana1y31s to assure that the sealed area
atmosphere contains no explosive mix. Demonstratmg this lack of explosive m1xrrequ1res a
monitoring system along with a management plan to éollect the requisite data, analyze and
interpret it in a timely manner and take the necessary actlons such as withdrawal of people or
inertization, if required. Queensland regulatory authorities ha¥e issued standards for the
monitoring of sealed areas that provide guidance for the locattionﬂof monitoring points along with
the sampling frequency (Lyne, 1998). 1.1, e,
lll'll'l X ‘l'll
With reference to the traditional Coward Triangle graph representmg the methane-air explosive
zone, the Queensland momtorlng standard deﬁnes An exploswe tisk buffer zone whose
boundaries are methane from[2‘/z% to 22% and more than 8%4" ‘oxygen. This'standard requires “a
regular sampling reglmel such that:a maximum change in the methane concentration of 0.5% CHy
1
absolute can be detected laetween samples (Lyne¥1998). In many situations, a samphng
frequency every few hours is common practice. i
“'l b il_l N

To meet the- requlredﬂsamplmg frequency, mostAustralian longwall mines have deployed tube-
bundle systems for contlnuous gas: momtormg similar to that shown in Figure 4. Going
clockw15e from top left, thls figure shows d typical monitoring shed located on the surface above
a longwall’mme The momtormg tubek enter the mine via a borehole to the left of the shed.
Typ1ca1 tube-bundle systems y w111 monitor from 20 to 40 points or more, with about half located
in the active mmmg areas and, the other half in the sealed areas. The next photograph shows a
close-up of a seven’tube- bundle The pumps, shown in the next photograph, draw air samples
continuously from each] momtormg point. The last photograph shows where the sample tubes
enter the monitoring shed for analysis. Inside the monitoring shed is a solenoid-valve-manifold
system activated by a programmable logic controller. Samples are automatically directed to an
on-line gas analyzer and analyzed for CO, CO,, CH; and O,. It is assumed that N; and Argon
comprise the balance. A typical tube-bundle system provides a gas analysis at each monitoring
point every 1 to 3 hours. Real-time data is displayed at the mine’s control center where trained
operators can respond as necessary. '

In addition to monitoring to assure that the sealed area does not contain any explosive mix, many
Australian coal mines artificially inert sealed areas. Artificial inertization is mainly employed at
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mines with high risk of spontancous combustion. Two major systems are in use at this time,
namely nitrogen gas injection and the Tomlinson boiler. Nitrogen injection systems may use
molecular membranes to separate nitrogen from the atmosphere. While these systems are
adequate for routine nitrogen injection at a low flow rate, they may lack sufficient capacity for
njection during an emergency such as a fully-developed spontancous combustion event. The
Tomtinson boiler, shown in Figure 5, bumns jet fuel and air in a combustion chamber, and the
resulting exhaust gases are captured and compressed for injection into a sealed area. The inert
gas is mainly nitrogen and carbon dioxide with trace amounts of carbon monoxide and 1 to 2%
oxygen. T ;.

, -
Since the Moura No. 2 disaster which resulted from an explosion within a recently sealed area,
the Australian regulatory authorities and mining industry have develoged sealed area
-management systems to assure that potentially explosive methiane-air mixes 4o not accumulate
“undétected within sealed areas. A key component of this mam;gement sy!stSm 1S monitoring with
real-time data acquisition systems coupled to simple data analysis, display anfi warnmg systems.
In addition to monitoring, some mines may employ aftificial inertization of thefr; s.ealed areas to

control potentially explosive mixes. RN I8 'y |’r
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Section 3 — Explosion Chemistry and Physics

3.1. The 908 kPa (132 psi) constant volume explosion pressure

The chemical reaction for an ideal, stoichiometric mix of about 10% by volume methane in air is
given by : ;oa'e '

: PLALE
rI' .

CH, +20; — CO, + 2H,0 + Energy : A,
[PREE N
I
To give mmmg engineers a sense for the amount of energy, in 3 methane “all mix, the energy

content in 1 m” of ideal methane- -air mix is about the sae: 5510 75 kg of TNT
; ,l ..
The 1deal gas law is ' 15 o N |
' o . |
' |_: L 4

I IR

pv= RT

where p is the total pressure; v is the spec:éﬁs volume; R is the ur}rversal gas constant, and T is
the absolute temperature. For the closed, constant volume systern’ conmdered under ideal,
adiabatic conditions, the initial and final temperature.s alnciI pressures’are related as

, ‘\ (e |
pf/plsz/T ' I‘ '|' ."!.l'

‘ in l i M, ”
Thermodynamic equrllbrlum programs such as CHEETAH (Fried et al., 2000) or NASA-Lewis
(McBride and Gordoh, 1996') predrct that the final temperature is about 2,670 K. For an initial
temperature of 298 K the" temperiatl}regmlcrease ratrg is thus 2,670 / 298 or 8.96, and therefore the

inutial pressurc:1s also abouh 879,
' -om | ‘I . . .I hl

Assumlng that the initial’total pressure is 101 kPa (14.7 psi), the final total pressure 1s 908 kPa
(132 pS‘l) rWe sometimes r‘ound these numbers to 900 kPa (135 psi). The pressure increase is

therefore 8073 kPa (117 ps1) A Agaln we sometimes round these numbers to 800 kPa (120 psi).

Fact 1'— Combus't!lon of stmchlometnc (= 10%) methane-air mix in a closed volume raises
the absolute pressure f from 1(]1 kPa to 908 kPa (14.7 psi to 132 psi).

I N, 0
Combustion of non- storchrometrrc methane-air mixes produces lower temperature and pressure -
increases. Figure 6 (derrved from Cashdollar et al., 2000) shows the variation of absolute
pressure throughout the flammable range of methane concentrationin air. The maximum
absolute pressure occurs at about 10% methane in air, slightly above stoichiometric proportions
of 9.5%, but that pressure is substantial over a considerable range surrounding the ideal. Asitis
not possible to predict the composition of an explosive methane-air.mix within a sealed area,
conservative engineering practice dictates that we plan for the highest potential explosion
pressure, that is, the pressure developed by the ideal stoichiometric mix.
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3.2 Effect of coal dust on explosion pressure

Coal dust explosmn data presented by Hertzberg and Cashdollar (1 986) Weunann (1986) and
Cashdollar (1996), shows that the rapid combustion of coal dust in air will develop a constant
volume explosion pressure similar to that for methane-air. In a coal dust explosion, volatilization -
of the fuel dust occurs rapidly within the flame-front leading to the evolution of various gaseous
hydrocarbons, which react similarly to methane gas. Thus, the constant volume explosion
pressure for coal dust-air is similar to methane-air but slightly less.
" h
Figure 7 (Cashdollar 1996) shows that CHg-air reaches its max1mutrbabsolute pressure of almost
908 kPa (132 psi) at a concentration of about 65 g/m® which is abouty1 0% CH, by volume. The
theoretical maximum indicated on this figure is consistent w1th the complete calculations shown
in Figure 6. The expenmental data is slightly less than theoret‘lcal calculuataons due to heat losses
in the experlments The mix becomes fuel-rich and nonﬂammable above auconcentratlon of -
about 150 g/m’ or 15% by volume. I'I 'ty
' " ‘I I
Flgure 7 also shows the theoretical maximum absolute explom:)n.pressuxe for coalﬁdust which
ranges from about 790 to 890 kPa (115 to 129 psi). Thefbest-ﬁt lirk. describing the’ experlmental
data is also slightly less than theoretical expectations due to héat losses in the experiments. Coal
" dust however, does not have a similar ri¢h limit, and instead 1t'relaehes a maximum pressure and
levels off at concentrations of about 200 to§30|0 g/m The energy -release from a coal dust
explos1on is only limited by the available oxygeh: 111 the reaction Veslsel or the sealed area of a

coal mine, if enough dust is 3V3113b1€ ' ',. P l. - I' : 4
. L] .
l
Fact 2 — Combustion of fuel—rlch\coal dust and air mix in 5 closed volume raises the Y
absolute pressure from 101 kP4 t? about 790 to-890 kPa (115 psi to 129 psi) Wh'clllstmly/‘%
slightly less than combusuon of methane -air mix, I ) A A %
. g .| 1 ' . L

Similar to methane, coal dust'exl_l':)lomblhty also depends on the oxygen concentration. X
Cashdollar, (T 996)cshows that eoalﬂdust in air is o longer explosive below an oxygen 7, _.X"
concentratlon of 10%. ¥'1 . 5 _ . % -

o I L II KN ’ T . o
3.3 Explosmns in tunnels oo ' . e

. b ] M .

The prior anal;sm for the bas1lc 908 kPa (132 psi) constant volume explosion pressure ‘contains
three key assumpnons a. the Feaction vessel is small and spherical so that dynamic effects due to
pressure waves are neghglble b. the ignition occurs at the center of the vessel and c. the flame ~ .
speed remains small and’well below the speed of sound i.e. is subsome However, methane-air A
ignitions in mines propagate along mine entries (tunnels), and the phys1es is much more complex
than a simple reaction vessel. These complexmes can lead to the development of much higher.
explos1on pressures.

Consider a mine entry closed at both ends and filled with methane-air mix as shown in Figure 8.
Ignition occurs at the far right end, and the flame propagates to the left. Four stages in the

" combustion process are detailed in the figure: 1. slow deflagration, 2. fast deflagration, 3.
detonation and 4. reflection of a detonation wave from head on impact with the closed end.
Above each stage of combustion is a pressure profile along the tunnel. Upon ignition, the initial
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flame speed is only 3 m/s (10 ft/s); however, a slow deflagration develops rapidly where the
turbulent flame speed might increase to about 300 m/s (1,000 ft/s). The pressure in the burned
gas behind the flame front increases to the 908 kPa (132 psi) constant volume explosion
pressure. The combustion front acts as a piston compressing the unburned gas in front of it. The
leading edge of this acoustic wave propagates to the left at the local sound speed of about 341
m/s (1,120 fi/s). In between this wave front and the flame front, the unburned gas acquires
velocity to the left and the static pressure inside this region will increase. This pressure increase
-ahead of the flame front is termed “pressure piling.”

. a b

As the velocity of the unburned gas ahead of the flame front increaseg,!fh‘e" flow becomes more
turbulent. The flame front will evolve from a simple planar front at-low flame speeds to a
progressively more complex wrinkled flame front as the turbulence i mcreases The increased
turbulent flow in the unburned gas ahead of the flame front w111 increase l'ihe combustion rate and
the flame front will begin to catch up to the pressure waye' front% At hlgher blét still subsonic
flame front speeds, the combustion process becomes 2. fast deflagration. Corhbustion of pre-
compressed unbumed gases, leads to pressures greater than theQOS kPa (132 p51) constant ?
volume explosion pressure. For example, if pressﬁre piling has 1ncreased the pressure o 300 kPa P.éb ’
ahead of the flame front, then the pressure immediately .behmd[the flame front will'be 300 kPa x Ve T
9 or 2.7 MPa (392 psi). However, these transient pressurerwaves will equilibrate and the overall - Cﬁﬂo
pressure inside the closed tunnel will eventlually settle down tc!ur908 kPa (132 psi).

A I II * ll
Flow dynamlcs playr a complex role in acceleratmg Ltlae combustlon.procESs asa result of
increasing turbulence. Figure 9 illustrates & strong posmve feedback loop that exists between
- flame pr0pagatlon speed, turbulence and combustlon raté. Cornbustlon of methane-air mix leads
to expansion, increased pressure >-and increased veloc1ty of combustion products and the
unburned methane-air, rplx The indreased flow v'elomty leads to increased flame propagation
speed, increased turbulenge in the methane air mix' and  finally increased combustion rate. Thus,
as shown in Figure 9, the; feedback[loop closes with Bven faster expansion rate along with higher

pressure and velocity developed M ; 'R
. ! )y o , L
L]
3.4. Stattc, dynamtc and reﬂected pressure from exploswns in tunnels
PN | LN \ '| 'y

- The presstre and energy 1n'th’e gas floi ahead of the flame front shown in Figure 8 consists of
two parts, namely a "quasi- stat1c component and a "dynamic" or kinetic component. The quasi-
static pressure- component a.r1ses from the gas temperature and acts equally in all directions. The
magmtude of the® ‘quiasi-static pressure component was discussed earlier where it was shown to
rise to a pressure of 908 kPa (132 psi). For engineering design, one must generally consider the
total stress acting on a structure which is the sum of the quasi-static and dynamic components.

As shown in Figure 8, as the hot gases behind the flame front expand, the expansion will push
the flame front and the gas ahead of the flame front forward or to the left in this example.
Glasstone (1962) presents equations to describe such a blast wave and the factors controlling its
strength. These relationships are derived from the Rankine-Hugoniot conditions that are based
on conservation of mass, momentum and energy at the blast wave front.

The magnitude of the wind or dynamic (velocity) pressure is given by:
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|
Py ='2'PV2

where py is the dynamic (velocity) pressure; p is the gas density, and V is the gas velocity.

The dynamic pressure at the shock front is related to the quasi-static overpressure ps by:

5 pi

57p0+p5 : "fl;
: . e .
H 4

where p, is the initial pressure. In a deflagration, the quasi- -static, ovkerpressure ranges from 0 to
~ almost 807 kPa (117 psi), and the initial pressure is 101 kPa ( 14 7 p51), therefore the dynamic
pressure ranges from 0 to about 1000 kPa (145 psi). Evenata modest quasi- stanc overpressure
of 400 kPa (58 psi), the dynamic component of pressure is aBout 360 kPa (521p51) Thus, the
quasi-static and the dynamic pressure are both 51gn1ﬁcant components of the totalrpressure for

desrgn purposes. ' . .: . ' 1: .
ol S L p
g ) ]
When a shock wave strikes a stmcture such as a seal headlor, reﬂected overpressure on the seal

~ is given by: ‘

Py =

' t :l o l I: 51
Tp, +4ps ’ ' 'l!l'n ',:.'
.pRzsz_'— " [‘ll.. ]'
Tp, + ps ' . ' N
| o | - m'p -
el Ll ] ] R ) _ ‘
If the quasi-static pressurg i8 at 1tlslmax1rnum value of about 807 kP4 (117 psi), then the reflected
pressure is about 4, 1 MPa L (595 pSI) | a . _ .
I L] ll I| Y- l.

As mentioned before, the qua51 -statid p:esﬁsu{e angl the dynamic (velocity) pressure form the total
pressure. Proper structural analysis of seals miust consider the total gas pressure and not just the
static component fas specnﬁed in the current CF R 75.335. In certain situations, the quasi-static
component might act alore; on a seal:: hewever, in most cases, seals must withstand a total
pressure’ consmtmg of both a qpam -static and dynamic (velocity) component

: l b ] !
The terin statlc and dynamic asi used in the above discussions are misnomers since static would
imply no time dependence or’ rnotlon whereas dynamic typically implies time dependence. The
static and dynamic (velomty) pressures suggested in Figure 8 are both changing in time and
space. In the analysis’ forcthe explosion pressure on seals, the static pressure (ps) refers to the -
time-dependent static gas pressure that acts equally in all directions, whereas the dynamlc
(velocity) pressure py refers to the time- -dependent velocity pressure that acts in the same
direction as the gas expansion velocity.

3.5. The 1.76 MPa (256 psi) Chapmah-.]ouguet (CJ) detonation wave pressure

If the flow ahead of the flame front is sufficiently turbulent, the flame speed may increase from
subsonic to supersonic in a process known as “deflagration-to-detonation transition” or DDT,
The flame speed for a deflagration is by definition subsonic or less than about 341 m/s (1,120
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ft/s). With pressure piling effects, a deflagration generally creates transient explosion pressures
less than about 2.0 MPa (290 psi).. For a methane-air detonation, the detonation wave (a shock
wave) propagates at about 1,800 m/s (5,900 fi/s) or about Mach 5.3, When detonation occurs,
~ the pressure wave front and the flame front become one (Figure 8). In a detonation, the transient
pressure rises in a few microseconds to about 1.76 MPa (256 psi) for methane-air, but then
quickly equilibrates to the 908 kPa (132 psi) constant volume explosion pressure as before,

During a DDT event, the flame front travels at supersonic velocity, and the eressme wave 1no

longer disturbs the unburned gas ahead of the flame front. Pockets of reactive gas within the fast -

moving reaction zone are formed and small auto-explosions occur w1hthm these pockets. These -
small shocks pre-compress and pre-heat the unburned gas so 1nten§ely that they auto-ignite the
mixture. The small compression waves then coalesce into a larger amphtude shock. A
detonation relies on shock heating and pressurization of the uiiburned gas to initiate the reaction
immediately behind the shock wave. The detonation thus becorhes self dnven by the auto-
explosions occurring at the shock front and propagates; away from the DDT pomt at the CJ
pressure for as long as combusuble material is ava:laliale \ ' '| .
L ' | i
A fundamental parameter for gaseous detonations is cell'w1dth whrch is a measure c';f the
physical dimensions of the cells eomprrsmg the detonation } wave front. For a stoichiometric
methane-air mixture, this cell size is about 30 cm (1 ft). In order to propagate a detonationina
tunnel, the width must be greater than the ¢ cell' size by a factor oflabout 5, which implies a. -
minimum tunnel dimension of about 1.5 m’ (5 ftfr Detonation of methane air is therefore a very
real possibility in most coal mines and has been documgntea experimentally (Cybulski, 1975).
LI AN
Another parameter assomated with, detonation i is the run- -up dlstance which is the distance from
the ignition point to where DDT ﬁrst occurs. In smooth pipes, the run-up distance may range
from 50 to 100 times the plpe dlameter {Lee, 1984; [Bartknecht 1993; Wingerden et al, 1999;
Kolbe and Baker, 2005) :For miné tunnels with an cquivalent diameter of about 2 m (6 ft) the
run-up distance could rangetfrom 100 5 QOO m (300 to 600 ft). The most important factor
govemning run- up dtstance is turbulence that Yactelerates combustion. Roughness of the tunnel
walls or;blockages n the tunnel frt';m mmmg machinery or roof support structures can contribute
to mcreased flow turbulence ;:vhlch in turn ‘the onset to DDT and decrease the run-up distance.
Pendlng further research, NIOSH scientists selected 50 m (150 ft) as the minimum run-up
distance for detonatlon of methane air in a tunnel. NIOSH scientists will conduct additional
research to better understand i run up distance and the factors that control it.
: AN} _
'If detonation of rnethlane -air occurs, the pressure developed in the detonation wave can be

computed as e

2
' i=1+ 4 {2] :
A (1"‘72) €

where Py and P; are the pressures ahead and behind the detonation wave; y; and vy, are the
specific heat ratios of reactants and products, respectively; ¢, is the sound speed, and D is the
detonation wave spéed. For methane-air, the detonation wave speed is about 1,800 m/s (5,900
ft/s), and the sound speed is about 341 nv/s (1,120 ft/s). The specific heat ratio for the reactants is
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about 1.34 and for the products about 1.28. The computed pressure ratio is therefore 17.4.
Assuming that the pressure (P1) of the reactants ahead of the detonation wave is 101 kPa (14.7
psi), the detonation wave pressure (P;) is about 1.76 MPa (256 psi). This pressure is also known
as the Chapman-Jouguet (CJ) detonation pressure. Additional thermodynamic calculations with
the CHEETAH (Fried et al., 2000) and NASA-Lewis (McBride and Gordon, 1996) codes also
predict a value of 1.76 MPa (256 psi) for the CJ detonation pressure.

.Fact 3 — If detonation occurs in an ideal methane-air mix at 1 standard atmosphere, the
detonation pressure developed is 1.76 MPa or 256 psi (CJ detonatmn pressure)
: l - \

Again, as indicated in Figure 8, when detonation occurs, the pressufe rises over microseconds to
1.76 MPa (256 psi) but then decays to the 908 kPa (132 psi) constant Jvolume explosion pressure.
When détonation occurs, un-reacted gases ahead of the flame cf;ront remain at the original static
pressure and at rest until the detonation wave arrives and.the-reaction occurs? This CI detonation
pressure is a kind of static pressure in that it acts equally in all directions. Smcexthe gas velocity
ahead of the detonation wave is 0, the dynamic pressﬂre is also 0 until the detonatlo% wave

arTives. L lI I i' 1 "
: A | s f
LR l

'3.6. The 4.50 MPa (653 psi) reﬂected detonatton ewave pressure
' .
If a detonation wave impacts a solid wall such asa mine seal, a\rleﬂected shock wave forms and
A
propagates in the opposite direction back through the combustlon products Several classical
works on the fluid dynamics of combustion present analyses of this:-feflected detonation wave
pressure., Landau and L1fsh1tz (1959) derlved a relatlon between the incident and reflected shock
L I .

pressure as ™ i' !" !
47 Il L
By _Sy+1+y17y" #2y1 .| g
P 4  y. i 1.
[ ‘l.},l'l. “I'l"..lf!"‘:':’

where v is e lspemﬁcl heat ratioof the combustion products. Assummg that y 15 1.28 as before,
the ratlo of reflected to incident detoﬁatton wave pressure is 2.54. The prior derivation found
that the § pressure of a methafie-air detonanon wave 1s 1.76 MPa (256 psi). When this wave
reflects fro'mia solid surface‘such as a seal, the reflected shock wave ° pressure and the transient
peak pressure on the seal is 2L54 x 1.76 or 4.5 MPa (653 ps1).

‘ l’ . '—'"——__-————-—

Fact4-A methane-hir detonation wave reflects from a solid surface at a pressure of 4.50
MPa (653 psi). . '=l»

L 4
L)

3.7. Possible higher detonation and reflected shock wave press_ures

At least two situations can arise that could produce even higher detonation and reflected shock
wave pressures. At the moment of deflagration to detonation transition (DDT), some pressure
piling may remain just ahead of the newly formed detonation wave. As the detonation wave
propagates through this pre-compressed methane-air mix, higher detonation pressures may
develop locally, well in excess of the steady state CJ detonation pressure. Fortunately, this
pressure is highly localized and short-lived if DDT occurs early during combustion. Under these
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conditions, the supersonic detonation wave will quickly pass through a pre-compressed gas zone
and the pressure returns to a steady-state CJ detonation wave pressure of 1.76 MPa (256 psi)
(Dorofeev et al., 1996). .

3.8. Measured experimental mine explosion pressures

The theoretical calculations above give a constant volume explosion pressure of 908 kPa (132
psi), detonation pressure of 1.76 MPa (256 psi) and reflected detonation wave pressure of 4.50
MPa (653 psi) with possibilities for even higher pressures still. Test explosrons conducted at
experimental mines in the U.S. and around the world confirm the reahty of these pressures.
. dr
Nagy (1981) summarized decades of methane and coal dust explosrdngesearch at the former
U.S. Bureau of Mines (now NIOSH PRL) Experimental Min€} In all cdses, these tests were
. open-ended, that is the explosive mixture is partially confified afid able to lrVent unlike the totally
- confined environment within a sealed area. A few of the'larger tests developed.peak pressures of
1.04 MPa (150 psi) and indicate that some pressure p111ng occurred as the exploswn propagated
Early work at the Tremonia Mine in Germany (Schultze-iRhonhof 1952) developed (pressures of
1 MPa (145 psi) in similar open-ended experiments, supporting’ the U.S. findings.«
" Cybulski et al. (1967) described nine experimental methane-ir; explosion experiments in a 57-m-
long tunnel (187 ft) at the 1 Ma 3Ja mine mfPoland The amount of f explosive mix ranged from 70
to 1,000 m® (2,500 to 35,300 ft’) and the length ofl-_the gas zone ranged»from 4.3 m (14 ft) to the
full 57 m (187 ft) length of the experimental’ tunnel 9y wo-tests in wh1ch the explosive mix
completely filled the tunnel produced peak pressures greater thanf3 2 MPa (450 psi). Pressure
piling clearly occurred during these particular tests. Flame speed was measured at 1,200 m/s
(3,936 fi/s) eorrespondmg to about Mach 3.5, which suggests the possibility that detonation
occurred. Other tests, it wh1ch thé thnnel was not completely filled with explosive mix,
developed peak pressure!s inthe rahge 0f0.2t0 1.5 MPa (30 to 225 psi). These experimental
results showed chlear relationshlp between‘the length of the explosive mix zone and the
maximum explosmn pressures A gas zone: length more than 50-m-long (165 ft} can develop
peak explosmn pressures of mord than 2.0 MPa (290 psi), which in turn may lead to detonation.
| > l i I
Tn test number 1397 oonducted at Expenmental Mine Barbara in Poland, Cybulski (1975) back-.
- calculated explosmn pressuresLm excess of 4.1 MPa (595 psi). The experimental explosion was
JAnitiated in coal[dust about 200 m (656 fit) from the closed end of a tunnel. Three measurements
of pressure wave speed ranged from.1,600 to 2,000 mv/s (5,250 to 6,560 fi/s), which clearly
suggest detonation. Unfortunately, sensors could not measure the pressure directly; however, the
explosion punched a 1 4isquare meter hole into a 32-mm-thick steel door. The shear force
necessary to punch this hole indicates an explosion pressure of at least 4.1 MPa (595 psi).-

In his Ph.D. dissertation, Genthe (1968) examined peak explosion pressure, flame speed and the
length of an explosive mix Zone in order to determine their relationships. Experimental
explosions with subsonic flame speeds less than about 330 m/s (1,100 fi/s) led to explosion
pressures less than 1.0 MPa (145 psi). Explosions that developed supersonic flame speeds of up
to 1,200 m/s (3,940 ft/s) produced peak pressures of up to 1.8 MPa (270 psi). The length of the
explosive mix zone also correlated to higher peak explosion pressures. Similar to the previously
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descrlbed results from Cy’oulskl ( 1967) an explosion w1th a gas zone length of 50 m (165 ft}
produced peak explosmn pressure of 1.8 MPa (261 psi), whrch could be indicative of detonation.

3.9. Summary of main parameters affecting gas explosion strength

There ate several factors that can influence the level of explosion pressure that develops within a
sealed abandoned area of a coal mine. Some can be controlled through engineering or
momtormg, others cannot. Because many of these factors cannot be controlled, conservative
engineering practlce dictates that mining engineers plan for the worst cz:se explosron pressures.
i r-t

' Calculatlons in prevnous sections of this report describe this ¢ WOI‘St-C!lSe scenario”, the
combustion of a confined, stoichiometric methane-air mix of about 10% methane by volume.
Pressure was shown to increase from atmospheric pressure toL908 kPa ([132 psr) The
combustion rate of methane-air in a tunnel may be enhanﬁced by turbulence th%t is induced by
roughness or obstructions in the tunnel. As turbulence, incredses, the combustion rate also
increases, which leads to more turbulence in a strong [feedback loop. A deﬂagratlon to-
detonation tranisition (DDT) may occur resulting i irl a Jetonation wave with a pressur;e of1.76
~ MPa (256 psi) at 1 standard atmosphere initial cond1t10ds When detonation waves reflect from
solid objects such as mine seals, they can induce transient pressures of 4.5 MPa (653 psi). Under
certain conditions, even higher pressures are possible. Y

: l . : AN
An inhomogeneous, poorly: mixed or layered explosrve gas cloud \;111L~,generate lower explosion
pressure. The location of the ignition point also has § an effect that can either increase or decrease
the explosion pressure. These are two condrtlons for whlch"‘there is no engineering solution.
Four additional major factors laffect the pressures‘developed durmg a 8as explosion: a. the
concentration of methane in air, B rthe overall volume of explosive mix, c. the degree of filling of
* the volume w1th eproswg mix and d the degree of,confinement of the explosive mix.

_ =T} . . I
a. Departure from ithe ideal® r.mx usedtm the[above calculations results in lower explosion
pressures. However «both a 6% methane air'mix near the lower flammability limit and a 14%
mix near the upper ﬂammablhty hrmlt develop a 500 kPa (73 psi) explosion pressure (Figure 6).
Thus‘ a methane air mix develops variable but substantial explosion pressure over most of its
ﬂammable 'Tange. Detonatlon and reﬂected detonation wave pressures are also substantial over
most of the ﬂammable range g as shown in Figure 10.

b. The overall volumhe of exploswe methane-air mix also affects the explosion pressures
developed. Larger sealed areas have longer run-up distances and increased possibility for DDT’
and the resulting hlgher fransient pressures. Information available at this time indicates that any
sealed volumes with a fun-up distance greater than about 50 m (165 ft) behind the seal are at risk
of developing the higher pressures that result from a detonation (Lee, 1984; Bartknecht, 1993).

¢. The degree of filling of the sealed volume with explosive gas mix controls what fraction of the
constant volume explosion pressure will develop. A volume that is 100% filled with explosive
mix will develop the entire 908 kPa (132 psi) explosion pressure, while a volume that is only
33% filled will only see a 303 kPa (44 psi) explosion pressure. A well-executed monitoring and
management plan for the sealed area atmosphere can control and limit the p0551ble explosion
pressure that a seal must resist. -
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d. The degree of confinement influences the explosion pressure developed. A completely
confined explosive mix will develop the full 908 kPa (132 psi) constant volume explosion
pressure. District and panel seals may meet this confinement condition after sealing while the
sealed arca atmosphere crosses through the explosive range during initial inertization.

The explosion pressure in a partially confined explosive mix will develop véfy depending on the
degree of venting from the explosion area, but will be less than the 908 kPa (132 psi) constant
volume explosion pressure. Cross-cut seals may meet this condition as there can be partial

. . (Il
venting into the gob behind the seals. g N
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Section 4 — Modeling Explosion Pressures on Seals

4.1. Model characteristics'

The prior discussions on explosion pressures placed general bounds on possible peak explosion
.pressures possible; however, NIOSH rescarchers sought additional information on the possible
pressure-time history that could develop in a methane-air explosion. Experimental mine
explosions can generally only study comparatively small volumes of ez(plosive mix. Most
experiments worldwide fill less than 20 m (65 ft) of tunnel with methanke-air mix, although a few
tests have filled as much as 58 m (190 ft} of tunnel with exploswe rmx Accordingly, NJOSH
researchers utilized two reputable gas explosion computer models fo extrapolate small volume
gas explosron data to larger gas explosions typ1cal of what could happen[m a coal mine.
| N

-
The two gas explosion models are AutoReaGas ava11able from Century- Dynlarnlcs (2007) in the
U.K. and FLACS, available from GexCon (2007). of the Christian Michelson Researchclnsutute
in Norway. AutoReaGas and FLACS are spec1al1zed’computat1onal fluid dynamics r(CFD)
models for solving numerically the partial differential equiition§ governing a gas ekplosion.
These models are used extensively in the oil, gas and cherdlcal industries to assess risks,
consequences and mitigation measures for Var1ous gas explos1onﬁscenar105 In particular, they
have seen application to off-shore oil and’ gas pro’ductlon fac:111t1es smoe the Piper-Alpha disaster
in 1988. A few research groups in Europe h‘ave ‘mafe attempts to use *these models to study gas
explosions in mines, but to date such work is very l1m1ted’ EThe work for NIOSH described
_ herein probably represents the most extensive use of thes€ modgld in a mining industry
apphcatlon Fora complete d1scu551on of most gas explosion'model capabilities and limitations,

see the reviews by Lea and Ledin (2002) and Popat et al. (1996).

Ilb ; “.

Gas explosion numencal models such as AutoReaGas and FLACS, consist essentially of three
elements: 1. the Reynold’s averaged Nav1er-Stokes equations, 2. a turbulence model.and 3. an
empirical | turbulenttﬂamelet model , The Reynold s averaged Navier-Stokes equations describe -
- the fluid, flow and are expressmns for conservahon of mass, momentum and energy for a
dlfferentral volume in terms of pressure, témperature, gas density and velocity components.
Coupled to the conservatlon equatlons iis an equation of state, which is usually approximated
with the ideil gas law such as pv = nRT. In gas explosion models, the Navier-Stokes equations

are modified to cons1der the changmg concentration of both reactants and products.

I
1

The second major element in gas explosion models is a turbulence model to describe the
dissipation rate of turbulence kinetic energy. Most CFD models, including AutoReaGas and
FLACS, use an empmcal k-g turbulence model. Stated simplistically, the k- turbulence model
relates the dissipation rate (g) of turbulence kinetic energy (k) to the production of turbulence
kinetic energy from Reynolds stresses and the removal of turbulence kinetic energy due to
dissipative effects. & depends on the velocity fluctuations in the flow, which in turn depend on a
length scale, 1/K, where K is a wave number. &(K) follows a power-law spectrum where little
energy dissipation occurs in large eddies with small K and most energy dissipation occurs in
small eddies with large K. At a critical length scale, lk, the orgamzed motion cascades to small
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eddies whereupon kinetic energy is converted into heat. The k-¢ turbulence model contains
several empirically determined constants that are well known for many practical applications.

The third element in these models is a combustion model to describe the concentration change
rates of reactant and product species and the associated energy release rate. Most CFD models
use empirical reaction rate models. AutoReaGas uses an empirical correlation between reaction
rate and flame speed. FLACS uses a “p flame model” that correlates turbulent burning velocity
with turbulence parameters. In both models, an increase in turbulence kinetic energy results in
an increase in the reaction rate.

In most applications of the AutoReaGas and FLACS models in theioil,
industries, the computed and measured explosion pressures do, 1ot exceed about 500 kPa (72
psi). These models do not properly consider the physics of dé?onatlollm rjIDT Thus, at the
extremely high pressures that could occur in a mining explosmn the models ‘are not correct;
however, they w1l| correctly indicate the pressure bu1ld‘up to these hlgh pressu Desplte these

applications of interest at IOWer pressures.

4.2. Model calibration

(left) shows the same for three B drift experlments ,As shown in Table 4, each test involved a
larger @amount of exploswg ane-air mix. The length of th'e ‘gas clouds ranged from about 3.7
to 183 m (121060 ﬂ)._zé‘%’

?these small volume gas explosions, experiment and

1:5iThe magmi’ude of the’ peak pressures compare well along with the shape or

width of the presse-fe pulse §"e Holsfever these models do not compute arrival time of the pressure
pulses a"curately The firsi rst arnval of_ tﬁ

e ,calculated pressure pulse is slower than that measured

explosion sumultaneously in many dlfferent locations. In summary, despite the offset in timing,

the gas explosion me dels reproduced the measured experimental data well.

7(6.5'

4.3. Confined axp _ii'in models of large gas cloud volumes

Having calibrated the models successfully, the next group of models examined larger and larger
volumes of completely confined explosive mix similar to the first type of gas accumulation
shown in Figure 3A. The model geometry, shown in Figure 13, is based on the same LLEM
model employed earlier. Each model has infinitely strong seals placed in the A, B and C drifts
41, 71, 161, 228 or 300 m (135, 233, 528, 748 or 984 fi) from the end of B drift. A
stoichiometric (10%) methane-air mix fills the entire model volume, and ignition occurs at the
end of B drift.
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Figure 14 shows the computed pressure-time history at seal B for the larger and larger volumes
of explosive mix using the AutoReaGas model (Figure 14A) and the FLACS model (Figure
14B). With the 41 m cloud, the pressure rises to about the 908 kPa (132 psi) constant volume
(CV) explosion pressure over 0.5 seconds and then remains at that level as expected. The
pressure pulse shows some reflections, but their magnitude is small. -With the 71 m (233 fi)
cloud, the pressure rises to about 1.0 MPa (145 psi) and then settles down to the 908 kPa (132
psi) CV explosion pressure. With the larger clouds (161, 228 and 300 m), the pressure rises very
quickly in less than 0.1 second to 2 to 3 MPa (290 to 435 psi), but thén equilibrates to the 908
kPa (132 psi) CV explosion pressure as expected. L
({}akiw&t%i

As mentloned earlier, these high pressures of more than 1.0 MPa (- ifl'(S psi} by the AutoReaGas
and FLACS models are not accurate since detonation may have occurred and these models do
not capture DDT or detonation. However, the models are correct in lndlcatmg that very high
pressures have developed. fw e, T, i

AutoReaGas and FLACS models for larger exploswe mtx volumes and longer explosmn lengths.
- Also shown on this figure are the 908 kPa (132 psi) CVeexplosmn Pressure, the 1.76 MPa (256
psi) C-J detonation pressure and the 4.5 MPa (653 psi) reﬂected detonation wave pressure.
Beyond a length of 100 m (330 fi), the computed pressures are more than 2.0 MPa (290 psi), and
detonation is highly likely. These calculat'

likely to detonate. ﬁ

4.4. Partially confined: explosmn models oyhleakrng seals

This group of models c{)nsrders an*exploswe mix that forms directly behind a seal due to air
leakage similar to the second type of .gas accumulatlon shown in Figure 3B. This explosive mix
is only partially confined and able to: vent freely mto inert atmosphere deeper into the sealed
area. The model geometry shown in Figuré 1675 again based on the LLEM. The model has
mﬁmtely strong seals'!'l he A B and C drrﬂs at 228 m (748 ft) from the begmmng of B drift. A

lgnltlon polnt 9}15 right behmd@th‘e B drlft seal whlch is the worst p0551ble case.
1ﬂilsl ‘i.:“tj 1

volumes consrdered usmg tllg AutoReaGas model (Figure 17A) and the FLACS model (Figure
17B). Computed pressures dt the B seal range from 100 to 500 kPa (15 to 73 psi) and are within
the normal operating boundarles of these models.

Figure 18 shows the computed peak explosion pressures for the 15, 30 and 60 m (50, 100 and
200 ft) gas clouds from the models for the A, B and C seals. Also shown are the measured peak
explosion pressures versus gas cloud length for the six calibration experiments presented in
Table 4. As shown in Figure 18, a simple linear relationship exists between explosive mix
length and the peak pressure developed at the seal, up to about 30 m (100 ft). As the explosive
mix length becomes larger and longer, the peak explosion pressure on the seal increases. The
model calculations extrapolate well from the known LLEM experiments. This simple



relationship provides practical guidance for both monitoring and the allowable amount of
explosive mix that can exist behind a seal of given strength.
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Section 5 — Design Pulses for Seals

Previous derivations based on the chemistry and physics of explosions placed bounds on the
peak pressures that can develop on a seal. The gas explosion models confirmed the 908 kPa (132
psi} constant volume explosion pressures that will develop from any confined gas explosion.

The large volume gas explosion models hinted at the much larger explosion pressures that can

- develop as a result of pressure piling, reflected pressure waves or detonation. The limited
volume gas ‘explosion models of partially confined explosions demonstrate that if proper
pOSSIble to limit the

engineering can limit the volume of explosive mix behind a seal, it id'f
exp]osqon pressures that could develop.

dlfferent seal types under dlfTerent mmmg COHdltlonS*‘ In the 4.4 MPa (640 p51) desrgn pulse
shown in Figure 20, the pressure first rises to 4. 4 MPa (640 ESI) over 0.001 secon' 3 :falls to 800
kPa (120 psi} after 0.1 second and then remains at that*level The mmal pressure rlse over |
milli-second is consistent with that of detonation waves' veral computed pressure-tlme
histories from the large gas explosion models 1ndlcate that t € ﬁ
to the 800 kPa (120 psi) constant volume o
{640 psi) design pulse encompasses these
conservative engineering approach.

¥

,,explosnon model snmuiatlons, Wthh isa

"“d LR L
P Py

The 800 kPa (120 psi) de51gn
seconds and then remains 4t ti

air explosmns reportcd by Sapk%o et

.& A'!“i-iki?iﬂ;-"?'
lgl?a) deSLgn pulse, shown in Flgure 22 risesto 345 kPa (50 psi) over

a. For sealed areas of ‘guﬁ' cient volume to have an explosion run-up distance greater than 50 m
(165 ft) in any dlrectloﬁ detonation of methane-air becomes a possibility. The design pulse must
include the 4.5 MPa (653 psi) reflected detonation wave pressure in addition to the 908 kPa (132
psi) constant volume explosion pressure. Most sealed areas of a coal mine are confined volumes
with no venting possibility. Effectively, the seal will see an overpressure of 4.4 MPa (638 psi).

b. For sealed areas with all possible ekplosion run-up distances less than 50 m (165 fi),
detonation is less likely. :
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¢. For a confined volume of explosive mix with no venting possible, the design pulse should
encompass the 908 kPa (132 psi) constant volume explosion pressure. Effectively, the seal must
resist 800 kPa (120 psi). Again, most sealed areas of a coal mine are confined volumes with no
venting possibility.

d. For a partially confined volume of explosive mix with complete venting, the maximum
pressure in the design pulse may be 345 kPa (50 psi), if the length of the explosive mix volume
behind the seal is limited to 30 m (100 ft) or less. A properly managed sealed area atmosphere
requwes a well engmeered monitoring and mertlzatlon system to assure «that the length of

to seal the area and not monitor or manage the sealed ared: atmOSphere in’ any way. The design

pressure pulses presented herein reflect this important management decisiori, Table S presents

the technical criteria governing theuse € deS|gnipressure pulses for the structural de51gn of
seals in two different scenarios.
land no memzatlo

Table 5 and Figure 19 consider panel and “dlstnct seai types along'w 1th cross-cut seal types for
scenario 1, the unmonitored-sealed-area- atmosphere approach or scenano 2, the momtored and
Table 5 are mutually excluswe and lead to the loglcal catege'r'l'zatlon shown; however, if doubt
exists, the seal desngn engmeer should always use, the 4.4 MPa (640 psi) design pulse.

a. For unmonitored panel nd,dlstrlct seals where the lerLgth of the sealed volume exceeds 50 m
(165 ft) in any direction, engl cefs should use; the 44 MPa(630 psi) design pulse (Figure 20).
Because the potentlal" xplosmn Fun -up Iength i$’more than SO (165 ft), CLIQILMHJ.S a real
pOSSibllll'y “The sealed, rfe‘ fis ¢ase is completely confined, not vented in any way and
100%*ﬁlled with exploswe mlx (Fig 19A) The situation depicted here may occur in many

sealéd areas=-especnally rlght agter sealmg during the initial inertization phase.
i el o

&

b. For unmomtored panel andﬂélﬁlstnct seals where the length of the sealed volume does not
exceed 50 m (165 ft) in any dll‘cCtIOI‘l engineers can use the 800 kPa “design pulse
(Figure 21). Beeause the potentlal explosion length is less than 50 m }, detonation is less
likely, but a potential explosmn will still reach the 800 kPa (120 psi) constant volume explosion
overpressure. The sealed area for this case is completely filled with explosive mix and is mostly
confined, but it can vent somewhat into the broken rock of a mined-out area, i.e. the gob (Figure
19B). This situation is also common and may arise when sealing a full extraction panel, either

longwall or room-and-pillar.

c. For unmonitored. cross-cut seals, the length of the sealed volume will not likely exceed 50 m
(165 ft) in current mining practice. As before, detonation is less likely, and engineers can use the
800 kPa 'design pulse shown in Figure 21. The sealed volume is completely filled with
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explosive mix, is mostly confined and can vent somewhat into the gob (Figure 19C). This
situation arises commonly at longwall mines extracting spontaneous combustion-prone coal.

d. For monitored panel and district seals where the length of the sealed volume exceeds 50 m
(165 ft) in any direction, if monitoring can assure that 1. the maximum length of explosive mix
behind a seal does not exceed 30 m (100 ft) and 2. the volume of explosive mix does not exceed
40% of the total sealed volume, engineers can use the 345 kPa (50 psi) design pulse shown in
Figure'22. The limited volume explosive mix is partially confined, and able to vent into the
inert atmosphere beyond (Figure 19D). This situation will arise in theﬁ atmosphere behind a
* panel or district seal that first becomes inert and then due to subsequent airleakage develops a
locahzed explosive mix, g

A
¢. For monitored panel and district seals where the length of the sealed~volume is less than 50 m
(1865 Tty in any direction, It monitoring can assure that 1. the maXimum Iength ofexploswe mix
behmd a seal does not exceed 10 m (33 ft) and 2. the volume of explosive m1x does not exceed

. (Figure 19E)

f. For monitored cross-cut seals where thie, length of the seale
in any direction, if monitoring can assure* t"” ;.
seal does not exceed 5 m (15 fi) and 2, the volualilé{ekofaexploswe mtxs oes not exceed 40% of the
total sealed volume, engineers can use the 345 kPa’ (50 p51) deSIgn pulse Thls SItuatlon will

e

develop behind cross-cut seals in spontaneoustcombuStlon p
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Section 6 — Minimum New Seal Des1gns to Withstand the Design
Pressure Pulses

The explosion pressure design pressure criteria for new seals developéd in the preceding sections
serve as a basis for the structural design. In this section, NIOSH engineers present examples for
possible approaches to new seal designs using simplified structural engineering methods.

Due to the complex nature of the structural interface between the ming. roof and floor rock strata,
“the coal ribs and the seal, a general design for a mine seal is not p0551ble The fundamental
design assumptions change from application to application so t_hat ‘¢ach.seal design will have to
be engineered for a specific application and location in a_sziveﬁ"ﬁine. .

——

1&} -"m i
The followmg cons:deratlons should SErve as conceptuai 1deas for new seal -demgns and

?ngmeermg approaches to the
oes beyond the scope of this

requ;ﬂl:gﬂments and confidence.in the iz :éommended design charts.
In conducting;these structurd analyses NIOSH engineers considered elght typical materials
covering the rang‘e of typical ¢ construct;on materials readily available to the mining industry.
Table 6 summanzes these rr}atenal properties which range from high strength, low deformability
to low strength, hig Edeformablllty materials. Each material has potentlal application depending
on the partlcular c1rcumstances of the seal.

&
For structural analysis, the recommended design pressure pulses may have a quasi-static
approximation that can apply in practical situations. The 800 kPa (120 psi) pulse (Figure 21)
and the 345 kPa (50 psi) pulse (Figure 22) remain at these pressures for a long duration which
implies that a static pressure of 800 and 345 kPa (120 and 50 psi) is equivalent. Furthermore, the
rise time for these pulses is 0.25 and 0.1 seconds, respectively, which is much more than the
transit time for a stress wave across a seal. NIOSH engineers estimate that this transit time
ranges from 0.0001 second to 0.010 seconds which is much less than the rise times of these two
design pulses.
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NIOSH engineers approximated the 4.4 MPa (640 psi) design pulse shown in Figure 20 with a
simple 2 MPa (300 psi) static load. This static load appears to result in minimum seal thick
calculations consistent with the dynamic 4.4 MPa (640 psi) design pulse; however, additional
studies are required to develop a reliable quasi-static approximation to this pulse.

NIOSH engineers also note that repeated pressure waves will likely impact a seal structure, as
shown by gas explosion model computations in Figure 14. These multiple pulses arise from
pressure wave reflections due to the complex mine geometry, A pOSSIblllty exists that these
repeated pulses could resonate with a natural frequency of the structure “however, NIOSH
engineers view this scenario at this time as unlikely. While the penod of these repeated
pressures pulses could be similar to the natural period of a seal .structure the number of pulses is

uﬁ" 1 m

limited and their magnitude is decreasing. 2 - Sidn
"ﬁi iy

6.1. Dynamic structural analysis with Wall Analyszs Code

o i

WAC i is 2 single- degree of—freedom (SDOF) structu l*dynamlcs model that solve' the equatlon

SDOF system is e

M-y (6y+C, - y' () + Ry()) = Flt)

where 7 ‘%‘ s ¥
M = equivalent or “lumped*m fthe system iy K

LT

Cy= dampmg coefﬁment taken

Vatwe of displacement

; n of dlsplacement
"time, i.e. one of the design pulses developed earller

For a resistance function, NIOSH engmeers used the “un-reinforced wall with one-way arching”
option within' WAC In this optlon the supports are rigid at the roof and floor, while the walls
are unrestrained %The fundamental assumption underlying the arching analysis is that the seal
has rigid contact with-the roof and floor and that movement along these surfaces does not happen
in a shear or plug falluref’i'node The design engineer will need to verify that this assumption
holds true before proceedlng with this WAC analysis. In the arching failure mechanism, the wall
is assumed to crack horizontally at mid-height and at the roof and floor upon apphcatlon of the
blast load. As shown in Figure 23, the two blocks remain rigid, rotate through an angle 9, and
develop arching forces to resist the blast loading. The wall will begin to crush at the points
indicated, and the magnitude of the resisting forces will depend on the compressive strength of
the wall material. Figure 24 (after Slawson 1995) shows a typical resistance functlon for an un-
reinforced wall with one-way arching.




The arching model for wall behavior applies best when the wall thickness to wall height ratio CAS
ranges from about 1/15 to 1/4 (Coltharp, 2006). For lower thickness to height ratios, a flexural ' (‘Jk

failure mechanism dominates, whereas for higher ratios, a shear failure mechanism along the .
wall edges becomes more dominant. Most of the analyses presented herein meet this criterion : o,
for the arching failure mechanism.

As a failure criterion, NIOSH engineers selected an allowable rotation angle 6 of 1 degree The * A /2
displacement at failure in the SDOF model calculations is

' H
oy =——tanéd
yFarI 2

at NIOSH - PRL.
—— e

Mk

protection.” At this level of protection, a wall subject tos tf,-leadmg has cracked’and displaced
substantially, but it has survived. The wall may require rep w’r,;}and may not survive additional
blast loadings. NIOSH engineers therefGre- selected an allowable rotatlon angle 8ofl degree
since that level of protection best meets the 1‘1
additional safety factor of 2 with WAC, NIOSH %ﬁél
thicknesses by a factor of ¥2. This scalmg eff;ctwel

1
o

‘J"“‘

ibles the applled load on the structure. 7 )
l eed (9 Ao i i‘\( 92) ‘

‘,,."W‘Eu@

6.2. Quas:-stattc anaIySt

[ ers utilized two additlonal quasi-static approaches to : |
compute minimum seal thlcknes he_ﬁrst approach ‘analyzes the seal as a smploaded |
bya pressurexl d.on the face" and restramed by shear forces around the perimeter. Safety factor .

Solvingi for seal thickness, we obtain:

. P, W H SF,,
ST SS(2w +2H)
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For a simple plug failure analysis to apply best, the thickness-to-height ratio of the seal should
exceed 1. Table 6 shows th@the eight typical seal materials considered in this

analysis.

Based on Anderson’s (1984) simple three-hinged arch theory, Sapko et al. (2005) developed the
following Tormula relating the pressure-bearing capacity of a seal to the éompresswe stren%)f
the seal material and the seal dimensions.

2
P, =0.72nf, (’ESJ

empirical factor rangmg from 0.75 o 1.25.

Solving for seal thickness, we obtain:

ﬁj and the materlals shown in Table 6, NIOSH engmeers

thlckness versus height' of seal for the three design pu]ses usmg '

son’ s a hmg analy51s As mentioned earlier, the minimum seal
e scaled:by; a;factor of \’2 Wthh effeetlvely applies a safety

calculated a minimum S€;
WAC, plug analysis and At
thicknesses computed by WAC,
factor of 2st0 the esig nélea

showf in iFlgures 25,26 and 27 for th .4.4 MPa (640 psi), 800 kPa (120 psi) and 345 kPa (50
psi) deS|gn pulses respectwely Thesé " very different analyses merged well to form these design
charts. ‘In tranS|t|on|ng between methods, NIOSH engineers had to decide between the two
analysis methods?egogmzmg fhat a WAC analysis applies best when the seal thickness-to-height
ratio is less than 174° whereas plug analysis applies best when that ratio exceeds 1. Accordingly,
NIOSH engineers seleeted the WAC analysis when the ratio was less than 1/2 and plug analysis

when the ratio exceeded 172. However, this selection was made at a safety factor of 1 and not 2.

Figure 25 shows seal solutions for the 4.4 MPa (640 psi) design pulse (Figure 20); Figure 26
shows the same for the 800 kPa (120 psi) design pulse (Figure 21), and Figure 27 shows
possibilities for the 345 kPa (50 psi) design pulse (Figure 22). Withstanding the 4.4 MPa (640
psi) design pulse presents the greatest challenge; however, as shown in Figure 25, in a 2-m-high
‘coal seam (80 inches), a_1-m-thick (40 in) concrete seal with strength of 24 MPa (3,500 psi) or a
T.2-m-thick (38 TnY concrote- block seal with strength of 17 MPa (2,500 psi) will resist this worst

case design pulse. Such a seal might require about 15 cubic meters (20 cubic yards) of concrete
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to construct. As mentioned in prior discussions, this design pulse applies to unmonitored district
or panel seals. The analyses presented in Figure 25 suggest that lower-strength and lighter-
weight construction materials cannot withstand the 4.4 MPa (640 psi) design pulse unless very
thick plug seals are constructed.

As shown in Figure 26, numerous options exist to withstand the 800 kPa (120 psi) design pulse.
For a 2-m-high coal seam (80 inches), concrete blocks about 0.45 m (18 in) thick or various
materials about 0.5 to 1.5-m-thick (20 to 60 in} could meet the challenge. As shown in Figure
27, many currently used seal construction materials offer possibilities tO*WlthStand the 345 kPa
(50 psi) design pulse. £

minimum thickness, NIOSH engineers recommend the; s of steel remforcement bar to 1) better
anchor the seal structure to the surrounding rock and "') increase the ﬂexural strength of the seal.
Reinforcing steel within the seal also helps ensure'that &

mode rather than a catastrophic, brittle mode.

Based on static analysis, the number of remforcmg bars to anchor
rock is: 5

v P W HSF

Habl

bar, and SF is the increase'in safety factor .In these?nalyses NIOSH engineers assumed an
entry width of (20 ft) and ‘the use ofGrade 40, No 6 bar with yield strength of 275 MPa
(40,000 psi)"é‘r‘id crossisection area '0f 285 mm? (0.44 in?). NIOSH engineers recommend

mcreasmg the safety factor'by 0.5, For the different pressure design pulses, the design chart
shown in ‘Figure 28 gives the minimuifa'ilumber of anchorage remforcmg bars around the

penphery ofa;seal. These bars must be anchored into the rock a minimum depth of 0.6 m (2 ft)
depending on‘"'te specific condmons Furthermore, the bar placement must be staggered for
better rock anch rége Seals must also be hitched into solid ribs to a depth of at least 10 cm (4
in) and hitched at léad 0 cm (4 in) into the floor.

An additional recom'm,ended change in current practice is with the use of water traps in seals to
drain possible water accumulation. NIOSH engineers recommend the discontinuance of water
traps in seals, since water traps conflict with the primary purpose of a seal, namely explosion
protection. The available head in a water trap is insufficient to resist the recommended design
pressure pulses. If water accumulation is anticipated in the low point of a sealed area, then
engineers should design and install a pumping system to remove the water without
compromising the intended explosion protection purpose of the seal. A simple explosion-proof
valve could serve to drain small water accumulations in some circumstances.
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6.5. Alternative structural analyses of new seals

amd ;
The structural analys€s of seals presented her‘gin utilized the dynamic Wall Analysis Code and a
simple static plug analysis. Using these simple methods, NIOSH engineers developed design
charts for recommended minimum seal thickness using typical construction materials and for
recommended minimum number of anchorage reinforcement bar. Analysis with more
sophisticated methods may lead to better, more economic seal designs.

The structural analysis method should consider all likely failure modes, including flexural,

compressive or shear failure through the seal material along with shear failure through the rock
or at the rock-seal interface. The structural loads requiring con51d on include the explosion
pressure loading, convergence loading and water pressure bchmd t eal The analysis should

include the effect of both structural reinforcement within the seal and struotural linkages to the

e'gj

i,

ia aterial property va!ues that the seal
conmdermg the unc<;= i

surrounding rock. The analysis should also use minimumgni
will meet and exceed during actual construction. Fmally,
associated with the seal foundation, seal construction’] ctices,

NIOSH engineers recommend applying a safety factor-of 2.0 in  the structural an:cllj;?%sf:sﬂ9

! _*%1& Zgilﬁ” - &
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Section 7 — Summary of Procedures for New Seal Design

7.1, Two approaches to sealing mined-out areas

An explosive methane-air mix that can accumulate within the sealed areas of a coal mine poses a
serious safety hazard to all underground mining personnel. If the sealed area atmosphere should
explode, the constant volume explosion pressure of 908 kPa (132 psi) is the minimum pressure
for which.mining engineers must plan. Pressure piling can drive the pressure beyond this level.
For large volume explosive gas accumulations having a length of mo Ethan.50 m (165 ft) in any
direction, a methane-air mix can detonate, in which case the deton n wave will reach 1.76
MPa (256 psi). When a detonation wave reflects from a seal, the ref Gted detonation wave

pressure is 4.5 MPa (653 psi). _ ’f%
i, %ﬁ%&
Conmdermg the explosion pressures that can develop, eNTOSH englneers devel ¢d three design

eais For sealed areas with'i o%momtormg

IX behind a seal does not exceed
Q;:é) of the total sealed

seals can assure that 1) that the maximuniylength of exploswe

S5m (15 ft) and 2) that the volume of explosf“’é;mlx does not excee”

run-up dnstance within &St
should apply the 4.4 MPa {{
(165 ft), thenwthe 80 1

.z_ii

momt or
a seal and’
the potentia
pressure rise o

g‘assures that a an; xploswe 1 "'no larger than 5 m (15 ft) long does not develop behind
i at the volume of exploswe mix does not exceed 40% of the sealed volume. Limiting
Slume of exploswe mix through monitoring and possible inertization will limit the
ﬁ__p%entlal explosnon and allow the use of the 345 kPa (50 psi) design pulse.

;it o
In the unmomtored%pproach shown in scenario 1, atmospheric monitoring behind the seals and
artificial inertization of the sealed area atmosphere is not required after sealing is done and the
seals reach design strength However, during seal construction and initial self-inertization,
monitoring of the sealed area must assure that an explosive mix does not develop until the seal
achieves its design strength. If an explosive mix develops pre-maturely, appropriate action must
be taken immediately until the sealed area atmosphere becomes inert and the seal reaches its
design strength.
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3

7.2. Design, construction and inspection for new sealed areas

NIOSH engineers recommend a four-phase approach to assure the desired level of seal
performance: 1. information gathering, 2. seal engineering, 3. seal construction and 4. post-
sealing inspection.

1. During the information gathering phase, a licensed, professional engineer should:

Choose appropriate seal locations and indicate these locations on a mine map

Assess the convergence loading potential of each site -

Estimate the ventilation pressure differential across the seals and across the sealed area
Estimate the air leakage potential at each seal site
Estimate the water pressure that could develop behind. th' seals hy

Assess atmospheric monitoring requirements durmg and aﬁer sealmg and specify the

location and frequency of samples to be analyzed
lr

.@'“‘ "

2. In the seal engineering phase, a licensed, profe551 | engineer should:

¢ Assess the explosion potential from the seale ,ea behmd each seal. Thls'assessment
should consider the volume of the sealed area, tlie __-_1mum fun- up distance for a
possible explosion, the degree of ﬁllmg with explos1_ mix, the degree of confinement in
the sealed area and the degree of v ventlng possible from:a.worst case explosion.

¢ Choose which design approach to follo iwhen sealing, :llfl heice is either the
unmonitored approach or the monltored mahaged seal- area-atrnosphere approach.
Choose an explosion pressure design pulse using: the' 'terla specified in Table 5.
Design the seal and:specify all dimensions Construction material, reinforcement,
foundation requ1rements and. any groutmg of the surrounding rock. The structural
analysis should consider ﬂexural compresswe and shear failure of the seal material and
possible shéar fa1]ﬁrc through the surroundmg tock or the rock seal interface. The sca]
design must resist the:
air 1eakage"‘€‘fs )

xthe sealed area.
De51gn a momtormg system a ‘evelop a monitoring plan commensurate with the
-select‘ d design approa'ch For the unmonitored approach some monitoring is required
'durmg s al construcuo 1to assure that an explosive mix does not accumulate within the
sealed ared; pr:or to the eal reachmg its design strength. The monitored, managed-seal-
area-atmosphcre approach requires continuous monitoring of the sealed area throughout
the remaining llfc of mine to assure that no more than 5 m (15 i) of explosive
atmosphere cotild exist behind the seal. The monitoring system design must specify the
location of monitoring points and the frequency of monitoring. The required sampling
frequency must consider the estimated air leakage through a seal to ensure that an -
explosive mix does not develop in between samples.

3. During seal construction, a licensed, professional engineer should:
e Perform quality control to assure that actual construction follows the specified design.
This quality assurance program should document that all seal dimensions, construction
'material properties and the seal foundation meet the required design standards.



. 'Certify the actual seal construction as done according to specification in the approved
plan.

4. Finally, regular post-sealing inspection by mining personnel should:
s Follow the continuous monitoring plan for the sealed area atmosphere if the 345 kPa (50
psi) design pulse and the managed-sealed-area-atmosphere approach were chosen
s Monitor the structural integrity of seals and conduct repairs as necessary
o Check for any unplanned air leakage and conduct repairs as necessary
o Check for any unplanned water accumulation behind the seal and: conduct repairs as

:fv!r

necessary.

1. Fundamental understanding of gas and dust ex' " osions :Tl} bandoned and s s € ézd areas of
3 l_‘xﬁ Ty, A4

2. Design procedures for sealing abandoned areas mcludmg estimation of potential
explosion forces, structural deSIgn of seals and risk assessm{nt procedures to define the
z:

techniques to protect sea}s from transient pressures. Addlthl’lal research will produce design
guidelines for all aspects of seal design including site selection, geotechnical considerations,
construction practices, maintenance, inspection procedures as well as the structural response.
Again, in collaboration with the U.S. National Laboratories, NIOSH will develop procedures to
assess the risk associated with sealing abandoned areas of coal mines.

Additional work will conduct field méasurements of the atmosphere within sealed areas. NIOSH
will become a mining industry resource and leading proponents for the use of atmospheric
monitoring and inertization systems for sealed areas of coal mines. NIOSH researchers may
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collaborate with industry partners to develop improved sealed area atmospheric monitoring
systems and promote the adoption of such technology by the mining industry. Finally, NIOSH
researchers will educate miners, mining engineers and mine managers about the extreme hazards
that can arise from-any abandoned and sealed area of a coal mine.

In closing, the design procedures in this report treat mine seals as safety-critical structures,
whose failure could create a life-threatening situation. Accordingly, mine seals and their related
systems such as the monitoring, inertization and ventilation systems require the highest level of
engineéring and quality assurance. Successful implementation of the sgal demgn criteria and
recommendations in this report should reduce the risk of seal fallurefdue tor explosions in
abandoned areas of underground coal mines.
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Pressure vs Time History at Seal B - Varicus Cloud Sizes (AutoReaGas)
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SCENARIO 1

Unmonitored seals
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Figure 19 —~ Illustration of design pulse application for new seal construction. Scenario 1 depicts
unmonitored seals with no monitoring and no inertization. Scenario 2 depicts monitored seals
with a managed atmosphere behind the seals and inertization as required. Note that not meeting
the requirements for limiting the run-up length, the explosive mix volume and the venting of a
possible explosion or the monitoring criteria, necessitates use of the 4.4 MPa (640 psi) design
pulse for seal design.
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NIOSH Design Pulse #2 - Limited, Confined Volume
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WAC - 24 MPa (3500 psi) 2.40 5.G. {150 pef) - 28 day ragular concrate

- - - WAC - 10 MPa (1500 psi) 2.40 5.G. {150 pcf) - 1 day HES concrete
— =\WAC - 5 MPa (750 psi) 1.60 5.G. {100 pcf) - 1 day fly ash / cement
m—— Plug - 2.8 MPa (400 psi} 0.80 5.G. {50 pcf) - lightweight foam cement
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Minimum number of reinforcement bars to raise design safety factor by 0.5
(assuming 6.1 m {20-ft) wide entry, No. 6 bar, Grade 40 steel)
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Table I'— Design considerations and characteristics for each seal type.

Seal Explosion Convergence Ventilation Leakage
Type ! loading loading pressure potential
! potential potential differential _
District Very large Low High Moderate
Panel | Large Moderate Moderate Moderate
Cross-cut Small High Low High

is

£
P
: .’1 B
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L Table 2 — Summary of known explosions in sealed areas of U.S. coal mines 1993 —2006.
Mine . | Year Size of Damage Causeof | Suspected | Reference
name sealed from explosive ignition
! area explosion mix source
Mary | | 1993 Several 2 seals Leaking Lightning | Checca and
Lee #1: square destroyed | seals. Zuchelli (1995)
Mine ! miles and shaft
’ cap
displaced _ o
Oak 1994 Unknown | 2 seals MSHA accident
Grove . destroyed investigation
#1 Mine | report 1997
Gary 50 | 1995 Several None MSHA accident
Mine | square “|.investigation
_ I miles ‘réport.1995
Oak | |1996 Unknown | 6 seals MSHA accident
Grove | destroyed ifvestigation
#1 Mine report 1997
Oasis : | May Unknown | 3 s€als :| Lightning | MSHA accident
Mine : | 1996 destr@y@@xgﬁ or roof fall | investigation
i g i report 1996
Oasis = | June Unknown | more sédls | Ut . {Lightning | MSHA accident
Mine | | 1996 destroyed:, |4 | or roof fall | investigation
, | report 1996
Oak | | 1997 1: Leaking Lightning | MSHA accident
Grove destroyed ?:%qgls investigation
#1 Mine i | report 1997
McClane - | Leaking Lightning | MSHA citation
' seals report
oM 10:seals Methane Unknown | Under
and-pil destroyed | accumulation investigation
: panel?‘ ;
: Unknown | Unknown Unknown | Under
; investigation
|
Jones | | 2006 sUUnknown | Unknown | Unknown Unknown | Under |
Fork E-3 * investigation
Mine .
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Table 4 —Characteristics of LLEM Experiments for Gas Explosion Model Calibration.
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Test Number | Length of Approximate Methane | Ignition Point

' Methane Zone (m) Volume (m’)

{(about 10% methane)
468 3.66 4.25 0.15 m from D drift end
469 8.23 9.91 0.15 m from D drift end
470 | 12.2 15.21 0.15im from D drift end
484 12.2 16.14 1'S'm"“from B drift end
485 | 18.3 23.64 15 m from B drift end
486 | 18.3 23.64 "] 9:20:m from B drift end
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Table 5 —ETechnical requirements for the recommended pressure pulses for structural design of
new seals.in different conditions.

’ SCENARIO 1 SCENARIO 2
| Unmonitored Seals Monitored Seals
£ e No monitoring ¢ Managed atmosphere behind
Seal Type | e No inertization seals
_ i - | « Inertization.as necessary
Panel and |e Sealed volume> 50 m (165 ft) long | e Sealed yolunies=> 50 m (165 ft) long
DiStl‘iCtl e Run-up length > 50 m (165 ft) . iy
Seals ! e DDT possible e D
[ ¢ Confined, not vented o lsartlally éonﬁned and vented
¢ Explosive volume fill = 100% pEy 'kExploswe volume fill <40%
: » Use 4.4 MPa (640 psi) design pulse | »  Monitoring criteria it 5m (16 i)
. |* Seefigure 20 P >20% CH, and < 'm 05
‘ " Usi’a 345 kPa (50 psn) desngn pulse
Panel and | e Sealed volume <50 m (165 ft) long | » Sealed volume > 50 m (165 ft) long
District e Run-up length <50 m (165’ f)itpe. | o RunipTefigth <10 m (33 fi)
Seals e DDT less likely 5. 'Zile. DDT J&s likely
: o Partially conﬂned and vented . W artlally confined and vented
i . Exploswe volume fill = 100%: o :Explosive volume fill < 40%
f ¢ Use 800 kPa (l20 pSI) design phlse e Monitoring criteria at 5 m (16 ft)
| . Se*é"fg tre 21 ¥ 4 > 20% CH, and < 10% O,
v ' e Use 345 kPa (50 psi) design pulse
I i ;ﬁj’i};{%@. o ; : e See figure 22
A LI et
Cross;(}glj <I5( e Scaled volume > 50 m (165 ft) long
; s  Run-up length <5 m (16 fi)
DDT less' llkely & o DDT less likely
: Part1al|y conﬁned and vented . o Partially confined and vented
! ° s Explosive volume fill < 40%
i o « Monitoring criteria at 5 m (16 ft)
; . > 20% CH, and < 10% O,
i e Use 345 kPa (50 psi) design pulse
i o See figure 22

* NOTE Not meeting the requirements for limiting the run-up length, the explosive mix
volume and the venting of a possible explosion or the monitoring criteria, necessitates use of the
44 MP!a (640 psi) design pulse for seal design.




Table 6;-— Typical material properties for seal construction.

[ Compressive

Shear Density Description
' Strength Strength

High strength, high density, low deformability materials e
Congcrete and concrete blocks _ _ﬁﬁj“""""’:“ﬁ,‘.
] 24 MPa (6 MPa ) 2400 kg/m” | 28 day rqg’ular concrete

3500 psi 875 psi 150 pef
2 17 MPa 4.3 MPa 1900 kg/m3
_ 2500 psi 625 psi 120 pef
3 10 MPa 2.6 MPa 2400 kg/m’ ﬁf )

1500 psi 375 psi 150 pef e,

Medium strength, medium density, medium defofm
Gypsum, flyash and related cementitious products

4 8 MPa 2.0 MPa 1760 kg/m’

1200 psi 300 psi 110 pcf
5 5 MPa 1.3 MPa |

750 psi 188 psi - ”‘ﬂ d
6 3.5 MPa 0.85 MPa | 1600kg/m’

500 psi 125.psi 100 p‘é‘jf_ e

Low strength, low den5|ty,*h1gh deformablllty matenals
Lightwei hwementltlous  foams and.re

lated products

7 2.8 MPa) * 1,'0 70 MPE 3| 800 kg/m™: 2% cementitious foam
, 400 psi J:'
8 polyurethane foam

i
I
i
I
|




