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SIZE SCALING OF GAS EXPLOSIONS:
BRUCETON EXPERIMENTAL MINE VERSUS
THE LAKE LYNN MINE

By M. J. Sapko', E. S. Weiss,? and R. W. Watson®

ABSTRACT

Single-entry gas—explosion characteristics for the Bruceton Experimen-
tal Mine (BEM) are compared to those occurring in the larger geometries
of the new Lake Lynn Mine (LIM) within the Lake Lynn Laboratory (LLL).
(A1l three are Bureau of Mines facilities.) Scale factors and boundary
conditions for the BEM and the larger entries of the LIM are reviewed in
some detail wusing representative data for pressure, flame, and wind
velocity in the two mines. Measured pressure histories for gas explo-
sions at the BEM are compared with data for comparable explosions in the
larger cross section of the LIM.

The time evolution for flame—front displacement can be characterized
by a general expression that relates gas concentration and length of
flammable volume. The course of the explosion development and its de-
structive power are dependent upon the development of turbulence 1in the
unburned flammable mixture into which the flame propagates. The results
of this study indicated that pressure profiles in the larger cross sec-
tion are maintained to much larger distances even though the flame front
is accelerated less rapidly in a comparable entry length of smaller

flammable volume.

1Supervisory chemical engineer.

2Mining engineer.

3Research supervisore.

Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Coal dust explosions are a constant
hazard in underground coal mining opera-
tions. Such disasters are usually
started by the ignition of a methane
(CH4)—air pocket, which may develop a
sufficient heat and aerodynamic distur-
bance to pick up, disperse, and ignite
any accumulated coal dust. Thus, the ig-
nition of coal dust explosions by the use
of a premixed CHg—air pocket has become a
routine experimental test procedure.
Once initiated, a self-sustained dust ex—
plosion can propagate over large dis-
tances in the mine, causing injuries and
fatalities to miners and extensive

destruction of equipment (1-2).% The
Bureau of Mines has been condaczing full-
scale mine explosion research in the BEM
(Bruceton, PA) for many years- Pressure
and flame travel relationships have been
mapped out wunder a variety of experi-
mental conditions in the 6-ft-high by
9-ft-wide BEM. Completion of the LIM, as
described by Mattes (3), provided the op-
portunity for similar measurements in
entries having approximately twice the
cross—sectional area of the BEM. This
report describes these measurements and
compares results of gas explosion tests
in the two facilities.

NEW EXPLOSION TEST FACILITY

The LLL occupies approximately 400
acres and is 1located 15 miles north of
Morgantown, WV. The LIM consists of
large entries developed in the mid-1960's
as part of a commercial limestone mining
operation. It was further developed in
1980-81 by constructing new entries to-
taling 7,500 ft in length that are 20 ft
wide by 6.8 ft high. The newly developed
entries are used for explosion tests.
Figure 1 shows a plan view of the under-
ground entries of the LIM. A plan view
of the older BEM is shown in figure 2.

Figure 3 compares the relative
sizes of the BEM and the LIM.

The new underground workings at the LIM
include two movable explosion—-proof bulk-
heads. These bulkheads, which weigh
67 st each, are constructed of concrete
and steel and can be positioned anywhere
from fully retracted to fully blocking
the entry. Their positions are indicated

entry

4underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.
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FIGURE 2.—Plan view of BEM showing main entry where ex-
plosion tests were conducted.

By selectively opening or
closing these bulkheads, four different
underground explosion configurations can
be realized. The different configura-
tions are single entry (D drift), triple
entry (A, B, and C drifts), longwall face
with single entry (E and D drifts), and
longwall face with triple entry (E, A, B,
and C drifts).

There are two gas—mixing regions
(stubs) within the LLM's new workings:
one at the head of B drift and the other
near the explosion—proof bulkhead in D
drift. These stubs provide for the re-
motely controlled release of flammable
gas into various polyethylene-bounded
containment zones (gas zones). They can
also be used for CH; roof-layer studies.
Once the flammable gas is released into a
contained zone, the gas can be intimately
mixed with the contained air by a floor-—
mounted, explosion—proof booster fan with
a capacity of 3,500 ft3/min. A tube-
bundle analysis system (4-5) is wused to
determine the 1initial CH,; concentration
in the confined zone, its uniformity, and
the postcombustion CO, concentration.

Located throughout A, B, C, D, and E
drifts are 50 data-gathering panels, as
shown in figure 1. Standard sensors
within each data-gathering panel include

in Figure l.

one static pressure transducer and one
flame sensor. Control signals are fed
from the data-gathering panels to in-

struments mounted on retractable sensor
platforms located in the center of
the entries at 38 sites. Photographs of
a typical data-gathering panel and
sensor platform are shown in figures 4
and 5. When extended, the sensor plat-
form provides a 1-ft2 horizontal working
surface upon which to locate hardware for
midstream measurements. The hardware
can consist of a camera (as shown) or
dust—-concentration, wind-velocity, or
other sensors.
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DATA-ACQUISITION SYSTEM

The LLL 1is equipped with a computer-
controlled data-acquisition system. This
system 1s capable of collecting and stor-—

ing 132 input channels of data. During a
typical 5-s explosion interval, 3,125,000
EXPERIMENTAL

The gas explosion tests to be reported
in this paper were confined in the D
drift at the LIM. This 1, 664~-ft-long
entry was sealed off by closing the mov-
able bulkhead. As shown 1in figure 1,
this door, when closed, acts as the
closed end or face for a single-entry
mine. Gas zones were confined between
this bulkhead face and a polyethylene

data points are stored at a resolution of
5 mV. Within 1 h after an explosion
test, the computer produces composite
plots of various variables measured dur-
ing the test.

PROCEDURE

diaphragm, which could be placed at
different distances from the face (12,
27, and 40 ft). Flamable gas was inject-
ed into the zone and mixed thoroughly
with the alr and sampled at four points

from within the zone to determine CHy
content and mixture uniformity. Ignition
of the gas zones was achieved with one or
more electric matches placed at midheight



FIGURE 4.—Typical data-gathering panel showing instrumentation and electronics.



FIGURE 5.—Retractable sensor platform with high-speed camera in D-drift.



and 0.5 ft from the face. The single
entry is equipped with static—pressure
transducers (0 to 100 psia), flame sen—
sors, heat—flux gauges, bidirectional
velocity probes, and a 16-mm high-speed
movie camera. Analog signals from the
sensors are fed back to the control
building, to a bank of high-speed oscil-
lograph recorders, and then to the data-
acquisition system.

The flamable gas used in the BEM comes
from a nearby gas well; whereas, at LLM,
the gas is supplied from a transmission
line. Analyses of both gas sources are
shown in table l. As shown, the BEM well
gas has a higher hydrocarbon value than
the LLM gas and a slightly higher heating

value per cubic foot of gas. A stoichio-
metric mixture of the natural gas (NG) at
BEM is 8.9 pct, as compared with 9.48 pct
for pure CHy.

TABLE 1. - Analyses of LLM and BEM

test gases, percent

Component LLM BEM
Methane (CHg)eeeeeoss 97.8 91.5
Ethane (CyHg)eeosooos l.4 4.7
Propane (CzHg)eeeooss .04 1.6
Butane (CgHjplecssnes ND .41
Pentane (CgHyp)eeoons ND .14
Btu value'eesesoeasss | 1,014 1,057

ND Not detected.
Per cubic foot at 60° F and 30 in Hg.

EXPERIMENTAL RESULTS

GAS EXPLOSIONS: BEM VERSUS LLM

A useful way to analyze gas—explosion
data is to plot a wave diagram (to scale)
of the static pressure-time histories at
each data-gathering station with super-
imposed flame arrival times. Using the
static pressure traces, the leading edge
of the weak and strong compression and
expansion waves are then sketched, and
their interactions can be delineated.
Wave diagrams of typical gas explosions
in the BEM and the LLM are shown 1in
figure 6. An 8.5-pct NG-air gas explo-—
sion in the BEM (15-ft zone, fig. 64) is
compared with an 8.6-pct CHy-air gas
explosion in the LLM (27-ft zone, fig.
6B). As shown din figure 6, flame ac-
celeration and pressure rise did not be-
come significant until the flame front
had propagated approximately 15 ft in
the BEM (about 0.48 s after ignition)
or 30 ft (about 0.48 s after ignition) in
the LLM. These observations are consis-
tent with the high-speed film records,
which indicated that the flame expanded
hemispherically at a near constant rate
until the flame neared the mine walls; at
this stage, flame growth in the axial
direction accelerated rapidly. This
rapid acceleration was indicated by an
abrupt change in the flame-front dis-
placement as a function of time for both
the BEM and LLM.

The maximum measured flame speeds for
these two tests were about 650 ft/s.
This wvalue is considerably higher than
that observed in a smooth-wall Bureau
gallery (6-1/2 ft diam by 90 ft long,
closed at one end) at another site, where
maximum flame speeds of 1less than 300
ft/s were obtained for near stoichio-
metric CHyp—air mixtures. However, when
annular rings (5 in wide) were attached
to the dinner surface of the first 20 ft
of the smooth-wall gallery, causing a
25-pct  blockage of the 33-ft? cross sec-
tion, flame speeds and pressures increas-
ed drastically and approached those of
the BEM and LLM. These annular rings re-
sulted in the generation of large-scale
turbulence, which was primarily responsi-
ble for the increase in flame accelera-—
tion. The first 50 ft of the BEM has an-
nular rings of 4- by~ 4-in wood timbers
at 5 ft intervals that are used to hold
the gas—zone diaphragms. Each ring pro-
vides approximately 19-pct blockage of
the 54-ft? cross-sectional area, compared

to a 13-pct blockage with similar rings
of the 133-ft? cross section at the LLM.
Rae (6), Cybulski (7), and Moen (8) have

shown that flame acceleration increases
with increasing blockage ratio, decreas-
ing space between blocking rings, and in-
creasing wall roughness.
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FIGURE 6.—Wave diagrams of typical gas explosion records taken from BEM and LLM. (Distances in feet indicate sensor loca-
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The
both the
opment of a weak compression
wave that steepens 1into a supersonic
shock wave, which propagates towards the
open portal. The exiting shock wave then
generates an expansion wave that propa-
gates Dback toward the face at the local
speed of sound. The arrival of the lead-
ing edge of the rarefaction (or expansion
wave) at the face of the LLM takes about
0.32 s longer than at the BEM because of
its additional 360-ft length.

gas—explosion wave diagrams for
LIM and the BEM show the devel-
or pioneer

Dynamics of Flame Propagation

Figure 74 shows the flame displacement
distances as a function of time for the
gas explosions conducted in D drift of
the LLM for various CH4 concentrations.
Single and multiple ignition sources were

used, and the flammable zone was 27 ft
long.
Figure 8
cal, developing explosion;
from the center of the entry looking to-
ward the face. The flame expands hemi-
spherically at a near constant rate until
it nears the walls. Beyond that stage,
the flame growth becomes axial and accel-
erates rapidly down the entry: Once it
fills the cross section of the entry,
flame acceleration down the entry (toward
the camera) is rapid, as shown for both
the 6.8-and 7.6-pct CHy—air mixtures
(fig. 7C). During the initial hemispher-—
ical flame growth, as measured under
constant-volume combustion conditions
in a 12-ft-diam sphere (9), the flame
speed 1is on the order of 10 ft/s
for stoichiometric CHg—air mixtures and

approximately 3 ft/s for the lower

shows photographs of a typi-
the view is
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TABLE 2. - Regression coefficients of flame-displacement (D) data for

various gas concentrations and ignitors at LLM, for equation D = atb

CHy, Observa-— CHy, Observa-
pct' Matches? | tion time a b pctI Matches?| tion time a b
(t), S (t)) S
12-ft ZONE 27-ft ZONE--Continued )
L@ 1 | 0.70 [ 204.62 ] 2.84 8.6 3 0.58 1,101.51 | 2.97
27-ft ZONE 9.8 3 «59 1,566.14 | 3.89
6.8 1 I..85 10.75 | 3.68 9.9 1 .80 291,55 | 2.82
7.0 1 1.65 7.79 | 5.07 40-ft ZONE
7.4 1 1:10 77.72 | 4.84 7.4 1 1.16 48.11 | 3.95
7.4 1 1,33 31.35 | 5.05 952 1 .62 424,37 | 3,33
7.6 1 «91 156.11 | 4.49 10.1 1 67 333.42 | 3.39
7.6 3 .94 151.85 | 6.28 10.5 1 .40 2,190.32 | 3.54
lsT 1 1.18 46.24 | 4.47 10.5 1 s.7.3 205.96 | 3.04
8.6 1 5 b2 392.54 | 2,73
NOTE: 'Experimental variation in CH, analysis, 0.4 pct.
2Number of matches used for ignition (at face).
explosion limit mixtures of 5.5- to 6-pct fuel-lean mixture. The a value peaks at

CHy-air. However, in the mine, once the
flame reaches the roof and ribs, the ax-
ial flow induces strong turbulence, and
the surface area of the flame increases
rapidly, resulting in an increasing rate
of consumption of the wunburned mixture.
When the flame fills the cross section of
the mine, it has displaced about 1 diam,
or 20 ft of entry. The leading edge of
the flame then accelerates to an average
velocity of about 500 ft/s between 50 and
100 ft from the face.

The total time required to arrive at
the 50-ft station varies considerably
with different mixtures; this 1is associ-
ated mainly with the initial hemispheri-
cal growth stage. The flame data in fig-
ure 74 can be fitted empirically to the
following equation:

D = at?b, (1)

flame—front displacement
from the closed end (in feet) and ¢t is
the time (in seconds) after ignition.
The regression coefficients a and b are
shown in table 2. The regression coeffi-
cient a generally increases in value as
the percentage of CHy is increased from a

where D is the

stoichiometric mixture
and decreases as a fuel-rich condition
exists. The coefficient b shows a gen-
eral decrease in value as the percentage
of CH,y is increased from a fuel-lean mix-
ture. The b value reaches its minimum at
a stoichiometric mixture and increases as
a fuel-rich mixture is approached.

For CHy—air mixtures greater than 7.4
pcet, the flame propagated beyond the 100-
ft station, while at lower concentrations

an approximately

(6.8 pct), the flame propagated (more
slowly) only to the 100-ft station. A
comparison of pressure histories for

l-match versus 3-match ignitions is also
shown in figure 74. In all cases, the
3-match ignitions (8.6- and 9.8-pct CH,y-
air) showed earlier flame arrival times
at the 100-ft station, and the 8.6-pct
CHy—air mixture ignited with 3 matches
showed the most rapid flame velocity.
Once the flame—-displacement data were
fit to equation 1, the flame speed could
be obtained by taking the first deriva-

tive with respect to time (%)’

which gives
D = atb,
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first derivative of D is,

4D _ (h)(a)eb-! (2)

axial flame

where —E-is equal to S¢, the

dt
relative to the stationary ob-
Figure 7B shows the respective
flame speeds for CHy-air explosions in
the LLM. The flame speeds at the 100-ft
station ranged from a minimum of 200 ft/s
for 6.8-pct CHy-air ignited with 1 match
to a maximum of about 750 ft/s for 8.6-—
pct CHg-air and 9.8-pct CHy-air ignited
with 3 matches. All axial flame speeds
shown were much greater than the laminar

speed
Servere.

flame speed measured during constant-
volume, spherical explosions (9). The
typical burning velocity of stoichio-

metric CHy—-air is about 1.5 ft/s, and its
expansion ratio (e,/ep) is 7.5 at con-
stant pressure (1l atm). In laminar com-—
bustion (uniform expansion), the flame

speed 1is equal to the product of the
burning velocity and expansion ratio, so
that

sg = (ey/eplsy, = (7.5)(1.5 ft/s)
~ 11 ft/s) (3)

A flame speed of 11 ft/s is measured only
during the initial (radial or hemispheri-

rate increases very rapidly as the flame
contacts the ribs and roof and the propa-
gation becomes axial and turbulent.
Further characterizing the flame is the
second derivative, flame acceleration as
a function of time, as shown in figure
10 Consistent with the previous re-

sults, the flame acceleration of the 9.8-
pct CHy-air mixture ignited with 3
matches was over 4,400 ft/s? at the 100-

ft station, compared with 3,600 ft/s? for

a similar mixture ignited with 1 match.
The slowest flame acceleration was found
for a 6.8-pct CHyp-air mixture with
l-match ignition and was about 300 ft/s?
at 1.8 s after ignition at the 100-ft
station.

Flame SEeed

Figure 94 shows the flame displacements
as a function of distance for gas explo-
sions conducted in the BEM and LLM single
entries. The BEM tests with 8.5- and
7.0-pct NG-air mixtures within a 15-ft
gas zone resulted in the flame traveling
a maximum of 50 ft from the face. The
near stiochiometric 9.9-pect CHy—air mix-
ture and the 6.8-pct CHy—air mixture were
contained within a 27-ft zone of D drift
at the LLM. The 8.5-pct BEM gas, as men-—
tioned earlier, was near stoichiometric
for the NG composition. The 9.9-pct CHy-

cal) flame displacement; however, this air mixture at LLM, which was slightly
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FIGURE 9.—Flame speed as a function of (A) distance and (B) time for various single-entry gas explosions at BEM and LLM.



above the stoichiometric value (9.48
pct), could thus be expected to show
similar flame speeds with distance if the
influence of wall roughness was the same
in both entries. The two flame speed
histories were very similar, as shown in
figure 94. However, in the case of the
6.8-pct CHy-air mixture at the LLM, the
flame arrived at the 30-ft station about
0.7 s 1later than the flame for the 7.0
pct NG-air mixture in the smaller BEM
entry. The flame speed at the 30-ft sta-
tion was about 90 ft/s at the LLM, com-—
pared to about 400 ft/s at the BEM.
These differences in flame—-displacement
rates appear to be due to the higher
blockage ratio at the BEM associated with
the timber sets and the large number of
these sets.

Flame—-displacement data versus time
were fit to the power curve as before and
the flame speeds were calculated and dis-—
played (fig. 9B). Comparing the flame
speeds for the 9.9-pct CHy—air mixture at
the LLM with the 8.5 pct NG-air mixture

at the BEM shows that after two entry
widths of flame propagation, the flame
speeds at the LLM and BEM were compar-
able. However, at farther distances, and
in all other tests with comparable gas
concentrations, the flame speeds were

the BEM than at the LLM. This
was due to the internal structures at-
tached to the rib, roof, and floor sur-
faces at the BEM. The internal structure
at the BEM consists of a 4- by- 4-in
timber supports attached to the entire
entry perimeter. There are 10 such
structures spaced at 5-ft dintervals from

faster at

the face, with the last one at the 50-ft
station. They are used to support
plastic diaphragms to isolate various

lengths of the flammable gas zone- Each
support corresponds to a blockage ratio
of 19 pct. Beyond the 50-ft station at
the BEM, there are steel shelves across
the entry 10 to 15 in from the roof.
They are spaced at 10 ft intervals, to
about 400 ft.

The only internal structures at the LLM
are three 4—- by— 4-in timber supports.

As at the BEM, the timbers are wused to
support plastic diaphragms and are lo-:
cated at 12, 27, and 40 ft from the
face. Because the LLM entries are larger
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than those in the BEM., they represent a
smaller blockage ratio of 13 pect; and
there are only 3, compared with 10 at the
BEM. There are no steel shelves at the
LLM; however, there are several platform
stations.

Pressure History

Wave Diagram

The 100-ft station was chosen to com-—
pare pressure histories for explosions of
27-ft zones of CHy—air in the LLM's D
drift. The various pressure histories at
the 100-ft station are shown as a func-
tion of time in figure 10. The 6.8-pct
CHy—air mixture had the slowest flame ve-
locities (fig. 7B) and also gave rise to
the lowest maximum pressure of 3 psi at
1.7 s after ignition. A stiochiometric
CHy-air mixture, which burned about twice

as fast as the 6.8-pct CHz-air mixture,
resulted in a peak pressure of 6 psi at
0.85 s. The 8.6-pct (+0.4 pct) CHy-air
mixture appears to have had the fastest
burning rate and the fastest pressure
rise. As shown in figure 7C, this mix-

ture also had the highest flame accelera-
tion rates. As shown 1in figure 10, the
9.9-pct CHy-air (slightly fuel-rich) mix-—
ture burned slightly slower than the 8.6
pct mixture, but faster than the 7.6-pct
CHy-air mixture. Typically, the maximum
explosion pressure measured at the BEM is
associated with a 10-pct NG-air mixture
with single—spark ignition. The differ-
ences in the concentrations at which
maximum flame speed and pressure rise oc-—
curred in the LLM and the BEM were pos-—
sibly due to the types of ignition
sources used 1in each mine. The single-
spark ignition at the BEM provided a
well-formed, small ignition kernel;
whereas, the electric matches used at the
LLM resulted in multiple ignition sources
being thrown out by the exploding match.

This effect can be seen in the top photo
in figure 11, in which the match is on
the right. These multiple sources caused

enhanced fireball development within the
first 15 ft of the face. The variability
from match to match and the reproducibil-
ity of gas concentration (£0.4 pct CHy)
may be part of the reason why the
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FIGURE 10.—Static pressure histories at 100 ft from the face for various CH,-air mixtures at LLM.

8. 6—pct CHy-air gas explosion developed
faster than the 9.9-pct CHg—air explosion
in the early stages of flame development.
However, in the later stages, the flame
acceleration of the 9.9-pct CHg-air mix-—
ture exceeded that of the 8.6-pct CHy-air

mixture (fig. 7C). At the LIM, a near-—
limit mixture, or a mixture of CHg-air at
its lower explosive concentration, con-—

taining 5.4 pct CHy—air was ignited with
one electric match, and the maximum pres-
sure measured was less than 1 psi, and
the flame developed very slowly. High-
speed photographs showed a bouyant, pale-—
blue fireball moving towards the roof,
spreading out, and then propagating down-—
ward towards the floor as a relatively
flat flame front.

Impulse

The pressure impulse 1is an important
measure of the damaging potential of the

explosion pressure pulse. The impulse 1is
pressure (p)

the time integral of the
profile, fp(t)dt, or the area under the
pressure—time curve. The destructive

forces of the explosion blast wave depend
on both the maximum peak overpressure and
the impulse. Typical maximum face over-—
pressures, 1lmpulses, and heat release for
the flammable gas—air mixtures used in
this study are shown 1in tables 3 and 4
for the BEM and the LIM. Increasing gas
concentrations increase heat release and
generally increase the maximum overpres-
sures and impulse. However, to obtain
comparable 1impulses, the LIM requires
about three times the heat release as the
BEM. The maximum overpressure and the
impulse depend not only on the total en-—
ergy released, but also on the rate at
which it 1s released.

TABLE 3. - Maximum overpressures,
impulses, and energy-release data
from various NG explosions within
the BEM (15-ft gas zones)

NG'.I....II...I.........Opctli 7-0 8'5

Max overpressur€ceeseseepsiges | 8.7 | 16.6
ImpulSeesssessssssslbfes/fté.. | 187 | 289
Heat release.ss.sssss10% Btu.. | 60 7.3




Shown in figure 12 are the impulses for
tests with 7.6- and 6.8-pct CHy—air mix-—

tures at the LIM and tests with 8.5 and
7.0-pct NG-air mixtures at the BEM. The
LIM wused 27-ft test zones, and the BEM

used 15-ft zones.

The measured impulses

FIGURE 11.—Explosion development from multiple ignition
points at LLM.

for the LIM and BEM decreased in value
for the first 150 to 200 ft from the face
and then remained constant throughout the
downstream stations. The 8.5-pct NG-air
explosion at the BEM generated a l6-psig
face pressure, which decayed to 5.5 psig
600 ft from the face. Although the peak
overpressure decreased, the impulse re-
mained relatively constant from 200 to
600 ft from the face. However, the LIM
pressure remained relatively unchanged in
shape between 200 and 600 ft; whereas,
the BEM pressure decayed while the pulse
became wider.

TABLE 4. - Maximum overpressures,
impulses, and energy-release data
from various CH, explosions within
the LIM (27-ft gas zones)

CH4oovo.ooo-oupCtno 6.8 7;0 706 8.6 908
Max overpressure
psige.| 3.9/6.2|7.4|12.4|18.3
Impulse
1bf+s/ft2..| 250|366|331| 446| 471
Heat release
103 Btu..| 241(249|268| 306| 348
400 T I T T 1
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FIGURE 12.—Pressure impulse as a function of distance
from the face for various flammable gas-air mixtures for BEM
and LLM explosions.
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Pressure Decay

Once all the fuel is consumed and the
flame has accelerated to its maximum ve-
locity, the flame dies out, and the pres-
sure pulse ceases to grow, but the pres-
sure disturbance continues to propagate
toward the open end. The pressure pulse
will interact with the mine surfaces and
start to dissipate. The rougher the wall,
the greater the interaction and the more
rapid the dissipation of the pressure
pulse. Both the BEM and LIM have about
the same local rib and roof roughness.
The influence of this roughness on the
aerodynamic flow field is greater 1in the
smaller entry (BEM) than in the larger
entry (LIM). The perimeter surface-—
to-volume ratio for each 1 ft of entry at
the BEM and the LIM can be compared. The
ratios are 30 ft2/54 ft3 = 0.55 at the
BEM and 52 ft2/133 ft3 = 0.39 at the LIM.

Thus, the surface-to-volume ratio 1s
about 40 pct larger at the BEM than at
the LIM.

Figures 13 and 14 show a comparison of
the maximum pressures with distance from

the face (closed end) at the BEM and the
LIM, respectively. A near-stoichimet-
ric NG-air mixture (8.5 pet) in a 15-ft

zone at the BEM showed a maximum face
pressure of 16 psig, which decayed to
approximately 5.5 psig 600 ft from the
face; whereas, the 6.5-pct NG-air mixture
decayed to about 50 pet of 1its face
value, to 3.5 psig, at 600 ft (fig. 13).

STATIC PRESSURE, psig

| l | | |

0 100 200 300 400 500 600
DISTANCE FROM CLOSED END, ft

FIGURE 13.—Peak static pressures as a function of
distance for three NG-air mixtures in BEM.

The LIM. with dits near-stoichiometric
CHg-air mixture, gave a face pressure of
14.5 psig, which decayed to 1l psig at
600 ft (fig. 14). In all tests shown,
there was very little decay with distance

at the LIM as compared with the BEM
results.
Also shown in figure 14 (shaded areas)

is the region where a shock was riding on
the leading edge of the pressure pulse.
The top of the shaded area indicates the
peak pressure of the shock, and the lower
portion of the shaded area indicates the
maximum pressure I1mmediately behind the
shock. The slowest burning mixture of
6.8-pct CHy—air did not develop 1into a
shock within the first 750 ft of propaga-
tion; whereas, the faster burning near-
stolchiometric 9.9-pct CHg-alr showed
shock development at approximately
200 ft. The magnitude of the shock for
the 8.6~pct CHg—alr 1increased slightly
between 300 and 600 ft, from 14 to 15
psig. The faster the initial flame ac-
celeration at the face, the closer to the
face the shock developed.
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FIGURE 14.—Peak pressures as a function of distance for
four CH,-air mixtures at LLM.



Wall roughness not only dissipated the
pressure pulse, it also caused a higher
initial flame acceleration in the smaller
entry. The turbulence levels in the BEM
explosions were also higher at the in-
stant the flame consumed the last volume
of flammable gas. Higher turbulance in

the wunburned gas can also cause more
rapld dissipation of the pressure pulse,
quite independent of the surface-—

to-volume ratio.

The pressure-decay profiles in figures
13 and 14 show that the peak pressure at
the BEM decayed rapidly as it moved down
the entry; whereas, at the LIM, there was
little decay for the first 600 ft. As
shown in figure 10B, the corresponding
flame speeds at the BEM were considerably
faster than those at the LIM. Flame ac-
celeration was more rapid at the BEM be-
cause of the stronger wall interactions,
higher blockage ratio, higher surface-
to-volume-ratio, and the larger number of
blockages and their periodicity. For the
same reasons, the pressure pulse decayed
more rapidly at BEM once propagation
ceased.

Ignition Sources

Multiple Ignitions
With the single-ignition source (elec-
trical match) at the face, the flame ex-
pands hemispherically until it £fills the
entry and then starts to accelerate rap-
idly toward the open end. However, with
a three-match ignition, the flame ini-
tially fills the entry more rapidly. It
then accelerates axlially more rapidly
than with a single—ignition source.
Figure 11 shows photographs of a devel-
oping explosion resulting from a three-
match ignition. Figure 15 shows the 100~
ft pressure  histories of 8.6- and
9.8-pet CHg—air mixtures at the LIM ig-
nited with one and three matches. The
three—match ignition (8.6-pct CHg-air)
caused the pressure to peak about 0.2 s
sooner than the one-match ignition (8.6-
pcet CHg—air). Also, the rapid flame ac-
celeration 1in the three-match tests
showed the steepening of the pressure
curve leading to shock formation much
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sooner than in the one-match tests. The
same relative effect for the 9.8 pct CHy-
air mixture 1s shown, with the triple-
ignition pressure peaking 0.2 s sooner
and shock formation occurring the top of
the pressure peak. The maximum pressures
are about the same for both mixtures with
both  one- and three-match ignitions.
Multiple ignitions have the effect of ac-
celerating the flame earlier, resulting
in earlier peaking of the pressures, but
without significant changes in the maxi-
mum pressures or the impulse of the
explosion.

Location of Ignition Source

Figure 16 shows the measured pressure
histories at the 100-ft station from ex-
plosions in D drift for 7.6-pct CHg-air
contained within the first 27 ft of the
face. The upper trace is for ignition of
the CH4 zone at a distance of 0.5 ft from
the face (face ignition). The middle
curve 1s for ignition in the same zone,
but at 13.5 ft from the face (central ig-
nition). The bottom trace is for igni-
tion at the plastic diaphragm, at the
open end of the flammable zone, 27 ft
from the face (diaphragm ignition). Dif-
ferences 1n peak pressures are apparent
in the arrival times, and widths of the
pressure—time profiles.

In the face—ignition test, the arrival
time for the pressure peak was almost co-
incident with the arrival of +the flame
front. In this case, the turbulence in-
creased continuously in the unburned gas,
which expanded outward. Face ignition
caused a continuous acceleration of the
flame as it consumed the turbulent un-—
burned gas ahead of it. The initial un-—
burned gas zone was continuously dis-—
placed outward as burned gas accumulated
behind it. The flame front overtook and
consumed the wunburned gas at 1ts turbu-
lent burning velocity. The leading edge
of the unburned gas zone was pushed by
the expansion of the burned gas to
about 100 ft from the face by the time it
was completely consumed by the combustion
front. The measured peak overpressure
was 7 psig when the flame reached 100 ft,
at about 0.9 s, and the instantaneous
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maximum flame speed at that distance was
about 500 ft/s. But since the flame
traveled some 100 ft in 0.9 s, 4its av-—
erage velocity during that interval was
110 ft/s.

With central ignition, the flame propa-
gated both toward and away from the face.
The combustion wave that propagated to-
ward the face consumed about half of the
flammable volume, and the wave that prop-
agated toward the open end consumed the
other half. Even though each wave
traveled only half the distance traveled
in the face—ignition test, the time of
peak pressure for central i1gnition was
about the same as for face ignition. The
flame-travel distance toward the open end
was about 86 ft, and it took about 0.55 s
for the pressure peak to reach the 100-ft
station, resulting in an average speed of
102 ft/s. This speed, comparable to the
110-ft/s average speed for face ignition,
suggests that the turbulent acceleration
assoclated with the outby flame propaga-
tion was essentially the same in both
cases. However, for central ignition,
the peak pressure was only 4 psig; where-
as, for face 1gnition, 1t was 7 psig,
(fig. 16). The outward-traveling flame
(toward the open end) propagated much
faster than the 1inward-traveling flame
(toward the face). Accordingly, the
pressure peak assoclated with the
outward—-traveling turbulent flame arrived
at the 100-ft station long before the
inward—-traveling flame had consumed its
half of the flammable volume. This oc-—
curred because the inward-traveling flame

propagated through the gas that was con-
fined by the face, and there was little
or no opportunity for motion of that gas

or, consequently, any resultant turbulent
acceleration. With central ignition, the
inward flame consumed its half of the
flammable volume considerably later than
the outby flame consumed its half, and
the peak pressure was considerably lower.
The pressure decay profile for central
ignition, which extended out to about 2 s

(fig. 16), reflected the slower speed of
the inward-traveling flame. The inward
flame took about 2 s to travel 13.5 ft,
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corresponds to a speed of about 7

The inward flame speed remained
at 7 ft/s; whereas, the
outward flame velocity accelerated
continuously, so that 1ts maximum speed
as 1t consumed the last fraction of its
flammable volume was probably about five
faster than its average speed.

Ignition of the flammable volume at its
open end near the plastic diaphragm
yielded a peak pressure of only 2 psig,
and it took 2.3 s for the flame to con-
sume the flammable volume. There was
only slow propagation toward the face,
and the absence of significant turbulent
acceleration of the flame was reflected
in a very slow growth of the pressure
profile (fig. 16).

The data 1in figure 16 show clearly that
the location of the ignition source with-
in the flammable volume determines the
intensity of the resulting gas explosion.
The intensity or pressure rise increases
the closer the ignition i1s to the closed
end, because a larger fraction of the
flammable volume is being 1nvolved in
tubulent burning.

which
ft/s.
fairly constant

Other Explosion Characteristics

Wind Velocity

During a gas explosion 1in the single
entry at the LIM, the heated gases expand
to about five times their initial volume.
As a result, the air and unburned gas are
pushed ahead of the flame, generating a
wind ahead of the flame front directed
toward the open end. As the flame accel-
erates, so does the unburned mixture
ahead of the flame. The rate at which
the flame overtakes and consumes the re-
ceding unburned mixture 1s referred to as
the burning velocity. The flame propa-
gates into the flow field set up by its
own pistonlike motion.

Typical wind veloclities ahead of the
flame at the 50-, 100-, and 150-ft sta-
tions for explosions at the LIM are shown
in figure 17. At the 50-ft station, the
air velocity increased to about 40 ft/s
in about 0.3 s. At the 150-ft station,
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it increased to 250 ft/s in about 0.5 s,
showing very rapld acceleration over a
100-ft interval. As soon as the flame
front arrived at a probe, the air veloc-—
ity rapidly fell to zero in the burned
gases behind the flame front. The data
also show that the air velocity reached a
maximum value of 260 ft/s at the 150-ft
measuring station just before flame ar-
rival. The difference between the flame
speed (S¢) at the station and the wind
velocity (v) at the time of flame arrival
is equal to the effective (or turbulent)
burning velocity (Sg), as shown in the
equation

Se = Sf - Ve (4)

The flame speed and wind velocity at the
leading edge of the flame are shown in
figure 18. When the flame arrived at the
50-ft station, the flame speed was about
425 ft/s, and the maximum air velocity
was about 180 ft/s, giving an effective
burning velocity of  about 245 ft/s.
About 0.2 s later, at the 150-ft station,
the measured flame speed was about 1,200
ft/s, with a corresponding wind velocity
of 280 ft/s. The effective burning
velocity had increased to 900 ft/s, re-
flecting a 3.5-fold increase between the
two stations. As can be seen from calcu-
lation, the effective burning velocity
was quite high and increased with propa-
gation distance until the wunburned fuel
mixture was consumed. This rapid accel-—
eration would continue as long as there
was unburned fuel ahead of the flame,
until a detonation wave developed.

Heat Flux
As Moen (8) has idealized, a one-dimen-

sional flame with a burning velocity, S,
can be defined in terms of the heat
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release per unit of projected area (q) by
the relation
q = QfS,dA (5)
flame surface

where A is the unit of projected area, S,
is the burning velocity component normal
to the flame surface, and Q is the heat
content per unit volume of mixture. For
flame propagation perpendicular to the

flame surface area, (Ag),

q = QS,As. (6)
As shown previously, the effective burn-—
ing veloclty and heat-release rate in-
crease very rapldly with time and dis-
tance from the face. These 1increases
were assoclated with the increase 1in
flame surface area resulting from turbu-
lence. The hot combustion products
transfer heat to the cold mine surfaces

and cool. Heat-flux measurements at the
rib and 50, 152, and 390 ft from the
face, are shown in figure 19 for a 10-pct
CHgy—-air mixture at the LLM. Peak wall
heat transfer occurred at the flame front
and decreased rapldly after 1its passage.
The instant the flame arrived at the sta-
tion, the wall heat loss was at a maxi-
mum, at about 25 cal/em?-s. At about
0.5 s after the passage of flame, the gas
combustion products had cooled to the
point where the heat flux had decreased
to about 2.5 cal/cm?+s. This rapid
cooling may be part of the reason why the
maximum flame extension from the face was
only 5.5 times the length of the initial
gas zone 1instead of the calculated 7.5
times (1l atm) expected from the adiabatic
expansion ratio. The heat-flux reading
at the 390-ft sensor was due to the cool-
ing of the residual hot gas pulse, since
the flame was observed only to 200 ft.



22

|

50 ft

RIB HEAT FLUX,cal/cm2.s

390 f1

TIME AFTER IGNITION, s

FIGURE 19.—Heat-flux measurements for a 10-pct CH,-air gas explosion at LLM. (Distances in feet indicate sensor locations,

i.e., distance from face.)

CONCLUSIONS

Flame-front displacement for the LIM
and the BEM explosions can be character-—
ized by the expression D = at®, where a
and b are functions of gas concentration,
location of ignition source, and length
of flammable volume. The flame accel-

erated faster in the BEM than at the LIM
for all CHy—air mixtures tested. The
blockage ratio assoclated with timber

sets appears to influence the - flow field
in the smaller BEM entry more than in the
larger LIM entrye. The higher blockage
ratio at the BEM caused a greater degree
of turbulence to be generated in the un-
burned gas ahead of the flame.

The results show
sure pulse decayed less
larger LIM entry because of
perimeter—-to—cross—sectional—-area ratio.
Furthermore, the greater number of peri-
odic obstructions 1in the BEM and its
smaller ratio of perimeter to Cross—
sectional area caused the pressure pulse
to diminish more rapidly. The same fac-
tors that caused the higher acceleration
of the flame front at the BEM appear to
have been responsible for the more rapid
decay of the pressure pulse at the BEM.

that the pres-—
rapidly in the
the larger
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