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THE EFFECT OF UNDERGROUND MINING CONDITIONS
ON THE ACTIVATION OF AUTOMATIC SPRINKLERS

By A. C. Smith,’ M. W. Ryan,? R. W. Pro,? and C. P. Lazzara®

ABSTRACT

The U.S. Bureau of Mines conducted a study to evaluate the effect of underground mining conditions
on the activation of automatic sprinkler heads. Sprinklers were exposed to liquid fuel fires in a
rectangular tunnel at airflows of 0, 45, 90, 150, and 250 m/min to determine the effect of ventilation and
fire size on the time to activation. As the airflows were increased, the time to activate the sprinklers
for a given fire size increased. Also, as the fire size increased, the activation time decreased.
Temperature profiles of the tunnel showed that the maximum temperature near the roof was shifted
downstream as the airflow increased. Experiments to determine the effect of rated activation
temperature and response time index (RTT) value on activation time showed that the time to activate
increased with increasing activation temperature, and decreased with decreasing RTT value. Exposure
to the mine environment showed little effect on the activation times in large-scale experiments, and no
significant effect in laboratory experiments. The results showed that airflow can have a significant effect
on the activation times of automatic sprinklers. This needs to be considered in the design of effective
sprinkler suppiession systems for ventilated arcas.

Research chemist.
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3Physical science technician,

4Supervisory research chemist,

Pittsburgh Research Center, U.S. Burcau of Mines, Pittsburgh, PA.



INTRODUCTION

Between 1980 and 1990, the Mine Safety and Health
Administration (MSHA) investigated 149 underground
coal mine fires (1).> In 1984, a fire in the Wilberg Mine,
Utah, resulted in 27 fatalities (2). In 1988, a conveyor belt
fire spread rapidly through the Marianna No. 58 Mine,
Pennsylvania, and the entire mine had to be sealed and
abandoned (3). In 1990, a fire at the Mathies Mine,
Pennsylvania, injured 11 firefighters and resulted in the
mine being sealed and the loss of over 400 jobs (4). Many
large fires could be avoided if automatic suppression
systems were more widely used, and if initial attempts at
extinguishment were more effective. The smoke and heat
from even a small fire in an underground mine can hinder
direct firefighting efforts and may endanger the evacua-
tion of personnel. Research on the development and
evaluation of improved and novel automatic fire control
and suppression systems is required to reduce the risk of
severe coal mine fires and enhance fire safety.

Automatic sprinkler systems are the primary method of
protecting lives and property from fire in aboveground
facilities,. The National Fire Protection Association
(NFPA) has no record of a multiple death fire (more than
two fatalities), excluding firefighters killed during fire
suppression operations by explosions or flash fires, in a
completely sprinklered building (5). A recent high rise fire
in Philadelphia, PA, that started on the 22d floor burned
out of control until reaching the sprinklered 30th floor.
There, a sprinkler system stopped the vertical spread of
the fire, and eventually extinguished it (6). The demon-
strated effectiveness of sprinkler systems in aboveground
applications, along with their reliability and low main-
tenance, has led to their increased use in underground
mines.

Federal regulations for underground coal mines require
that either automatic sprinkler systems (wet pipe or dry
pipe), deluge-type water spray systems, foam generators,
or dry powder chemical systems be installed at all main
and secondary conveyor belt drive areas. When sprinkler
systems are used, at least one sprinkler must be installed
above each belt drive, belt take-up, electrical control, and
gear-reducing unit. Additionally, individual sprinklers must
be installed at intervals of no more than 2.4 m for the first
15 m of fire-resistant belt or the first 45 m of non-fire-
resistant belt, and along all conveyor branch lines, At
least one branch line must be above the top belt, and one
between the top and bottom belt to provide a uniform dis-
charge of water to the belt surface. The water discharge
rate must not be less than 10 L/(min+m?) of the top sur-
face of the top belt for at least 10 min, and the discharge

STtalic numbers in parentheses refer to items in the list of references
at the end of this report,

must be directed at both the upper and bottom surfaces
of the top belt and to the upper surface of the bottom
belt (7).

Fire suppression devices are also required on unat-
tended underground equipment (8-9). When water sprin-
kler systems are used, the water spray devices must be
capable of providing at least 10 L/(min+m? of water over
the top surface of the equipment for at least 10 min.

Federal regulations (7) also state that if water sprinkler
systems are installed in underground mines, the compo-
nents must be installed, as far as practical, in accordance
with the NFPA-13 standard (10). The fundamental design
principle of NFPA-13 is to leave no area unprotected.
However, NFPA-13 addresses only the amount of water
to be discharged by the sprinkler head, and does not
consider the effect of ventilation on the activation char-
acteristics or water distribution patterns of the sprinkler.

Recent research by the U.S. Bureau of Mines (USBM)
showed that ventilation can have a significant effect on the
water discharge patterns of automatic sprinklers, rendering
some types of sprinklers ineffective at extinguishing fires
upwind of the sprinkler (17). Another important param-
eter to consider in the design of automatic sprinkler
systems is the effect of ventilation on the activation of
the sprinklers. If a sprinkler head near the fire is not
activated quickly enough, or a sprinkler too far down-
stream from the fire for its coverage area to reach the fire
activates, the fire may grow too large for the automatic
sprinkler system to control and/or extinguish. High venti-
lation rates may not allow the heat to collect at the roof
and may increase the time required to activate a sprinkler.

Suppression tests of conveyor belt drive fires in venti-
lated flows using automatic sprinklers, multipurpose dry
powder, and high-expansion foam were conducted by
Warner in 1974 (12). However, that study, funded by the
USBM, concentrated on comparing the effectiveness of
the different types of suppression systems to extinguish
conveyor belt fires and did not focus on the performance
of individual components of the sprinkler system.

Automatic sprinklers are designed to activate at specific
temperatures, typically ranging from 57° to 150° C (135° to
300° F). The activation temperature for a particular ap-
plication is determined by the fuel loading, ambient tem-
perature, and other factors. The mode of activation is
either by the physical melting of a fusible link, a metal
alloy designed to melt at specific temperatures, or by the
expansion of a contained liquid that ruptures the container
at a specific temperature, discharging the water. In under-
ground coal mines, most systems are installed with 100° C
(212° F) fusible-link-type sprinklers. Another design pa-
rameter of sprinklers is the sprinkler’s response time index
(RTT) value, which is a measure of the heat conductivity



of the sprinkler, and thus its sensitivity. The lower the
RTI value, the faster the response time of the sprinkler.
This report describes the results of large-scale experi-
ments to examine the effect of fire size and ventilation on
the activation characteristics of commercially available
automatic sprinklers. Experiments were also conducted to
determine the effect of the rated activation temperature
and RTI values of the sprinklers on their activation times
under simulated mine fire conditions. Finally, experiments
were conducted on sprinklers obtained from working coal

mines where the sprinklers were exposed to the harsh
mine environment for periods ranging from 1 to 5 years,
to determine the effect of mine exposure on the activation
characteristics of the sprinklers. These sprinklers were
gvaluated in both large-scalc fire tests as well as in labora-
tory oven experiments under more controlled conditions.

This study is part of a larger program to evaluate the
performance of automatic sprinkler systems in under-
ground coal mines, and supports the USBM’s mission to
improve safety in the mining industry.
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SPRINKLERS

The experiments to evaluate the effect of ventilation
and fire size on the activation times of commercially
available automatic sprinklers were conducted with 57° C
(135° F), fast-response, pendent-type sprinklers from the
same manufacturer (designated as manufacturer A). The
activation mechanism for these sprinklers, known as a
fusible link, uses an arrangement of links and levers that
are soldered together and held over the sprinkler orifice
cap by the frame arm. As the increased temperature of
a fire causes the solder to melt, the links and levers
separate and release the cap over the sprinkler orifice,
allowing water to discharge and strike the deflector. An
example of a pendent-type fusible-link sprinkler is shown
in figure 1.

Experiments were also conducted to evaluate the effect
of activation temperature and RTI value on sprinkler
activation times. For these experiments, 57° and 74° C
(135° and 165° F) fast-response, and 74° and 100° C (165°
and 212° F) standard-response pendent-type sprinklers
from manufacturer A were used. The activation tempera-
ture of a sprinkler is controlled by varying the compo-
sition, and thus the melting temperature, of the metal alloy
that holds the fusible element together. The response
parameter, or thermal sensitivity of a sprinkler, is defined
by its RTI value. The smaller the RTI, the faster the
sprinkler will operate. Sprinklers with RTI values in the
range of 100 to 400 (mes)Y/2 are referred to as "standard-
response" sprinklers, while sprinklers with RTI values of
50 (mes)*/? or below are referred to as "quick-response"
sprinklers. The RTI value of the sprinkler is controlled by

varying the design of the operating element that holds the
fusible link to make the release mechanisms more or less
sensitive to heat for a given activation temperature (13).

Experiments were also conducted to determine the ef-
fect of the mine environment on the activation character-
istics of the sprinklers. Sprinklers were obtained from
seven different operating coal mines where they had been
exposed to the mine environment for periods ranging from
1 to 5 years. Of the seven sets of sprinklers, three sets
were from the same manufacturer (designated as manufac-
turer B) and four sets were from another manufacturer
(C). More detailed descriptions of the sprinklers are given
in a later section,

Figure 1.—Pendent-type sprinkler head.
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EXPERIMENTAL APPARATUS AND PROCEDURES

LARGE-SCALE EXPERIMENTS

The large-scale activation experiments were conducted
in the MSHA fire gallery at the USBM’s Pittsburgh Re-
search Center, The gallery, shown in figure 2, is a
modified X-shaped structure constructed of 1.2-m-high
concrete-filled cement-block walls, and an arch-shaped
corrugated steel roof, To simulate the rectangular geom-
etry of an underground mine entry for the experiments, a
10-m-long, 2.3-m-wide, 1.8-m-high tunnel was constructed
in the interior of the north section of the gallery. This
tunnel was constructed using 1.3-cm plywood on a steel
frame. The roof and walls 1.8 m upstream and down-
stream of the fire were protected with a 1.3-cm-thick fire-
resistant material attached to the plywood. Thermocou-
ples were placed at 0.6-m intervals, 10 cm from the roof,
along the centerline of the tunnel, from 1.8 m upstream of
the fire to 7.2 m downstream from the fire, to provide a
profile of the temperatures near the roof of the tunnel.

The heat source for the experiments was a liquid fuel
tray fire. The fuel was contained on a water layer in
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X Sprinkler
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Figure 2.—Fire gallery facility.

various-sized square and rectangular trays, ranging from
410 cm? to 0.84 m2. The water layer depth was adjusted so
that the fuel layer was 5 cm from the top of the tray for
each experiment. The size of the trays and the amount of
fuel were varied to produce a range of fire sizes to ade-
quately assess the effect of fire size on the activation
parameters being evaluated. The fire sizes for these ex-
periments ranged from 20 to 945 kW. The fuel was a
commercial light aliphatic hydrocarbon solvent composed
of Csto C, hydrocarbons, with a heating value of
45 mJ /kg.

The activation time of the sprinklers in each experi-
ment was determined by monitoring the resistance of an
electrical circuit across the sprinklers. One lead of the
circuit was connected to the frame of the sprinkler while
the other lead was connected to the fusible element of the
sprinkler. When the sprinkler activated and the fusible
element was released, the circuit was detected by a resist-
ance measuring meter. No water was discharged from the
sprinklers in any of the experiments in this study.

Ventilation was provided by a high-capacity fan, capa-
ble of producing up to 2,800 m3/min at a pressure drop of
2 kPa, located in the south section of the gallery. The air
velocity for the experiments was then set to within 10 pct
of the desired value by adjusting the regulator and reg-
ulator doors, shown in figure 2. The airflow was measured
using a vane anemometer at nine locations across the cross
section of the tunnel where the fire was located.

In the experiments to determine the effect of ventilation
and fire size on the activation times of new sprinklers at
airflows of 0 and 45 m/min, a sprinkler was located di-
rectly above the center of the fuel tray and 5 m down-
stream from the center of the fuel tray, along the center-
line of the tunnel, as shown in figure 3. The distance from
the top of the fuel layer to the deflector of the sprinkler
directly above the fire was 1.68 m, For the experiments at
90, 150, and 250 m/min airflow, only the sprinkler 5 m
downstream from the center of the fuel tray was installed.
The experiments to evaluate the effect of activation
temperature and RTI value on the activation times of the
sprinklers were conducted under nonventilated conditions,
For these experiments, only the sprinkler directly’above
the fuel tray was installed.

Experiments were also conducted to determine the
effect of the mine environment on the activation times of
sprinkler heads. These experiments were conducted under
nonflow conditions (0 m/min) using identical fires, to
compare the time for the used sprinklers to activate to the
activation times of the new sprinklers. For these experi-
ments, the exposed sprinklers from the mines and corre-
sponding new sprinklers were located in a 950-cm?® area



directly above the fuel tray. The number of sprinklers
obtained from the mines and the corresponding new sprin-
klers used in each experiment varied depending on the
availability of the exposed sprinklers.

LABORATORY OVEN EXPERIMENTS

Experiments to determine the effect of the mine en-
vironment on the activation times of sprinklers were also
conducted in a controlled laboratory oven. In these ex-
periments, an exposed sprinkler and two corresponding
new sprinklers were placed in a convection-type laboratory
oven at room temperature, and the oven was set to rise to

a temperature of 300° C (572° F) at a rate of 3.5° C/min
(6° F/min).

The interior dimensions of the oven were 36 cm long by
35 cm wide by 35 cm high. The sprinklers were suspended
vertically from a steel tray in the middle of the oven, in a
linear configuration, 5.1 cm apart. Thermocouples were
placed near the fusible link of each sprinkler to measure
the oven temperature at the time of activation. The acti-
vation of the sprinklers was noted visually through a win-
dow in the front of the oven, and the time and tempera-
ture at activation recorded. A schematic of the sprinkler
arrangement and thermocouple locations, denoted 4, B,
and C, is shown in figure 4.

EXPERIMENTAL RESULTS AND DISCUSSION

EFFECT OF VENTILATION AND FIRE
SIZE ON ACTIVATION TIMES

Experiments were conducted in the fire tunnel at air-
flows of 0, 45, 90, 150, and 250 m/min to examine the ef-
fect of fire size and ventilation on the activation times
of commercially available automatic sprinklers. Fast-
response, 57° C (135° F), pendent-type sprinklers were
installed directly above and/or 5 m downstream from the
liquid fuel fires, and the time from the start of the fires to
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Figure 3.—Sprinkler and fuel tray locations in fire tunnel.

the activation of the first sprinkler was measured. The
sprinkler locations were selected based on the results of
experiments to evaluate the effect of ventilation on the
water spray patterns of automatic sprinklers (1I). The
5-m distance was the maximum distance that the water
spray of a horizontal sidewall sprinkler head reached when
directed into the airstream at airflows up to 150 m/min.

The 57° C (135° F) activation temperature and fast-
response type of the sprinklers used in these experiments
were selected to examine the ventilation effects using
sprinklers with the lowest activation temperature and RTI
values, because of the fire size limitations of the tunnel.
Federal regulations require that sprinklers used in mines
activate at temperatures of not less than 65° C (150° F)
and not more than 149° C (300° F). Selected experiments
were conducted using sprinklers with higher activation

—_—
_—
T

_Steel
tray

le

D)
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Sprinkler
heads

KEY
A, 8, ¢ Thermocouple locations

Figure 4.—Schematic of laboratory oven and sprinklers.



temperatures and RTI values to allow for the extrapolation
of these results to those sprinklers used in underground
mines. It should be noted that these experiments were
specific to this tunnel configuration and these experimental
conditions, and that the results are intended to show only
expected trends in actual mines.

The fire sizes for these experiments ranged from 20 to
945 kW, Only the times to activate the first sprinkler were
noted, since the activation of the first sprinkler and its
subsequent water discharge would effectively change the
temperature of the air and inactivated sprinklers, as well
as the ventilation patterns in the tunnel. In these experi-
ments no water was discharged from the sprinklers and the
fires were allowed to burn to completion.,

The fire size, time to sprinkler activation, and location
of the sprinkler that activated are shown in table 1. Plots
of the time to activate the sprinklers versus fire size for
the given flows are shown in figure 5. The fire size was
based on the amount of fuel burned over a given time and
was calculated from the expression

Q = m+ AH/t,

where Q is the fire size in kW, m is the amount of fuel in
kg, AH, is the heat of combustion of the fuel in kJ/kg, and
t is the time to burn to completion in s. Complete com-
bustion was assumed, and no corrections were made for
the effect of the tray dimensions.

Figure 5 shows the temperature profiles of the tunnel
at the time the first sprinkler activated for representative
fire sizes at each airflow. Because of the large amount of
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Figure 5.—Activation time versus fire size at various airflows.

data, only one plot at each airflow is shown. The plots
shown were selected to represent experiments with fire
sizes in the range where a change in fire size had a sig-
nificant effect on the time to activation for a given airflow,
rather than in the asymptotic portions of the fire size-time
curves. The temperature profiles are typical of the profiles
at other fire sizes for a given airflow in terms of where the
highest temperatures were measured. In general, the rela-
tive temperatures increased or decreased for larger and
smaller fire sizes, respectively.

Table 1.—Fire size and sprinkler activation
times at various airflows

Airflow, m/min Fire size, Activation Location of

kW time, s sprinkler, m
O i 20 111 0
30 39 0
35 54 0
35 33 0
50 39 0
120 21 0
125 24 0
145 15 0
430 9 0
45 65 DNA NA
75 DNA NA
115 94 0
180 47 0
225 36 0
270 39 0
315 6 0
325 12 0
555 9 0
90 .. 200 DNA NA
215 68 5
220 62 5
225 60 5
305 48 5
560 12 5
645 24 5
905 15 5
150 i 200 DNA NA
215 DNA NA
230 DNA NA
240 39 5
250 DNA NA
255 33 5
270 DNA NA
360 45 5
520 18 5
555 30 5
925 18 5
250 .o 440 DNA NA
610 48 5
630 33 5
645 DNA NA
775 30 5
945 12 5

DNA  Did not activate.
NA Not applicable.



Effect of Fire Size on Activation Times

Airflow at 0 m/min

Experiments were carried out under nonventilated con-
ditions (0 m/min) at fire sizes ranging from 20 to 430 kW.
Only one sprinkler was installed, directly above the fire.
The sprinkler activated at each fire size, as shown in ta-
ble 1, with the times to activate ranging from 9 s for the
largest fire, 430 kW, to 111 s for the smallest fire, 20 kW.
Figure 5 shows a plot of times to activate versus fire size.
The curves represent a regression fit of the data in the
form y=a/(x-c)*. The asymptotes delineate the limits of
activation of these sprinklers with respect to time and fire
size under these experimental conditions. For example, at
0 m/min, fires less than about 20 kW would not activate
the sprinkler, while there would be a time delay of ap-
proximately 10 s for fires up to 1,000 kW, because of the
response time of the sprinkler,

Thermocouple measurements showed that the tempera-
ture was about 80° C (176° F) near the sprinkler when it
activated for all fire sizes except the 430-kW fire. The
temperature near the sprinkler for the 430-kW fire was
150° C (302° F) when it activated. This higher tempera-
ture was attributed to the rapid rise in temperature for this
fire due to its large size. These temperatures are well
above the rated activation temperature of 57° C (135° F),
showing the effect of the rapid temperature rise charac-
teristic of liquid fuel fires on the response time of the
sprinkler., The temperature profile of the tunnel at the
time of activation for the 120-kW fire at 0 m/min, dis-
played in figure 6, showed that the highest temperatures
were at or very near the sprinkler head under these non-
ventilated conditions. The temperature near the sprinkler
at the time of activation was 79° C (175° F), tapering off
rapidly just a few feet from the fire.

Airflow at 45 m/min

The experiments at the 45-m/min tunnel airflow were
conducted at fire sizes ranging from 65 to 555 kW. As
shown in table 1, the sprinkler heads did not activate at
fire intensities below 115 kW. At fire intensitics of
115 kW and greater, the sprinkler directly above the fire
activated, with the time to activate reaching a limit of 6 to
12 s for fires greater than 300 kW. The plot of the time
to activate versus fire size is shown in figure 5. Comparing
these results to those under nonventilated conditions, a
slightly larger fire was required to activate the sprinkler
directly above the fire, approximately 115 kW compared to
20 kW. At the higher fire intensities, greater than 300 kW,
little change in the response time was seen.

Temperature data showed that the temperature near
the sprinklers at the time of activation in these experi-
ments ranged from 65° to 93° C (150° to 200° F), generally

increasing with increasing fire size. In the experiments in
which the sprinklers did not activate (65 and 75 kW), the
maximum temperature reached near the sprinklers was
60° and 63° C (140° and 145° F), respectively. A tempera-
ture near the sprinkler of 57° C (135° F) or greater was
observed for at least 1 min during each of these experi-
ments, before the fuel was consumed.

Figure 6 shows the temperature profile of the tunnel at
the time of activation for the 225-kW fire. The tempera-
ture at the sprinkler was 93° C (200° F) when it activated,
well above its rated activation temperature. The tempera-
ture near the sprinkler reached 57° C (135° F), the acti-
vation temperature of the sprinkler, 6 s after the fire was
ignited. The sprinkler activated 36 s after ignition of the
fuel. The highest measured temperature was 1.8 m down-
stream from the fire, 103° C (217° F). This trend was also
seen in the other experiments at this airflow, with the
temperatures varying with fire intensity. For the 225-kW
fire, it appeared that the fire size would have been suf-
ficient to eventually activate a sprinkler located anywhere
from 1.2 m upstream of the fire to 3 m downstream from
the fire at this airflow.

In all the experiments at this airflow, the temperature
data also showed that for the fires below 300 kW, the
temperature 2.4 m downstream from the fire was slightly
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higher than the temperature directly above the fire, where
the sprinkler was located. This indicates that had a sprin-
kler head been located there, it would have activated
slightly in advance of the sprinkler directly above the fire,
probably preventing the sprinkler above the fire from acti-
vating. However, the water coverage data at this airflow
from reference 11 indicate that the water coverage pattern
from a sprinkler 2.4 m downstream would have been suf-
ficient to reach the fire.

Airflow at 90 m/min

The most significant effect of ventilation on the acti-
vation of the sprinklers under these experimental condi-
tions was observed at the 90 m/min airflow. Preliminary
experiments were conducted without sprinklers at this
airflow with fire sizes ranging from 200 to 600 kW, to
measure temperatures near the roof of the tunnel. The
results indicated that the fires would not activate a sprin-
kler directly above the fire before the sprinkler 5 m down-
stream would activate.

The plot of fire size versus sprinkler activation time for
this airflow is seen in figure 5. A 200-kW fire did not acti-
vate the downstream sprinkler, and temperature data indi-
cated that a sprinkler directly above the fire would not
have activated. The times to activate the downstream
sprinkler ranged from 60 to 70 s for fire intensities slightly
above 200 kW, to 12 to 24 s for fires greater than 500 kW,

In these experiments, the temperature near the down-
stream sprinkler when the sprinkler activated ranged from
70° to 90° C (158° to 194° F), while the temperature near
the roof directly above the fire was well below 50° C
(122° F), with the exception of the experiment with the
645-kW fire. In this experiment, the temperature above
the firc had reached 80° C (176° F) when the sprinkler 5 m
downstream activated at a temperature of 180° C (356° F).
The longer sprinkler activation time for the 645-kW fire
relative to the activation time for the 560-kW fire and the
higher temperature required to activate the sprinkler indi-
cate that something abnormal, such as a mechanical prob-
lem or a problem with the composition of the fusible-link
alloy, delayed the activation of the sprinkler used in that
experiment. In the experiment with a 200-kW fire size, the
maximum temperature near the sprinkler located 5 m
downstream from the fire was 145° F (63° C), and the tem-
perature there was above 57° C (135° F) for approximately
1 min. .

Figure 6 shows the temperature profile of the tunnel at
the time the sprinkler 5 m downstream from the fire
activated for the 305-kW fire. The highest temperatures
were observed from 1.8 to 3 m downstream from the fire,
with the highest temperature, 148° C (298° F) located
2.4 m downstream. Given that the sprinkler at 5 m acti-
vated at the time that this temperature profile was taken,
at a temperature of 73° C (163° F), it appears that if the

first sprinkler was located downstream from the fire any-
where between 1.2 and 5 m it would have activated sooner
(between the start of the experiment and this time). Note
that the temperatures directly above the fire and 0.6 m
downstream are only 5° to 10° C (9° to 18° F) higher than
ambient temperature. Even for the 905-kW fire, the tem-
perature above the fire had reached only 50° C (122° F)
when the sprinkler 5 m downstream activated at 15 s. This
demonstrates the significant effect that ventilation can have
on the activation characteristics of automatic sprinkler
systems.

Airflow at 150 m/min

At the 150-m/min airflow, the minimum fire intensity
that activated the sprinkler 5 m downstream from the fire
was 240 kW. Five other fires, ranging in size from 200 to
270 kW, failed to activate the sprinkler at this airflow.
Maximum temperatures near the sprinkler in these experi-
ments ranged from 65° to 72° C (149° to 162° F), and tem-
peratures greater than the rated activation temperature of
these sprinklers were observed for at least 1 min in each
experiment. For the 240- and 255-kW fires, the thermo-
couples near the sprinkler measured temperatures of 72°
and 73° C (162° and 163° F) when the sprinklers activated.
Experiments at larger fire sizes showed a decrease in the
activation times, reaching a minimum of about 18 s for
fires larger than 600 kW, as shown in figure 5. It is likely
that the asymptotic value for the minimum activation time
would be lower, but the tunnel limitations prohibited fires
above 1,000 kW,

The temperature profile at the roof of the tunnel for
the 360-kW fire (shown in figure 6) at the time the sprin-
kler 5 m downstream from the fire activated shows a shift
in the highest temperature to about 3,7 m downstream
from the fire, Based on these data, it appears that the fire
would have activated a sprinkler located between 2.5 and
5 m downstream under these conditions. Note that as far
as 1.2 m downstream from the fire it is not evident, based
on temperature data near the tunnel roof, that there is a
fire.

Airflow at 250 m/min

Experiments were conducted at an airflow of
250 m/min with, fires ranging from 440 to 945 kW. At
this airflow, the minimum fire size required to activate
the sprinkler 5 m downstream from the fire was about
600 kW. This demonstrates a much larger effect of venti-
lation on the sprinkler activation characteristics than was
seen at the lower airflows, since about twice the fire size
was required to activate the sprinkler in going from 150 to
250 m/min, as shown in figure 5.

Thermocouple data indicated that the sprinklers acti-
vated at much higher temperatures, over 100° C (212° F),



than at the other airflows, with the exception of the
945-kW fire. In that experiment, the temperature at the
sprinkler at the time of activation was 70° C (158° F), sim-
ilar to those observed in the experiments at 150 m/min.
The higher temperatures required to activate the sprinklers
were probably due to the thermal response characteristics
of the sprinklers and the fact that with these larger fires
the higher temperatures were reached much more quickly.

In the experiment with the 440-kW fire size where the
sprinkler did not activate, the maximum temperature near
the sprinkler was 72° C (162° F). For the 645-kW fire,
where again the sprinkler did not activate, the maximum
temperature near the sprinkler was 100° C (212° F), well
above the rated activation temperature of the sprinkler,
and the temperature was above 90° C (194° F) for over
30 s. These data indicate that the failure of the sprinkler
to activate at this temperature may have been due to a
sprinkler malfunction, such as a quality control problem,
and not because the fire size was not large enough.

The temperature profile of the tunnel roof for the
775-kW fire, displayed in figure 6, showed that the highest
temperature was 5 m downstream from the fire under
these conditions. Because of the intensity of the fire,
temperature measurements near the fire showed slightly
elevated temperatures, although not nearly high enough to
activate a sprinkler, The data indicate that temperatures
were not high enough to activate a sprinkler until 3.7 m
downstream from the fire.

Effect of Ventilation on Activation Times

Experiments were not conducted at similar fire sizes at
each flow, but this information can be extrapolated from
the curves in figure 5 to examine the effect of véntilation
on the activation times for a given fire size under these
experimental conditions, For example, for relatively small
fires, such as 200 kW, the sprinkler above the fire would
activate in about 17 s under nonventilated conditions. At
an airflow of 45 m/min, the same size fire would activate
the sprinkler in about 40 s. At 90 m/min or higher air-
flows, a 200-kW fire would not activate a sprinkler under
these conditions.

For a 400-kW fire, the times to sprinkler activation are
nearly the same at airflows of 0 and 45 m/min, approxi-
mately 12 s, and nearly the same at 90- and 150-m/min
airflows, about 30 s. The most significant effect in this
case, -in addition to the time delay, is that the sprinkler
5m downstream activated at airflows of 90 and
150 m/min. Also notable is that for this size fire under
these conditions, neither sprinkler activated at the
250-m/min airflow,

For fire sizes larger than 400 kW, relative to this ex-
perimental configuration, the ventilation had only a small
effect on the time to activate the sprinkler system. Again,
the most significant effect was seen in which sprinkler

activated. At 0- and 45-m/min airflows, the sprinkler
above the fire activated, while at 90-m/min airflow and
higher, the sprinkler 5 m downstream activated.

These results showed that the most significant effects of
ventilation on the time to activate the sprinkler system
occurred for the smaller fires. Of more importance was
the fact that as the ventilation increased, larger fires were
required to activate the sprinklers.

EFFECT OF SPRINKLER ACTIVATION
TEMPERATURE AND RTI VALUE

Experiments were conducted to determine the effect of
activation temperature and RTI value on the activation
times of the sprinklers as a function of airflow. In these
tests, 57° and 74° C (135° and 165° F) fast-response (RTI
value less than 50 (m-s)*/?)-and 74° and 100° C (165° and
212° F) standard-response (RTI value greater than
100 (m+s)"/? and less than 400 (m+s)"/?) sprinklers from
manufacturer A were investigated at airflows of 0, 45, 90,
150, and 250 m/min. The results are shown in table 2, At
each airflow the fire sizes were selected to be large enough
to activate the 100° C (212° F) standard-response sprinkler,
The same size fuel tray and amount of fuel were used for
each test at a given airflow. However, the intensities of
the fires did fluctuate somewhat, so the average fire sizes
for each airflow are shown in the table. The sprinkler
directly above the fire activated in the tests at the 0- and
45-m/min airflows, while the sprinkler located 5 m down-
stream was the first to activate at airflows of 90 m/min
and greater.

Table 2.—Experimental data to determine effect of activation
temperature and RTI value on activation time

Activation time, s

Airflow, Fire 57° C 74° C 74°C  100° C
m/min  size, (135° F) (165° F) (165° F) (212° F)
kW fast! fast! standard®  standard?
response  response  response  response
o ..... 110 21 24 51 99
45 ... 340 12 15 54 75
90 .... 535 12 15 57 96
180 ... 565 30 33 78 87
250 ... 800 30 21 39 69

IRTI value less than 50 (mes)'/2,
2RT| value between 100 and 400:(mss)'/2

The data showed that there was no significant differ-
ence in the time to activate for the 57° and 74° C (135°
and 165° F) fast-response heads under these conditions at
the same airflow. Because the fires were large enough to
activate the 100° C (212° F) standard-response sprinklers,
the fires were much larger than required to activate the
lower temperature rated fast-response sprinklers. Thus,
the temperatures near the sprinklers when they activated
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were well above the rated activation temperatures. There
was a significant delay in the activation times of the 100° C
(212° F) rated sprinklers compared to the 74° C (165° F)
sprinklers at the same airflow, ranging from a 12-pct delay
at 150 m/min to 94 pct under nonventilated conditions.

The largest effect is seen in the comparison of the fast-
response 74° C (165° F) versus standard-response 74° C
(165° F) sprinklers. The increase in the time to activate
the standard-response sprinkler compared to the fast-
response sprinkler ranged from 86 pect at 250 m/min to
280 pct at 90 m/min, Even under nonventilated conditions
with the sprinkler directly above the fire, the activation
time was doubled for the standard-response sprinkler.
These results verify that the RTI value of a sprinkler is an
extremely important parameter in designing the respon-
siveness of a sprinkler system.

The results of the experiments to evaluate the effect of
activation temperature and RTI on the activation times of
the sprinklers can be extrapolated to the results on the
effect of ventilation and fire size on the activation times of
the higher temperature and RTI rated sprinklers. The
shapes of the curves in figure 5 would remain the same for
the higher rated sprinklers, but the x-asymptotes would be
shifted significantly upward for the 74° and 100° C (165°
and 212° F) standard-response sprinklers, because of the
increased time to activation for these sprinklers. However,
it can not be determined directly from thése experiments
if the y-asymptotes would be shifted to the right for the
higher rated activation sprinklers, or what minimum fire
size would be required to activate the less responsive
sprinklers for a given airflow.

EFFECT OF MINE ENVIRONMENT
ON ACTIVATION TIMES

Large-Scale Experiments

Large-scale experiments were conducted with sprinklers
obtained from seven underground coal mines to evaluate
the effect of the mining environment on sprinkler activa-
tion times. The sprinklers had been exposed to the harsh
mine environment for periods of time ranging from 2 to
5 years, and the condition of the sprinklers ranged from
light coatings of rock dust to severe internal and external
corrosion, '

Because of the limited number of exposed sprinklers,
tests were first conducted using new sprinklers identical in
type and activation characteristics to the exposed sprinklers
at various fire sizes, under nonventilated conditions, to
determine optimum fire sizes to evaluate each exposed
sprinkler type. Fire sizes were then selected to fall in the
portion of the fire size-versus-time curve under nonven-
tilated conditions (see figure 5) where changes in the fire
size resulted in discernable changes in the activation times
of the sprinklers. To conduct the experiments with the
exposed sprinklers, the sprinklers were placed directly
above the liquid fuel fires under nonventilated conditions,
together with their corresponding new sprinklers, and their
activation times compared. The results are shown in ta-
ble 3. :

The most significant effect was observed for the 57° C
(135° F) sprinklers from mine 1. These sprinklers did not
activate when exposed to a 145-kW fire, while a corre-
sponding new sprinkler activated in 30 s. These sprinklers

Table 3.—Comparison of activation times of new and exposed sprinklers
in large-scale tunnel experiments

Mine- Activation Fire Activation Activation Comments for
manufacturer- temp, size, time for exposed  time for new exposed sprinkler
sprinkler °C (°F) kw sprinkler, s sprinkler, s

1-B1 ........ 57 (135) 145 DNA 30 Covered with rock dust.
B2 ..., 57 (135) 145 DNA 30 Do.
2B1 ... ... 100 (212) 220 42 143 Slightly corroded,
2B2 ...l 100 (212) 220 48 143 Do.
283 ......., 100 (212) 220 57 143 Covered with rock dust,
3B1 .. i, 100 (212) 220 24 l43 Severely corroded.
3B2........ 100 (212) 220 57 lag Do.
3B3 ........ 100 (212) 220 52 143 Slightly corroded.
4C1 ... 74 (165) 180 3 lo7 Covered with rock dust,
5C1 . viv.... 100 (212) 220 42 ’57 Slightly corroded.
5C2 . .ovii.. 100 (212) 220 43 57 Do.
5C8 ., 100 (212) 220 47 57 Do,
6-C1 . .vvnn., 100 (212) 220 68 57 Covered with rock dust.
6C2........ 100 (212) 220 72 57 Do.
6C3 ........ 100 (212) ~ 220 78 57 Do.
7-C1 100 (212) 220 36 257 Do.
72 .o 100 (212) 220 45 57 Do.
7C3 ... 100 (212) 220 50 57 Do.

DNA  Did not activate.
Laverage of 2 sprinklers,
2average of 5 sprinklers.



were covered with rock dust, but that factor did not appear
to affect other sprinklers tested from mines 6 and 7, which
were also covered with rock dust. The sprinklers from
mines 6 and 7, however, were rated at 100° C (212° F).
The 100° C (212° F) sprinklers from mines 2 and 3, which
came from the same manufacturer as the sprinklers from
mine 1, were generally unaffected by the condition of the
sprinklers, with the exception of sprinkler 3-B-1. That
sprinkler activated significantly faster than the new heads,
24 s compared to 43 s. Sprinkler 3-B-1 was significantly
more corroded than the other exposed sprinklers, however,
indicating that it was exposed to much harsher conditions
than the other sprinklers, and may have been significantly
older than the other sprinklers from that mine.

Sprinkler 4-C-1 was the only 74° C (165° F) rated
sprinkler tested, and only one was available. The results
showed a very large difference in the activation times
between the exposed sprinkler and the average activation
time of the new heads. The exposed sprinkler activated
3 s after the fuel tray was ignited, while the two new
sprinklers of the same type activated in 25 and 30 s, re-
spectively. This exposed sprinkler was also covered with
rock dust, but no other discernable features were evident
to account for this difference,

Nine 100° C (212° F) sprinklers from manufacturer C,
from three different mines, and five corresponding new
sprinklers were also evaluated under these test conditions
at a fire size of 220 kW. The activation time of the five
new heads ranged from 44 to 84 s, with an average acti-
vation time of 57 s. The results for the exposed sprinklers
also showed a fairly wide range of activation times, from
36 to 78 s, but these were not significantly outside the
range observed for the new sprinklers,

The overall results indicated that mine exposure has
the potential to significantly affect the activation times of
sprinklers, particularly as noted in the experiments with
the sprinklers from mines 1 and 4. However, with the pos-
sible exception of sprinkler 3-B-1, the activation times for
the 100° C (212° F) rated sprinklers did not appear to be
adversely affected by the exposure to the mine environ-
ment. Whether these results are due to the particular
mine environments to which the sprinklers were exposed,
or are a function of the rated activation temperatures is
not clear.

Laboratory Oven Experiments

Additional experiments to examine the effect of the
mine environment on the activation times of the sprinklers
were carried out in a laboratory oven under more con-
trolled conditions. In these experiments, the exposed
sprinkler and corresponding new sprinklers of the same
type from the same manufacturer were placed in the
oven, and the oven temperature was increased from room
temperature to 300° C (572° F). Initially, the oven
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temperature reached 50° C (122° F) in about 5 min and
then increased at a linear rate of 3.5° C/min (6° F) to
300° C (572° F). The times to activation and temperatures
at activation were measured and compared. Experiments
were conducted on one sprinkler type from three different
mines and two sprinklers from a fourth mine. The num-
ber of experiments was limited to the availability of the
exposed sprinklers, The results are shown in table 4. The
exposed sprinkler identification corresponds to the iden-
tification code used in table 3.

Table 4.—Comparison of activation times of new and exposed
sprinklers in laboratory oven experiments

Mine- Activation Activation Temperature

manufacturer- temp, time, min at activation,
sprinkler *C(°F) °C (°F)

B3 ... 57 (135) 13.1 - 84 (183}
1B4 ........... 57 (135) 14.8 86 (187)
B(ew) ......... 57 (135) 12,2 81 (178)
B(new) ......... 57 (135) 12.3 78 (172)
Bnew) ......... 57 (135) 18.3 78 (173)
3B4 ... “ 100 (212) 25.9 123 (253)
B(ew) ......... 100 (212) 25.3 123 (253)
Bew) ......... 100 (212) 25.8 123 (253)
6C4 ........... 74 (165) 18.4 104 (219)
Cew) ......... 74 (165) 18.8 102 (216)
Cew) ......... 74 (165) 18.4 101 (214)
7C4 ..o 100 (212) 26,5 118 (244)
Cew) ......... 100 (212) 255 115 (239)
Cew) ......... 100 (212) 257 113 (235)

The largest observed temperature deviation was an in-
crease of 6° C (11° F) in the average temperature at acti-
vation for the exposed sprinklers from mine 1 compared
to average value for the new sprinklers. However, in gen-
eral, these results showed no significant difference in the
activation times and temperature at activation between the
exposed and new sprinklers.

IMPLICATIONS OF RESULTS

The results of this study showed that ventilation and
fire size can have a significant effect on the activation
times of automatic sprinklers typically used in underground
coal mines. In addition, the ventilation and fire size also
greatly influence the temperatures downstream from a fire,
which determine which sprinklers will activate in a given
fire situation and installation design,

In these experiments, at airflows of 45 m/min or under
nonventilated conditions, a sprinkler directly above the fire
activated, and probably would have controlled or extin-
guished a fire directly under it. However, at airflows of
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90 m/min and greater, 900-kW fires were not large
enough to activate sprinklers directly above the fire before
a sprinkler 5 m downstream activated. Temperature pro-
files near the tunnel roof showed that the highest temper-
atures were shifted downstream as far as 3.7 and 5 m at
the 150- and 250-m/min airflows, respectively. Therefore,
at airflows of 90 m/min and greater, even if a fire started
directly under a sprinkler head, it is likely that a down-
stream sprinkler would activate first.

Previous studies by the USBM in the same tunnel on
the water coverage characteristics of automatic sprinklers
showed that airflows of 90 m/min or greater can also sig-
nificantly affect the spray patterns of pendent-type sprin-
klers typically used in underground coal mines (17). At
90 m/min airflow, the water discharge density from a
pendent-type sprinkler that activated 2.4 m downstream
from a fire was less than 4 L/(min+m?) at the fire loca-
tion, while the largest water discharge was observed down-
stream of the sprinkler. Federal regulations for sprinkler
systems on conveyor belts require a minimum average dis-
charge density of 10 L/(min-m?) over the top surface
of the belt, with a minimum sprinkler spacing of 2.4 m.
A minimum of 10 L/(min-m?) is required over the top
surface of unattended underground equipment (7-8). In
the sprinkler activation experiments at an airflow of
250 m/min, the tunnel roof temperature profile indicated
that the first sprinkler to activate under these conditions
would be 3.7 m downstream from the fire. At that airflow,
the water discharge pattern from a pendent-type sprinkler
3.7 m downstream of a fire location would not reach the
fire. Although the data on activation and water discharge
patterns are directly applicable only to the experimental
conditions in these studies, this information clearly dem-
onstrates that improper design of a sprinkler system can
render the system ineffective. Specifically, where ventila-
tion flows are necessary, such as in a coal mine, an im-
properly designed system can lead to a situation where a
fire might activate a sprinkler downstream from the fire
and the water is discharged from the opened sprinkler
downstream and away from the fire.

Current Federal regulations for underground coal mines
do not consider the effect of ventilation on sprinkler
spacing, The results of these experiments show that in an
underground mining environment, ventilation can have a
significant effect on the activation characteristics of an
automatic sprinkler system and is important in the design
and installation of automatic sprinkler systems in these
types of environments.

These experiments were conducted with contained lig-
uid fuel fires in which the fire reached its peak size quickly
and did not propagate. Further experiments would be
needed. to evaluate the activation characteristics of auto-
matic sprinklers under ventilated conditions when exposed
to slowly developing and propagating fires, such as in belt
drive areas. The implications of the results from these
experiments are that for slowly developing fires, the rela-
tive effects of ventilation on the activation times would be
similar, Under propagating fire conditions, the activation
times of the sprinklers would depend on how large the fire
was and how fast the fire was propagating,

These experiments also evaluated the effects of the
sprinkler activation temperatures and RTI values, The
results indicated that the relative effects of ventilation and
fire size would be similar for sprinklers with higher acti-
vation temperatures and RTI values. However, as the acti-
vation temperature and RTI value increased, the response
times of the sprinklers would increase. In terms of sprin-
kler performance, the increased activation times and RTI
values would decrease the likelihood of a sprinkler system
activating for small fires.

The results of the experiments to evaluate the effect
of the mine environment on the activation times of the
sprinklers indicated that, in general, the mine environment
has little effect on their activation times as measured
under these experimental conditions. However, the data
showed that the potential for malfunction exists; routine
inspection and sprinkler replacement schedules are rec-
ommended to ensure activation and to replace damaged or
badly corroded sprinklers.

SUMMARY

This study was conducted to examine the effect of
mining conditions on the activation of automatic sprinkler
heads. In large-scale experiments, 57° C (135° F) fast-
response sprinklers were exposed to liquid fuel fires in a
rectangular-shaped tunnel, at airflows ranging from 0 to
250 m/min, to determine the effect of ventilation and fire
size on commercial sprinklers, At 0- and 45-m/min air-
flows, fires ranging from 20 to 555 kW activated a sprin-
kler directly above the fire. The time to activation ranged
from 6 to 111 s, with the time decreasing with increasing
fire intensity. At airflows of 90, 150, and 250 m/min, a

sprinkler installed 5 m downstream was the first to acti-
vate, at fire sizes ranging from 215 to 945 kW. Again, the
time to activation decreased with increasing fire size.

Temperature profiles near the roof of the tunnel indi-
cated that the highest temperature was located directly
above the fire under nonventilated conditions, but was
shifted downstream to 1.8, 2.4, 3.7, and 5 m at 45-, 90-,
150-, and 250-m/min airflows, respectively, under this
tunnel geometry.

Analysis of the data indicated that at 90 m/min airflow
or higher, a fire larger than 200 kW was required to
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activate the sprinkler system, and the time to activate
increased as airflow was increased, for a given fire size
greater than 200 kW,

Experiments were also conducted using 57°, 74°, and
100° C (135°, 165°, and 212° F) standard- and fast-response
sprinklers to determine the effect of rated activation tem-
perature and RTI value on the activation times of the
sprinklers at airflows ranging from 0 to 250 m/min. The
results showed that there was no significant difference in
the time to activate between the 57° and 74° C (135° and
165° F) fast-response sprinklers under these conditions.
The 100° C (212° F) standard-response sprinklers took
from 12 to 94 pct longer to activate than the 74° C
(165° F) sprinklers at these airflows. The largest differ-
ence in activation times was observed between the 74° C
(165° F) standard- and 74° C (165° F) fast-response sprin-
klers. The activation times for the standard-response
sprinklers were from 86 to 280 pct longer than those for
the corresponding fast-response sprinklers at airflows
ranging from 0 to 250 m/min.

Large-scale and laboratory oven experiments were con-
ducted on sprinklers obtained from seven underground
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coal mines to evaluate the effect of exposure to the mining
environment on the activation times of sprinklers. In the
large-scale experiments, the exposed sprinklers and corre-
sponding new sprinklers were exposed to liquid fuel fires
under nonventilated conditions. The results indicated that
the mine environment had little effect on the activation
times, with the exception of two 57° C (135° F) sprinklers,
heavily coated with rock dust, which did not activate, and
one 100° C (212° F) severely corroded sprinkler, which
activated in a much shorter time than the new sprinklers.
The laboratory oven experiments showed no significant
differences in the activation times of the exposed sprin-
klers compared to new sprinklers.

This study showed that airflow can have a significant
effect on the activation characteristics of automatic sprin-
klers. Consideration of this parameter is important in the
design of a reliable and effective sprinkler system. In
addition, sprinkler parameters, such as rated activation
temperature and RTI value, can significantly change the
response characteristics of sprinklers and should be con-
sidered in sprinkler system design.
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