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Abstract

One of the central problems in fire safety science and technology is to reduce
damage caused by both fires and fire-fighting processes. This paper provides a
potential solution to the problem, and it derives from decentralization of
fire-fighting agents. In particular, this paper investigates fire extinguishing
performance when a fire-fighting agent is supplied to a fire from one direction
with one extinguisher and from two directions with two extinguishers. The
two methods are called the centralized supply and the decentralized supply,
respectively, in this paper. It is demonstrated that the decentralized supply
reduces damage caused by both fires and fire-fighting processes. This follows
from the facts that fire extinguishment by the decentralized supply is more
certain than the centralized supply, and that the decentralized supply requires
less total amount of a fire-fighting agent than the centralized supply for fire
extinguishment.
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1. Introduction

Fire disasters can cause heavy damage to their surroundings including humans
by combustion, heat, smoke and/or gas produced from fires. Undesired fires
should be extinguished by using water or fire-fighting agents. However, fire-
fighting processes usually produce other damage such as water damage or pollu-
tion by fire-fighting agents. If a fire is extinguished in short time by using a small
amount of a fire-fighting agent, then it reduces the total damage produced by

both the fire and the fire-fighting process. This is one of the central problems in
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fire safety science and technology. One approach to overcoming this problem is
to create effective fire-fighting agents, and a number of studies have been re-
ported on fire-fighting agents such as dry chemicals [1], wet chemicals [2] [3]
and inert gases [4] [5] [6]. Another approach is to develop and improve fire-
fighting equipments. For example, optimal shapes of spray nozzles have been
investigated [7]. In another instance, the inert gas capsule increases fire-fighting
ability and decreases the risk of human damage compared to direct spray of inert
gas [8].

Although the ultimate objective in this research is same as the existing works,
the approach in this research is different from them. In particular, this paper in-
vestigates two supplying methods of fire-fighting agents: one is the supply from
one direction with one extinguisher, and the other is the supply from two direc-
tions with two extinguishers. The two methods are called the centralized supply
and the decentralized supply, respectively, in this paper. This paper compares
the fire extinguishing performance of the two supplying methods. Here, the inert
gas capsule [8] is used for flame extinguishment, since the supplied amount of
fire-fighting agents to flames can be easily specified.

The following two are demonstrated in this paper: 1) Fire extinguishment by
the decentralized supply is more certain than the centralized supply. 2) The de-
centralized supply requires less total amount of a fire-fighting agent than the
centralized supply for fire extinguishment. These two imply that the decentra-
lized supply is more powerful than the centralized supply, and that the decentra-
lized supply reduces damage caused by both fires and fire-fighting processes.

2. Experimental Setup

The extinguishing target is a diffusion flame established over a burner with a
porous disk whose diameter and thickness are 100 mm and 10 mm, respectively.
The top surface of the burner is at 0.40 m height. The fuel is methane. It is sup-
plied from a high pressure gas cylinder to the burner. In the burner, the fuel of
methane passes through the porous disk, and it diffuses into the air with a uni-
form velocity distribution. The volumetric flow rate of methane is 10.0 lit-
ters/minute. It is regulated with a needle valve and measured with a flow meter
(CMS0050, Azbil Corporation).

The inert gas capsule approach [8] is used for flame extinguishment, since the
supplied amount of inert gas to the flame can be easily specified. In particular,
rubber balloons are filled with an inert gas of helium, the balloons burst in a
neighborhood of a flame by heat, and the inert gas flow is supplied to the flame
with a large velocity which is caused by tension of the stretched rubber mem-
branes. Each balloon is attached to a motion stage of a linear actuator so as to
automatically transport the balloon to a neighborhood of a flame. The balloons
are Hira-8-Maru-130 (Marusa Saito Gomu Corporation), and the linear actua-
tors are ELS2X-E030-K2L-02 (ORIENTAL MOTOR Co., Ltd.). The inert gas
capsule approach has the following three properties: 1) Inert gas as a fire-fight-
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ing agent produces extremely smaller damage than other fire-fighting agents
such as water and fire-fighting powders. On the other hand, inert gas is not so
powerful for fire extinguishment, and it is not often used in actual fire disasters.
Improvement of the fire extinguishing performance of fire-fighting approaches
with inert gas is very effective for reducing damage produced by fire-fighting
processes. 2) In ordinary extinguishing approaches with inert gas, inert gas is
usually supplied from some distance away from a fire, and hence the inert gas
concentration decreases at the fire due to mixing with air. In the inert gas cap-
sule approach, the inert gas in a rubber balloon is insulated from air, and the in-
ert gas is not mixed with air until the burst of the balloon in a neighborhood of a
fire. The inert gas capsule approach enhances the extinguishing performance of
inert gas. 3) The inert gas capsule approach fits well into robotic fire-fighting [9]
[10]. Performance analysis of the decentralized supply of inert gas capsules may
provide an optimal fire-fighting strategy for robotic fire-fighting.

This paper investigates fire extinguishing performance of several experimental
configurations and several volumes of helium in a balloon. The number of pairs
of a balloon and a linear actuator is one or two for each trial. For each trial, the
burner and linear actuators are located as one of four locations illustrated in
Figure 1, where the linear actuators are maintained in a horizontal position and
they move in a radial direction of a circle whose center corresponds to the burn-
er center. Each location with two linear actuators is associated with the relative
angle between the two linear actuators.

Our fire extinguishing test for the centralized supply with one balloon follows
the following steps for each specified volume of helium:

1) A linear actuator is set as illustrated in Figure 1(a). A support frame that

couples a balloon with the motion stage of the actuator is set at a height such

burner linear
actuator
Q== Q==
~— e
(a) single (b) 90°

O | — | I— Q | I—
—p ~—p —p
(b) 135° (d) 180°

Figure 1. Top views of four locations of the linear actuators for investiga-
tion of fire extinguishing performance. One linear actuator is located as
(a). Two linear actuators are located as (b), (c) or (d), and their relative
angles are different from each other.
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that the vertical center of balloons filled with the specified volume of helium
corresponds to the top surface of the burner.

2) The following process is repeated ten times.

a) A balloon filled with the specified volume of helium is taped to the support
frame.

b) The balloon is moved by hands until the balloon touches the burner as seen
in the left top photo of Figure 2.

¢) The balloon position is automatically controlled such that the balloon is
moved 150 mm away from the burner.

d) The fuel of methane with a flow rate of 10.0 litters/minute is supplied to the
burner, and a diffusion flame is produced over the burner as shown in the left
bottom photo of Figure 2.

e) The balloon position is automatically controlled such that the balloon is
moved 155 mm towards the burner center with a velocity of 100 mm/second.

f) See whether the flame is extinguished or not, and stop the supply of me-
thane.

The same procedure is applied to the decentralized supply with two balloons.
Each two balloons have equal volumes of helium in the decentralized supply. To
simplify notation, the n L decentralized supply denotes the decentralized supply
with two balloons whose each volume of helium is n/2 litters (L). In the same
fashion, then L centralized supply denotes the centralized supply with a balloon
filled with n L of helium. The indicated volume in the supplying methods re-
presents the total volume of helium at each trial, not the volume of each balloon,
in both the centralized supply and the decentralized supply.

The balloon altitudes set at Step 1 are consistent with changes of the volume

Figure 2. Experimental procedures for the fire extinguishing test: 1) A balloon touches
the burner. 2) The balloon is moved 150 mm away from the burner, and a diffusion flame
is produced. 3) The balloon is moved 155 mm towards the burner center, and it is con-
tacted with the flame. 4) The balloon bursts. In this trial, the balloon was filled with 6 L of
helium.
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of inert gas. The inert gas is mainly supplied to the flame base, even when the
volume of the inert gas is changed.

The number of trials is fixed to be ten for each pair of the configuration and
the volume of helium. The number of trials is according to our previous research
[8], and it was sufficient to capture rough features of fire extinguishing perfor-
mance.

The forward distance of the motion stage at Step 2-(e) is 5 mm longer than the
backward distance at Step 2-(c). This is due to making certain contact between

the balloon and the flame over the burner.

3. Fire Extinguishing Performance

For analysis of fire extinguishing performance, the extinguishment ratio r is de-

fined as
r=ng/n,, (1

Where n, denotes the number of times that the flame is successfully extin-
guished, and n, is the number of trials. It is quantified as a number between 0
and 1. The higher the extinguishment ratio, the more certain flame extinguish-
ment is accomplished. The extinguishment ratio provides a quantitative index of
fire extinguishing performance. Figure 3 summarizes fire extinguishing perfor-
mance from a view point of the extinguishment ratio.

In the centralized supply, the extinguishment ratio monotonically increases
until 3 L of helium, however, it does not for more than 3 L of helium. The ex-
tinguishment ratio does not achieve 1, even if a large volume of helium is sup-
plied to the flame by the centralized supply.

In the decentralized supply, there exist the following three combinations of
balloon burst and flame extinguishment: 1) One balloon bursts, and the flame is
extinguished. 2) Two balloons burst, and the flame is extinguished. 3) Two bal-
loons burst, and the flame is not extinguished. The direct expectations of the ex-

tinguishment ratios of the decentralized supply generated from ones of the cen-

White: the extinguishment ratio by two balloons
Gray: the extinguishment ratio by one balloon

Extinguishment Ratio

1.0 20 3.0 4.05.0 6.0

| 2020 20 4.0 40 40 Volume[L]
| 90 135 180 90 135 180 Angle [degrees]
|
|

Centralized Supply Decentralized Supply

Figure 3. Resulted extinguishment ratios, where the volume means the total volume of
helium and the angle denotes the relative angle of the two linear actuators.
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tralized supply are given by 0.51 and 0.75 for the 2 L and 4 L decentralized sup-
plies, respectively.

All of the experimental extinguishment ratios in the decentralized supply are
higher than or equal to 0.8, and they are higher than the expectations directly
generated from the extinguishment ratios of the centralized supply. They are al-
so higher than or equal to any one in the centralized supply. The extinguishment
ratio achieves 1, when the relative angle of two linear actuators is 135 or 180 de-
grees. The result implies that the decentralized supply provides more certain ex-
tinguishment than the centralized supply.

In addition, all of the extinguishment ratios in the decentralized supply are
higher than ones in the centralized supply, if the total supplied volumes of he-
lium are equal to each other. The extinguishment ratios of the decentralized
supply with 135 and 180 degrees achieve 1, although ones of the centralized
supply do not. The result implies that the decentralized supply requires less total
amount of a fire-fighting agent than the centralized supply for fire extinguish-
ment.

The performance improvement derives from the following two.

One is a topographic effect. When one balloon bursts in the centralized
supply, the inert gas of helium spreads into the flame or the air with no restric-
tions. The gas flow in the decentralized supply is different from the centralized
supply. If the two balloons burst almost at the same moment, then the gas flows
from the two balloons are affected each other. Otherwise if the two balloons do
not burst at the same moment, then the gas flow from the first bursting balloon
is affected by the other remaining balloon. In the both two cases, some inert gas
flow supplied from the first bursting balloon may be redirected to the flame
again by the other remaining balloon or by the gas flow supplied from the other
balloon. The topographic effect improves the fire extinguishing performance by
the first bursting balloon as confirmed in Figure 3, where the extinguishment
ratios by one balloon in the decentralized supply are higher than ones in the
centralized supply, if each balloon has the same volume of helium.

The other is cooperation of two balloons as seen in Figure 4.

In the trial, the two balloons did not burst at the same moment. The right
balloon first burst, and the left one then burst. The right one did not accomplish
extinguishment completely. The flame remained slightly after the burst of the
right one, and the remaining flame got larger with time. The flame was extin-
guished by the left one, before it grew up large enough not to be extinguished.
The cooperative effect increases fire extinguishing performance by the second
bursting balloon, as confirmed at the 2 L decentralized supply in Figure 3.

At last, let us discuss an optimal location of two extinguishers in the decentra-
lized supply. The three locations of the two linear actuators are evaluated as fol-
lows: 1) The higher the extinguishment ratio is, the better the location is. 2) If
the extinguishment ratios of two locations are same, the higher the extinguish-

ment ratio by one balloon is, the better the location is. The second is introduced,
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Figure 4. A cooperative extinguishment process by two balloons filled with 1 L of helium
for each. The photos were taken every 0.167 seconds, and they ordered from top to bot-
tom then left to right.

since flame extinguishment by one balloon produces a less amount of released
gas and a less environmental pollution than two balloons. It is seen from Figure
3 that the fire extinguishing performance is maximized when the relative angle
of is 180 degrees. The performance decreases, as the relative angle approaches to
0 degree. It is reasonable to consider that the optimal location derives from the
topographic effect. However, the optimality is not clear for the 2 L decentralized
supply, and it remains as an open issue that should be solved in the future by

more investigation.

4., Conclusions

This paper has demonstrated that the decentralized supply is more powerful
than the centralized supply in the following two senses: 1) Fire extinguishment
by the decentralized supply is more certain than the centralized supply. 2) The
decentralized supply requires less total amount of a fire-fighting agent than the
centralized supply for fire extinguishment. These two imply that the decentra-
lized supply reduces damage caused by both fires and fire-fighting processes.

The performance improvement can be explained by a topographic effect and a
cooperative effect. Although the experimental results have been given by the in-
ert gas capsule approach in this paper, it is supposed that the two effects do not
depend heavily on fire-fighting agents or approaches. Thus, the improvement of
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fire extinguishing performance can be expected to appear in other fire-fighting
agents or approaches, while the inert gas capsule approach was adopted for
flame extinguishment in this paper.

At last, an optimal location of two extinguishers has been investigated in this
paper, although additional discussion is required to make the conclusion certain.
It is conjectured that the fire extinguishing performance with two extinguishers
is maximized, when the two extinguishers are directed to a fire from opposite
sides of the fire. If this is true, the optimal location cannot be realized by human
for safety reasons. If two persons face each other across a fire and supply a
fire-fighting agent to the fire, then the supplied agent or the fire fanned by the
supplied agent may attack the fire-fighting persons. On the other hand, the loca-
tion can be realized by fire-fighting robots such as ones discussed in [11]. In ad-
dition, disposal fire-fighting robots [9] [10] are suitable for the optimal location.
The discussion on the optimal location of fire extinguishers may provide a new
reason for developing fire-fighting robots, especially disposal fire-fighting ro-
bots.
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