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ABSTRACT

Firefighters typically fight the fire from a safe distance for their protection, which
contributes to inefficient firefighting operations. As a result, firefighting robots (FFRs)
are integrated into firefighting tasks to increase firefighters’ work performance. The
power supply issue is one of the significant challenges when developing an FFR that
operates in the real-life fire scenario. Electrically powered-dc motors (DCPM) are the
most common power sources utilized for the mobility of the FFRs. However, the DCPM
performance is unreliable in a high-temperature environment that characterizes a real-
life indoor fire emergency. Therefore, this study aims to develop a carbon dioxide (CO>)
gas based propulsion system for FFR application. The CO2 gas based propulsion system
(CO2_PROS) is composed of a pneumatic (air) motor and a CO2 gas-power source. The
pneumatic motor is used as the actuator for the FFR system, while the CO2 gas (instead
of the conventional ‘air’) generated in-situ from dry ice within the robotic system is
used as the power source. The mass of dry ice (Mpi), is computed analytically using a
governing equation that was based on the ideal gas equation. With an air motor
consumption requirement of 33 Ipm, an operating time of five minutes, and supply
pressure to the air motor ranging from 14 psi to 22 psi, a volume of 165 liters was
computed as the required volume to efficiently power the proposed carbon dioxide gas
propulsion system for a selected FFR operating time. Previous studies that used the
phase change of carbon dioxide are limited to generating a high volume of CO2 gas from
dry ice without reference to the production rate of the gas. Thus such consideration
remains a design requirement for the efficient driving of a FFR. Based on the limited
data on the sublimation rate (SR) of dry ice, hot water is used as a catalyst in this
research. An experimental approach was employed to examine the design parameters to
investigate their effects on the system responses. Using a design of experiment
technique, a full-factorial design along with response surface methodology approaches,
Mopi and water temperature (Tw) were identified as the two influencing variables on the
SR of dry ice. The results obtained showed that higher Tw and Mp; leads to increased
SR, with Mpj having a higher effect on the SR. An optimal SR of 0.1025 g/s was
obtained at a temperature of 80 °C, mass of 16.1683 g, and sublimation time of 159.375
s. A prototype of the CO2_PROS power source, which is known as the dry ice power
chamber (DiPC), was designed and prototyped in this study. An experimental test rig
that integrates TONSON air motor with a prony brake arrangement was utilized to
examine the functionality of the prototyped DiPC. The air motor was powered with the
generated in-situ CO> gas and air at different periods. The performance of the air motor,
using air and CO as fluid media, was analyzed using the mechanical power output (Pout)
and efficiency produced by the air motor. The results showed that the Pout of the air
motor demonstrates the same trend when using air or CO> gas as its power source. In
both cases, Pout rises as the pressure increases when the torque is kept constant. The
result obtained is significantly lower than the estimated result of 110 W, because the air
motor did not perform as per the specification on its nameplate. This study, however,
established the use of CO» gas power source in firefighting robots. An air motor with
less internal losses could be used to achieve the expected power.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

1.1.1 Firefighting

Fire is a friend but turns a foe when uncontrolled. It becomes a disaster marked by heavy
human and financial losses (Shah, Shah, Mamtora, & Hapani, 2013), pollution, oxygen-
deficient environment, and elevated temperature when not controlled well. Besides
damage to life and property, firefighters are also prone to dangers owing to the high
temperature of the fire environment.

Consequently, firefighters sustain injuries such as burns, smoke and gas
inhalation, cut, heart attack, and thermal stress (Alan, 2011; McNeil & Lattimer, 2016).
Lack of details on information about the victims trapped in the fire and the situation in
the fire zone increases the risk to firefighters (Casbeer, Beard, McLain, Li, & Mehra,
2005; Chang, Kang, Cho, Kim, Jin, Lee, Jeong, Han, Jung, & Lee, 2006). Statistical
analysis of firefighters’ injuries and deaths reveal that 58,250 firefighter injuries
occurred during the year 2018 (Campbell & Molis, 2019). Out of this figure,
approximately thirty-nine percent of these injuries ensued from fire ground operations.
Firefighting, therefore, poses a high risk of personal injury to firefighters.

Conventionally, there are two methods of firefighting, namely, passive and
active methods. The passive technique involves the creation of compartments in the
design of the buildings, using fire-resistant materials such as concrete, fire-resistant
doors, and so on. This method is mainly to contain the fire from spreading. The active

approach makes use of devices such as portable fire extinguishers, fire hydrant and hose



reel system, wet and dry riser system, down-comer system, automatic sprinkler system,
automatic carbon dioxide extinguishing system, heat detectors, smoke detectors, flame
detectors, infrared barriers, manual station, and gas detectors, for extinguishing fire.
Nevertheless, firefighters are still exposed to dangers during firefighting missions.
They work around a high temperature that ranges between 250 °C and 1500 °C, for a
period which is known as “flash over” period in firefighting. The firefighters lack
detailed information about the victims trapped in the fire and about the situation in the
building. Sometimes this is caused by heavy smoke that leads to poor vision (Casbeer
et al., 2005; Chang et al., 2006). Consequently, the firefighters could as well become
fire victims, and as such, firefighting presents great risks of personal injury to

firefighters.

1.1.2 Mobile Robot Technology into Firefighting

The introduction and integration of mobile robots into firefighting tasks was developed
to lessen injuries of firefighters and increase their work performance, with a primary
objective of supporting and replacing the firefighters (Okada, 1988; Amano, 2002;
Saravanan, 2015). Hence, the birth of the firefighting robot (FFR) and quests to develop
FFR systems.

FFR technology research started around the early ‘80s. Research during the
period inclined towards: justifying the need for an FFR, figuring out the concept that
the FFR would assume (fixed, mobile, humanoid, snake robot locomotion) and
specifying the requirements for the performance of the FFR. All of these can be
summarized to include need identification, concept development, and the performance
requirement specification. For example, the study of Poole (1989), one of the earliest

research work in FFR developments, suggested firefighting tasks as one area of



application of robotic technology. Also, Todd (1985) conceived a walking locomotion
concept for robots in firefighting applications. McCloy and Harris (1986), in their study,
specified the ability to enter a fire hot spot as a performance requirement for any FFR.
Following the performance specification by McCloy and Harris (1986), Okada (1988)
recommended the ability to survive under a temperature of 400 °C for 30 minutes or
880 °C for 3 minutes as a performance requirement for FFR developed in Japan at that
time.
FFRs have been studied extensively with wide areas of application covering use

in high-rise building fires (Amano, Osuka, & Tarn, 2001; Jiang, Luo, & Li, 2013;
Gomez, Matson, Song, Baek, & Kim, 2015; Alshbatat, 2018; Liu & Hu, 2019), tunnel
fire (Siciliano & Villani, 2004; De Santis, Siciliano, & Villani, 2005; Celentano,
Siciliano, & Villani, 2005; De Santis, Siciliano, & Villani, 2008), petrochemical
industry fire (Lufeng & Daoling, 2002; Kim, Keller, & Lattimer, 2013; Varghese, Paul,
George, Ali, & Warier, 2018), security in an intelligent building (Park, Kim, Park, &
Kim, 2008; Sonsale, Gawas, Pise, & Kaldate, 2014), teaching and education
demonstrations (Seng, 2003; Reinhart, Khandwala, Shah, Young, Ross, Delica, Angus,
Burford, Lynch, & Pollard, 2003; Miller, Rodriguez, Allen, Makeev, Plew, & Schwartz,
2003; Dubel, Gongora, Bechtold, & Diaz, 2003; Altaf, Akbar, & ljaz, 2007; Bao,
Zhang, Wang, & Hu, 2007; Zhao, Tan, Wen, & Guo, 2008). Given the diverse
application areas, FFR can be classified (see Figure 1.1) by its:

e Operating environment

e Mode of operation, and

e Task performed

Going by the operating environment, a literature search revealed that FFRs are

found applicable in the indoor and outdoor environments. Thus, FFRs can be classified





