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Abstract: Interest in water mist fire suppression has increased within the fire protection industry due
to its ability to control the spread and development of fire without using environmentally damaging
agents. Water mist fire suppression has been used for many years in various applications such as
machinery spaces, combustion turbine enclosures, and onboard passenger sea vessels. Now there is a
demand to use this firefighting method to protect other fire risks such as cooking areas, commercial
buildings, residential buildings, electrical equipment, road tunnels, bushfire (wildland fire) protection,
and nuclear power generation facilities. To support this industry demand, this review covers the
fundamentals of water mist, its suppression mechanisms, areas of application, existing research and
development, and the codes and standards related to design. This comprehensive review provides
a clear history of water mist suppression. It is able to identify the issues and challenges related to
the technology to help pave the way for future research and development that will improve these
systems to a level so that they are suitable for these new applications and meet the industry demand
for nontoxic fire suppression systems.

Keywords: water mist; fire behaviour; fire suppression; fire protection; spray dynamics; fire compartment;
design codes; test protocols

1. Introduction

In the firefighting and fire safety industries, halon was widely utilised as a fire control
agent. However, such substances are not only hazardous to people but also damage the
ozone layer [1,2]. As a result, nations all over the world have prohibited their manufacturing
and usage since the end of the twentieth century [3]. In order to identify a substitute
for halon, effective and environmentally acceptable fire extinguishing technologies have
become a research hotspot in the field of fire safety during the last 20 years [3]. There is a
growing interest in using CO,, inert gas, and water sprinklers as replacements. However,
despite all efforts to substitute with alternative clean agents, the goal remains challenging
due to several constraints. For example, using CO, to control fire can displace oxygen in the
air and may be hazardous to human health [4]. Sprinklers are the most widely utilised fire
suppression system in many applications, such as buildings, owing to their demonstrated
efficacy in minimising the intensity of fire and fire spread beyond the fire origin. However,
there are worries that sprinkler systems might cause postfire water damage to structures
and equipment [5]. Furthermore, this suppression system has disadvantages in some
locations where water supplies are restricted and suppression is required in confined
spaces, such as ship fires and spaceship fires, among others [3].

Water mist fire suppression technology has been developed in recent years and is re-
garded as a prospective replacement agent due to its qualities of speedy fire extinguishment,
minimal environmental concerns, minimal water usage, and reduced water damage [1,6,7].
In the 1940s, the National Fire Protection Association (NFPA) Technical Committee de-
signed water mist systems for specialised purposes, such as passenger ferries [8]. In the
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1980s, the Manchester Air Accident and an International Maritime Organisation (IMO)
rule requiring the installation of fire sprinklers rekindled interest in employing water mist
systems to extend the tenability of space for the safe evacuation of passengers through
heat management and fire suppression [9]. Following the fire that killed 159 passengers
on the MS Scandinavian Star ferry on a route from Norway to Denmark on 7 April 1990,
the water mist fire suppression system gained prominence in the maritime and insurance
industries [10]. Since then, the application areas for water mist systems have expanded at
an exponential rate. The technology now has a wide range of applications in preventing
and dealing with historical building fires [7], tunnel fires [11], ship fires [12], nuclear power
plant fires [13], and explosion fires [9,14-17].

Water in the form of a mist has been found to be an efficient extinguishing agent,
and NFPA defines water mist as a water spray in which 99% of the water is in droplets
with diameters (Dy99) smaller than 1000 microns [8]. The development of fine water mist
systems offers a new water-based suppression alternative for many potential applications.
Figure 1 shows the typical fire water mist suppression system arrangements. Since the
fire-extinguishing mechanisms behind the water mist system are different from standard
sprinkler systems, researchers have focused their attention on investigating those mecha-
nisms required to suppress fire successfully [18].

Nozzle (water mist) Nozzle (water mist)

Cylinder system

v
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Figure 1. Water mist fire suppression general arrangement.

Various research studies have been utilised to experimentally and numerically examine
the effectiveness of water mist systems [2,3]. In particular, several researchers have exam-
ined the dynamics of the water mist system and the effects of different fire compartment
factors on the performance of water mist fire suppression [17,19,20]. To identify the future
development and direction of water mist fire extinguishing technology, as well as expand
its area of application, this paper summarises the latest research progress of extinguishing
mechanisms of water mist in fire suppression. It also discusses the influence of the spray
dynamics of water mist, such as water mist additives, operating pressure, water droplet
size, flow rate, nozzle K-factor, spray momentum, and spray angle on the effectiveness
of water mist as a fire extinguishing agent. The effects of ceiling height, ventilation, and
different dynamic mixing situations in fire compartments on the fire suppression process
of water mist are also discussed in this review. This review discusses how this existing
knowledge related to water mist system can potentially be used in new and emerging
industries and protect people and property from their associated fire risks. The study
also extends to existing design codes of water mist systems for different countries and
highlights how legislation and system approvals may be restricting potential applications
for this firefighting method. Various challenges are highlighted using current research data,
and finally, the paper concludes with various suggestions about the observed challenges
and issues.
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2. Water Mist Fire Systems
2.1. Methods of Generating Water Mist

Water mist is a water spray for which 90% of the flow-weighted cumulative volu-
metric distribution of water droplets (DV0.90) is less than 1000 um. This value is found
at the minimum design operating pressure and is measured in a plane 1 m from the
nozzle. NFPA 750 [8] defines three mist classifications within this 1000 pm window,
which are categorised as Class 1 (Dypgo < 200 um), Class 2 (200 pm< Dy g9 < 400 pm),
and Class 3 (Dyggo > 400 um). Three different operating pressures are suggested by
NFPA [8] to create these droplet sizes of water mist. The pressure ranges are low pres-
sure (pressure < 12.1 bar), intermediate pressure (12.1 bar < pressure < 34.5 bar), and high
pressure (pressure > 34.5 bar). Droplet size also depends on the discharge nozzle, which
significantly influences the production of the water mist spray. Three different types of
nozzles, impingement, pressure jet, and twin-fluid nozzles, are mainly used to create water
mist spray, as shown in Figure 2.

(a)

(b) (c)

Figure 2. Types of nozzles used to create water mist in water mist systems. (a) Impingement
nozzle [21]; (b) Pressure jet nozzle [21]; (c) Twin-fluid water nozzle [21].

2.1.1. Impingement Nozzles

Impingement nozzles, as shown in Figure 2a, are common in water-based fire suppres-
sion, and the operating principle is typical of such a fire sprinkler. A large diameter orifice
allows water to flow from the nozzle and impact with a deflector that impinges the flow.
The deflector is designed to break up the high-velocity flow and create a flow of smaller
water droplets. Impingement has been used to generate coarser mists of Class 2 and Class
3 to be used on low- and intermediate-pressure systems.

2.1.2. Pressure Jet Nozzle

Pressure jet nozzles consist of smaller-diameter orifices or swirl chambers, as shown
in Figure 2b. A high-velocity jet of water flowing through the nozzle creates a thin jet
of water that become unstable with discharge into the atmosphere and disintegrates into
fine droplets. Pressure jet nozzles are used across low-, intermediate-, and high-pressure
systems and can create Class 1-type mists below 200 pm. Multi-nozzle heads are common
for this type of nozzle to increase the spray cone angle.
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2.1.3. Twin-fluid Nozzle

Twin-fluid nozzles, as shown in Figure 2c, are designed to operate with water and
compressed gas (typically air or nitrogen). This design has two inlets into the nozzle
chamber where the high-pressure gas atomises the water before discharging into the
atmosphere, with further agitation causing water droplets to break down further. The
water and gas inlet lines operate at different pressures; typically, both are below 12.0 bar
and within the low-pressure range. These systems can produce a finer water mist of Class
1 and Class 2 sprays. The use of nitrogen in a twin-fluid system can also add additional
fire suppression performance by improving the primary suppression mechanisms of water
mist systems.

2.2. Fire Control and Suppression Mechanisms

It is widely agreed that fire can take many forms involving chemical reactions between
combustible species and oxygen. A common simplification often describes the combustion
process of fire using the fire triangle (or tetrahedron), where the inputs are fuel, oxygen,
and heat/ignition (and chemical reaction). Most fires involve combustible solids, although
liquid and gaseous fuels are found in many industry sectors [22]. When in the appropriate
conditions, these fuels will react with the oxygen in the air, generating combustion products
and releasing heat. This heat acts as a continuous ignition source for surrounding fuels,
which maintains the continued combustion process of the burning fire. Water mist fire
suppression mechanisms work to inhibit this burning process using three main mechanisms
(heat extraction, the displacement of oxygen, and radiation attenuation) categorised into
primary and secondary mechanisms (Figure 3).

Oxygen,
Fire ,

Heat extraction
& displacement of
oxygen

Radiation

attenuation

Figure 3. Fire suppression mechanism of water mist.

These suppression mechanisms work by removing two sides of the fire triangle by
reducing the oxygen in the atmosphere and reducing the heat output that feeds the contin-
uous ignition of additional fuel sources. In the primary mechanism, heat is extracted to
cool the fire plume and wet/cool the fuel surface, and then oxygen is displaced and diluted
by blocking it from the fuel sources. In this stage, the water mist expands faster due to the



Fire 2023, 6, 40

5 of 37

faster vaporisation and cools the hot gases in the fire area. In the secondary mechanism,
expanded water mists block the radiant heat transfer to the surrounding fuel surfaces.

2.2.1. Heat Extractions

Water is widely used as an extinguishing medium for fire because of its ability to
cool flames, burning fuel, and the surface of surrounding fuels not yet involved in the
fire. Water can absorb a significant amount of heat due to a high heat capacity of approx-
imately 4182 J/kg °C and high latent vaporisation heat of 2260 k] /kg [23]. A flame will
be extinguished if its temperature is reduced below its critical temperature. This critical
temperature can be determined using Equation (1) [24].

(Tt max — Tis)m
Tf,crit = Tf,max - o og 2
Mfs — <7)

)

17mf; -r
where T . is critical flame temperature (°C) below which the flame will extinguish, T¢ nax
is theoretical flame temperature (°C) assuming no heat losses to the surface, T is the
surface temperature of the fuel-fire point temperature (°C), mog is the mass fraction of
oxygen in the atmosphere, g is the mass fraction of fuel vapour immediately above the
liquid surface, and r is the stoichiometric ratio (mass of O, required to burn a unit mass
of fuel).

Water has also the ability to extinguish fire by cooling the burning fuel below its fire
point by removing heat from the fuel surface (Figure 4). Fuel cooling by water mist is
primarily due to heat removal during water conversion to steam. This heat removal rate
per unit area can be estimated using Equation (2) [6].

Sh = (Hf - Af)mb +Ra—Rs (2)

where Sy, is the heat removal rate per unit area (kJ/ m?.s), Hy is convective heat transferred
from flames per unit mass of fuel (k]J/kg), At is the heat required to produce a unit mass of
vapour (kJ/kg), my, is the burning rate per unit area (kg/m?.s), R, is heat transferred to the
fuel surface (k] /m?.s), and R; is heat lost from the surface (k] /m?.s) not included in Ay.

=

Nozzle

— Water mist
00

¢ Vaporisation

Oxygen o Flammable gases
o Water mist vaporisation

Figure 4. Heat extraction and water displacement of water mist system.
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When the water is converted to steam and extracts the heat, it is also contributing
to the displacement of oxygen within the combustion zone. The critical extinguishment
concentration of water mist surrounding a diffusion flame ranges from 100 to 200 g/m?.

2.2.2. Oxygen Displacement

Reducing oxygen from a fire has long been used as a reliable fire suppression method
(Figure 4). When a water mist system is discharged locally onto a fire or within a fire
compartment, the small water droplets are heated and transformed into steam. When
this vaporisation of water occurs within the flame zone, the volumetric expansion can
disrupt the entrainment of oxygen into the flame and significantly reduces the oxygen
concentration in a compartment [25]. Water mist systems achieve oxygen displacement
by producing excessive amounts of steam. The water mist droplets tend to be evaporated
before reaching the fire flame, and the evaporated steam causes O, displacement and
contributes to the suppression of the fire [19]. When the water spray penetrates the fire
plume, the vaporising water expands to 1600 times its liquid volume [6,26]. This volumetric
expansion distributes the entrainment of oxygen into the flame and dilutes the fuel vapour
available for combustion. This contributes to the suppression and extinguishment of the
flame by diluting the vapour below its fuel-oxygen mixture flammable limit for the given
fuel source (removing the chemical reaction required).

The impact of oxygen dilution by water mist is dependent on the properties of the fuel.
The minimum amount of oxygen concentration required to support combustion varies
depending on the fuel source. Oxygen typically makes up 21% of the air in naturally
low atmospheric conditions and is the baseline oxygen concentration for a typical fire.
Hurley [25] explained that smouldering and flaming fires need to be below 10% and
16% O, concentration, respectively, to be smothered. Xin and Khan [27] investigated the
limiting oxygen concentration (LOC) in which a fire will reach extinction. Table 1 shows
the LOC percentage of various liquid and solid fuels, which varies from 11% to 15% O,
concentration. Mawhinney et al. [28] and Liu et al. [29] explained that the hot layer of
gases in a fire compartment is rapidly cooled by its first contact with water mist and
forced down by the spray to the seat of the fire. This is known as turbulent mixing and
contributes to extinguishment through oxygen depletion. This increase in water mist
particles surrounding the flame also inhibits the spread of fire through the attenuation
of radiation.

Table 1. Limiting oxygen concentration at fire extinction [27].

Material Extinction (O,) (% vol.) Material Extinction (O5) (% vol.)
Liquid Fuel Solid Fuel

Unleaded gasoline (dish) 12.48 Polyethylene (low density) 11.39
Methanol (dish) 11.64 Polystyrene (high density) 11.21
Methanol (wick) 12.33 PMMA 10.48
Ethanol (dish) 12.40 Red oak 12.26
Ethanol (wick) 13.35 White maple 14.66
Corn oil (dish) 12.29 Corrugated paper (tri-wall) 12.86

Corrugated paper (single layer) 12.94

Kraft linerboard 12.33

2.2.3. Radiation Attenuation

Water mist can prevent fire spread by acting as a thermal barrier to inhibit heating by
radiation from the burning fuel to nonburning surfaces surrounding the fire (Figure 5). A
substantial amount of heat released from flames is transmitted by radiation during typical
fire scenarios. This is a form of energy travelling as electromagnetic waves through a
material or space [22]. During a fire, surrounding materials absorb, reflect, or transmit this
energy, which increases the temperature and initiates pyrolysis. Kashiwagi [30] described
the pyrolysis mechanism of a solid material that causes fuel vapour to be released. The
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Oxygen

Preventions of /

fresh air entrance

to the fire

fire spreads as these volatile vapours are ignited by travelling embers or from direct flame
contact. Balner [31] described how water droplets prevent the transmission of radiant heat
due to the absorption and scattering of thermal radiation. This is known as attenuation
(Planck mean absorption coefficient) and is described as the blocking effect [22]. This
absorption coefficient of materials has a direct relation to its ability to absorb radiation and
heat energy. Figure 6 shows the high absorption coefficient of water (HyO) compared with
other gases at various temperatures [25].
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Figure 5. Attenuation of thermal radiation by a water mist system.
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Figure 6. Planck mean absorption coefficient for various gases [25].
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To prevent the heating and ignition of a nonburning surface fuel by radiation, water
droplets also wet the surface. The minimum water flow required to prevent the ignition of
these surfaces can be calculated using Equation (3) [25].

Fm exox¢x(Tp—T) —L
As_ Hvap

®)

where F, is the minimum water flow rate (m3/s), As is the fuel surface area (m?), ¢ is
emissivity of the radiator, ¢ is the Stefan-Boltzmann constant (5.67 x 1078 W/m?K*), ¢ is
the view factor of the fuel bed, T; is the mean absolute temperature of the radiation source
(K), Ts is the mean absolute temperature of the surface (K), L is the critical radiation intensity
required for piloted ignition (kJ/kg), and Hyap is the heat vaporisation of water (kJ/kg).

The performance of a water mist system in a fire depends on its ability to achieve these
three suppression mechanisms: (1) removing heat from the gases, (2) the displacement of
oxygen by water vapour, and (3) the attenuation of radiation by water droplets. Under-
standing these mechanisms has led to various water mist system applications for common
and unique fire hazard types across multiple industries.

3. Applications of Water Mist Systems

Water mist systems have been proven to perform in many applications, such as
enclosed compartments; open air; and large, well-ventilated spaces [25]. In addition, water
mist systems are also used as a fire protection method in many applications for industrial
facilities, commercial buildings, electrical equipment, residential buildings (including
bushfire protection), transportation, tunnels, and explosion hazard mitigation (Figure 7).

Pow i:l fﬁinne;:tlon Transportation Nuclear power Cooking area Residential

generation building

|
e
| |

Machinexy spaces Electronic equipment Road tunnel Explosion hazard Commercial

mitigation building
Figure 7. Common applications of water mist systems.

3.1. Machinery Spaces

In recent years, water mist has emerged as an alternative suppression medium over
CO, and halocarbon gaseous agents in machinery spaces for its ability to remove heat
from hot surfaces without environmental impact. Machinery spaces such as large engine
rooms on a ship or within a manufacturing process facility create flammable liquid hazards
in the form of liquid fuel and lubricating and hydraulic oils. A ruptured hydraulic line
can create fuel spray fires or liquid pool fires if the hot engine components ignite. There
are many different test protocols established by IMO, Underwriters Laboratories (UL),
and Factory Mutual (FM) related to machinery spaces for various fire scenarios that may
occur in machinery spaces. These test fire scenarios are for various fire types, fire sizes,
compartment obstructions, fuel types, ignition sources, compartment sizes, and ventilation
conditions. The recent studies completed by Jeong et al. [28] and Choi et al. [32] applied
water mist to engine diesel generators, shipboard engine rooms, and machinery spaces
following IMO test protocols and found that water mist can effectively extinguish various
fires, including spray fires, pool fires, and cascade fires that may occur in machinery spaces.
A larger fire within the machinery space relative to the compartment size is easier to
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extinguish due to the larger amount of steam generated to displace the oxygen. According
to these studies, using water mist to protect machinery spaces from fire is a preferable
option. The quantity of water mist test protocols that are written specifically for machine
space protection supports this use. The industrial environment is constantly changing as a
result of new technology, so it is crucial that fire protection techniques such as water mist
adapt as well to account for these new risks.

3.2. Power Generation Turbines

Turbine enclosures are seen as another type of machinery space, except the potential
fire sources differ. The fire source in a turbine enclosure is mainly limited to the turbine
itself and the associated fuel line. Water mist suppression is well suited for protecting
turbine enclosures for its ability to extinguish fire rapidly and efficiently while producing
minimal thermal shock and corrosion damage, post-fire clean-up requirements, and nega-
tive environmental impacts. A requirement of the FM Global Test Protocol 5560 approval
for turbine protection is that the cooling of the turbine casing will not result in damage
to the turbine blades. To overcome this, manufacturers have incorporated the cycling
discharge method, which sprays momentarily on—off pulses to reduce the rapid cooling of
the casing and still extinguish the fire within the required time [25]. Liu et al. [33] and Liu
and Kim [6,34] established that cycling mist discharges into an enclosure resulted in a faster
extinguishment and used less total water when compared with continuous applications.
The increase in the compartment temperature during the off cycle of the water mist allowed
for the evaporation of suspended droplets and the growing fire to further consume oxygen
in the compartment. Once the water mist on cycle was reintroduced, it produced further
cooling and turbulent mixing. The cycle is repeated until extinguishment is successfully
achieved. This requirement makes turbines one of the more difficult fire hazards to protect
effectively. Cycling discharge methods for turbines should be tested for other applications
and fire risks to determine if the benefits can be applied to other fire risks. Because power
generation is an expensive process with numerous potential safety hazards, fire protection
methods are critical to turbine operators and insurers. Water mist has proven to be an
effective method of fire suppression, but it will require ongoing research and development
as new methods of power generation and storage are established. Water mist must be
suitable for electrical equipment in order to be used in the power generation industry.

3.3. Electrical Equipment

Halon and CO; gas agents are known methods for protecting electrical equipment
from fires. There have been concerns regarding the use of water mist suppression as a
replacement for halon and CO; because of the electrical conductivity of the water causing
damage or creating a risk of shock to personnel. Through various studies, water mist
has since been proven to be a feasible protection method for electrical equipment in
computer rooms, datacentres, and electrical switch gear cabinets [35-37]. Fires within these
environments are typically slow-growing, where burning plastic-coated cables and circuit
boards spread corrosive smoke. These studies showed that water mist could effectively
extinguish fires without introducing any major electrical leakage across circuits or creating
any critical damage to the equipment. The operation of the equipment remained unaffected
during and after the studies. Water also proved to be superior to gas suppression for
its ability to cool hot cable fires and avoid the reignition of plastics [38]. These findings
show that water mist can be used safely in various applications, including control rooms
for vital machinery or data storage facilities. Water mist suppression can do this as an
environmentally safer alternative to previously used gases, which contribute to ozone
depletion. Many industrial facilities place a high priority on the protection of this equipment
to ensure fire safety in their normal operations. The ability to control fire with minimal
water damage to the protected area also makes water mist an attractive alternative to
fire sprinklers.
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3.4. Transportation

Water mist is commonly used across many forms of transportation systems because it
requires minimal water storage and is lightweight compared with other alternatives. Water
mist fire suppression has been tested and approved for use on passenger ships, cargo ships,
freight aircraft, military aircraft, road vehicles, and heavy machinery vehicles. In the 1980s,
many lives were lost onboard during passenger ferry fires, leading to the International
Maritime Organization (IMO) regulating sprinklers on all ships capable of carrying 35 or
more passengers [25]. Due to the complexity of adding sprinklers to existing ships not
designed for the weight and additional space required for the system, there was a large
push in research and development to find a system equivalent to sprinklers that could
be fitted. Testing showed that the water mist system was more effective at extinguishing
shielded fire when compared with conventional sprinklers and provided equivalent or
better protection for small cabins [39]. The system should be designed specifically for each
fire compartment and risk. Most maritime authorities worldwide will accept a cabin water
mist system that meets the IMO test protocol.

The cargo area of ships presents a large fire hazard due to the dense fuel loads within
the compartment. Large-scale tests conducted by the Technical Research Institute of Sweden
found that roll-on-roll-off (ro-ro) cargo decks on ships could be protected using a water
mist system, which provided an increase in flow rate when compared with traditional
water spray systems [40]. The system was effective for direct applications, though the
system could not extinguish shielded fires when covered by shelving.

Water mist has also been tested for cargo fires on large aircraft. Full-scale testing was
conducted by the Federal Aviation Administration [41,42] to determine if water mist is an
alternative to halon on aircraft cargo fires. These fires are typically deep-seated, involving
a wide variety of fuels. The tests showed that for water mist to be effective it required a
high-pressure discharge where it could control a fire for up to 90 min. The performance
objective for aircraft cargo fires is to control the fire for 180 min to allow for a safe landing
before evacuation [38]. Water mist has not yet been proven to be an equivalent alternative
to halon fire suppression on cargo or military aircraft, and, therefore, there will be an
exception for the use of this ozone-depleting gas in the aviation industry until an effective
substitute is found that meets the lightweight suppression requirements for aircraft safety.

The performance requirements for ground transportation are less onerous, and water
mist has been used as a protection method for transport trucks, military combat vehicles,
and heavy industrial machinery such as mining trucks and equipment [38]. Water mist
is used to suppress diesel vehicle engine fires in a similar way as it is to suppress large
industrial engine room fires. This research has significance because every type of trans-
portation vehicle requires low-profile fire protection equipment. The equipment cannot
significantly reduce the amount of space that can be used for cargo or passengers and must
be installed within aircraft, sea vessels, and road vehicles without adding extra weight that
reduces travel distances and increases fuel consumption. Comparing water mist with other
fire suppression techniques, such as sprinklers, it can be said that water mist belongs to
the category of low-profile equipment. The world is moving towards more freight due to
import trade and online shopping, which requires support from the fire protection sector
in the form of ongoing research and development. In big cities with a growing population
and commuter problems, transportation safety is a crucial issue.

Burn-over protection for firefighting vehicles used externally for bushfire (wildland
fire) purposes in Australia has recently incorporated cabin and vehicle spray systems for
the protection of occupants and could have wider applications using mist systems (AFAC,
2021). The role of misting systems would need to be assessed in the context of wind
conditions before using finer mists than those applied at present.

3.5. Road and Rail Tunnels

Water-based fire protection was originally discredited for use in tunnels until a series
of serious highway and rail tunnel fires occurred between 1995 and 2005 [25]. This led
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to the development of water mist systems for road tunnels being one of the most active
research areas. Fire tests carried out in Switzerland [43] involved burning passenger cars
arranged to simulate an accident involving three (03) vehicles in a tunnel. The activation of
the water mist system was able to control the burning of the three (03) vehicles and keep
the fire from spreading to the adjacent vehicle until the fire consumed all the fuels available
within the three (03) controlled cars. As fuel tanks were ruptured, the water mist was able
to easily extinguish the burning liquid fuel and cool it as it spread across the roadways.
Tunnel safety researchers claim that water mist also improves visibility within tunnels
during fire scenarios and assists in safe evacuation [15,43]. The research is in furtherance
of using water mist in road tunnels. As tunnel construction varies, it is crucial that it be
used in each individual case. To prove its effectiveness in conjunction with other protection
systems, such as extraction exhaust fans or fire detection techniques, research and testing
need to be conducted. Current research on fire protection in tunnels is intense, and more
studies on the use of water mist should be conducted.

3.6. Nuclear Power Generation

Fire protection systems for nuclear powerplants are designed with the concept of
defence-in-depth. This involves fire prevention, rapid detection and suppression, and
safe shutdown capability [40]. Ha et al. explained that water mist fire extinguishing
systems are a very good candidate for protecting safety shutdown equipment in fire
compartments because the application of water spray needs to be restricted [44]. Several
recent studies were conducted to apply water mist systems to nuclear powerplants, typically
in emergency diesel generator rooms or the electrical rooms of a reactor [9,13,45]. The
findings were similar to existing research on water mist suppression in power generation
and industrial occupancies. Nuclear power is often considered when discussing alternative
energy generation methods. It is critical that fire suppression is performed safely if nuclear
power is to be considered for use. Water mist fire protection should be investigated if
it can improve nuclear powerplant safety. It may be useful for other aspects of nuclear
power safety.

3.7. Explosion Hazard Mitigation

Hazardous explosion areas created by airborne gases can become extremely dangerous
if ignited [17]. Water mist discharge into an unconfined environment with high momentum
can entrain air into a gas cloud and dilute it below its lower flammable limit, reducing
the potential for ignition and explosion. If ignited, during the explosive ignition of a gas
cloud with a high flame speed and a shockwave, the spray/mist can reduce deflagration
pressure and possibly extinguish the flame. The shockwave breaks up the droplets into a
micro-mist that can quickly evaporate to absorb a significant fraction of the combustion
energy released during the deflagration. To be effective, water mist must be produced at a
smaller droplet size of around 1 pm, which is smaller than what is seen to be achievable
for the existing water mist products for fire suppression that have been reviewed [46,47].
During this literature review, there was little research found on this topic. It appears to be
an intriguing application that should be further developed.

3.8. Cooking Areas

Commercial and industrial cooking oil or fat fryers are difficult to protect from fire
due to their high temperatures and ability to reignite easily [45]. In order to extinguish
the fire, the entire surface of the oil must be suppressed simultaneously with the rapid
cooling of the oil to prevent reignition [45]. Due to the chemical additives consistent in
most fire suppression systems not being appropriate for the food production industry, there
are limited options for protection. A common method is carbon dioxide (CO,), which can
extinguish flames across the oil surface but is not able to cool the oil sufficiently and prevent
reignition. Water mist has demonstrated good fire extinguishing and oil cooling capabilities
for these fires [6,46—48]. Specifically, research by Liu et el. in 2006 [45] found that water
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mist effectively extinguished a large industrial oil fire and cooled the hot oil to prevent it
from reigniting regardless of the oil depth. According to our literature review, water mist
for oil fat fryers appears to have a significant advantage over alternative methods (such as
foams). It is clearly a strong option because there are minimal methods for suppression
that are acceptable for food processing. More food processing facilities are being built in
metropolitan areas to allow for quick delivery to consumers, as the popularity of mass
production of “ready-to-eat meals” has grown in recent years. Large fryer converters
require fire protection in these facilities. Water mist should be researched further to see
if it can be used on these conveyor-type fryers to protect the equipment and the people
working around them. The primary motivation for fire protection is to protect people, so it
is crucial to investigate the use of water mist in commercial structures as well.

3.9. Commercial Buildings

Water mist systems have been developed and used in commercial buildings, with
FM Global and Underwriters Laboratories (UL) having test protocols for Light Hazard
and Ordinary Hazard I and II, which are commonly protected by sprinkler systems. A
water mist suppression system’s ability to suppress a fire and maintain minimal water
damage to the protected area makes it an attractive option for protecting areas such as
libraries, archives, heritage buildings, and museums [21,46,49,50]. Milke and Gerschef-
ski [51] completed fire testing for library settings with shelving-type storage and book
vaults for sensitive archives. A total compartment application was able to control the fire
damage to the documents and extinguish shielded fires using 30% of the amount of water
compared with a traditional sprinkler system. No damage occurred due to water, and only
a minor amount of discolouration of documents was observed from smoke if stored closest
to the shelf flue near the fire. It was noted that the water mist could not control the fire
without discharging within 100 s of ignition. Sprinklers have been proven to be a reliable
fire protection strategy in commercial structures. Before the industry switches from using
standard sprinklers, the advantages of water mist systems over sprinklers would need to
be further proved. Although more testing needs to be performed, water mist suppression
has potential as an alternative.

3.10. Residential Buildings

Water mist can be suitable for residential occupancies in areas where water supplies
are limited [52]. Fire testing on water mist in bedroom and kitchen fuel fires has found
that water mist can control a fire with up to half the water required for a typical residential
sprinkler [50,53,54]. The use of water mist as an alternative to sprinklers is limited by its
reliability and cost [38]. Water mist systems, in combination with other life safety systems
such as smoke detection, fire alarms, and passive systems, have been used in residential
buildings [7]. These systems are used to mitigate the risk of life loss, protect areas where
occupants are housed, increase tenable conditions where extended emergency exit travel
distances are present, and protect high-value items or historic features of the building [54].
The use of these systems in residential buildings is limited by the information available for
experts and approval authorities to apply and review. Aspects such as reliability, real fire
historical data, and long-term maintenance requirements are largely unknown. There is a
need for more research and development to enhance the understanding of these systems
and how they can be used in all applications.

A further consideration is the protection of external building elements arising from
bushfire events. For this application, consideration will need to be given to the “design
bushfire” conditions, including ambient wind, when considering droplet sizes. The location
and design of nozzles may need to be further researched in the use of misting systems for
“real-world” bushfire protection purposes.
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4. Research and Development on Water Mist Systems

Water mist suppression research can be completed using various methods including
real fire testing experiments and computational numerical modelling. The literature on
water mist systems consists of various experiment methodologies, including small-scale
and large-scale fire testing. Small-scale experiments are typically conducted using minimal
resources. They can be run in a timely fashion and repeated easily to obtain fast results
compared with large-scale experiments. A typical example relating to fire water mist
experiments would a laboratory-controlled test using one spray nozzle to suppresses a
small pool fire. Large-scale experiments can be very costly, require copious amounts of
planning and coordination, and are typically difficult to repeat. For example, completing
a fire suppression test inside an aircraft hangar or warehouse building using multiple
water mist nozzles discharging at the same time. These are enclosure fire tests, which
are also recommended by different standards [50,55] and can be used for commercial and
residential buildings. The studies reviewed here have been a combination of small-scale
and large-scale experiments. The studies found in the literature have identified that the
primary design parameters of a water mist system are the spray dynamics of the discharge
nozzle and the compartment in which the system is installed. The research findings in
the reviewed literature have been summarised in Table 2 by categorising the key system
parameters and are further discussed in this section.

Table 2. Experimental and numerical research on water mist suppression.

Key Parameter Findings Methodology
e  Extinguishing performance improves with the addition of E
0.2 multi-component (MC) additive. [18] E
Suppression additives Pure water failed to extinguish the fire in 37.5% of test scenarios, whereas 0.2
bp MC additive only failed in 30%. [18] E

o  When firefighting additives are introduced, the effectiveness of water mist is
significantly improved. [7]

Operating Pressure

e  Anincrease in discharge pressure has a positive impact on the extinguishing E
performance of the finer mist system and a negative effect on the courser
mist system. [45] E
e Inoil cooker testing, the faster extinguishment time was at a discharge E
pressure of 689 kPa. [45]
e  Extinguishing performance was determined by the type of water system, E
discharge pressure, and hood position for oil cooker fire testing. [45] E
e  High water mist operating pressure results in better mixing of the air and
fuel vapour. [52] E
e A high discharge pressure of 7000 kPa introduces a peak in HRR and CO, EEE
concentration before extinguishing the fire faster than the operating pressure
of 4000 kPa [56]. E
e  Fire suppression time decreased by increasing gas pressure to 8 bar for
twin-fluid systems. [57] E
e  Anincrease in operating pressure could increase the suppression E

performance for the lower discharge densities. [40,45,52,58].

e  The high-pressure mist was better at reducing the convective heat release
rate compared with water spray for the shielded fire [40].

e Nozzles with the highest operating pressure provided the fastest fire control
[40,52].

e  There is a limit in which fire cannot be extinguished if pressure is too low. [59]
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Table 2. Cont.
Key Parameter Findings Methodology
An inflow zone is created where the air is sucked into the spray’s low-pressure N,E
centre, transporting large droplets at low velocity to the centre of the spray [19,25].
A transition zone occurs where spray collapses and a large spread in droplet N,E
sizes is seen [19,25]. N,E
A turbulent zone occurs with a uniform droplet and velocity distribution
across the spray [19,25].
Critical cooling is achieved at two optimum droplet ranges of N
100-250 micrometres and again at 550-1000 micrometres. The range between E/N
. 250-550 micrometres is not small enough to rapidly evaporate and displace
Water Droplet Diameter oxygen nor are the droplets big enoug}%to pengtratye anc{) cool the ﬂams [19]. N
The presence of a solid wall in the vicinity of the spray influences the
distribution of water droplets [29]. E/N,E
Fire extinguishment time was reduced by decreasing the droplet size to
50 micrometres for a large warehouse simulation [60]. E
Systems with a smaller droplet size of 100 micrometres had better
performance regarding extinguishment time [9,61].
Water droplet diameter decreases with a decreasing water flow rate and
airflow rate for the twin-fluid system. [62]
Suppression time decreased as the flow rate was increased for ceiling E,EE
injection [40,52,63]. EE
Suppression time increased as the flow rate increased for side wall E,EE
injection [52,63].
The liquid gas mass flow rate is increased with increasing gas operation
pressure, while the liquid mass flow rate is exponentially decreased with the E,EE
increasing gas-liquid flow for twin-fluid systems [56,62,64].
Fire suppression performance is best at an optimal flow rate between EE
1-1.7 L/min. In the same way, there is an optimal flow rate that will not
suppress the fire around 0.6-1 litre/min [25,52,62]. E
Flow Rate Fire suppression can be improved by decreasing the flow rate and the spray
angle and increasing the water discharge duration [5,52]. E
The restraining effect of the flashover and the fire improved with the increase
in the water mist pressure and flow rate [63]. E
The dominant factor affecting the decrease in heat flux is the flow rate [63]. E
Fire suppression time decreases as a result of increasing water mist flow rate
injection for some experiments.
Water droplet diameter decreases with decreasing water flow rate and
increased airflow rate [62].
The velocity of the spray decreased with a decrease in the supplied air flow
rate for twin-fluid systems [62].
Water mist with a large spray angle and finer droplets had better performance E
for oil hood cooker fires [45].
Fire suppression can be improved by decreasing the flow rate EEE
S and the spray angle and increasing the water discharge duration [5,25,45].
pray Angle Too small les result in large flux intensity. Too | I E
oo small spray angles result in large flux intensity. Too large spray angles,
such as 120 degrees, can be inefficient in fire suppression [45].
The large orifice/droplet size typically resulted in a large water spray angle, E
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Table 2. Cont.

Key Parameter Findings Methodology
e  Suitable configurations for nozzles lead to greater suppression E
performance [65]. E
e  The water droplet diameter increased at a greater distance from the vertical E
axis of the nozzle [6].
e  Greater aerodynamic drag exists at a greater distance from the vertical axis of E
Nozzle Height the nozzle. Velocity increase is minimal in this area [65]. EEE
e  The position of the flame as droplets hit the flame played a role in the
extinction behaviour [66]. E

Extinction time was higher for a higher vertical distance of nozzles [12,64,67].
Extinction time was increased with the increase in the pool fire size and was
unsuccessful for the largest pool fire tested [64].

Compartment Size
and Ventilation

Suitable configurations for nozzles lead to greater suppression performance [64] E

° Changing the aspect ratio and the opening ratio of the door opening affected E/N
the maximum value and reduction rate of the heat release rate due to the
flame displacement effect [9].

Note: E—Experimental research involving fire testing; N—Numerical research involving a Fire Dynamic
Simulator (FDS).

4.1. Spray Characteristics

The ability of a water mist system to extinguish specific fire types is affected by water
mist additives, nozzle discharge pressure, water droplet size, flow rate, nozzle K-factor,
spray momentum, and spray angle.

4.1.1. Effect of Different Water Mist Additives

Additives alter the viscosity of the suppression agent and, ultimately, the spray pattern
and suppression performance. Different additives have been tested with water mist to
achieve different objectives [17]. Additives, such as aqueous film-forming foam (AFFF),
showed improved effectiveness for hydrocarbon pool fires [48]. Additives can be used to
avoid the freezing of storage water in colder climates and have been found to improve the
effectiveness of systems [68-70]. Adding nitrogen and other inert gases to the water mist can
increase firefighting capabilities, leading to the development of twin-fluid systems [71,72].
Cong and Liao [18] studied the effects of suppressing liquid pool fires (Figure 8) with three
separate firefighting additives: sodium bicarbonate (NaHCO3), multi-component agent
(MC), and aqueous film-forming foam (AFFF).

Exhaust A

Pressure reducing

Nozzle
Thermocouple

Ej\% ;)(tamete @
Valve E Glass wall

=1

A

II‘41_
Fuel pan \ (N g

CCD

I — >
Fuel supply | Holder <)y Air entrance

Figure 8. Schematic of liquid pool fire with water mist system additives experimental apparatus [18].
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Each additive proved a slight increase in the suppression time compared to pure
water. Figure 9 (a-b) shows the greatest improvement due to liquid additives was the AFFF
when suppressing hydrocarbon fires such as diesel from the foam, forming a thin layer
of fluorinated surfactant on the liquid pool surface. Fluorinated firefighting foams, such
as PFAS, being harmful to human health has led to their ban in most of the world. Foam
and other additives are not commonly found in water mist suppression systems as they
typically rely on water as the suppression medium, and its performance is controlled by
other parameters such as the discharge pressure.

Extinguishing time (s)

0

130 —
B Dissel g e % (v/v) MC additive
B Gasoline :: s
W Ethanol 5 104 _ Pure water
s
g
c.si 78
g
Q
- 52
(]
Q
S
5 26
wa
S
5% (m/m) 3% (v/v) 3% (vv) MC 0 50 100 150 200 250
NaHCO, AFFF Time from ignition (s)
(a) Effect on extinguishing time (b) Effect on oil surface temperature

Figure 9. Liquid pool fires suppressed by water mist with additives [18].

4.1.2. Effect of Different Operating Pressure

Yinshui et al. [20] and Lui et al. [29] each suggested that an increase in the operating
discharge pressure of water mist nozzles contributes to the reduction in the fire extinguish-
ment time. One key reason is that the higher operating pressure of the water mist system
results in a stronger penetration into the flame zone. This contributes to the displacement
of flammable mixtures in the flaming region for better suppression and reduces the risk of
backdraft. The increase in pressure also results in a decrease in the water droplet size, as
shown in Figure 10. It is known that a smaller water droplet size is one of the main drivers
of water mist suppression performance.
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Figure 10. Discharge pressure effect on water droplet size [20].
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4.1.3. Effect of Different Water Droplet Sizes

The effect of water droplet sizes has been investigated by different researchers [19].
It has been noted that water droplet size is the main contributor to water mist system
performance [19,45]. As droplet size is reduced below 1000 um in diameter, it significantly
improves extinguishment time, as shown in Figure 11.
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600 _‘ ;:;; B Rapid cooling T Stabilizing d
~ 500
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= 300
5
o, 200
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Figure 11. Time histories of temperatures for various spray nozzle droplet sizes [29].

Rapid cooling is the result of a large amount of evaporation generating steam. This
steam contributes to the O, displacement and radiation attenuation, which are water mist
suppression mechanisms. Figure 12a highlights the O, concentration reduction when
comparing water droplet diameters of 100 um and 1000 um. Ferng [19] observed the
critical cooling time for different water mist droplet sizes between 100 um and 1000 pm
and found that performance was better at either end of the scale, as shown in Figure 12c.
The effect of droplet size on the temperature reduction and extinguishment time is shown
in Figures 12b and 13 to provide examples from different experiments. For a smaller water
droplet size closer to 100 um, the fire is extinguished by rapid evaporation, causing O,
displacement and surrounding gas to cool. On the other end of the scale, closer to 1000 pm
in regions II and III, the increased droplet size has greater mass and momentum to directly
penetrate the flame region before evaporating. This phenomenon directly cools the burning
fire surface and can provide a similar critical cooling time compared with other suppression
mechanisms. This finding highlights that it is important for a water mist system to achieve
an effective droplet diameter close to 100 pm. The cooling from the flame zone penetration
achieved in regions II and III from the momentum can also be achieved for finer droplets if
the spray velocity is increased, in other words, the nozzle’s flow rate.

The disadvantage of smaller droplet sizes is related to the effects of wind conditions,
which can be an important consideration in the external environment or during turbulent,
fire-generated wind conditions. The location and application rates may be related to specific
components of a building, for example, outside of enclosed spaces.
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Figure 12. Effect of various water mist droplet sizes [19].
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Figure 13. Time histories of temperatures for various water mist droplet sizes [29].

4.1.4. Effect of Different Flow Rates

The water mist flow rate affects the discharging ability to suppress a fire. Yinshui
et al. [20] and Jenft et al. [49] conducted separate experiments and modelling. It was
reported that the fire suppression time decreases because of an increasing water mist flow
rate. These observations, found during water mist testing, support earlier findings from
Nam [73], who completed a numerical simulation of the penetration capability of sprinkler
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sprays. It was observed that the penetration ratio of droplets increased as the flow rate
increased, as illustrated in Figures 14 and 15.

1.00 p—
A - e
Tt - ra e mm———— -
o 080 ST
QN“ \‘\‘/ y 2 e—mmm s °
7 .

-g 0.60 B \ y , . s
s o o -9
§ 040 |
E
= ---#--- 500 kW
g 0.20 | --= - 1000 kW
=W --9-- 1500 kW

0.00 L L L

0.005 0.010 0.015 0.020 0.025

Water flow rate, D*/Q,*3 (s*?)

Figure 14. Penetration ratio vs. water flow rates under 6.1 m ceiling [72].
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Figure 15. Penetration ratio (Pe) vs. water flow rates [72].

Nam [73] investigated sprinkler penetration capabilities with multiple factors by
conducting steady-state simulations, which suggested that an optimal flow rate exists from
any given ceiling height to provide the highest penetration ratio in a practical flow range.
It is expected that an increase in flow rate will result in great suppression performance,
as the flow rate is linked to the operating pressure, which has been shown to improve
suppression. These results highlight the importance of designing water mist suppression
systems with appropriate flow rates. Water quantity contributes to flame cooling, which has
been established as one of the extinguishing mechanisms of water mist. The relationship
between nozzle operating pressure and the discharge flow rate of a water mist nozzle can
be described by the K-factor of the nozzle [5,12,40,74,75].
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4.1.5. Effect of Different Nozzle K-Factors

The K-factor of a spray nozzle is defined as the discharge coefficient. It relates to the
amount of water permitted through the nozzle at a given pressure. Equation (4) is used to
determine the nozzle pressure from the set K-factor in relation to the flow rate [76].

- (8)

where P is the pressure at the inlet of the nozzle (bar), Q is the nozzle flow rate (L/min),

1
and k is the discharge coefficient K-factor Wi

It has been previously found that the leading suppression mechanism of a water mist
system is the O, displacement that comes from a smaller droplet size, achieved with a
higher operating nozzle pressure. Equation (4) shows that the pressure and discharge
coefficient are inversely proportional; the spray momentum provides a K-factor for any
given nozzle, highlighting the importance of nozzle selection when designing a water
mist system.

4.1.6. Effect of Different Spray Momentum

The spray momentum relates to the mass, velocity, and spray direction relative to
the fire [73]. The suppression system’s ability to penetrate the fire plume with water mist
droplets depends on the spray momentum. Additionally, it determines the entrainment
rate of the surrounding air into the fire plume. High momentum effectively cools the
flame and fuels and causes faster steam generation, which results in oxygen displacement,
whereas low momentum can achieve water droplet suspension in the fire compartment,
contributing to radiation attenuation [40]. Due to the water vapour mist in the combustion
zone, the spray mass is a combination of both the mass of the liquid-phase water and
the mass of the vapour-phase water and air entrained by water mist. Lui and Kim [6]
developed an equation for spray momentum, which can be expressed in Equation (5).

M, = (mWI + My + mwa) X Vi (5)

where M, is the spray momentum; m,,; is the mass of the liquid-phase water; myy is the
mass of the vapour-phase water; iy, is the mass of the air entrained by the mist; and V;, is
the velocity vector of the water mist.

Nam [73], Santangelo and Tartarini [77], Pokorny et al. [78], and Sikanen et al. [79]
have focused their research on water mist spray momentum. Experiments show that water
mist spray momentum varies depending on the distance from the spray nozzle, as the
accumulated mass is shown to reduce as distance increases, as shown in Figure 16. These
findings agree with Nam’s [73] earlier research showing that the spray momentum also
decreases further away from the spray nozzle, as shown in Figure 17. It was also found
(as shown in Figure 18) that, most of the time, water mist’s ability to penetrate the flame
increases as the spray momentum increases. The water mist’s ability to penetrate the flame
helps the water cool the flame and extract heat. Heat extraction has been shown to be one
of the main suppression mechanisms of water mist and explains why spray momentum
is a key design parameter in ensuring the system can penetrate the flame and aid heat
extraction. For all three cases (500 kW, 1000 kW, 1500 kW), the penetration ratio clearly
increases when the spray momentum ratio is increased. The spray momentum and flame
penetration are directly affected by the spray angle of the discharge nozzle [20].
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Figure 16. Accumulated mass relative to distance from the nozzle in a large-scale hall experiment [79].
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4.1.7. Effect of Different Spray Angles

The spray angle of a nozzle (6) is measured from the central axis of the nozzle, as
shown in Figure 19, and is important to water mist system performance. Studies focused
on the effect of different spray angles have determined that a small nozzle spray angle
provides a faster extinguishment time, as shown in Figure 20, in experiments completed at
three different angles [20].

Figure 19. Nozzle spray angles for fire testing [20].
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Figure 20. Time vs. temperature for different water mist nozzle spray angles [20].

It can be observed that the smaller spray angle performs better because the buoyancy
of the hot smoke layer is reduced and suppressed by the injection of water mist within a
very short time [7]. Without the direct injection from the smaller spray angle, the water
is unable to effectively penetrate the buoyant hot layer, explaining why the large spray
angle is less effective. To overcome this, it has been suggested that when the spray angle
is increased, the flow rate needs to be adjusted simultaneously to maintain suppression
performance [20]. Given what can be understood from the reviewed literature, this inability
to effectively penetrate the buoyant hot layer with a large spray angle would also be
expected if a nozzle’s proximity to the flame were extended by increasing the nozzle height
and other compartment variables.

4.2. Fire Compartments

Water mist suppression performance is not only affected by the design parameters
of the system but also by the arrangement of the fire compartment it is installed in. The
system’s ability to cool the flame and fuel surfaces, displace the oxygen in the room,
and maintain radiation attenuation depends heavily on the compartment’s ceiling height,
enclosure size and ventilation, and the dynamic mixing of gases, which are discussed in
the following subsections.
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4.2.1. Effect of Different Ceiling Heights

The literature available on the effects of different ceiling and nozzle heights shows
that water mist is able to control fires, though its performance decreased with an increase
in ceiling height [12,67,75]. It has been suggested that this performance reduction is due to
the water mist penetration capabilities being reduced, which cannot sufficiently counter
the fire plume. Testing has shown that deluge-type water mist is effective up to a height
of 9.1 m and with a closed head system of only 6.1 m [67]. The testing of nozzles located
close to the fuel source resulted in cooling contributing to the reduction in flame size, and
the spray from the water mist was able to block the movement of the fuel between the fire
sources [75]. An increase in ceiling height introduces an increase in the enclosure volume,
which has been shown to alter suppression performance [80]. Since sprinkler systems
have similar properties, early research on sprinkler systems completed by Nam [73] also
suggested that penetration capabilities are reduced as the ceiling height increases. This
research shows how ceiling height is an important factor in water mist fire suppression
performance and why it is an important design parameter that must be considered.

4.2.2. Effect of Different Enclosure Volumes and Ventilation

Enclosure volume effects on water mist suppression are similar to ceiling height. It is
understood that the increase in a fire compartment’s volume reduces the effectiveness of
water mist in fire suppression [7,80,81], though there is little effort or research dedicated
to finding ways of overcoming this. The testing completed by Bill et al. [8,12] showed
that water mist was unable to suppress certain fire designs when there were no boundary
walls, regardless of the number of nozzles added to the system. The maximum size of the
compartment in which the system could extinguish fire was 940 m3. Figure 21 shows the
test results when the fire was extinguished.
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Figure 21. Effect of water mist on a 6 MW diesel-spray fire inside a 940 m3 compartment [12].

The O, concentration reached a low of only 18.5% at the time of extinguishment, indi-
cating that the main suppression mechanism contributing to the fire extinguishment was the
cooling effect, not the oxygen displacement. This was confirmed in subsequent tests [8,12],
when the fire was shielded from the cooling effect of the water, and extinguishment could
not be achieved with only the displacement of oxygen. An enclosed compartment with
minimum ventilation allows for a continuous reduction in oxygen, resulting in the timely
extinguishment of fires even if they are shielded from the water spray. Inside an enclosed
compartment, hot gases from the fire accumulate near the ceiling, and when water mist
is discharged downwards into the hot gases, maximum water vaporisation is achieved.
This also pushes the combustion products down towards the floor, which is known as

dynamic mixing.
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4.2.3. Effect of Different Dynamic Mixing Situations

The dynamic mixing of gases in a fire compartment due to water mist discharge aids
fire suppression through the reduction in the oxygen concentration in the lower portion
of the compartment. It also increases the convective mixing of mist, water vapour, and
combustion gases near the fire, resulting in the enhancement of the mist’s extinguishing
capacity [82]. Studies have shown that suppression is less effective when nozzles are located
lower within the compartment, below the hot layer of gases [34,83]. Nozzles closer to the
ceiling have the ability to push and mix the gases back down into the combustion zone.
Knowledge of dynamic mixing has led to the concept of cycling discharge, where water
mist is cycled on and off to achieve a faster extinguishment time in some cases. Combustion
gases rise to the top of the compartment quickly when mist is cycled off and then are
mixed back into the compartment when cycled on. This force continues the dynamic
mixing of water vapour and combustion gases near the fire [57]. Figure 22a,b, from fire
tests conducted by Lui et al. [57], shows that discharge cycling reduced extinguishment
time, which was attributed to the higher depletion and dilution rate of oxygen caused by
dynamic mixing. As previously discussed, the dilution of oxygen is one of the leading
mechanisms in fire extinguishment from a water mist system. This research shows that
dynamic mixing created from discharge cycling may significantly improve the performance
of a water mist system. This could be applied to existing water mist products available

for use.

1000
Thermocouples | on Jom| on |or| on]
No. 1(2.73 m)
P No. 2 (1.83 m) 800 | Thermocouples
N e No. 3 (0.93 m) A No. 1 (2.73 m)
HE ~ L P,
A — - — - No. 4 (0.48 m) O / No. 2 (1.83 m)
AT .. Vi g 600 FIx A No. 3 (0.93 m)
;Y \V. " purt i o !\
, S e 2 /N — - — No.4(0.48 m)
[l \ ' \ [ 2 ! , 1
PoaNgdad oA i g 400 1 A
N 1y Vi oy YL Extinguishin
[ lJ WA, \ I\ 1\ Extinguishing Q, A ‘. guishing
P VAN S N
r L \,\ d \\.,' N g 200 | ‘,/‘,’\J’\__l \:\
A S| Jingy N3
1 1 1 1 1 1 0 1 1 1 1 1 1
60 120 180 240 300 360 0 60 120 180 240 300 360
Time (s) Time (s)

(a) Continues water mist discharge

(b) Cyclic water mist discharge

Figure 22. Temperature over a round-pan fire with different water mist discharge rates [57].

4.2.4. Effect of External Environment and wind conditions

In the external environment, ambient conditions such as local wind may influence
the dispersal and effectiveness of misting systems. Studies of bushfire-wind interactions
arising from “modelled” bushfire events provide a basis for the consideration of droplet
size and, hence, the effectiveness of misting systems for external conditions [84]. These
investigations found that turbulent winds can be enhanced by the effects of a fire event,
increasing pulsating wind speeds. These conditions dictate that roof-mounted nozzles
will be less effective than those nozzles placed closer to the ground and can be blown
onto the surfaces of critical building elements. Existing standards for bushfire spray
systems [85,86], whilst providing a starting point, do not address the limitations of nozzle
location and design in the development of bushfire protection systems. The volume of water
storage, usage, and application are crucial when considering enhanced bushfire protection,
potentially giving misting systems an advantage over traditional drenching systems.

4.3. Current Products for Water Mist Systems

A number of water mist systems available on the market have been reviewed to
understand their designed applications, limitations, and operating parameters. Water mist
systems can be categorised by their operating pressure as either low-pressure (<12.1 bar),
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intermediate-pressure (12.1 to 34.5 bar), or high-pressure (>34.5 bar) [8]. The key parameters
of the existing water mist products on the market are summarised in Table 3 and compared
with the parameters found in previous research. Most of the existing water mist products
have either low operating pressure or high operating pressure, which are discussed in the
below subsections. The purpose of this section is to highlight the limitations of different
water mist systems available on the market. This is important for future research that
could lead to the improvement of these systems or the development of new types for
different applications.

Table 3. Summary of various water mist parameters from existing research and available products.

Author/ Operating Flow Rate K-Factor Spray Angle Di Dr(;pleDt Nozzle Height
Manufacturer pressure (bar) (Ipm) (Ipm/bar®-) ©) ‘am(‘:u‘;r) v0.9 (m)
Published Research System Parameters
Kim et al. 2003 [81] 13 6 1.66 70 121 1.8
Yang et al. 2010 [87] 100 11.9 1.19 48 46 2.5
Vaari 2012 [88] 70 6.45 0.77 30 200 4
Jenft et al. 2014 [49] 10.13 6.3 1.97 65 112 2.45
Yinshui et al. 2014 [20] 2-12 2-5 - 60-120 80-130 2
Lee et al. 2019 [13] 10 2245 7.1 76 124.6 2
Ha et al. 2021 [44] 10 22.8 7.25 90 124.6 12.5
Industry-Used System Design Parameters

Aqua Mist ULF [21] 12.8 12.5 3.5 - 100-200 8
VID Fire Kill APS [89] 10 32 10.3 - <300 Unlimited
Aqua Mist FOG [90] 100 4.4 0.44 - 50 5
Marioff HI-FOG [46] 40 7.3 1.15 45-68 50 5
SEM-SAFE [47] 100 39 3.9 - 10-50 5.5

4.3.1. Low-Pressure and Intermate-Pressure Systems
Tyco AquaMist ULF

The AquaMist Ultra Low Flow (ULF) is marketed as a low-pressure water mist system
and total flooding system. It is designed to operate at working pressures of 7 to 16 bar
and to produce droplets of 100 to 200 um in diameter [21]. This water mist system has
various configurations and available nozzle types for different applications and can either
be installed with a pumped water supply or with stored water and pressure cylinders, as
shown in Figure 23a,b. It is UL- and FM Global-listed for applications in machinery spaces
and on machinery components, oil cookers, and combustion or steam turbines. Depending
on the nozzles used, the system’s application is restricted at various ceiling heights, the
largest possible height being 10 m. Tyco also offers a high-pressure water mist system.

(b)

Figure 23. Typical components of an AquaMist ULF’s pumped water supply and stored pressure

configuration. (a) ULF pumped water supply configuration [91]; (b) AquaMist ULF stored pressure
system [21].
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VID FireKill APS Atrium System

FireKill has designed a product for use in atriums and other large rooms [89]. The
open nozzle system is designed to operate with a pressure of 10 bar and to be discharged
horizontally from the wall. A droplet size of less than 300 um is discharged from either
side of the fire compartment, as shown in Figure 24. This system differs from many others
due to the fact that there is no limit on the ceiling height of the atrium, though its listing is
still limited by the width of the walls at up to 26 m.

: @ Smoke detector,
‘)Flaxne detector, zone

24
Zone valve, C-EL

Figure 24. VID FireKill APS Atrium System general arrangement schematic [89].

4.3.2. High-Pressure Systems
Tyco AquaMist FOG

The AquaMist FOG is a high-pressure water mist system that operates at 50 to 200 bar
to produce droplets of an approximate diameter of 50 um [21,92]. This water mist system
also has multiple nozzle types suitable for each application and can be either pumped or
used with stored pressure cylinders, as shown in Figure 25. This water mist system is FM
Global-listed for use in machinery and combustion turbine enclosures, and it is restricted
to a volume not exceeding 260 m® and a maximum ceiling height of 5 m. This system is
similar to Kidde’s high-pressure Marioff HI-FOG system.

1- Water and Nitrogen Cylinder

2- Valve

3- Pilot cylinder equipped with
manual/automatic actuation

4- Manifold

5- Nozzle

/@ 6- Detectors

7- Control station

8- Alarm push button
9- Visual/audible alarm

10- Pressure switch

11- Discharge isolation valve

Figure 25. Typical components of an AquaMist FOG stored pressure general arrangement [92].
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Marioff HI-FOG

Marioff HI-FOG is a high-pressure water mist system designed for total compartment
protection, with a minimum operating pressure of 40 bar, and to produce water droplets
of approximately 50 pm [90,93]. This water mist system is FM Global-listed for use on
combustion turbines, machinery paces, and special hazard machinery spaces. Figure 26
shows the layout of this water system for turbine enclosure protection.

% Am L = 5m L % 5m

*‘5\ - o
A Pal A

Amxiliary Machinery = | “Tabine 2 "] Auxiliary Machinery
=] Spacc P— Sipace

At

ole

% Am :
¥ ’%

Inlet separation Exhaust separation

\ Gas turbine enclosure < 130m?*
I!

Auxiliary machinery spaces2 ¥ % 125
b R | R

Pressure

s Turbine dimensions
12x15mmi1/2"
|_16><1.5mm|’1,"8"]

Figure 26. Marifoff HI-FOG installation example for a turbine enclosure [93].

Danfoss SEM-SAFE System

The SEM-SAFE system is a high-pressure water mist system designed to operate at
approximately 100 bar of pressure and produce water droplets ranging from 10 to 50 um in
diameter [47]. The general arrangement of this water mist system is shown in Figure 27.
FM approval allows this water mist system to be used in datacentres, machinery spaces,
corridors, and offices with 5 m high ceilings or less. This water mist system is also suggested
for offshore applications.

High-pressure pump unit

|

N

Section valves

\“/
Nozzle heads
Piping system

Backup system

For accommodation only

Figure 27. SEM-SAFE water mist system main components [47].
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5. Design Codes for Water Mist Systems

Water mist is typically designed under a performance-based approach, as it is not one-
size-fits-all. There are some standards that govern the design, installation, and maintenance
of water mist fire suppression systems. The relevant codes and standards will depend on
the authority with jurisdiction applicable to the geographical location of the system. The
main standards currently available for water mist suppression designs are National Fire
Protection Association Standard NFPA 750 [8], Australian Standard AS 4587 [94], British
Standard BS 8458 [50], and European Standard EN 14972 [95]. In addition, AS5414 [85]
has been developed for bushfire water spray systems. The objective of these standards is
to provide users of water mist fire protection systems with minimum design, installation,
testing, and commissioning requirements. The design sections of the standards direct the
users to follow the system’s listed requirements. This lack of information and guidelines in
the standards can be interpreted as stemming from research gaps related to water mist fire
suppression systems. The basic design criteria of the NFPA 750 [8] and AS 4587 [94] water
mist design codes are summarised in Table 4. These two standards both specify similar
requirements for components such as pipework and fitting material, corrosion protection,
the use of strainers, pipe supports, and the use of isolation and check valves, all of which
focus on the maintenance and durability of the system to extend the operational life.

Table 4. Water mist design code comparison.

Design Criteria

NFPA 750—2022 [8] AS 4587—2020 [94]

Maximum pressure developed by the system  Shall be rated or selected for at least

Pipework and fittings at 54 °C or higher temperatures as specified  the maximum system design pressure
in the manufacturer’s listing. at 50 °C.
Nozzle operating pressure In accordance with the nozzle’s listing,. In accordance with the nozzle’s listing.
1.  Machinery spaces;
2. Combustion turbines;
3. Wetbenches and similar processing 1. Machinery spaces;
equipment; 2. Combustion turbines;
Occupancies 4. Local applications; 3.  Industrial oil cookers;
5.  Industrial oil cookers; 4. Pool and spray
6.  Computer room raised floors; fires—localapplications.
7. Chemical fume hoods;
8. Continuous wood board presses.
Extinguishing criteria APpr.ovled fces.t plan from the authority E*tinguishment. in half the prescribed
with jurisdiction. discharge duration.

Discharge duration

Various for open nozzle systems; 60 min
for sealed.

In accordance with NFPA 13 Standard for the

Hangers/ installation of sprinkler systems, and shall Hanger shall conform.to t he requirements
Supports . of AS 2118.1 automatic fire sprinklers.
i be listed. p
The spray angle is set by the listed The spray angle is set by the listed
Nozzle spray angle nozzle used. nozzle used.

Flow rate Selected as appropriate for the hazard.

The minimum and maximum heights
Maximum height shall be in accordance with the In accordance with the nozzle’s listing.

manufacturer’s listing.
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Table 4. Cont.

Design Criteria

NFPA 750—2022 [8]

AS 4587—2020 [94]

Maximum coverage per nozzle

Listing.

In total, 18 m? for sealed nozzle systems
unless greater in listing.

Maximum spacing of nozzles

In accordance with the nozzle’s listing.

In accordance with the nozzle’s listing.

Maximum nozzle spacing from walls

In accordance with the nozzle’s listing.

In accordance with the nozzle’s listing.

Activation method

Detection system, automatic, or manual.

Detection system, automatic, or manual.

Application methods

Local application;

Total compartment application system;
Zoned application system;

Occupancy protection system.

Local application;

Total flooding;

Zoned total flooding;
Assumed area of operation.

L
LN

System limitations

Light hazards = 4831 m?
Ordinary hazards = 4831 m?

Sealed nozzle system = 9000 m?
Open nozzle system = as per listing

Temperature rating of nozzle

Temperature rating chosen depending on the
maximum ambient temperature. Table for
guidance is provided.

Heat rating to be 30 °C above highest
ambient temperature.

Water supply

Public water, automatic pumps, or

At least one automatic water supply. containers (pressure cylinders).

Connecting to public water supply

Light hazards—minimum 378 lpm

Ordinary Hazards—minimum 946 lpm NIL

Water droplet size

<1000 um at minimum operating

<1000 um within the nozzle operating range pressure.

Acceptable listing authority

(test protocol)

JAS-ANS, CSIRO Actifire, FM, LPCB, SP
Technical Research Institute of Sweden,
UL, VdS

Organisation that is acceptable to the
authority with jurisdiction.

Note: Listing is described as equipment in a list published by an organisation (the listing authority) that is
acceptable to the relevant authority that states that the equipment meets appropriate designated standards or has
been tested and found suitable for a specified purpose against test protocols.

5.1. American Standards

The NFPA Technical Committee on Water Mist Fire Suppression Systems was organ-
ised in 1993 by research and engineering communities, water mist system manufacturers,
the insurance industry, and enforcement authorities [8]. The NFPA 750 standard was issued
and is regularly updated to contain the minimum requirements for the design, installa-
tion, maintenance, and testing of water mist protection systems. This standard lists the
specific applications of water mist for machinery spaces, combustion turbines, processing
equipment, local applications, industrial oil cookers, computer rooms, chemical fume
hoods, and continuous wood board presses. The standard includes occupancy protection
systems for residential building applications. This standard does not provide definitive fire
performance criteria, nor does it offer specific guidance on system design to specifically
control, suppress, or extinguish fire [8].

5.2. Australian Standards

The Standards Australia Committee FP-011 for Special Hazard Fire Protection Systems
issued their first standard for water mist fire protection systems in 1999 [94]. The AS 4587
standard [94] covers the minimum requirements and recommendations for the design,
installation, and commissioning of water mist fire protection systems and describes the
characteristics of the various types of systems. It lists the specific applications of water mist
for machinery spaces, combustion turbines, industrial oil cookers, and local pool and spray
fire applications. The standard does not include residential occupancies or other building
applications. The standard does not provide a performance criterion on an application
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rate or density basis [94]. The standard does not cover water mist systems in residential
occupancies or explosion suppression.

AS5414 [85] was developed for ember protection under bushfire conditions and does
not adequately address radiant heat exposure or provide design parameters for higher
bushfire attack exposures on the critical elements of buildings; rather, it addresses the
overall coverage of water with nozzle spacing and locations (including roof ridges).

5.3. British Standards

The British Standards Institution published the BS 8458 standard for fixed fire pro-
tection systems for residential and domestic water mist systems in 2015 [50]. The BS 8458
standard covers the design, installation, water supply, commissioning, maintenance, and
testing of water mist systems with automatic nozzles installed in both domestic and residen-
tial occupancies [50]. This standard does not cover water mist systems used in industrial
and commercial buildings. Industrial and commercial water mist systems are covered by
BS 8489-1 [96] and BS 8489-7 [55].

5.4. European Standard

The European Committee for Standardization published the European standard for
fixed water mist firefighting systems. The EN 14972 standard specifies the requirements
and provides recommendations for the design, installation, inspection, and maintenance of
all types of fixed, land-based water mist systems [95]. The scope does not cover explosion
protection or use within vehicles.

5.5. Test protocols

Water mist systems are performance-based, and they are designed and tested against
established fire test protocols that are acceptable to the relevant authority with jurisdiction.
Fire test protocols are designed by testing authorities to match or simulate a specific hazard
through established performance criteria. Table 5 includes formalised fire test protocols
produced by approval agencies that are widely accepted globally [25].

Table 5. Fire test protocol for water mist fire protection systems [25].

Agency

Water Mist Fire Test Protocol

International Maritime
Organization (IMO)

IMO Res. A800 (19): Revised Guidelines for Approval of Sprinkler Systems Equivalent to
that referred to in SOLAS Regulations II-2, Chap. 12

Appendix 1, “Component Manufacturing Standards for Water Mist Nozzles”

Appendix 2, “Fire Test Procedures for Equivalent Sprinkler Systems in Accommodation,
Public Space and Service Areas on Passenger Ships”, December 1995

IMO MSC/Circular 668: Alternative Arrangements for Halon Fire Extinguishing Systems in
Machinery Spaces and Pump Rooms

Appendix A: “Component Manufacturing Standards of Equivalent Water-Based Fire
Extinguishing Systems”, 1994

Appendix B: “Interim Test Method for Fire Testing Equivalent Water-Based Fire
Extinguishing Systems for Machinery Spaces of Category A and Cargo Pump Rooms”, 1994
As amended in MSC/Circ. 728: “Amendments to the Test Method for Equivalent
Water-Based Fire-Extinguishing Systems for Machinery Spaces of Category A and Cargo
Pump-Rooms contained in MSC/Circ. 668, Annex B”, June 1996

MSC/Circ. 913: “Guidelines for the Approval of Fixed Water-Based Local Application
Fire-Fighting Systems for use in Category A Machinery Spaces”, 4 June 1999

MSC/Circ. 1165, “Revised Guidelines for the Approval of Equivalent Water-Based
Fire-Extinguishing Systems for Machinery Spaces and Cargo Pump-Rooms”, 10 June 2005
FM Global, Approval Standard for Water Mist Systems, Class Number 5560, 2009
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Table 5. Cont.

Agency

Water Mist Fire Test Protocol

FM Global Research Corporation

(a) Appendix A, B, C: Fire Tests for Water Mist Systems for the Protection of Machinery
Spaces, Special Hazard Machinery Spaces, Combustion Turbines with Volumes up to, and
including, 2825 ft3 (80 m?) (respectively)

(b) Appendices D, E, and F: Fire Tests for Water Mist Systems for the Protection of
Machinery Spaces, Special Hazard Machinery Spaces, Combustion Turbines with Volumes
up to and including 9175 ft3 (260 m®) (respectively)

(c) Appendix G: Fire Tests for Water Mist Systems for the Protection of Machinery Spaces
and Special Hazard Machinery Spaces with Volumes Exceeding 9175 ft3 (260 m3)

(d) Appendix H: Fire Tests for Water Mist Systems for the Protection of Combustion
Turbines with Volumes Exceeding 9175 ft3 (260 m?)

(e) Appendix I: Fire Tests for Water Mist Systems for the Protection of Light

Hazard Occupancies

(f) Appendix J: Fire Tests for Water Mist Systems for the Protection of Wet Benches and
Other Similar Processing Equipment

(g) Appendix K: Fires Tests for Water Mist Systems for the Protection of Local Applications
(h) Appendix L: Fire Tests for Water Mist Systems for the Protection of Industrial

Oil Cookers

(i) Appendix M: Fire Tests for Water Mist Systems for the Protection of Computer

Room Subfloors

(j) Appendix N: Other Occupancies Which FM Global Has an Interest in Protecting with
Water Mist Systems

ANSI/UL 2167, Proposed First Edition of the Standard for Water Mist Nozzles for Fire
Protection Service, June 1998

Underwriters Laboratories Inc. (UL)  Machinery Spaces; Passenger Cabin Fire Tests; Passenger Cabins Greater than 12 m?; Public

Space Fire Tests; Residential Area Fire Tests; Light Hazard Area Fire Tests; Ordinary Hazard
I and II Tests; Nozzle Construction Design, Marking, and Performance Requirements.

Note: All appendix contents are available in Ref. [25].

6. Challenges and Issues

The current progress in water mist fire suppression technology and industry use
has been established by reviewing the methods of generating water mist suppression;
the suppression mechanisms, applications, and key performance parameters; and the
applicable design standards. The existing research has shown the current challenges
and issues associated with using water mist as a fire suppression solution. The main
challenges and issues that were observed based on the literature review are discussed in
the below subsections.

6.1. Operation and Maintenance

The main challenge of water mist fire suppression systems is the methods of generat-
ing small water droplets using high-pressure discharge and small nozzle orifices, which
contributes to technical concerns [29]. These factors combined create the potential for
plugging and blockages caused by corrosive products inside the pipework. The alternative
for small droplet sizes to be maintained is using a lower pressure when using twin-fluid
systems, except that the dual supply lines and storage of water and compressed gas sig-
nificantly increase the operation and maintenance cost of the water mist fire suppression
system [7]. Systems could require more frequent maintenance than other fire suppression
systems and the design of the system could require more effort to suit the environment
within which it will be installed. It has been noted in current research that there are several
maintenance and inspection questions that need to be examined, such as how often should
piping be flushed, strainers be cleaned or changed, and pumps be tested [64]. Unfortu-
nately, long-term maintenance history data are largely unknown or unproven for water
mist systems [54]. The literature recommends utilizing existing automatic water sprinkler
maintenance guidelines for water mist systems. More appropriate guidelines should be
written specifically for individual types of water mist systems, as they vary depending
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on the application. This should be written by the manufacturers or the authority with
jurisdiction in the form of a legislated standard.

6.2. Design and Standardisation

It has been established that the physical phenomenon of fire suppression by water
mist is complex. Extensive research has shown that there are a lot of factors contribut-
ing to the suppression of fire, including water droplet size [9,19,29,52,56,60-62], spray
momentum [73], nozzle angle [5,25,94], nozzle height [5,9,65], compartment size [6,9], ven-
tilation [6,9], burning fuel load [18,57,95], and the spray nozzle activation method [97,98].
The varying effects of these parameters make it difficult to design a water mist suppression
system by applying first principles. There is currently no theoretical basis for considering
all these parameters in the design process, and a standardised approach to system design
is yet to be fully developed. Designers must apply a performance-based approach if the
application does not fall under an approved solution. When completing a performance-
based solution, the complexities of water mist fire suppression systems are difficult to
model accurately using computational fire dynamic simulation software due to the low
amount of research data available to extract input parameters to model accurate water
mist fire suppression scenarios. For a performance-based assessment to be verified and
supported, fire testing will sometimes be required to validate the model. Design parameters
are normally established from large-scale fire test data on a case-by-case basis for specific
applications. This method of design can make a water mist system less cost-effective, which
restricts the expansion of water mist fire suppression applications.

6.3. Application Challenges

Though water mist has proven to be an effective fire suppression solution for a variety
of fire scenarios, its use is restricted in many locations around the world to industrial appli-
cations by product listings, and it cannot be used in commercial or residential buildings.
We found that water mist is becoming more commonplace for residential use in areas that
follow the NFPA and British Standards. Before it is accepted in Australia and other parts of
the world, an increase in performance data and historical evidence of its ability to control
fires need to be established [99,100]. This will provide engineers and approval authorities
with jurisdiction with the ability to assess if a water mist system is a suitable fire protection
solution for the specific application. When considering the approval of water mist systems
for residential or commercial applications regarding life safety, the information available
is limited [99,100]. To avoid the complex design requirements of large-scale fire testing
to prove water mist works in specific applications, it is only used in applications where
test data have already been established, such as machinery spaces, turbine enclosures,
marine accommodation spaces, and industrial cookers. There is potential for water mist to
suit other applications such as light-hazard occupancies, electronic environments, storage
facilities, and residential and commercial buildings, as well as bushfire protection [86].
More efforts in developing test protocols for these applications are required.

6.4. Economic Challenges

The economic issues resulting from complex design and system components have been
mentioned in different studies [4,44,77]. There are multiple methods of generating water
mist, though they each come with expenses that can make water mist a costly option [77]
when compared with alternative suppression methods, such as standard sprinklers or
gaseous systems [44]. As long as gaseous agents are available, affordable, and permitted
for use, water mist may remain an expensive option for asset protection. Further research
can be performed to minimise the total cost of water mist fire suppression systems.

7. Conclusions and Recommendations

This literature review analysed previous research and industry data to summarise
the suppression mechanisms, applications, products, design standards, test protocols and
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limitations of water mist fire suppression systems. The ability of water mist systems to
suppress and control a fire by cooling, displacing oxygen, and attenuating radiation has
made it an effective fire suppression solution for many applications, although there are
some limitations. Various products have been designed for specific applications, typically
in industrial and marine environments. Challenges and issues still exist around using water
mist in new and emerging fire risk applications. It is recommended that further research
be conducted that focuses on the performance of water mist in various fire scenarios to
better understand and improve water mist systems to make it a suitable and cost-effective
fire protection solution in building and industrial applications. The following suggestions
can be considered to enhance the potential use of water mist fire suppression systems in
building and industrial applications.

(a) Further research can be conducted to develop corrosion-resistant materials and other
methods of reducing the potential to block small orifice nozzles.

(b) More research on the performance of water mist suppression at various nozzle heights, fire
compartment configurations, and various fuel types and fire scenarios can be conducted.

(c) A theoretical basis can be developed for the design process that can be applied to a wide
range of hazards and can be used for a prescriptive design and installation standard.

(d) New test protocols should be developed and tested for water mist in light-hazard
occupancies and residential building spaces as an alternative to fire sprinklers.

(e) Environmental benefits associated with water mist can be investigated for an alterna-
tive to gaseous suppression systems across the life cycle of products.

(f)  Research should be conducted to look at the potential water mist may have in assisting
in fire protection in new and emerging fire hazards that the industry is trying to adapt
to, such as bushfire protection, combustible cladding, electric battery storage facilities,
electric cars, automated warehouse facilities, switchboards, datacentres, and compact
residential buildings.
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Nomenclature:

pm Micrometre or micron I Critical radiation intensity required
for piloted ignition

O, Oxygen Hyap Heat vaporisation of water
K Kelvin P Pressure inlet at nozzle
Tt crit Flame extinguishing temperature Q Nozzle flow rate
Tt max Theoretical flame temperature k Discharge coefficient K-factor
Tis Surface temperature of fuel My, Spray momentum
Mog Mass fraction of oxygen Myl Mass of liquid-phase water
Mg Mass fraction of fuel vapour Mywy Mass of vapour-phase water
r Stoichiometric ratio Mwa Mass of air entrained by mist

Sh Heat removed per unit area Vi Velocity vector of water mist
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Hg Convective heat transfer per °C Degree Celsius
unit area
Af Heat required to produce a unit kg Kilograms
mass of vapour
My Burning rate per unit area kJ Kilojoules
Ra Heat transfer to the fuel surface H,O Dihydrogen monoxide
Ry Heat lost from the surface CoH, Acetylene
Fn Minimum water flow rate CH, Methylene
As Fuel surface area CcO Carbon monoxide
€ Emissivity of the radiator m Meter
o Stefan—Boltzmann constant CO, Carbon dioxide
¢ View factor of the fuel load
Ty Mean absolute temperature of
radiation source
T Mean absolute temperature of
the surface
Abbreviations:
ULF Ultra-low flow
™M Factory Mutual

HRR Heat release rate
NFPA National Fire Protection Association

AS Australian Standard
FDS Fire Dynamics Simulator
LOC Limiting oxygen concentration
PMMA  Polymethyl methacrylate
Lpm Litres per minute
MC Multi-component
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