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Fire Control and Suppression by Water-Mist Systems
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Abstract: The present work is an attempt to offer a comprehensive review of literature contributions, phenomenology and
relevant results on water-mist systems. In particular, the water mist characterization and behavior in the field of fire con-
trol and suppression have been identified as the main areas of investigation. Some key parameters have been analyzed to
gain a quantitative evaluation of the physical phenomena related to water-mist systems.

The water-mist fire suppression systems are an excellent alternative to halon fire protection systems, and they are now be-
ing used in many areas, including marine and industrial applications. Therefore, a wide survey of the complete number of
literature works on this topic would exceed the full length of the present paper and only some examples of important con-
tributions will be mentioned here. This paper proposes an introductory list of relevant literature works and this reference
survey is then deepened with work and result details on suppression mechanisms, spray characterizations and experimen-
tal and numerical approaches. The final summary stresses out that a lot of experimental and numerical research and much
application experience are still needed to gain better knowledge on water-mist systems, even if they already seem to be

very promising in terms of efficiency and potentialities in fire control and suppression.
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1. INTRODUCTION AND BACKGROUND

Sprays are largely employed in many areas. As an exam-
ple, thermal control and cooling are now mainly performed
through spray application. Water appears to be the most ap-
pealing fluid to serve this purpose: cooling of mechanical
components, like gas-turbine blades or pistons, is usually
realized by sprayed water droplets. Moreover, additives are
now commonly introduced to enhance particular properties
of the spray, such as adhesion or jet penetration. The broad
field underlying the present paper is fire protection. It repre-
sents a main setting for fundamental and applied studies and
also a subject of interest for engineering applications. Many
aspects are involved: among them, physics related to trans-
port phenomena is certainly one of the most challenging.

Sprays have been employed in this field for many years
and water has been the most employed fluid, but not the
unique. Traditional sprinklers have been widely studied and
investigated: a large body of analyses is available to both
design them and predict their behavior. On the other hand,
innovative technologies are now increasing their popularity,
being water mist one of the most appealing. Research on
them is strongly in demand from various points of view, as
far as practical applications should be supported by basic
comprehension of the involved physical phenomena. There-
fore, spray characterization and flow-flame interaction repre-
sents one of the main subjects in this frame, the same way it
does for fire protection in general. Moreover, some knowl-
edge transfer can be successfully carried out from the
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propulsion to the fire-fighting field. Especially from experi-
mental and numerical point of view, the same techniques and
approaches can be applied to both fields with no change in
value. However, even if investigation parameters are the same,
working conditions (operative fluid, surroundings, etc.) and
scale of the problem are largely different.

Water-mist systems appeared in the market in the ‘50s
because highly atomized water was discovered to be particu-
larly efficient in heat absorption. As a matter of fact, water
mist plays its role most in fire control and quenching, even if
it also realizes a strong direct action in fire suppression. In
spite of the good effectiveness of this technology, its appeal
was initially low. High values of injection pressure to gain a
proper jet fragmentation represented a strong economic dis-
advantage compared to traditional sprinklers and the tiny
size of orifices was an excessive challenge for large-scale
production and maintenance. However, the main competitors
to water-mist systems were halogenated hydrocarbons (the
halons, e.g.: halon 1301, the most popular). Their success
was due to their capability of fire suppressing with neither
damage nor residual in the fire scenario: this feature made
them become widely employed everywhere sensitive items
were placed (computer rooms, hospitals, etc.). In 1987 the
Montreal Protocol ratified the target of bringing down all the
substances which could reduce the ozone layer in strato-
sphere. It was a key point: halons’ use dramatically flopped
down and water-mist systems restarted to gain popularity.
Water-based systems had to be improved and water mist
appeared to be a promising solution for applications where
gases could not be used.

Another important feature of water-mist systems is the
low quantity of stored water they need with respect to tradi-
tional sprinkler-based ones. This issue set the former’s suc-
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cess over the latter in mobile applications (naval and aero-
space): the strong need for space and weight-saving systems
represented a practical reason for industry to choose water
mist, even if more expensive. Especially the naval field
seems to be strongly water-mist oriented. Once the IMO (In-
ternational Maritime Organization) ordered to provide direct
fire-protection systems in any ship carrying more than 35
passengers, water-mist technology seemed to be the best one
in complying both legal rules and design constraints. In addi-
tion, water mist seems to be more suitable than traditional
sprinklers also for some stationary applications. Water mist
can be employed in every setting where an excessive water
sprinkling has to be avoided (museums, archives, areas with
electric wires or cables, etc.), because of the extreme jet at-
omization and thereby the rapid droplet evaporation.

Nowadays, the most pressing engineering problem re-
lated to water-mist technology is regulation on the design of
these systems. Many countries do not have any specific stan-
dard or legal reference as a guidance to quantitatively define
the layout of these systems. The first and most obeyed
document is the American NFPA 750 [1]. It consists of a set
of directions to design, install, test and perform maintenance
on a water-mist setup. It is worthwhile to introduce the defi-
nitions of fire control, suppression and extinguishment,
which are clearly expressed in the NFPA 750 standard. Fire
control is “the limitation of the growth of a fire by prewet-
ting adjacent combustibles and controlling ceiling gas tem-
peratures to prevent structural damage”; fire suppression is
“the sharp reduction of the rate of heat release of a fire and
the prevention of regrowth”; finally, fire extinguishment
may be achieved as a sort of full suppression and is defined
as “the complete suppression of a fire until there are no
burning combustibles”. Water-mist systems appear to be
capable of successfully performing fire control and suppres-
sion in a large variety of fire scenarios, while extinguishment
is reached only under certain configurations of both the fire
case and the system parameters. A large body of studies on
these aspects of fire protection by water mist is overviewed
in the present work as the main objective.

Other important characteristics of NFPA 750 standard are
to clearly define all the components and to categorize differ-
ent system typologies in respect to different case scenarios;
even though several indications are provided, no specific
performance criterion is reported and a strong role is en-
trusted to probate authorities, who are entitled to judge the
suitability of a particular water-mist installation to the case it
is applied to. This standard emphasizes the strong need for
experimental research on these systems: in particular, real-
scale tests are recommended to thoroughly understand con-
trol and quenching effectiveness. From the European side, a
first draft has been realized in the frame of standard CEN-
TC191-WGS. It appears to follow the American NFPA 750
adding some guidance for a generic system to obtain the CE
approval. Some important design parameters, the nozzle dis-
tribution and the water-flow rate per surface unit, are still
addressed and not quantitatively discussed. However, the
latter parameter is still questioned because it is not clear
whether the system should be designed on surface or vol-
ume-unit basis. Another primary reference is the standard
FM5560 [2], released by FM Global. It is similar to the
NFPA 750, but it shows more strict performance require-
ments. Moreover, it is subdivided in two parts: the first one
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reports a detailed classification of the components and the
second one describes a thorough series of tests aimed at chal-
lenging the system in respect to a number of potential fire
scenarios. Therefore, the importance of experimental activi-
ties in this field seems to be strongly recommended by both
academia and industrial world. In particular, the FM5560
tests constitute a major reference for scientific research, de-
fining a variety of scenarios and a procedure to measure a
prescribed number of parameters. Thus, the experimental
results can usefully be employed to validate theoretical and
numerical models, which are now sought and studied to pre-
dict the behavior of water-mist technology.

It would be worthwhile to express a proper definition of
water mist before going through the study of the spray jet.
Unfortunately, a precise definition can hardly be found.
Anyway, two parameters are used to make a quantitative
distinction between traditional-sprinkler and water-mist
sprays: drop size and operative pressure. The former can be
expressed in several ways. A spray is constituted by a num-
ber of droplets, which can be approximately seen as spheres:
the spray presents a distribution of different values of diame-
ter, each one referred to a share of the total amount of drop-
lets. Therefore, a definition of an overall parameter has been
in demand by academia and industry since the beginning of
spray studies. With regard to the water-mist field, character-
istic drop size is usually expressed as D,y it is the representa-
tive diameter D, where a fraction f of the total sprayed vol-
ume consists of droplets having diameters smaller than the
stated value. This way allows a very straight technical ap-
proach to gain a quantitative value, because most experimen-
tal devices measure the cumulative distribution. Therefore, a
volumetric-fraction-based diameter can be easily detected.
The most common characteristic drop sizes are the Dys
(fraction equal to 50%), which has also been largely used in
the frame of this research, and D, (fraction equal to 90%).
The already mentioned NFPA 750 refers to Dygo to define
water-mist sprays: it has to be lower than 1000 um. A deeper
categorization is also provided based on this parameter.

Water-mist systems are subdivided over 3 classes: class |
refers to range 100-200 um, class II to range 200-400 um
and class III to range 400-1000 um. The mentioned classifi-
cation can be represented in diagrams like the one reported
in Fig. (1): it summarizes and gathers the typical outputs of
experimental instruments used to measure drop size. The
basic scope of these devices is to yield the drop-size distribu-
tion as a function of both mass and volumetric fraction.

As mentioned before, operative pressure is also a pa-
rameter used to define a water-mist system. The NFPA 750
reports a pressure-based classification: low-pressure systems
work below 12.5 bar, medium-pressure work in the range
12.5-35 bar, while high-pressure work above 35 bar. This
last value is just an established convention: from a technical
point of view, working pressure in water-mist systems is
usually higher than 50 bar and goes up to 100 bar. As a mat-
ter of fact, the primary difference between water-mist tech-
nology and traditional sprinklers is glaring: the need for
smaller droplets (the proper mist) brings to definitely higher
values of pressure (operative pressure in traditional sprin-
klers stays in the range 2-5 bar). Therefore, different nozzles
(atomizers) are employed with respect to this governing pa-
rameter (Fig. (2)).
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Fig. (1). Drop Size vs. Volume-Fraction Distribution and NFPA 750 classification [3].
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Fig. (2). Sketches of typical nozzles employed in fire protection with respect to operative pressure, together with some estimation of the

characteristic D,s.

Strong initial jet momentum is achieved by high working
pressure: this physical consequence represents another im-
portant feature of water-mist sprays. Buoyancy phenomena
certainly occur in highly atomized jets because of the tiny
drop size, but once a main share of the spray is momentum-
driven, penetration in the surroundings is provided. Other-
wise, droplets would simply float and interact with surround-
ing air: fire quenching would be performed through heat
absorption, but no fire suppression would be realized due to
absence of flow-flame interaction. Producing tiny droplets
with strong momentum also allows to penetrate potential
enclosures: this is a major challenge for any fire-protection
system.

Despite many efforts are still required to gain a compre-
hensive knowledge on water-mist systems, some studies are
available in the open literature and are surveyed in the pre-
sent paper. As introductive works, it is worthwhile to men-
tion some contributions aimed at providing a broad overview
on water sprays in fire-protection with some emphasis on
water mist. First and foremost, the early researches con-
ducted by Rasbash and co-workers [4,5] on extinguishment

of liquid fires by water sprays deserve to be cited as one of
the first reference in the field. These studies constitute the
cultural background for a recognized work performed by
Grant et al. [6]. It consists of a thorough review about water
sprays applied to fire suppression: the standard fire classes
are listed and their features are described; then, different
spray-based technologies are surveyed and thoroughly dis-
cussed. The authors report a drop-size-based definition of
water mist and discuss its suitability to face particular fires.
In addition, detailed guidance is given to system designers
about practical subjects like nozzles or pipes. Finally, it is
noteworthy to mention the authors’ deep insight of heat
transfer, jet formation and spray pattern: these are fundamen-
tal physical phenomena and have to be quantitatively evalu-
ated to properly configure any spray system for a fire scenario.

Notarianni [7] has carried out a remarkable practical
study in the frame of the NFPA (National Fire Protection
Association) activity towards a regulation on water mist.
This work represents one of the first reference in this field
and it is of great interest for industries and engineers: the
author has collected a number of technical data to set water-
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mist systems in a precise branch of fire suppression and has
also provided a list of research groups working on this sub-
ject. This study represents a firm background and has served
as one of the keystones to propose and then issue a standard
on water-mist technology.

2. HEAT TRANSFER AND SUPPRESSION MECHA-
NISMS

Water-mist spray is generally characterized by a large
surface-area-to-volume ratio; therefore, a higher rate of heat
and mass transfer results as the water-mist flow is injected
into a hot surrounding fluid. This effect plays a major role in
determining heat-release and smoke-production rate; moreo-
ver, smoke movement also is strongly affected by the above
mentioned thermal transport. A set of physical relations is
presented in this section to describe both heat transfer and
suppression process; a thorough discussion about the in-
volved mechanisms has also been shown in previous reviews
on water-mist systems, proposed by Mawhinney and
Richardson [8], Liu and Kim [9] and Yao and Chow [10].
The set of equations here reported is in deep surveyed in
those works and in the early fundamental study by Jones and
Nolan [11].

Fire suppression consist of three main physical effects:
evaporation cooling, oxygen displacement and radiation
blocking.

The first one is related to latent heat of water evaporating
from liC}uid to gas phase. This amount of energy is up to 2.26
MJ kg . A water-mist discharge onto burning objects cools
down both flames and plume. Heat, mass and momentum
transfer between a generic water droplet and the surrounding
hot gas may be calculated through the following equations:

r -
mdcpdd—;’=hAd(Tg—Td)+mdqg, (1)
amy o (2A)

) x, Lo |, 2)
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In Egs. (1), (2) and (3), mg, cpq, Aq and g, are mass, spe-
cific heat, surface area and latent heat of the water droplet
respectively; T, and T, are the temperatures of the droplet
and of the hot gas; x, is the molecular fraction of water vapor
within the gas; R is the ideal gas constant; p, is the gas pres-
sure and py(T,) is the saturated vapor pressure at droplet tem-
perature; V,and V, are velocity of the droplet and of the hot
gas respectively; oy and p, are the density of the droplet and
of the hot gas respectively; d is the droplet diameter; Cp is
the drag coefficient and g is gravity acceleration.

The convective heat-transfer coefficient # and the mass-
transfer coefficient /4, may be simply evaluated through
Nusselt, Nu, and Sherwood, Sh, dimensionless quantities. To
the purpose, common correlations referred to the spherical-
droplet case can be employed:

hd 1/2 1/3
Nu=—=20+0.6Re " Pr"~,
. : )
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where k is thermal conductivity of gas phase; D is mass dif-
fusivity; Re, is a “relative” Reynolds number, that is based
on the relative velocity between droplet and gas phase; Pr is
the Prandtl number and v, is kinematic viscosity of the gas
phase.

Sh = hd _ 2.0+0.6Re”
D r

Droplets characterized by small diameter and high rela-
tive velocity are rapidly heated by convection and then
evaporate [6,12,13]. As a common classical reference [6,12],
if the flame temperature is 1000 °C, the droplet diameter is
150 um and the spray velocity is 2.5 m s, water droplets
evaporate after an average penetration of just 90 mm into the
flame. This evaluation is funded on the assumption of water
droplets heated up from ambient temperature to 373 K be-
fore evaporation (even though some proper mist tends to
evaporate before reaching 373 K). Moreover, water vapor is
considered to be heated up from 373 K to the flame temPera-
ture of 1273 K. If density of the water flux is 2.0l m s and
ambient temperature is 293 K, the heat-extraction rate due to
vaporization is 75 kW m™, if latent heat of water evaporation
is taken as 2.26 MJ kg'. The heat-extraction rate to heat up
water droplets and vapor is 11.2 and 72 kW m™ assuming
their specific heat as 4.2 and 2.4 kJ kg K respectively.
Therefore, the maximum total heat-reduction rate is 160
kW m?. As expectable, decreasing droplet diameter and in-
creasing droplet velocity provides an increase of evaporation
effectiveness.

With regard to oxygen displacement, the combustion rate
of a fire Ry depends on temperature and mass fraction of the
reactants. The Arrhenius finite reaction-rate model is useful
to evaluate Ry:

+B B —E/RT
R, =-Ap"“ mk‘;moxe , (6)

where 4, a and f are empirical constants; p is the fluid den-
sity; myand m,, are mass fractions of fuel and oxygen respec-
tively and E stands for the activation energy of the chemical
reaction.

Rydecreases if temperature is reduced because of cooling,
together with a lower heat release. If the water vapor gener-
ated from mist increases, air is displaced inside regions
within or close to the fire and oxygen concentration is re-
duced. As the final result, this mechanism would extinguish
the fire or at least reduce the heat-release rate.

When gaseous fuels such as methane are involved in the
fire, the reaction is constituted by one single step and is irre-
versible: the model constants o and S could be taken as 1. A
large number of diffusion flames and deep-seated fires
would extinguish if the ambient oxygen concentration stands
below 13-15 % and 8 % respectively, as stated by Back III e?
al. [14]. The vapor amount in saturated air at temperature
above 353 K is sufficient to dilute oxygen concentration be-
low the limit value for most fuels.

The last considered heat-transfer phenomenon is radia-
tion blocking. Radiant heat transfer from high-temperature
flames and hot smoke layers to the surrounding objects is
blocked by fine water droplets as a result of absorption and
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scattering. This effects mainly prevents the fuels from vola-
tizing and burning, but also reduces the fire-growth rate and
fire spread. Moreover, it increases the time to flashover in a
compartment.

The transmitted spectral flux g, in a monodisperse water
spray is yielded by the following relation [15], when referred
to a path length (spray thickness) L, water load M and drop-
let diameter d:

_E 2re (7)
9 =L 2yt . Y
w(l= IR (e =D+1-wk_+y+(y+wf-1)e

where £, is the extinction coefficient (Q,./L); w is the al-
bedo of a generic droplet (ratio between diffusion efficiency
QOuir and extinction efficiency Q..); R; is the reflection factor
of a target; 7 is the effective extinction coefficient; f is the
angular dissymmetry factor and E,7 is the emissive power of
a black body. y, k.., and 7 can be expressed as follows:

r= (=1 = (1= 1. ®
B 6MQm

@—jﬁra )

T= kmL. (10)

The fraction r of total heat flux transmitted through water
spray is determined as the share represented by the total
transmitted flux g,,:

r=-, (11

where ¢, is obtained integrating ¢, over the whole range of
wavelength:

q, = [ q,dr. (12)
0

The maximum blocking of thermal radiation is achieved
if droplet diameter has the same order of magnitude as the
maximum emission wavelength of the fire source [15]. For
example, if a water spray load of 100 g m” is considered,
together with a diameter Dy of 100 pum, D99 of 200 wum and
a path length of 1 m, about 60 % of the radiant heat from a
black body at 1073 K would be blocked [15]. If a fire is as-
sumed as a black body at about 1300 K, the maximum emis-
sion length would be 1.93 um and 95 % of the total energy
would be radiated in the wavelength range between 1 um to
10 wm [6,16]. Radiant heat blocking plays a major role with
relation to water droplets having diameter lower than 30 um.

The above mentioned three mechanisms have the main
impact on suppression effectiveness of a water-mist system.
However, some other effects should be reported as additional
phenomena to that related: fuel-surface wetting and cooling
prevent fire spread and potential saponification of additives
such as alkaline mixtures is employed to fight re-ignition.
The water vapor generated from mist shows chemical effects
on soot and radical formation, providing some changes in
thermal radiation and combustion processes: these phenom-
ena are significant with high-temperature diffusion flames
[17]. Other effects as expansion mixing at certain thermal
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conditions increase smoke and toxic-gas generation [18].
However, suppression is the main phenomenon if water-mist
systems are properly designed to discharge sufficient volume
flux onto and within the flames.

3. FLUID DYNAMICS OF WATER-MIST SPRAYS:
ATOMIZATION AND DISPERSION

As a common approach to fluid dynamics of sprays, two
phenomena are identified to provide a fundamental charac-
terization of the flow: atomization and dispersion. However,
a second step is sought to quantitatively express them: a set
of parameters is typically investigated to evaluate both the
former and the latter. Drop-size distribution, water-flux den-
sity, spray-cone angle and droplet velocity are these key fea-
tures of any spray: the first one clearly represents the atomi-
zation degree, while the others are more related to dispersion
phenomenon, even if they may provide some indirect infor-
mation about atomization as well. The mentioned set of pa-
rameters also has a direct connection to suppression mecha-
nisms; on the other hand, other characteristics as compart-
ment geometry, ventilation conditions and fuel properties
constitute the external factors. In case of a specific reference
to water-mist sprays in fire-suppression, the whole multi-
phase flow is made up by dispersed droplets, generated va-
por, fire-induced air flow and spray-induced air flow. Multi-
phase fluid dynamics strongly affects fire-suppression per-
formances and it may be described through the classical rela-
tions on mass, momentum and energy conservation for each
phase [19].

Droplet trajectory and evaporation rate are mainly gov-
erned by the interaction between the sprayed flow (droplets)
and the surrounding fluid: this includes momentum, mass
and heat transfer. These phenomena are significantly af-
fected by dynamics of the fluid flow, that means velocity and
temperature, together with the fluid properties (i.e.: viscosity
and density). Fire suppression is basically governed by the
above mentioned mechanisms. In terms of fluid mechanics,
the main forces acting on the droplets are inertia, air drag
and buoyancy. Moreover, other force typologies such as the
ones related to virtual mass effect and the Basset force might
be taken into account if significant [19]. The heat amount
transferred from hot fluids to water droplets through forced
convection generates water vapor on the droplet external
surface: it is subsequently transported and dilutes oxygen
concentration. The conservation equations on momentum,
heat and mass transfer (see section 2) present drag coeftfi-
cient, convective heat and mass transfer coefficients as the
key parameters governing heat and momentum transfer
among water droplets and the surrounding fluid flows. As
already mentioned in section 2, many of these parameters are
correlated with non-dimensional quantities such as the “rela-
tive” Reynolds, Prandtl and Schmidt numbers [19]. The
“relative” Reynolds number represents a sort of basic factor
having a remarkable impact on momentum-, heat- and mass-
transfer processes. As a straight connection, larger transfer
rates result in an increase of the “relative” Reynolds number.

Another phenomenon significantly affecting the momen-
tum, heat and mass transfer is fluid turbulence. Fundamental
studies on the effect of relative turbulence intensity have
yielded some quantitative insight on the relation between
turbulence and transport mechanisms [19]. At lower Rey-
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nolds numbers, the Nusselt number shows a rapid increase as
the turbulence intensity is up to 1 %; as this latter grows be-
yond this value, a linear relation appears to occur. At higher
Reynolds numbers, the linear variation of Nusselt number
with turbulence intensity seems to be consistent with the
values for flows with no turbulence. A considerable discrep-
ancy is reported among the numerous data on the depend-
ence of drag coefficient on turbulence. Therefore, experi-
mental studies are still required to provide a more effective
comprehension on turbulence effects. However, the devel-
oped drag curves may be of some interest for droplets in
subcritical turbulent flow. As a final remark, additional cor-
relations are sought for flows at critical and supercritical
Reynolds number: an increase of relative turbulence inten-
sity implies a decrease of the critical Reynolds numbers. At a
given relative turbulence intensity, the drag coefficient
grows with the length-scale ratio, that is turbulence macro-
scale over droplet characteristic diameter [19]. Therefore,
smaller droplets appear to be more sensitive to fluid turbu-
lence than larger droplets. This final fundamental outcome
seems to imply that turbulence models developed for tradi-
tional-sprinkler sprays might not be thoroughly applicable to
the water-mist case.

Some brief remarks are required on fluid dynamics of
diffusion flames, as far as they represent the usual element of
interaction with water-mist droplets. The finite chemical-
reaction rate in a diffusion flame is affected by the concen-
tration of fuel vapor and oxygen. If continuum media are
considered, water vapor generated from droplets is trans-
ferred by the turbulent flows to the room: therefore, a reduc-
tion of oxygen concentration is provided. A convenient de-
scription of these turbulent motions can be performed
through a k-¢ model in CFD (Computational Fluid Dynam-
ics) analyses. However, if high temperatures of the surround-
ing fluid are reached, another phenomenon occurs to limit
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the chemical-reaction rate: turbulent mixing of the reactants,
which may be represented by eddy-breakup models [20] in
numerical simulations.

The major role played by fluid dynamics in water-mist-
based fire suppression is particularly evident for smaller
droplets. For instance, if referring to large fires, plume veloc-
ity and temperatures are higher, so water mist of smaller
diameters or velocity may not be able to penetrate the plume
and reach the flame. Water droplets may evaporate into va-
por or be dragged away by the plume-induced air flow [21].
In some cases, water mist suspended in the air might be en-
trained into the fire-induced flow and suppress the fire: the
density flux of entrained water mist is determined through
the fluid (air)-transport capability. Therefore, drop size ap-
pears to be a key parameter to understand control and sup-
pression effectiveness and different drop-size families may
play different roles with respect to both heat transfer and
dynamics within the fire scenario. In spite of the importance
of characterizing water-mist sprays, very few works have
been conducted to this end. Among them, it is worthwhile to
mention the extensive studies carried out by Paulsen Husted
[22], Paulsen Husted et al. [23], Santangelo et al. [24,25]
and Santangelo [26]. These works have been focused on a
pure characterization of water-mist sprays in terms of atomi-
zation and dispersion following experimental, theoretical and
numerical approaches. Drop-size distribution has been de-
termined employing laser-based techniques as PDPA (Phase
Doppler Particle Analyzer) and Fraunhofer diffraction (the
well recognized Malvern Spraytec device). Appropriate
methodologies have been ad hoc developed to post-process
experimental data and reconstruct the overall drop-size dis-
tribution. Fig. (3) reports a common release of this parameter
with respect to volume fraction of the spray. Moreover, dis-
tribution functions and correlations have been conveniently
validated to predict drop-size trend and characteristic spray
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Fig. (3). Typical reconstructed Drop Size vs. Cumulative Volume Fraction curve (operative pressure of 80 bar) [24,26].
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diameters. Velocity and spray-cone angle have been investi-
gated as well mainly through PIV (Particle Image Velocime-
try) campaigns. Fig. (4) is a representative sketch of a PIV
test rig for high-pressure water-mist sprays, as it was em-
ployed by Paulsen Husted ef al. [23] to run a comparison
between PIV and PDA (Phase Doppler Anemometry) meas-
urements in terms of velocity. In addition, Fig. (5) shows a
PIV map of a water-mist spray: velocity magnitude is here
presented as a contour plot together with vectors expressing
the spray trajectory. It is finally noteworthy to emphasize the
importance of experimental and theoretical studies on fluid
dynamics of water-mist sprays, because of the need for vali-
dated models to that related. These models constitute a re-
quired input for numerical codes aimed at simulating the
entire fire-suppression process, being a realistic representa-
tion of spray dynamics the key to properly predict flow-
flame interaction. Some numerical works are available on
this subject in the open literature [22,25]. Among them, a
remarkable study has been performed by Trelles et al. [27].
This work thoroughly focuses on the spray characterization
and simulation. The authors stress out the importance of
gaining a detailed and reliable characterization of the water
spray; then, this latter has to be simulated showing good
agreement with test cases. The proposed analysis is related to
a multi-orifice nozzle operating at high pressure (greater than
70 bar). Drop-size distribution was a priori known from pre-
vious measurements, as well as geometry of the nozzle and
flux-density distribution one meter below the nozzle. This
latter information is used as a validating tool to verify the
predictive capabilities of the computational code. The pro-
posed approach is very similar to the one featuring other
works [22,25]. FDS (Fire Dynamics Simulator) by NIST
(National Institute of Standards and Technology) has been
employed to run the numerical tests; as already mentioned
about other works [22,24-26], a distribution function has
been applied to model drop sizes. Although the input veloc-
ity value is questionable because no background information
is given about it, results appear qualitatively encouraging:
the mass-flux map is reasonably reconstructed when the grid
spacing is fine. However, as this parameter becomes too large
(resolution equal to roughly 150 mm), droplet trajectories are
lost and mass-flux distribution is not properly reproduced.

Finally, at least a brief comment on CFD is nowadays
strongly required when discussing fluid dynamics of any
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physical phenomenon. As already stated, it can be employed
to study flow-flame interactions and suppression mechanism
for given fire scenarios: the available results are surveyed in
section 4; however, they may lack accuracy as the effects of
turbulence, combustion and evaporation have to be taken
into account at the same time. However, an important feature
of CFD data is to serve as a quantitative comparison among
fire-suppression process by different water-mist systems.
This approach is characterized by a relatively low cost, espe-
cially if compared to experimental tests, so it is of interest
for designers in selecting the most suitable system for a given
configuration with respect to performance-based criteria.

4. EXPERIMENTAL AND NUMERICAL STUDIES

Many efforts are still needed to profoundly investigate
fundamental aspects and technical functioning of water-mist
technology with respect to a variety of fire scenarios. In par-
ticular, extensive researches are required to gain a proper
comprehension of the main physical phenomena: discharge,
fire control and potential suppression. In addition, the avail-
able predictive tools lack general reliability, being them usu-
ally realized and validated for specific cases or configura-
tions. However, the open scientific literature already shows
some contributions aimed at enhancing both researchers’ and
practitioners’ knowledge in the field: a critical overview of
studies and achievements is here presented.

4.1. Fundamentals of Extinction and Flow-Flame Interac-
tion

Fire control and suppression by water mist is strongly re-
lated to the interaction between the sprayed flow and the
flames. This general physical phenomenon has been investi-
gated employing the numerous theoretical relations on com-
bustion processes coupled to classic heat-transfer equations
applied to the droplets. Many parameters are involved to
gain a quantitative evaluation on extinction and suppression:
first and foremost, temperature decay within the fire zone;
heat release rate; heat dissipation and burning velocity.
However, even though this set of parameters is physically
significant, but should be linked to other features to provide
guidance for system design. To the purpose, extinction and
flow-flame interaction has been finally correlated to drop
size, as the key characteristic of any spray. For instance, the
large body of numerical works implements the already men-
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Fig. (4). Sketch of the PIV test rig developed by Paulsen Husted ez al. [23].



174 The Open Thermodynamics Journal, 2010, Volume 4

Non-dimensional Axial Coordinate (y/D)

-40 20 20 40
Non-dimensional Radial Coordinate (x/D)

Fig. (5). Reconstructed PIV map of a water-mist spray (operative
pressure of 80 bar); coordinates are conveniently made non-
dimensional through a ratio by the internal orifice diameter [25,26].

tioned equations, but mainly shows the ultimate aim at de-
termining the suppression trend as a function of droplet
characteristic diameter. As an additional remark, the high
complexity of flow-flame interaction has brought to conduct
very few experimental researches, even because of the high
costs related to fire tests, being them small- or full-scale.

One of the first scientific works on water mist has been
realized by Ndubizu et al. [28]: the Naval Research Labora-
tory was one of the first institutions to show interest in water
mist as a fire-protection system for both shipboard and resi-
dential applications. The authors stress out the importance of
this technology as an alternative to the banned Aalon-based
and they focus on gaining a full comprehension of suppres-
sion mechanism of a two-dimensional gaseous diffusion

1.1

Santangelo and Tartarini

flame. The experimental side of this study has been per-
formed employing a Wolthard-Parker burner: the fuel slot is
10 mm x 150 mm x 75 mm, while the two oxidizer channels
are 35 mm x 150 mm x 82 mm. Temperature drops have
been measured in a methane flame subjected to a nitrogen,
steam and water-mist co-flow. Moreover, a theoretical model
is proposed to discuss heat generation and loss occurring to
flames when suppressants are introduced. The main result of
this work consists of an evaluation of the suppression effec-
tiveness (degree of suppression) as concentration of the three
components varies. This result is sketched in Fig. (6), where
suppression effectiveness is quantitatively represented by a
non-dimensional temperature drop (T, is the adiabatic-flame
temperature).

As expected, water mist appears to provide a more effi-
cient suppression: a thorough discussion is presented about
the gas-phase cooling effect as one of the key phenomena to
physically perform fire suppression. This effect is basically
due to latent heat and heat capacity, that is higher in water
vapor compared to air. Moreover, another additional out-
come is shown: oxygen dilution by water mist appears to be
of lower importance than the other mentioned effect. The
authors also have attempted an investigation on the role
played by these two phenomena with respect to characteristic
drop size, that has been measured employing a Malvern
Spraytec particle sizer where droplets leave the oxidizer in
the Wolfhard-Parker burner.

Almost the same subject has been investigated by Fisher
et al. [29], in the frame of the long-term research promoted
by the US Navy. Suppression effectiveness of non-premixed
propane-air flames by fine water mist has been experimen-
tally analyzed (Fig. (7)). Water droplets have been produced
by a piezoelectric generator with a mean size lower than 10
um. Extinction experiments have been carried out with flow
rates of 0.21 1 min™' for propane and 38 1 min™ for the whole
oxidizer stream. As a result of a comparison between water
mist and nitrogen in extinguishing this fire, it is shown that
66% of the total enthalpy of mist brings to flame suppres-
sion. PIV has been employed to visualize mist evaporation,
flow-flame interaction and droplet trajectories. Evaporation
is shown to occur primarily outside the flame and then water
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Fig. (6). Degree of suppression at various concentrations of nitrogen, steam and water mist: theoretical curves and experimental data [28].
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Fig. (7). Cup burner apparatus to visualize interaction between
propane/air non-premixed flames and a water-mist flow. Optical
instruments are not represented in this sketch [29].

vapor tends to follow an entrainment motion along with the
air flow. The authors suggest that flames are subjected to
only a portion of the cooling effect due to drop evaporation.
Evaporating droplets exchange heat with the incoming wa-
ter-mist bulk and they provide extinction more as a heat sink
than as a proper suppressant. This explanation is also pro-
posed in Thomas [30], concerning the smaller droplets in the
water-mist distribution.

The Naval Research Laboratory also has recently coupled
the experimental to computational simulations in the frame
of an extensive research supported by the US Navy to inves-
tigate the most innovative water-mist configurations. Adiga
et al. [31] have aimed their study at analyzing performance
of ultra-fine water mist (drop size lower than 10 um): this
work appears to be strongly connected to the one previously
mentioned [29] about suppression effectiveness. The ex-
perimental campaign has been carried out in a large com-
partment with a heptane pool fire. Tests have been per-
formed in a typical cubic steel-walled compartment (28 m’),
where heptane fires with 5 kW and 120 kW of heat release
rate have been set. In addition, a 70 kW methanol fire also
has been used. An ad hoc developed experimental facility
has been used to perform tests and gain quantitative data
about the thermal transient at a number of locations within
the fire scenario. The mist has been produced by an ultra-
sonic generator: this technology is very innovative and does
not employ traditional injectors. The imposed momentum is
very low and the discharge velocity is below 1 m s™: the dif-
ference between this spray and a commonly injected one is
evident even in terms of classical dynamics parameters. Mist
has been spread as a total flooding agent inside the com-
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partment. With regard to the computational side, Fluent® by
ANSYS Inc. has been employed as the CFD code to run cal-
culations on mist-flame interaction and suppression time. A
Lagrangian discrete-phase model has been applied to simu-
late droplet behavior. Strong discrepancies have arisen about
extinction-time scale between CFD predictions and experi-
mental results; however, a better agreement has been found
by modeling the water mist as a dense gas. As a final obser-
vation, a multi-phase Eulerian approach together with a va-
porization model is stated to be in demand to gain a proper
evaluation of mist-flame interaction. Santangelo et al. [25]
have pointed out similar difficulties in predicting a spray
dispersion in water-mist flows through Fluent®-based models.

As already stated, numerical predictions of spray flows
still need to be improved in terms of both dynamic behavior
and droplet formation. This challenge is even more remark-
able for water-mist sprays, where a large number of ex-
tremely fine droplets leads any modeler to face statistic prob-
lems to discuss atomization and dispersion phenomena. De-
spite this need for fundamental improvements on the fluid-
dynamic side, a considerable body of numerical studies has
been conducted over the last decade to predict the interaction
between a water-mist flow and flames. These works mainly
implement combustion models coupled to heat-transfer equa-
tions to predict the suppression mechanism.

In the frame of these researches, theoretical and numeri-
cal approaches have been employed by Chelliah and his co-
workers throughout their studies on the interaction between
water mist and flames, that is investigated through its fun-
damental physical aspects. Lentati and Chelliah [32] have
focused their efforts on simulating the extinguishing process
of laminar counterflow non-premixed flames by tiny water-
mist droplets. These latter have modeled over several mono-
disperse sizes in the range 5-50 um. To this end a novel hy-
brid Eulerian-Lagrangian method has been applied to model
the two-phase flow constituted by gas and droplets. In par-
ticular, the Lagrangian approach overtakes singularities aris-
ing with the droplet-density equation: these singularities can
be hardly solved by a numerical code. Chemical kinetics has
been fully modeled, while droplet evaporation and heat
transfer have been treated under steady-condition assump-
tion. This model has been implemented in a computational
code; a non-monotonic dependence of flame extinction on
drop size has been stressed out: this unexpected result ap-
pears to be due to drop dynamics in a counterflow field. This
contribution appears to be the most significant, because it
stresses out a non-uniform behavior of water mist as drop-
size varies in terms of suppression. The mentioned outcome
is concisely sketched in Fig. (8), where a stoichiometric dis-
sipation-rate coefficient (). is introduced to evaluate heat
transfer between water droplets and flames: as a matter of
fact, this parameter is the inverse of diffusion time scale.

In a later work, Chelliah [33] has studied the drop-size
optimization to suppress or at least inhibit methane-air
flames: this approach appears to enhance the previous results
[32] and refer to a particular flame typology. Resident time
of both laminar premixed and counterflow non-premixed
flames has been employed to model the combustion phe-
nomena. Resident time of the former is shown to be gov-
erned by droplet trajectory, while resident time of the latter
is strongly connected to the convective-diffusive layer of the
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Fig. (8). Comparison of scalar dissipation rate with respect to drop size for different droplet mass fractions [32].

air stream. No velocity lag is assumed between droplets and
gas. The proposed predictive model yields to two optimal
drop-size values: 6.5 um for premixed flames and 20 um for
non-premixed. Chelliah has also carried out numerical simu-
lations based on the developed theory and he has found that
the commonly accepted linear relation between flame-
strength decrease and specific drop surface area is valid only
if drop size is greater than the optimal value. Once drop size
becomes close to the optimal value, thermal and chemical
effects change and lead to a non-linear relation (Fig. (9)).
Note that drop size is here expressed by the surface-area pa-
rameter, that is the ratio between drop concentration (Y,) and
drop diameter (dj). Moreover, flame strength is made non-
dimensional through a ratio by either square of burning ve-
locity (SL,WPZ, for premixed flames), or extinction conditions
(@extvap, for non-premixed flames). This outcome is of great
interest in designing water-mist systems, especially if limited
amount of water is available.

Another important numerical study on quenching effect
of water mist on methane-air flames has been conducted by
Thomas [30]. The author investigates the limit value for
droplet and vapor concentration to prevent laminar flames
self-sustaining their propagation. Chemical kinetics, gas dy-
namics and thermal effects have been physically modeled
and droplet transient evaporation has been evaluated through
an approximate approach, that is based on mass, energy and
momentum transfer between the two phases. The author
seems to have the same aim as Chelliah [33]: achieving a
trend of extinction with respect to drop size and providing a
sort of optimized value. Thomas states that 10 um is a criti-
cal value for drop diameter: smaller droplets evaporate too
early to show a significant influence on the flames. This re-
sult is represented in Fig. (10), where burning velocity is
taken as the key parameter to quantify quenching and extinc-
tion. As drop size decreases, a higher density of droplets is
required to yield the same burning-velocity reduction and 10
um is identified as a numerical limit to simulate the suppres-
sion mechanism. However, smaller droplets may play a re-
markable role as water vapor within the pre-heat region.

The author also proposes a set of suitable loading densi-
ties in respect to different drop sizes greater than the above
mentioned limit value. Kinetic inhibition of chemical reac-
tions appears to be the most effective quenching mechanism,
as far as thermal effects are not sufficient for flame control:
an additional task of Thomas’ research is to verify inhibition
when alkali salts are added to flames. This case recalls a pure
chemical extinction mechanism. However, salt addition be-
comes more ineffective the higher is the mean drop diameter.
As a final outcome, extinction seems to be most performed
by droplets of diameter lower than 50 um (Fig. (10)) and the
range 10-30 um is the one that needs to be particularly char-
acterized.

Recent enhancements about extinction effectiveness of
premixed methane-air flames by water mist have been
brought in by Parra et al. [34] from a purely numerical point
of view. The authors focus on a one-dimensional model,
where the water flow is subjected to the following subse-
quent phenomena: dragging, breakup, heating and vaporiza-
tion. The computational domain is confined and discretized
with adaptive meshes; its size is 12 m x 1.2 m. The initial
temperature of the cold gases is 300 K, while the hot-spot
ignition is simulated imposing 1800 K as the temperature of
the hot side within the domain. Chemical kinetic reactions
occurring in flow-flame interaction are taken into account.
The highest contribution of this work consists of considering
both deflagration and detonation as propagation regimes of
the flame. Therefore, different suitable extinction criteria are
used. As a first crucial outcome, this work points out the
suppressing effect shown by smaller droplets, which vapor-
ize very early, as stressed out by Thomas [30]. Moreover, a
parametric study stresses out the water barrier characteristics
to express and quantify the parameters related to mitigation
efficiency: a water barrier of 0.05% of liquid volume fraction
is capable of mitigating deflagration flames, while a higher
fraction is required to extinguish at detonation conditions. As
already discussed by Ndubizu et al. [28], the relative impor-
tance of oxygen dilution is reported with respect to energy
depleting and perturbation velocity of the flame. This latter
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Fig. (10). Burning velocity of an atmospheric stoichiometric air-methane flame allowing for droplet evaporation as a function of droplet
density. Different curves are presented as drop size varies in the range 10-100 um [30].

parameter is strongly affected by oxygen dilution at deflagra- Some recent interest has been brought in about scaling
tion regime, while the governing effect in detonation models in fire protection, following the classic formulation
quenching is heat absorption by water droplets. of fire-suppression mechanism proposed by Heskestad [35]
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almost 30 years ago: it consists of a Froude-modeling re-
ferred to low drop Reynolds number. The same purpose has
recently been pursued in a theoretical study on scaling of fire
cooling by water mist performed by Jayaweera and Yu [36].
The authors have re-discussed Heskestad’s model regarding
high values of drop Reynolds number. The classic scaling
relations are shown to be valid over a broad range of values,
except for the drop size, that should be scaled with a 1/4-
power length instead of a 1/2-power. An experimental cam-
paign has been performed to validate this extension of a pre-
existing theory with the appropriate modifications: the model
has been validated by a comparison with experimental re-
sults over the range 3.3-824 kW of heat release rate. The
proposed scaling model appears to be promising and of in-
terest for system designers and researchers, who face funda-
mental phenomena related to mist cooling of fire gases.

4.2. Zone Models

An innovative numerical approach to predict water-mist
performance is the well recognized one-zone model. It con-
sists of assuming a total-flooding water-mist flow that fully
mixes any enclosure, providing maximization of spatial dis-
persion and recirculation of fire gases independent of fire
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location. Therefore, any peculiar information on system de-
sign may be neglected, whereas other models need it as an
input.

Some studies on the application of this approach to sup-
pression within ventilated enclosures have been performed
by Vaari [37,38]. The author states that a one-zone model is
suitable to predict the transient behavior of water mist, as far
as previous experimental observations tested the mist capa-
bility of mixing with the surrounding gas. A time-resolved
method is applied to describe the transient behavior of tem-
perature, gas density and composition, water-mist concentra-
tion. Evaporation process is conveniently modeled. Extinc-
tion is determined under the following hypothesis: inert
gases and liquid water increase heat capacity of the gas pro-
viding a cooling effect on the flame. Moreover, direct cool-
ing of the fuel surface is neglected; thereby, re-ignition po-
tential is not taken into account. As a physical result, energy
balance of the flame is expressed disregarding chemical ef-
fects and radiation losses: this represents a distinctive feature
of the research. Validity of this numerical approach has been
checked through a comparison with available experimental
data (an example is reported in Fig. (11)): the test rooms had
a volume ranging from 100 to 1000 m’; nominal heat release
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Fig. (11). Gas temperature, oxygen, carbon dioxide and water-mist concentration for a nominally 5.0 MW obstructed heptane spray fire in a
nominally closed 3000 m® machinery space (operative pressure: 70 bar, discharge flow rate: 5.1 kg s™): comparison between numerical

model and experimental data [38].
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rate has been varied from 0.25 to 10 MW, water-flow rate
has been varied over the range 1.1-8.52 kg s'. The author
states that it constitutes a reasonable engineering tool, but the
one-zone approximation may lead to unrealistic results if
flame interaction with enclosure boundaries are significant.
Moreover, stratification due to buoyancy is not taken into
account, as well as cooling effect of water droplets on the
fuel surface: as a matter of fact, extinction mechanism is
referred to the sole gas-phase effect.

One-zone-model approach has been critically reviewed
by Li and Chow [39] as a numerical method for water-mist
systems. The authors point out the suitability of this model to
study fire extinction in obstructed zones, being it founded on
droplet mixing with fire gas in a compartment. The impor-
tant basis underlying this approach is that the room is con-
sidered a homogeneous region. Conservation equations for
the two phases are reviewed as the theoretical background of
the model and governing parameters are surveyed (discharge
rate, drop size, fire size, ventilation, etc.). As already men-
tioned by Vaari [37,38], limitations of one-zone models are
strongly connected to the numerous implemented approxi-
mations, which may cause misleading results about some
specific fire scenarios: fire radiation, direct cooling effect,
fuel properties and geometric characteristics of the scenario
(especially obstructions) are neglected in this approach.
However, Li and Chow point out the capability of one-zone
models in evaluating the critical fire size for given ventila-
tion conditions and water-mist characteristics (mainly refer-
ring to drop size). Therefore, this approach may be seen as a
useful engineering tool, even if experiments are needed to
properly determine the optimal system for a particular con-
figuration.
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An interesting enhancement to one-zone models has been
proposed by Nyankina and Novozhilov [40]: the authors
employ a two-phase zone model. In particular, the mist spray
is simply represented as a heat sink, while a theoretical
model is applied to the smoke layer in order to determine its
thermal transient. Input data appear to be very simple: dis-
charge characteristics of the nozzles and initial temperature
conditions. The main result is sketched in Fig. (12), where
curve 1 represents unbounded temperature, while curve 5
shows non-flashover conditions.

Flashover could be controlled if the discharge rate stands
in the range between 0.075 and 0.1 kg s™'. This numerical
outcome is of interest for design purposes, even if the em-
ployed computational domain is a simple room with one
vent. Therefore, all the questions about applicability of zone
models to real cases with obstructions and geometric singu-
larities still appear to be discussed.

4.3. Case Studies

As far as water-mist technology has a strong technical in-
terest, some studies have been carried out on certain physical
cases or particular fire scenarios. These works are mainly
computational, even if the more general and simple configu-
rations have been investigated throughout experimental tests
as well. An early review on water-mist applications has been
proposed by Liu and Kim [41].

A practical work has been proposed by Back III et al.
[42], bearing an industrial background. They have developed
a quasi-steady-state model to predict effectiveness of water
mist in extinguishing fuel-spray and pool fires. Their model
has the specific purpose to discuss obstructed fires, where
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Fig. (12). Dimensionless temperature of the surrounding gases (reference temperature is the ambient one, 300 K) versus dimensionless time
(reference time is the characteristic heating time of the upper layer). Curves are related to different mist discharge rates: 1) 0.02, 2) 0.02, 3)

0.05,4)0.075,5) 0.1 kg s™' [40].
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suppression is mainly the result of oxygen dilution by water
vapor. Therefore, mist-flame interactions are neglected and
this constitutes a major difference from previously men-
tioned studies. Energy conservation is the key point that sup-
ports this model, while typical design parameters (case ge-
ometry, water flow rate, etc.) have to be a priori inserted.
Steady-state temperature and oxygen concentration are pre-
dicted and yield the smallest fire the system can extinguish.
A noteworthy experimental campaign features this study as
an additional validating tool: the experiments have been
conducted in shipboard machinery spaces, with compartment
volumes ranging from 100 to 500 m’. Five systems and three
ventilation conditions have been considered: a good agree-
ment between experimental and numerical data is shown,
even if some lack of accuracy occurs when fire size ap-
proaches the critical value (failed-extinction case). A similar
study has been previously realized by Liu ef al. [43] on ex-
tinguishment performance by continuous and cycling dis-
charges of water mist in empty enclosures and machinery
spaces. This work is purely experimental at full scale: hep-
tane pool fires have been used with a heat release rate rang-
ing from 50 to 520 kW; the test room was 9.7 m X 4.9 m x
2.9 m. A twin-fluid system has been challenged at relatively
low pressure (slightly lower than 6 bar); the nozzle produced
a flow rate of 5 1 min™". Cycling discharge appears to be more
effective in terms of both extinguishment and water con-
sumption: the author stress out a higher depletion and dilu-
tion rate of oxygen together with a recurrent dynamic mixing
due to the discharge cycles.

Kim and Ryou [44] have performed an experimental and
numerical research on fire suppression in enclosures by wa-
ter mist. Extinction time, temperature field and oxygen con-
centration have been measured in an enclosed compartment,
that represents the test case for numerical simulations as
well. Methanol and hexane fires have been employed as the
test cases. The enclosed compartment had a size of 4.0 m x
4.0 m x 2.3 m; K-type thermocouples have been employed to
determine temperature profiles. The experimental campaign
has produced an interesting quantitative result: the smoke-
layer temperature has shown to be affected by two different
subsequent cooling effects in its temporal trend. The first one
is sudden, while the second is gradual: the critical time is
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referred to the presence of sudden cooling. Numerical analy-
ses have been carried out employing FDS and good agree-
ment is reported between predicted and experimental results
in terms of temperature and oxygen fraction. For instance,
Fig. (13) shows the comparison between experimental and
FDS results in terms of mean ceiling temperature for metha-
nol fires.

A very specific study has been carried out by Shi et al.
[45] on fires occurring in a large atrium. This work does not
deal directly with water mist, but it constitutes a good refer-
ence for fire modeling with ad hoc built and commercial
codes. The authors focus on spill-plume development and
smoke filling: appropriate models have been proposed to
discuss these two phenomena separately, while a zone-model
has been finally developed to couple both of them. Smoke
filling has been treated under a transport lag-time approach,
that represents a quite innovative feature. FDS and CFAST
have been employed as representative commercial codes of
zone-models and CFD respectively. The obtained results
have been compared to experimental data gained from a full-
scale test series, where size of the atrium was 22.4 m x 11.9
m x 27.0 m and maximum heat release rate of pool fires was
about 700 kW.

An interesting applied study has recently been performed
by Chow et al. [46] on controlling plastic fires with water
mist. This work particularly refers to PMMA and PVC: the
latter has been proved to produce a larger quantity of smoke,
even if its ignition appears to take more time. The suppres-
sion effect produced by a water-mist discharge has been in-
vestigated on burning PMMA and PVC in a cone calorimeter
and this experimental approach represents a major contribu-
tion: a scaled nozzle has been developed to operate within a
cone calorimeter allowing a small-scale test provided with a
thorough record of temperature trend and heat release rate.
Water mist appears to efficient in controlling plastic fires if
the discharge time is sufficiently long; however, re-ignition
may occur with an increase in smoke and CO generation,
especially for PMMA. As a final remark, the authors state
that operative pressure of the water-mist spray does not play
a key role in this particular case: this observation is quite
surprising, being operative pressure one of the governing
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Fig. (13). Comparison between experimental and computational (FDS) results for methanol fires: injection time of water mist is a) 300 s and
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parameters to determine drop size, together with injector
geometry. However, full-scale tests are advised to enhance
the comprehension on the effective capability of water mist
in controlling this fire typology.

4.4. Additional Studies

Finally, it is also worthwhile to overview other research
activities in water-mist field, which may not be directly con-
nected to the main aspects covered by the present work, but
represent key points to enhance system capabilities. First of
all, a brief note is required about additives, which now con-
stitute are a major challenge: they are sought to improve fire-
extinguishing efficiency with a contemporary reduction of
metal corrosion and toxicity. They are still subject of re-
search rather than commonly employed in industry, because
questions about concentration, chemical characteristics and
response to interaction with fire still need to be thoroughly
answered. As an example, Xiaomeng ef al. [47] have studied
and proposed new MC (Multi Composition) additives con-
sisting of carbamide, dymethilformamide and sodium-
carboxide. Another work has recently been published on the
evaluation of water-mist performance under the introduction
of a commercial surfactant (LeFort ef al. [48]). In particular,
the foaming effect of fluorinated additives is stressed out as
an enhancement of suppression efficiency together with pre-
venting re-ignition of class B fires.

Other works have been aimed at analyzing heat-transfer
phenomena between water mist and solid surfaces: water
mist can also be employed as a cooling technology and a
deep comprehension of the involved physics is required.
This field also represents a crucial point for industrial appli-
cations, as far as many cooling technologies nowadays em-
ploy very fine droplets. Heat transfer plays the key role, but
also impact processes need to be fundamentally investigated,
as shown in Sozbir et al. [49]. The authors have experimen-
tally investigated heat transfer between a water-mist-fed air
jet and metal surfaces at high temperature (greater than 500
°C). The main proposed outcome consists of reporting the
trend of heat-transfer coefficient with respect to liquid mass
flux at different jet velocities (Fig. (14)).
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Heat-transfer coefficient dramatically increases as small
amounts of water are added to the air jet. Moreover, it also
grows as velocity becomes higher. It is noteworthy to point
out that air and mist heat transfer are independent: the latter
obviously increases as water flux grows, while it is almost
independent of velocity. This latter statement is quite inter-
esting and suggests an opposite trend to flow-flame interac-
tion, which is enhanced by water-mist pressure, that brings
higher velocities.

Some mention should be given to the studies on extin-
guishment of hot cooking-oil fires by water-mist systems.
These works have been conducted by Liu et al. [50,51] from
an almost experimental point of view. The authors stress out
the high effectiveness of water mist in extinguishing and
preventing re-ignition: as a matter of fact, mist cools down
from ignition point (almost 360 °C) up to a temperature
lower than flash point (200 °C). Moreover, experiments have
shown that boil-over or spillage is not present when water
mist is discharged into the oil at high temperature (greater
than 300 °C), while it is observed if oil temperature is rela-
tively low (almost 200 °C). The same authors have also car-
ried out an experimental and theoretical research on portable
water-mist systems with respect to a variety of fire scenarios
[52]. Among these latter, flammable liquids, cooking oil and
wood cribs stand as the most interesting applications. Differ-
ent portable extinguishers have been developed to the pur-
pose and generally good effectiveness has been achieved in
suppression and extinguishment, provided that suitable wa-
ter-flux density and spray momentum are imposed.

A recent interest in water-mist systems has been shown
for fire protection in tunnels. This application represents a
real challenge for water mist because of the very large scale
of the possible scenarios and the extremely high cost of fire
events in tunnels in terms of harms and damages. It is
worthwhile to mention the SOLIT (Safety Of Life In Tun-
nels) and the UPTUN (UPgrading methods for fire safety in
existing TUNnels) as two of the largest research projects on
the subject: both academic and industrial partners are in-
volved and this latter is supported by the European Commu-
nity. A recent numerical work by Nmira ez al. [53] has been
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published in the open literature. It mainly refers to thermo-
plastic fires occurring in a full-scale ventilated tunnel. A
Eulerian-Eulerian model is employed to describe both the
gas and the liquid phase; the simulations show that fire ex-
tinction is performed during the transient flow-flame interac-
tion, which is followed by a quasi-steady state. This outcome
appears to be connected to a rapid decrease of pyrolysis rate
in the fuel package. However, extinction is successfully
achieved only at high water-flow rates; otherwise, quasi-
steady conditions are quickly reached and an increase in flow
rate becomes almost ineffective in mitigation. As a sugges-
tion to this specific application, experimental data would be
highly recommended to serve as a quantitative tool to vali-
date numerical results.

5. SUMMARY AND CONCLUSIONS

An attempt of comprehensive review of water-mist sys-
tems has been presented. Theoretical results, experimental
studies and modeling approaches have been reported, and
much fundamental information from early studies as well as
important contributions from recent research approaches
have been pointed out.

The water mist fire suppression systems are increasingly
popular since they are an excellent alternative to halon fire
protection systems. They are now being used in many areas,
including marine and industrial applications. However, even
if the water mist application is a sufficiently mature technol-
ogy, many problems concerning its behavior, characteriza-
tion and numerical simulation are still unsolved or roughly
approximated. Moreover, fire test protocols and specific wa-
ter mist standards are not worldwide available.

Regardless of the recognized characteristics of water-
mist systems and in spite of the important literature studies
on the parameters that govern water-mist behavior, some
considerations seem to hold:

a) Water-mist phenomenological characteristics are very
complex and not completely understood;

b) Due to its effectiveness in achieving relevant results
in terms of fire control and suppression, water-mist
systems are too important to be approached by limited
correlations and/or approximations;

¢) Water-mist mechanisms have to be conclusively iden-
tified from the experimental data. Nonetheless, slow
but progressive developments have been observed,
and more promising considerations can be made for
future work:

d) New experimental techniques have been developed,
and more refined capabilities are needed in terms of
measurements of drop size and momentum.

e) Recent improvements of visualization techniques
have provided excellent results in the analysis of
droplet behavior, and very high-speed videos are
needed to obtain more time-resolved images of drop-
lets.

f) Modeling capabilities appear to be strongly dependent
on the experimental information, but nowadays the
improved computational resources allow researchers
to approach the difficult task of numerical simulation
of water-mist behavior within and without fire envi-

Santangelo and Tartarini

ronment. In particular, however, much stronger ef-
forts should be aimed at developing codes and rou-
tines which are solely dedicated to water-mist simula-
tions rather than being adapted from other, albeit ef-
fective, tools for sprinklers or different fire-protection
systems.

In few words, up to date the water-mist systems seem to
be very promising in terms of efficiency, application poten-
tial and industrial standardization, but a lot of experimental
and numerical research, as well as much application experi-
ence, are still needed to gain better knowledge about the ca-
pabilities of those systems in fire control and suppression.
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NOMENCLATURE

A = Area[m’], empirical constant (see eq. (6))

Cp = Drag coefficient

Cp = Specific heat at constant pressure [J kg'1 K]

d = Diameter [m]

D = Mass diffusivity [m” s]

E = Activation energy [J kg']

Er = Total emissive power of a black body [W m™]

E;r = Spe_(lztral emissive power of a black body [W m™
um’ ']

f = Angular dissymmetry factor

g = Gravity acceleration (= 9.807 m s7)

h = Convective heat-transfer coefficient [W m~ K]

N = Mass transfer coefficient [m s™']

k = Thermal conductivity [W m’ K]

Koxs = Extinction coefficient (see eq. (9))

L = Thickness [m]

M = Load [kg]

m = Mass [kg]

p = Pressure [Pa]

qe = Latent heat [J kg']

Oext = Extinction efficiency

Qi = Total transmitted power [W m™]

q, = Transmitted spectral flux [W m™ um™']

R = Combustion rate [kg s™']

R = Ideal gas constant (= 8.314J mol’ K™)
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r = Transmitted fraction of the total heat flux

R, = Reflection factor

T = Temperature [K]

t = Time [s]

14 = Velocity [m 5]

w = Albedo

x = Molecular fraction

Greek symbols

= Empirical constant (see eq. (6))

i} = Empirical constant (see eq. (6))

y = Coefficient expressed by eq. (8)

A = Wavelength [m]

v = Kinematic viscosity [m®s”]

o = Density [kg m™]

T = Effective extinction coefficient (see eq. (10))

2
[m’]

Subscripts

d = Droplet

f = Fuel

g = Gas

ox = Oxygen

s = Saturation condition

% = Vapor
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