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ABSTRACT

The limitations of water mist in acting as a total flooding agent are discussed in this paper.
The paper focuses on water mist consisting of droplets 1-100 &mu;m in diameter. Water
mists are very efficient as an extinguishing media if they are present in the flame. There
are, however, several problems associated with introducing the water mist into the flame:
the spray reaches only a short distance; small water droplets have a very short lifetime;
droplets coagulate into larger droplets; large droplets hit obstacles such as walls and
therefore have difficulties in being dispersed throughout the protected volume.

INTRODUCTION

Recent experimental and theoretical work on the
extinction of fires with fine water sprays indi-
cates that water mist may have a wider applica-
tion as an extinguishing agent than previously
anticipated. The phase out of Halon necessitates
the development of alternative means of active
fire protection, and water mist might be a possi-
ble substitute. However, as pointed out by Jones
and Nolan/ few coherent experimental programs
have been initiated for the direct study of the
extinguishing effectiveness of sprays of various
properties for given scenarios. Most experimen-
tal programs have been studying a certain mist
system against specific scenarios. The complex
relationships between extinguishing capacity
and drop size distribution, spray location, spray
momentum, room geometry, obstructions in the
room and fire induced flows, have not been inves-
tigated thoroughly. It is, therefore, very difficult
to develop general design rules for water mist
systems. In this paper, the limitations of water
mist in acting as a total flooding agent are
discussed.

An immediate problem when discussing &dquo;water
mist&dquo; is to define a water mist. According to
NFPA,2 water mist consists of droplets with a
diameter less than 1 mm which are separated
into three classes, where Class 1 has the finest

droplets, i.e. sprays where 90% of the droplets
are less than 0.2 mm and 10% less than 0.1 mm.

Lefebvre’ calls droplets in the region of 70 [Lm a
mist. This paper focuses on water mist consisting
of droplets 1-100 >m in diameter.

When discussing water mist as a possible total
flooding agent, several aspects must be consid-
ered. One aspect is, of course, the capability of
water mist to extinguish a fire, if the mist is
present in the flames. Another aspect is the pro-
duction of the mist in the entire protected volume
and its capability of remaining in the air for a
certain period of time. Producing mist in the
entire protected volume usually requires several
nozzles. To reach all areas in the volume, a high
momentum is required and the easiest way to
produce a high momentum is by the use of mists
containing large droplets. Large droplets do not,
however, follow the air stream pattern in the
room and tend to hit obstacles such as walls, etc.
Keeping the mist in the air for a certain period
of time is difficult as the droplets evaporate and
coagulate. In addition, the air-water mist is
lighter, or heavier, than air, depending on the
mixture ratio. Radiation from the fire increases
the evaporation rate. All these processes are dis-
cussed below. Experimental and theoretical
studies have been undertaken to throw further

light on the question, &dquo;is it possible for water
mist to act as a total flooding system?&dquo;.
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WATER CONCENTRATION
REQUIRED FOR FLAME
EXTINGUISHMENT

Water is very efficient as an extinguishing media
per unit weight4-7 when it is present in a flame.
Experimental studies and thermal extinction
theory suggest that water is about 2 times as
efficient per unit weight as Halon 1301, i.e.,
water is almost as efficient as dry powders of
high quality.6 Other phenomena influencing fire
extinction with water mist are the blowing effect,
radiation shielding and surface cooling.

Thermal Extinction Theory
Flame extinguishing mechanisms are effectively
explained by thermal quenching concepts in com-
bination with the flame heat balance .4-8 By
assuming a limiting adiabatic flame temperature
of 1550 K, the concentration of water mist
required to extinguish a premixed stoichiometric
propane-air flame can be calculated to be approx-
imately 280 glml room volume. Usually there is
a difference of 1.5 to 2 between the demand of
the extinguishing media in diffusion flames as
compared to premixed flames, i.e., a propane dif-
fusion flame would require about 140-190 g of
water mist per cubic meter room volume. If,
instead, water vapor at 100°C was used, the
water demand would be approximately doubled.
The figures given above assume the water mist
is completely evaporated and the vapor is heated
to the adiabatic flame temperature.

For water to be as efficient as discussed above,
the droplets must be small enough to be com-
pletely evaporated while they are within the
flame. Droplet evaporation is discussed later in
this paper. The distance between the droplets
must also be small enough to stop the flame prop-
agating between the droplets. The estimate of the
distance required - the quenching distance - is
usually 1-2 mm. In Table 1, the distances
between the droplets in water mist of different
droplet sizes and water contents are presented.
This shows that, in order to stop a flame propa-
gating between the droplets, droplets of less
than 100 J.1m are required in mists containing
150-300 g water/m3.

As a summary, the major factors which deter-
mine the ability of a water spray to extinguish
a diffusion flame are:

~ abstraction of heat per unit volume (pure ther-
mal phenomenon)

~ the transport of droplets to all parts of the
flame where burning is taking place.

Both factors are, to a large extent, dependent on
the spray properties, especially on the drop size
distribution and the ability to distribute and
maintain a high water content in the whole vol-
ume of a fire room.

Other Extinction Phenomena
Blowing’ is one extinction phenomenon that can
contribute to the extinction process when using
water mist. Another aspect of water mist that
should be mentioned is its great radiation shield-
ing capacity, which can considerably reduce the
rate at which a fire spreads. When electromag-
netic radiation, such as heat radiation and light,
passes through air containing particles, such as
soot, water droplets, etc., the photons are
absorbed and scattered. The absorption and scat-
tering coefficients are dependent on the complex
refractive index of the particles, their size and

. the wavelength of the radiation.10 A rough esti-
mate of the overall absorption can be obtained
by comparing the area of the droplets with that
of the radiation through which the droplets are
passing. For instance, a concentration of
300 g/m3 of 1 >m droplets will almost completely
absorb the incident radiation within a 2 mm
thick water mist. In Table 2, similar estimates
are presented for different water concentrations
and droplet sizes. The radiation shielding by
water in vapor phase is strongly wavelength
dependent. The vapor is completely transparent
at some wavelengths while at others there is
strong absorption.&dquo;

One important extinguishing and fire spread
prevention factor is surface cooling. Surface cool-
ing is effective when the fuel is not already gas-
eous and usually requires somewhat larger drop-
lets to wet the surface than those discussed in
this paper.

EXPERIMENTAL MEASUREMENT OF
FLAME EXTINCTION

The most common methodology for measuring
the efficiency of different extinguishing agents
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Table 1. Distances Between Droplets in mm for Different Droplet Sizes and Different
Water Contents

Table 2. Water Mist Thickness Required to Absorb Almost All Radiation

in diffusion flames is the use of a laboratory cup
burner. However, the results from cup burner
tests depend on many variables and the results
are, in most cases, difficult to translate to actual
fire situations.l2-ls It is also difficult to transfer
a water mist into a cup burner. It was anticipated
that the introduction of the gas burner test would
overcome these problems, as the scale can be eas-
ily increased and quantitative results obtained.
The method was originally developed by NIST
(formerly NBS)1 for studying water spray extinc-
tion of large jet flames. The method has been
more recently developed to a NORDTEST
method NTFIRE 044, 18,19 to study the extinction
of buoyant flames.

There are two extreme possibilities for a water
spray to extinguish a fire: either by direct extinc-
tion of the flame, or by cooling the fuel surface.
In the experiments described below, the fuel is
already gaseous and fed by a tube into the com-
bustion volume. Energy feedback from the
flames that affects the fuel flow, i.e. direct cooling
of the surface by water, or radiation blocking
effects are not considered in the experiments.
This scenario corresponds approximately to a sit-
uation where the water droplets from the spray
nozzle cannot directly impinge and wet, or cool,
the fuel surface.

Tubular Burner Test
In a tubular burner test, according to the
NORDTEST Method NTFIRE044,19 the Required

Extinguishing Media Portion (REMP), i.e., the
ratio of the mass of agent, to mass of fuel, is an
indication of effectiveness of the extinguishing
medium. In REMP experiments for water mist,’
the tubular burner as shown in Fig. 1 was used.
The water mist tests were conducted using a noz-
zle, with an orifice of 0.25 mm from Lechler
(denoted 212.085) using water at 40, 60 and
80 bar.

According to the test method, the extinguishing
media and the fuel should be mixed before reach-

ing the burner outlet. This is difficult in the case
of water mist since the mist is produced in a
small nozzle. The nozzle was, therefore, placed
within the burner and the height of the nozzle
is adjusted so that the water does not hit the rim
of the burner, but as much water as possible is
still introduced into the flame.

The Froude number (Fr = v2/gD where v is the
velocity, g the acceleration due to gravity and D
the diameter of the outlet) should be low (<100)
when conducting tests of this kind. But, since it is
difficult to produce small water droplets without
any momentum, the Froude number will become

high ( ~ 1000) in the tests. A high Froude number,
i.e. a high momentum of the droplets, causes the
flame to be slightly premixed. This occurs since
the gas flow from the burner is less than the gas
flow required to conserve the momentum when
the droplets are slowed down and air is therefore
entrained. Experiments with Halons and dry
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Figure 1. Burner Used in the REMP Experiments.

powders have shown&dquo; that the REMP value
is independent of the Froude number for low
numbers.

The experiments were conducted using propane
as fuel which was allowed to burn for one minute

before the water mist was turned on. The pro-

pane flow was adjustable and was lowered until
extinction occurred, while maintaining a con-
stant water flow rate. The initial rate of heat

release (RHR) of the flame was 45, 60 or 100 kW,
depending on which water pressure was used,
and extinction occurred at values ranging from
30 to 80 kW. The propane flow was measured

during the test with a gas flow meter. For intro-
ducing the water into the nozzle, a water pump
producing 9 L water/s at a pressure of 100 bars
was used. The water pressure in the nozzle was
measured by a manometer placed close to the
nozzle, and was then adjusted to 40, 60 or 80 bars
by a manually regulated valve, which was placed
at the surplus water hose as indicated in Fig. 2.

During the experiments, the RHR was also mea-
sured using the experimental set-up presented

in Fig. 2. A typical set of the results are presented
in Fig. 3, where the dotted line is the RHR with-
out any water mist and the solid line is the RHR
with water mist added, using 40 bar pressure.
These results show that the mist has no effect
on the RHR from the fire until extinction occurs.
In total, 30 such tests were conducted. In Table 3,
the mean and standard deviation of the REMP-
values obtained are presented, together with the
square root of the Froude number and the Sauter
Mean Diameter of the droplets as measured with
an Aerometrics Laser Phase Doppler Analyser.1

The theoretical water content required to extin-
guish a stoichiometric propane-air mixture is
280 g/ml according to the thermal extinction the-
ory, this can be recalculated to an REMP value
of 3.5. By comparing the ratio between 3.5 and
the experimental REMP values obtained, it is

possible to estimate the water content when
extinction occurred in these experiments, the
results of which are presented in Table 4. The
values obtained correspond closely to the theoret-
ical value of 140-190 g/M3 previously discussed,
based on comparisons with other extinguishants,
and to the experimental value of 170 g/m3
obtained by Shilling, Dlugogorski and Kennedy.2o
The 80 bar value in this test is, however, lower,
but this is probably due to the high Froude num-
ber, as discussed above.

DISTRIBUTION OF WATER MIST IN
AN ENCLOSURE

One major factor determining the effectiveness
of a water mist system is the ability of the system
to cover the whole volume of the room with the
mist and to retain this in suspension in the air
for a sufficient period of time to avoid re-ignition.
Water mist can either be released, like most total
flooding agents, during a short period of time
and then persist in suspension, or, more com-
monly, be released continuously during the
required time period.

Distributing water mist in the whole protected
volume is difficult. Water mists are usually
formed by forcing water through a nozzle, as a
jet, which then breaks up into a spray. This is
soon retarded due to drag and, at a certain dis-
tance downstream, the droplets have the same
velocity as the surrounding air stream. The drop-
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Figure 2. Experimental Set-Up in Tubular Burner Test.

Figure 3. Rate of Heat Release with and Without
Water Mist.

lets fall, evaporate and strike obstacles, which
makes it difficult for any mist to reach all the

space in the protected volume.

Properties of Sprays in the Nearfield
of the Noule 

_

In any spray, parts of the liquid have a velocity
perpendicular to the spray direction. The for-
ward momentum is therefore less than in the jet
system and the spray drops are rapidly retarded,
due to drag forces, so that they can soon be con-
sidered as droplets being carried along by the

moving air stream. The spray reach ho obtained
by regression of experiments21 is given by

where AP is the pressure drop across the nozzle
in Pa, G is the mass flow through the nozzle in
kg/s and O is the spray cone angle in degrees. In
Table 5, the &dquo;spray reach&dquo; values presented have
been calculated using Eq. (1) for different pres-
sures, cone angles and mass flow rate. This
clearly shows it is difficult to increase the reach
of spray, e.g. increasing the pressure a factor of
10 increases the reach by only about a factor of
two. The cone angle and the mass flow rate also
depend on the pressure. Placing several nozzles
close together can increase the reach, but this
does not work particularly well, since this
approach causes the droplets to coagulate,8
which produces a coarser spray.

Properties of Sprays in the Far Field
and the Influence of Obstacles
When a droplet travels through a flow of gas, the
velocity will change due to gravitational and drag
forces on the droplet. Assuming that the gravita-
tional forces are directed in the negative z-direc-
tion, the droplets are spherical and that the gas
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Table 3. Results from REMP Tests

Table 4. Calculated Water Content at

Extinction in the REMP Tests

flows in the x-direction; the changes of velocities,
in the x, y and z directions, vx, Vy and vz, are
described by22:

where p, is the density of the gas, pi is the density
of the droplet, D is the diameter of the droplet,
Vh the horizontal velocity, vv is the vertical veloc-
ity and 13 is the angle between droplet trajectory
and gas flow. The velocity of the droplet (Vdtot)
relative to the gas is given by:

where vg is the velocity of the gas. The drag coeffi-
cient Cd is given by22:

where Re is the Reynolds number, that is the
ratio between the inertia forces and the viscous

forces, given by definition as:

which is calculated using an appropriate mixture
viscosity, v, calculated at an adjusted reference
temperature, Tr, which takes into account the
effects of the two phase mixture:

where T, is the droplet temperature and Tg is the
gas temperature.

The trajectories of droplets of different size are
presented in Fig. 4. The curves shown are for
droplets following a horizontal air stream with
a velocity of 4 m/s towards a wall; at 0.2 m from

Table 5. Reach of Spray (ho, m) for Some Pressures, Cone Angles and Mass Flow Rates
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Figure 4. Trajectories for Droplets of Different Sizes in
An Airflow of 4 m/s.

this, the air stream follows a circular path with
a radius of 0.2 m. The calculations used are based
on Eqs. (2)-(6), however, no account is taken of
gravity. In the figure, it is seen that all droplets
with diameters above 20 I.1m will hit the wall due
to inertia. In Fig. 5, the same calculations are
performed for the case where droplets and air
move toward the wall at 0.5 m/s. In this instance,
droplets with diameters above 50 I.1m hit the
wall.

Figure 5. Trajectories for Droplets of Different Sizes in
An Airflow of 0.5 m/s.

Droplets Falling in Air
Water droplets fall in air due to the gravitational
force, but they slow down due to the frictional
forces given by Eq. (2). Each droplet, therefore,
reaches a certain terminal velocity, when the
gravitational force equals the frictional force.
The terminal velocity Vterm for droplets in air at
room temperature can be approximated as23:

where D is in mm and Vterm is in m/s. This means

that, in a room 3 m high, neglecting evaporation,
droplets 1 >m in diameter take 27 hours to reach
the floor, 10 >m droplets take 16 minutes and
100 Rm droplets take 10 seconds.

EXPERIMENTS AT 1/3-SCALE FOR
STUDYING THE EFFECT OF
DROPLET DISTRIBUTION

Tests have been carried out to study the distribu-
. tion of water mist in a 1/3-scale room. A sketch

of the test room is presented in Fig. 6. The room
is 79 cm high, 108 cm deep and 76 cm wide. It
has an opening 45 cm wide and 67 cm high. As
the fire source, a 7 X 7 cm quadratic sand filled
gas burner (propane) was used. The same water
mist nozzles as in the tubular burner test were

used, these being mounted in a multiple nozzle
body. Tests were carried out using 8 or
12 nozzles. Three nozzles were placed in an inner
circle, while the rest of the nozzles were placed
in an outer circle pointing 15° out from the inner
circle nozzles. The Sauter Mean diameter of the

droplets was increased to 66-86 fjum when the
nozzles were mounted in the multiple nozzle
body. The multiple nozzle body was either placed
in the opening of the room, or almost halfway
into the room at three levels above the floor as
shown in Fig. 6. The spray was directed horizon-
tally into the room. The fire was placed either at
the rear wall or corner as indicated in Fig. 6. The
test procedure was similar to the REMP tests;
the fire was lit and, after a preburn time, the
water mist was added. The gas flow was lowered
one scale mark, once a minute, until extinction
occurred. The initial RHR of the fire was 45 kW.
The RHR was measured in the same way as in
the tubular burner tests.
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Figure 6. 1/3 Scale Test Room.

The water distribution from the nozzles mounted
in multiple nozzle body was measured with an
Aerometrics Laser Phase Doppler Analyser. 8
The reach of the spray was measured by placing
cups to gather water along the horizontal spray
trajectory in a large room. The nozzles were
placed either 1.0 m or 1.4 m above the floor. The
cups were placed with 0.5 m in between; they
were 8 cm in diameter. The results of the mea-
surements are shown in Table 6. The velocity in
the water spray can then be estimated by assum-
ing ordinary throw trajectory. By studying the
water distribution, an estimate of the water den-
sity in g/ml/s in the spray can be obtained. From
these two estimates, it is possible to estimate the
water content in g/m3. Table 7 contains estimates
of the water content in the flame region when
extinction occurs, for the case where the fire is
at the rear wall, assuming that the water distri-
bution does not change considerably between
25 cm and 1 m from the nozzle.

These tests showed that successful extinction is

very dependent on whether the spray reaches the
flames or not. As an example, the most difficult
scenario to extinguish was when the nozzles were
placed in the middle of the room and the fire in
the corner. It can be concluded, therefore, that
there is no water mist build-up in the room and
it is difficult to extinguish fires outside of the
spray zone. The Sauter mean diameter in the
tests was 66-86 J.1m and, as shown in Figs. 4 and
5, droplets of this size do not follow the airstream.

The water mist had no effect on the RHR of the
fire until extinction occurred; the same was
observed in the tubular burner tests. The esti-
mated values of water content are somewhat
lower than the values obtained from the tubular
burner tests. One explanation for this is that
the water content is underestimated since the

droplet velocity is overestimated, the droplet
velocity is calculated from a spray without obsta-
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Table 6. Horizontal Distribution (g/min) for the Multiple Nozzle Body with 12 pcs
of Nozzles

Table 7. Water Content in 1/3 Scale Tests, the Fire is Placed at the Rear Wall

*, immediate extinction when the nozzle body was placed halfway into the room
+, immediate extinction when the nozzle body was placed in the opening
-, No test conducted

cles but, in the experiment, the spray is slowed
down due to the wall in front of it. In addition,
low values are also obtained when the nozzle

body was placed in the smoke gas layer. This is
probably due to the fact that smoke gases were
forced into the flame by the water spray. The
flame is also subject to great stress from the
spray momentum.

KEEPING THE MIST IN
SUSPENSION IN THE AIR TO
PREVENT REIGNITION

Traditionally, a total flooding gas extinguishing
system has been required to maintain a mini-
mum gas concentration for a specified time
period after discharge, usually for 10 to 20 min,24

in order to prevent reignition. It is, however, very
difficult to maintain an evenly distributed water
mist suspended in a fire room for long enough,
if water is not supplied continuously, due to coag-
ulation and evaporation of the droplets and also
to density differences, as discussed below.

Coagulation
Coagulation of water mist arises due to a relative
motion between droplets. The relative motion is
due either to Brownian motion, called thermal
coagulation, or to external forces such as gravity
and turbulent flow, called kinematic coagula-
tion.25

For monodisperse spherical particles, the rate of
thermal coagulation is proportional to the square
of the number of particles and to a coagulation
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coefficient K.25 At standard conditions, the coagu-
lation coefficient K can be approximated to be a
constant, equal to 3 X 10-16 MI/S when the particle
size is larger than 1 ~,m. By integrating the num-
ber of particles as a function of time, N(t), is
given by:

where No is the initial number of particles.

When the droplet size varies, the rate of coagula-
tion is greater and the larger droplets capture
smaller ones. The coagulation coefficient
between a 1 wm droplet and a 10 )JLm droplet is
3.3 times higher than the coefficient between two
10 ~Lm droplets. In Fig. 7, the droplet diameter
as a function of time as derived from Eq. (8) is
presented for the cases where the initial diame-
ter is 2 lim and 10 )JLm, and the coagulation coeffi-
cient K is equal to 3 x 10-16 and 10 x 10-lsm3/s.
The initial number of droplets corresponds to a
water content of 100 g/m3 and 200 g/m3.

When the droplets are subject to differences in
velocity, coagulation will increase. Velocity dif-
ferences are due to differences between the drop-
lets’ terminal velocity and velocity gradients in
the air stream pattern. These effects-kinematic
coagulation-become increasingly important for
the larger particles, compared to Brownian/ther-
mal coagulation.

Figure 7. Droplet Diameter as a Function of Time for
Different Initial Diameters and Coagulation Coefficient.

Due to terminal velocity differences between
droplets of different sizes, a large droplet will
fall faster than the small ones and capture the
small droplets. The rate of capture of small parti-
cles, He, by a large particle is given by:

where D is the diameter of the large droplet, v is
the relative velocity between the droplets, N is
the number concentration of small droplets and
E is a capture efficiency. This is defined as the
ratio of the actual frequency of collisions, to the
frequency that would occur if the small particles
were fixed and not pushed aside by the gas flow
around the large particle. For droplets larger
than 1J-lm, E can be considered to be equal to 1.
The effect of the terminal velocity on the droplet
diameter as a function of time, for an initially
2 [Lm droplet in a mist of 1 jjbm droplets, at a
water content of 100 g/m3 and 200 g/m3 is pre-
sented in Fig. 8. This clearly shows that the drop-
let diameter increases quickly for droplets larger
than 10 jjLm surrounded by small droplets. For a
polydisperse mist, the kinematic coagulation will
be of more importance than thermal coagulation.

In turbulent flow, the coagulation increases due
to the eddies; for particles larger than 10 pm this

Figure 8. Droplet Diameter as a Function of Time for
a Single Droplet in a Mist Consisting of 1 ¡..t.m Droplets
and a Water Content of 200 g/m3 and
100 g/m3 - -- - -- -.



41

is very important. The ratio between turbulent
coagulation and thermal coagulation is given by:

where b is a constant of the order of 10, Duff is
the particle diffusion coefficient, 11 is viscosity of
the gas and e is the rate of energy dissipation
per unit mass of gas. This means that, for a typi-
cal mist, the kinematic coagulation is more
important than the thermal coagulation.

Evaporation
Water droplets moving through a hot gas or sub-
ject to radiation will evaporate, depending on the
temperature, humidity and transport properties
of the gas. The diameter, temperature and trans-
port properties of the droplet also have a signifi-
cant influence on the evaporation process.

By assuming that all heat being transferred to
the droplet of diameter D is used to evaporate
the water, then the change in size as a function
of time for small droplets in natural convection
in high temperatures is given by Eq. (11), for
droplets <0.1 mm and where the Nusselt num-
ber equals 2:

and the droplet lifetime

where 3T is the difference between the droplet
and the surrounding temperatures and Kg is the
thermal conductivity of the gas.

In Table 8, the calculated lifetimes for droplets of
different sizes in a hot gas layer, or a flame, are
presented. These values were obtained by assum-
ing the thermal conductivity equals 0.1 W/m/K
over the temperature range covered. It is clearly
shown that small droplets are evaporated very
rapidly at these high temperatures.

The droplet lifetime for droplets 10-50 ¡.Lm, when
the surrounding temperature is much lower
than the boiling temperature of water, can be
expressed by:25

Table 8. Droplet Lifetime as a Function of
Size and Temperature

where R is the gas constant, M is the molecular
weight, Dv is the diffusion coefficient of vapor in
air, pd is the vapor pressure above the droplet
surface, which for droplets larger than 0.1 jjbrn
equals the saturation pressure at that tempera-
ture and p, is the surrounding vapor pressure.
For volatile liquids such as water, a correction
must be made for the lowering of the surface
temperature due to the evaporation process. This
temperature depression is given by:

In Table 9, the lifetimes for 1, 10 and 100 >m
droplets at 20°C and different relative humidi-
ties are presented. This clearly shows that small
droplets are evaporated very rapidly even in
room temperature, until 100% RH is reached.

In the above discussion, no account was taken
of the radiation which, of course, increases the
evaporation rate. As previously discussed, small
water droplets are very effective at absorbing

Table 9. Droplet Lifetime at 20°C
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radiation. Flames in the 50-100 kW range usu-

ally radiate between 20 and 40 kW/m2. By
assuming that the area of the droplet receiving
radiation is a circle, of the same radius as the
droplet, all radiation entering the droplet is used
in evaporation and no other evaporation process
is taken into account, then the following expres-
sion for the droplet lifetime can be obtained:

where 4rad is the incident heat flux. In Table 10,
the droplet lifetime for different droplet sizes has
been calculated using Eq. (15).

Density Differences
When a water mist mixes with air, the density
of the mixture will depend on the amount of
water in gas and liquid phase. Since water in the
vapor phase is lighter than air and water is much
denser, a water mist-air mixture can be either
lighter or denser than ambient air, depending on
how much water has evaporated and how much
is in liquid phase. The density differences
between dry air and water saturated air at the
same temperature (solid line) and between dry
air at 20°C and water saturated air (dotted line)
are presented as a function of temperature in
Fig. 9. In order to obtain a water/air mixture of
neutral density, these differences must be com-
pensated for by water. This means that whether
the mist-air mixture is buoyant or not is very
dependent on the temperature in the room before
the mist is released. This makes it difficult to

predict the performance of a water mist system,
i.e. whether the flames will be more effectively
extinguished at high or low locations.

Table 10. Droplet Lifetime Due to
Radiation, No Other Effects Being Taken
Into Account 

’

Figure 9. Density Difference Between Dry Air and Satu-
rated Air, Both at the Same Temperature T°C, as a Func-
tion of the Temperature T°C (solid line). Density Differ-
ence Between Dry Air at 20°C and Water Saturated Air at
T°C (dotted line) as a Function of the Temperature, T°C.

FULL-SCALE EXPERIMENTS FOR
STUDYING WATER MIST
CONCENTRATION AS A FUNCTION
OF TIME

Full-scale experiments have been conducted
using different types of water mist systems in a
50 m3 container, 4.9 m high, 4.3 m long and 2.4 m
wide.26 A schematic sketch of the container is

presented in Fig. 10. In the container, an obstacle

Figure 10. Test Room, 4.3 x 2.4 x 4.9 m3, for Full-Scale
Experiments denotes a Heptane fire, x a measuring
instrument and -----the cable fire. All dimensions
are in m.
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with three covered sides and a slot was placed,
in order to simulate a desk and nearby cupboard,
as indicated in Fig. 10. The fire scenario con-
sisted of 6 heptane fires, 10-20 cm in diameter,
and a cable fire. The location of the 6 heptane
fires and the cable fire are presented in Fig. 10.
The cable fire was placed vertically on one of the
short sides about 50 cm from the corner. One

heptane fire was placed in a corner, one on the
open floor, one halfway up on one of the long
walls and one about 1 m from the ceiling, one
underneath the desk and one in the slot behind
the desk. Above each fire, a thermocouple was
placed for observing when they were extin-
guished. Five water content meters were placed
as indicated in Fig. 10, i.e., one underneath the
desk, one in the slot, one in a corner, one 2 m
above the floor in the middle of the room and one
3.5 m above the floor in the middle of the room.
These water content meters determine the water

content in air in the form of small liquid droplets
(<20 ~m) and vapor.27 Each meter basically con-
sists of a small oven in which the air/mist mix-
ture is heated so that the water is evaporated,
and a Vaisala humidity meter which is capable
of measuring relative humidity at temperatures
up to 180°C. Samples are continuously taken at
a rate of 1 L/min.

High Pressure Systems
The most common way to produce mist is by
using a rather high pressure in combination with
a small nozzle. This is a well-known technique
and simple to use. However, these systems tend
to be expensive since many nozzles and high
pressure pumps are required.

The results of an extinguishing experiment using
a high-pressure mist are presented in Fig. 11.
These are based on the test room scenario pre-
sented in Fig. 10. The total water content in air,
in the form of small water droplets and vapor, is
presented as a function of time, at the five differ-
ent locations in the test room shown in Fig. 10.
In this test, 6 nozzles and 780 L of water at a

pressure of 115 bar were used, i.e., 52 L/min of
water were applied for 15 min. The location of
the nozzles are shown in Fig. 12. Two nozzles,
pointing downwards, were placed in the ceiling
and one nozzle pointing towards the middle of
the room was placed in each corner 1 m above
the floor.

Figure 11. Result from High Pressure Mist System Full-
Scale Experiment.

Figure 12. Locations of Nozzles, -, in High Pressure
System Full-Scale Test.

The extinguishment of the fires was observed by
placing thermocouples above each of the fires.
The heptane fire on the floor was extinguished
immediately after the start of water mist release.
The cable fire, the heptane fire at the wall and
in the slot were extinguished shortly after. The
fire close to the ceiling was extinguished after
1 min and the fire underneath the desk was not

extinguished, while the fire in the corner was
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extinguished after 10 min due to flooding of the
fuel container by water.

These results, together with those presented in
Fig. 11, clearly show that there is no build-up in
water concentration and no fire outside the direct

spray from the nozzles is extinguished. It is only
within the spray zone that the water mist concen-
tration is sufficient for extinction. The overall
concentrations achieved outside the spray zones

are far too low for fire extinction. This means

that, in order to succeed in a total flooding sce-
nario with this kind of system, nozzles must be

placed so that all volume elements of the room
are covered with a spray.

Twin Fluid System
Another way of producing water mist is to mix
the water with air, nitrogen or another gas and
force these out through a nozzle, the so called
twin-fluid systems. The water and gas can be
mixed either in the nozzle or before. If the water

and gas are mixed in the nozzle, then two pipes
are required for each nozzle. However, it is rather
complicated to mix the water and gas before they
reach the nozzle.

The results from a full-scale experiment using
a twin-fluid mist and the scenario presented in
Fig. 10 are presented in Fig. 13. In this test,

Figure 13. Results from Twin-Fluid System Full-Scale
Experiment.

water was added in 2 X 15 s bursts, with a break
of 15 s in between, with a total of 64 L of water
and 4.5 m3 nitrogen being used, i.e., 128 L/min
and 9 m3 nitrogen/min during application.
Twenty nozzles were used placed as indicated in
Fig. 14. Two nozzles were placed in each corner
0.5 m below the ceiling and 1 m above floor. One
nozzle was placed on each long side of the room,
0.5 m below the ceiling and 1 m above the floor.
The results presented in Fig. 13 clearly show
that the detector placed 3.5 m above the floor
is directly hit by the nozzle spray and becomes
completely saturated and, even after the water
application has stopped, water is flowing into the
equipment. The results in Fig. 13 also clearly
show that there is no general increase in the
water build-up in the room. Similar results were
obtained using the high pressure system (see
Fig. 11). In this experiment, extinction of the
fires again was monitored by placing thermocou-
ples above each fire. The cable fire and the fire
at the floor and in the slot were extinguished
immediately. The fire halfway on the wall was
extinguished after 30 s while the fires in the cor-
ner, close to the ceiling and underneath the desk
were not extinguished. Again, it is only within
the spray zones that the water mist concentra-
tion is sufficient for extinguishing fires.

Super-Heated Water
The third way to produce mist is by using super-
heated water. The idea of using super-heated
water is to make the water behave like halons,

Figure 14. Location of Nozzles, -, for the Twin-Fluid
Test.
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i.e., as a pressure-condensed gas. When the
water is released, part of it is evaporated and
the rest is supposed to remain in liquid phase,
as small droplets. However, this is not easy since
the vapor pressure above a convex surface is

higher than the vapor pressure above a plane or
concave surface.28 Small droplets, therefore, tend
to evaporate and larger ones to grow, due to con-
densation. This causes the vapor to be super-
saturated for a longer period of time than
expected. Some type of condensation nuclei is
therefore required to increase the rate of conden-
sation of the super-saturated vapor in order to
achieve water droplets.

Before the full-scale tests were conducted, sev-
eral tests had been conducted using super-heated
water in a 20 m3 container mainly in the absence
of fires. The container was 3.5 X 2.4 X 2.4 m; a
door was placed on one of the short sides and the
water mist nozzle was placed on the other short
side. Initially, tests were carried out using super-
heated water at 174°C using the same kind of
system as used by Mawhinney, Taber and Su2s
for extinguishing tests. The water was pressed
out by its vapor pressure through a nozzle; the
vapor pressure at 174°C is about 8 bar. However,
since the water was released rapidly into the
room, the vapor pressure in the water-tank was
not maintained and, therefore, only a small
unknown part of the super-heated water was
released. In addition, the tests resulted in high
temperatures in the room and basically no fires
were extinguished. With this kind of system, it
was also impossible to conduct more than one test
per day. Therefore, it was decided to construct
another system and use water at a lower temper-
ature and put a nitrogen pad in it in order to be
able to control the amount of water released into
the room and also lower the temperature in
the room.

This system consists of a tank containing water
at about 130°C, pressurized with nitrogen to an
over-pressure of 5 or 10 bars. The system has
several types of nozzles and, in some, it is possi-
ble to add steam/nitrogen. All of the water is
released within a few seconds depending on
which nozzle and what pressure are used. After
each test, the walls, floor and ceiling were vac-
uum cleaned to remove water which was then

weighed. A typical result from one of these tests
is presented in Fig. 15. As observed, the output

Figure 15. Water Content Curve for a Super-Heated
Water Mist System in the Absence of Fire. Measuring
instruments were placed in a corner close to the nozzle
0.5 m from the ceiling, in the middle of the room 0.5 m
below ceiling, in a corner close to the nozzle 0.5 m above
floor, in a corner close to the door 0.5 m above the floor
and in the middle of the room 0.5 m above the floor.

from the water content detectors is quite high,
but so is the surrounding temperature. Much of
the water is, therefore, in the form of vapor.

In Fig. 16, the vapor content is subtracted
assuming 100% RH in the room; this is reason-
able due to the short evaporation time of small
droplets as previously discussed. As shown in
Fig. 16, the difference is below zero, i.e., it is only
water vapor that is present with the air in the
room. Tests were carried out in the absence of fire

Figure 16. Water Content Curve When the Vapor,
Assuming 100% RH in the Room, is Subtracted.
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to study the influence of the nitrogen pressure
(5-10 bar), the temperature of the water
(110-145°C), different types of nozzles and the
release of water with and without steam/nitrogen
added in the nozzle. The amount of mist produced
was found to depend on the type of nozzle used
to some extent, but varying the other parameters
had little effect on the performance. All tests,
however, resulted in a water content below zero.
Brown and York’O found that for a jet with a
Weber number ( = pvld/(2o-), where Q is the sur-
face tension) above 12.5, less super-heat is
required for shattering of the jet. In addition, the
amount of super-heat required for shattering as
a function of the Weber number was presented.
In the particular test represented in Figs. 15 and
16, the temperature was 130°C, the diameter of
the nozzle 29 mm, and the velocity 6.8 m/s. The
velocity was achieved by measuring the time to
empty the tank and assuming that it is pure
liquid that is released. The amount in the tank
is known, 33 L. The surface tension at 130°C is
52.93*10-3 N/m. This gives a Weber number of 15
which, according to Brown and York,3° requires a
super-heat of 25°F (14°C) which is well exceeded
in these tests. Changing the Weber number in
the 20 m3 tests had very little influence on the

performance.

In Fig. 15, the effect of density differences is
seen. The three curves with a deeper slope are
from detectors placed 0.5 m from the floor, the
other two were placed 0.5 m below ceiling. The
results presented in Fig. 15 clearly show the
mist-air mixture is lighter than air.

The outcome of full-scale tests, using the same
scenario as previously, is presented in Fig. 17.
In this test, two nozzles were used and 97 L of
water were released within 5 s. The location of
the two nozzles is shown in Fig. 19. The vapor
phase content, assuming 100% RH in the room,
is not subtracted in the results shown in Fig. 17,
but is subtracted in Fig. 18. The cable fire and
the fires in the slot, close to the ceiling, on the
wall and the floor were extinguished immedi-
ately, while the fires underneath the desk and
in the corner were riot extinguished.

Another aspect of this system is presented in
Fig. 20, i.e., its effect on bare human skin.
Humans are burnt when the skin temperature
is above 74°C for more than 1 S.29 The skin tem-

Figure 17. Result from Super-Heated Water Full-Scale
Experiment.

Figure 18. Results from Full-Scale Experiment When the
Vapor is Subtracted.

perature of a human simulator,3° is presented in
Fig. 20. The skin temperature measuring devices
were placed on the long side wall 1 m, 1.8 m and
2.9 m, respectively, 3.6 m from the nozzle. This
shows that a human becomes badly burnt on
unprotected skin in the test period.

CONCLUSIONS

Water mists consisting of droplets < 100 pm are

very efficient as an extinguishing medium.
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Figure 19. Nozzle Locations, -, for Full Scale Experi-
ment Using Super-Heated Water.

Figure 20. Skin Temperature of the Human Simulator in
Full-Scale Experiment Using Super-Heated Water.

~ Experimental studies and thermal extinction
theory suggest that water mist is about 2 times
as efficient per unit weight as Halon 1301. For
total flooding applications, 150-200 g water
per m3 protected volume is required to extin-
guish a fire. If the water is in vapor phase,
twice as much water is required.

~ Water mist at an extinguishing concentration
is very efficient in shielding radiation which
can considerably reduce the rate at which a
fire spreads.

~ Surface cooling is effective when the fuel is not
already gaseous.

There are, however, several problems associated
with distributing and maintaining water mist
evenly in the whole protected volume.

~ In order for water droplets to follow the air
stream in the room and not hit walls and other

obstacles, the droplets must be less than 20 jjun
in diameter, or more preferably 10 ;jLm. Drop-
lets of this size have a terminal velocity in the
order of 3 mm/s, i.e., they fall very slowly and
if there is some upward flow in the room they
will remain suspended. Unfortunately, no com-
mercial water mist system is presently avail-
able that can produce mists with such small
droplets.

~ Small droplets at room temperature (20°C)
have a short lifetime. If the temperature is
higher, the lifetime becomes very short. Since
the evaporation is so fast, all droplets will
evaporate, until the relative humidity equals
100% at that temperature, and the remaining
droplets will persist in the liquid phase. An
excess of water or vapor is therefore required.

. If all droplets are equal in size, then it is possi-
ble to maintain a water content of 200 g/m3 of
small droplets for a sufficient time. If, however,
the droplets differ in size, the coagulation rate
is faster. The coagulation will also increase if
the droplets are moving relative to one
another. Due to the different terminal veloci-

ties for droplets of different sizes, large drop-
lets will fall faster than the small ones and
also consume smaller droplets and, conse-
quently, the larger droplets will increase in
size.

two distribute water mists evenly in a room,
behind obstacles, etc., in a short time (of the
order of 10 s) small droplets with a high
momentum are necessary. These requirements
are, however, mutually contradictory. A high
momentum could, however, be obtained using
a strong air flow. Such an air flow would, unfor-
tunately, create turbulence and velocity gradi-
ents and thus rapidly increase droplet coagula-
tion. Another way to distribute water mist

evenly in the room is to use several nozzles to
cover the whole protected volume with a spray.

o Another problem with water mist is the rela-
tive densities of the water droplets and the
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vapor mixture. The mist can be heavier or

lighter than air, depending on both the relative
amount of vapor to liquid droplets and on the
temperature. This makes it very difficult to
design a total flooding water mist system, since
the ratio between liquid droplets and vapor
will change as the room temperature varies.

Traditionally, an agent in a total flooding system
is released during a short period of time and will
remain suspended evenly distributed in the air
for at least 10 min to prevent re-ignition. Water
mists are either distributed in a short period of
time (as with the super-heated water system), in
bursts (as with the twin-fluid system), or contin-
uously (as with the high-pressure system). To
prevent re-ignition, the water mist must stay in
suspension with the air for 10-20 min. If one
manages to distribute droplets of equal size,
evenly in the room, and the air remains still,
then it is possible to maintain a sufficient concen-
tration of water droplets for extinction for the
required time to prevent re-ignition. However,
there is usually some air flow in the room and,
depending on the amount of vapor, liquid drop-
lets and air in mist, the incoming air can be
lighter or heavier than the mist in the room and,
consequently, the mist will tend to lift or fall
down. Another way to keep up the water mist
concentration is to add water continuously into
the room. This, however, requires more water
and will cause water damage as is the case with
sprinkler systems.

All mist systems tested in the full-scale test did
not produce enough small water droplets to act
as total flooding systems. None of the systems
managed to increase the water concentration
during water application. It was only within the
spray zone that the mist concentration was suffi-
cient for extinguishment. The high-pressure sys-
tem behaved very much as a sprinkler system
and will cause water damage. The super-heated
water system will cause burn injuries to humans.
The obscured fires were the most difficult to

extinguish. Fires extinguished were extin-
guished due to a direct hit from the water spray.
The fires were extinguished almost immediately
after water application started. For those extin-
guished later, the cause was flooding of the fuel
container with water. In some cases, a fire was

extinguished up to 1 min after water application
started. These fires were probably extinguished

due to the mist forcing the combustion products
into the flame.

This work concludes that it is very difficult to

design a water mist total flooding system. A total
flooding water mist system requires that all
droplets have equal size if water is not to be
added continuously during the whole required
time period to prevent re-ignition. It requires
small droplets, otherwise, the droplets will hit
the walls, etc. However, small droplets are diffi-
cult to create and they have a very short reach
and lifetime. An optimum droplet size, therefore,
seems to be 10 ~,m. It is very difficult to distribute
the water mist in the whole protected volume
using a single nozzle; several nozzles are there-
fore needed. It is difficult to prevent re-ignition
at the ceiling or the floor due to the density differ-
ences between water mist and air which will
cause the water mist to lift or fall down. It is,
therefore, probably required that water be added
continuously.

NOMENCLATURE

b Constant

Cd Drag coefficient
D Diameter of droplet, m (in Eq. (7), mm)
Do Initial droplet diameter, m
D~ Particle diffusion coefficient, m2/s
Dv Diffusion coefficient of vapor in air, m2/s
E Capture efficiency
G Mass flow through nozzle, kg/s
ho Spray reach, m
K Coagulation coefficient, m3/s
Kg Thermal conductivity of gas, W/m/K
L Latent heat of vaporization of water,

J/mole
M Molecular weight, kg/mole
N Number concentration of particles
No Initial number concentration of

particles
nc Rate of capture of small particles, s-I
pd Vapor pressure above droplet surface,

Pa

poo Vapor pressure in surrounding air, Pa
AP Pressure drop across the nozzle, Pa
qraa Incident heat flux, W/m2
R Gas constant, J/mole/K
Re Reynolds number
Td Droplet surface temperature, K
Tg Gas temperature, K
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T, Droplet temperature, K
Tr Adjusted reference temperature, K
Too Surrounding temperature, K
AT Temperature difference between

surrounding gas and droplet, K
t Time, s
tlife Droplet lifetime, s -

Vdtot Velocity of droplet relative to the gas,
m/s

V9 Velocity of gas, m/s
Vh Horizontal velocity, m/s
Vterm Terminal velocity, m/s
VV Vertical velocity, m/s
Vx Droplet velocity in x direction, m/s
Vy Droplet velocity in y direction, m/s
Vz Droplet velocity in z direction, m/s
~ Angle between droplet trajectory and

gas flow
e Rate of energy dissipation per unit

mass of gas, m2/s

11 Viscosity of the gas, Ns/m2
v Mixture viscosity, m2/s
0 Spray cone angle, degrees
pg Density of gas, kg/M3
Pi Density of droplet, kg/M3
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