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h i g h l i g h t s

� An initial stage of a pool fire suppression is considered.
� The motion, heating, and evaporation of water droplets are calculated.
� Focusing of evaporating water droplets in local regions is obtained.
� A strong infrared scattering by small water droplets is analyzed.
� The spectral region of a significant infrared scattering is determined.
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a b s t r a c t

The computational analysis of downward motion and evaporation of water droplets used to suppress a
typical transient pool fire shows local regions of a high volume fraction of relatively small droplets.
These droplets are comparable in size with the infrared wavelength in the range of intense flame radia-
tion. The estimated scattering of the radiation by these droplets is considerable throughout the entire
spectrum except for a narrow region in the vicinity of the main absorption peak of water where the
anomalous refraction takes place. The calculations of infrared radiation field in the model pool fire indi-
cate the strong effect of scattering which can be observed experimentally to validate the fire computa-
tional model.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

The complex behaviour of water sprays used in suppression of
pool fires is an important engineering problem [1–5]. Strictly
speaking, one should take into account the effect of water sprays
on flow field parameters. It is really important in the regular
regime of fire suppression. Following [6], a preliminary probe stage
of the fire suppression with a very small flow rate of water is con-
sidered. Obviously, the effect of a low flow rate water spray on the
fire parameters at the probe stage is negligible. It means that one
can consider the motion, heating, and evaporation of single water
droplets in the flame without taking into account any feedback
effects. It is also assumed that a relatively thin water spray moves
down parallel to the flame axis. This approach is convenient to
focus on the most important special features of the droplet

behaviour at the probe stage. Of course, a simplified model for
droplet motion and evaporation is insufficient to obtain accurate
results for the interaction of a fast developing turbulent fire and
water droplets. The latter is especially important when the charac-
teristic times of the flow field changes and displacement of the
droplets are comparable with each other.

In the limit of a relatively slow variation of the flow field, the
evaporation of droplets accompanied by a decrease in their veloc-
ity may lead to a significant volume fraction of small droplets at
several specific local areas. In the reality, both the position and
parameters of these local areas in the developing flame are chan-
ged rather rapidly.

It is known that small water droplets are characterized by a
strong scattering of light at the wavelength comparable with the
droplet size [7]. This optical effect, which is commonly observed
in the visible for the natural mists, has been recently considered
as a promising way to improve shielding of fire radiation by
multi-layered water sprays [8,9]. It is important that the gaseous
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combustion products in the fire do not scatter the radiation. The
radiation scattering by soot aggregates in the infrared range is also
negligible (a considerable scattering by soot aggregates can be
observed in the visible range only) [10–13]. As a result, one can
observe local regions of small water droplets near the flame axis
because of their infrared scattering. This may be a scattering of
the flame self-emission, but one can also use an external
irradiation.

The objective of this paper is twofold: (1) to study the beha-
viour of moving water droplets which can be collected in some
local areas of the flame before their total evaporation and (2) to
estimate the effect of scattering of the flame infrared radiation
by these small droplets on the radiation source function, which is
responsible for the observed flame emission.

It seems natural to consider first the typical trajectories and
evaporation dynamics of water droplets to find the local regions
where the volume fraction of highly scattering small droplets is
expected to be significant.

2. Motion and evaporation of water droplets

The interaction of water sprays with fires has been modelled
computationally in many papers especially during the last two
decades [14–18]. However, there is no need to discuss here the
state-of-the-art in this field because the present paper is focused
on another particular problem. At the probe stage of the fire sup-
pression, one can supply only the droplets falling down not far
from the flame axis. For simplicity, the spherical water droplets
are assumed to have the same radius at the initial cross section
of the spray. It is sufficient to consider a few selected trajectories
of droplets falling initially along the flame axis without any inter-
actions between the droplets. According to [16,19], the following
sets of equations are derived for the droplet motion:

dzd
dt

¼ ud zdð0Þ ¼ z0 ð1aÞ

dud

dt
¼ 3CD
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where the subscripts ‘‘g”, ‘‘d” and ‘‘w” refer to the gaseous medium,
droplet and water, u is the velocity, a is the droplet radius, CD is the
drag coefficient, Re is the Reynolds number. It is assumed that water
droplets are first heated up to the saturation temperature without
evaporation (at 0 < t < tsat):

dTd

dt
¼ 1:5Nuk
qwcwa2

ðTg � TdÞ Tdð0Þ ¼ T0 t < tsat ð2aÞ

Nu ¼ 2þ 0:6Re1=2d Pr1=3 Pr ¼ gc=k ð2bÞ

(Nu and Pr are the Nusselt and Prandtl numbers) and then evapo-
rated according to the following simple equation (at t > tsat):

da
dt

¼ �Nu
k ðTg � Tw;satÞ

2aqwLw
a ðtsatÞ ¼ a0 t > tsat ð3Þ

where Lw is the latent heat of evaporation of water. A similar model
has been recently used in analysis of water mist curtains [8,9]. This
simplified evaporation model is also sufficient for qualitative esti-
mates of the present paper because of very fast heating of moving
droplets and large molar fraction of water vapour in the flame. It
is not necessary at the moment to consider sophisticated evapora-
tion models like that developed in paper [20]. A transfer from the
droplet heating to its evaporation is given by equation:

TdðtsatÞ ¼ Tw;sat ð4Þ
In contrast to recent papers [3,4,21], the effects of thermal radi-

ation are neglected in the above model as compared with convec-
tive heat transfer from ambient hot gases. This assumption can be

Nomenclature

a radius of droplet
c specific heat capacity
D radiation diffusion coefficient
CD drag coefficient
fv volume fraction of droplets
E normalized coefficient
G spectral irradiation
g acceleration of gravity
I radiation intensity
K coefficient introduced by Eq. (6b)
k thermal conductivity
L latent heat of evaporation
m complex index of refraction
n index of refraction
Q efficiency factor
r radial coordinate
S source function
u velocity
W generated radiation power
w normalized radiation power
x diffraction (size) parameter
z axial coordinate

Greek symbols
a, b absorption and extinction coefficients
c coefficient introduced by Eq. (6b)

e emissivity
g dynamic viscosity
j index of absorption
k wavelength
n coefficient in Eq. (11)
q density
r scattering coefficient
w coefficient introduced by Eq. (6b)
X
!

unit vector of direction

Subscripts
0 initial value
a absorption
b blackbody
d droplet
g gas
max maximum
r radiative
ref referred
s scattering
sat saturation
t total
tr transport
w water, wall
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