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Abstract
The paper is focused on comparative computational modelling of the attenuation of fire
radiation by water mists of pure water or sea water. The use of sea water in fire protection
could be a more convenient and practical choice in coastal areas, on offshore installations
or transported ships. The spectral absorption and scattering properties of both water
droplets and salt particles formed by evaporation of sea water droplets are considered. A
combined heat transfer problem is based on a combination of the spectral radiative
transfer in a mist curtain, the kinetics of water evaporation, and convective heat transfer
along the curtain. The developed computational model is used to analyze the radiative
heating and evaporation of droplets of pure water and more complex multi-phase
processes in droplets of sea water at all stages of the process. The numerical results for
the case problem indicate sufficiently good shielding quality of a sea-water mist curtain.
The suggested approach is expected to be useful for important engineering applications
in fire protection.
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radius of droplet or particle
specific heat capacity
coefficient introduced by Eq. (1b)
drag coefficient
thickness of mist curtain
diffusion coefficient
normalized absorption or scattering
coefficient
volume fraction of particles
coefficient in Eq. (18)
acceleration of gravity
irradiation
height of the mist curtain
intensity of radiation
hemispherical components of radiation
intensity
thermal conductivity
latent heat of evaporation
mass flow rate of evaporation
molecular weight
index of refraction
Nusselt number
pressure of gas
Prandtl number
radiative flux
efficiency factor of absorption or
scattering
gas constant
coefficient introduced by Eq. (6)
Reynolds number
salinity
time
temperature
velocity
absorbed radiation power
diffraction (size) parameter
horizontal coordinate
vertical coordinate

Greek symbols















absorption coefficient
extinction coefficient
coefficient in Eq. (13b)
wall thickness of hollow particle
emissivity
exponent introduced by Eq. (2)
dynamic viscosity
index of absorption
wavelength





0







cosine of an angle
density
coefficient introduced by Eq. (1b)
scattering coefficient
Stefan–Boltzmann constant
optical thickness
air humidity
coefficient introduced by Eq. (16)
coefficient introduced by Eq. (1b)
albedo of single scattering

Subscripts and superscripts
a
air
b
d
e
ev
f
K
max
rad
rel
rem
R
s
salt
sat
sw
tr
w
λ
0

absorption
air
blackdody
droplet
external
evaporation
flame
Knudsen
maximum
radiation
relaxation
remaining
Rayleigh
scattering
salt
saturation
sea water
transport
water
spectral
initial

1. Introduction
Water mist curtains have received considerable attention from researchers and engineers for
protection against thermal radiation from fires, as reviewed in reference [1]. In the past two
decades, there has been significant progress in the physical analysis and computational
modelling of combined heat transfer processes in sprays for fire protection. A detailed
description of radiative transfer in computational studies of water mists is combined in some
papers with studies of heat, mass and momentum transfer in sprays taking into account both
dynamic and thermal non-equilibrium of droplets and ambient gas [2–9].
As one can expect, the complexity of general computational models is an obstacle to their
widespread use. The relatively simple engineering approach suggested in [10, 11] is considered
by the authors as a good alternative basis for engineering applications. A series of calculations
enabled us to suggest a decrease in the size of supplied water droplets with the distance from
the irradiated side of the mist layer to improve the shielding properties of the mist curtain. At
the same time, it is clear now that the model of evaporation of water droplets used in [10, 11]
is too simplified and should be improved. The vast majority of the literature studies on water
sprays in fire protection are concerned with pure water, for which the optical properties could
be easily obtained for the calculations of the radiative properties of droplets. The use of different
chemical additives to enhance the fire suppression potential was investigated in few studies
[12]. The scope of the present paper is fire radiation shielding by water sprays/mist curtains,
and not fire suppression where the water is sprayed directly onto the flame. In the water
spray/mist curtain application, the intention is to provide some shielding protection between the
source of the fire and potential targets (e.g. humans, flammable targets). The study of water
sprays made of water with additives or impure salt sea water in fire radiation shielding is an
area of research scarce in the literature.
Although pure water is the natural choice in water spray/mist fire applications, the use of
impure, salty sea water could be a practical and more convenient solution in some cases where
pure water is not available. These include for example coastal areas, offshore platforms or
human/goods maritime transportation ships where sea water could be a good alternative to be
used as spray for fire protection applications. The motivation of the current study is to provide
a better insight and understanding into the fire radiation shielding of salty sea water sprays and
its comparison to the conventional pure water sprays. It is worth noting that, although the optical
and thermal properties of sea water are similar to those of pure water, the evaporation of sea
water droplets increases the salinity of water droplets and lead to formation of dry particles of
sea salt. As a result, both the optical and thermal properties of particles formed in some sections

of a sea-water curtain are different from the properties of partially evaporated water droplets.
This important difference also motivates the current study.
To the best of the authors knowledge, the current literature does not contain studies for the
experimental or computational analysis of sea water in fire radiation shielding. The present
work is focused on modelling the complex behaviour of sea water droplets during their
evaporation and subsequent solidification under the action of intense flame radiation. The
process of evaporation of these droplets including formation of solid crust on the droplet surface
and subsequent appearance of both hollow thin-walled particles and numerous small crystals of
salt makes the problem much more complicated than the case for pure water. Moreover, one
cannot ignore specific infrared optical properties of salt particles which should be accounted
for. The computational model and computer code for such a composite curtain should be
significantly modified as well.
In contrast to [10, 11] we do not consider the variants of variable parameters of supplied
water droplets in the initial cross section of the mist curtain. This technical complication of the
problem statement seems to be not reasonable at the present stage of our study. As before (and
in many other papers), the isothermal droplets are considered by neglecting the relatively small
effect of a nonuniform absorption of radiation by asymmetrically irradiated droplets [13]. A
considerably better approach for kinetics of evaporation is employed in the present paper.
The main objective of the present paper is two-fold: (1) to develop a simple but complete
model for coupled heat transfer processes in a semi-transparent layer of evaporating sea water
droplets considered as a shield for infrared radiation of fires, (2) to compare computationally
the shielding properties of water mists containing pure and sea water droplets.
The model suggested in the paper is relatively simple because it is based on several
assumptions. These assumptions are physically sound but lead to systematic errors in
calculations of the radiation shielding for real mist curtains. Fortunately, we are focused mainly
on a comparative analysis of mist curtains containing droplets of pure water or sea water. It is
expected that the mentioned systematic errors do not effect on the qualitative results of the
comparative computational study.

2. Spectral properties of mist curtain particles
2.1. Optical constants of pure and sea water and optical properties of water droplets
The spectral optical constants of pure water are well known [14]. For convenience of
subsequent analysis, spectral dependences of these quantities in the most important part of the
infrared range are presented in Fig. 1. According to paper [15], the comparison of optical
constants of standard sea water (SSW) [16] at room temperature and those for pure water show

that the effect of salinity of s  3.5 % on both index of refraction, nw , and index of absorption,

 w , in the most important wavelength range of 1    6 µm is very small. In addition to [15],
one can refer to recent data of [17] for optical constants of sodium chloride solution at room
temperature in the wavelength range of 0.3    2.5 µm. The spectral dependences plotted in
Fig. 2 confirm that near-infrared properties of saline water, which is similar to sea water, are
almost the same as those of pure water.
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Fig. 1. Spectral indices of (a) refraction and (b) absorption of pure water.
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Fig. 2. Spectral indices of (a) refraction and (b) absorption of NaCl solution [16].

According to [10], the average Sauter radius of supplied water droplets is in the range of
30  a32  100 µm. Note that the monodisperse approximation, where all the droplets in a local

volume are assumed to have the same Sauter radius, is applicable to the problem under
consideration [18, 19]. The diffraction parameter of these droplets, x  2a32  , which is also
called the size parameter, determines the regime of absorption and scattering of radiation by the
droplet. The rigorous Mie theory is true for water droplets at arbitrary values of x . However,
the spectral calculations of absorption and scattering properties of water droplets with the use
of Mie theory are usually time-consuming, especially for large droplets. Fortunately, the general
solution degenerates in two limiting ranges of diffraction parameter. For small water droplets
as compared with the radiation wavelength (at x  1) , it is sufficient to consider the dipole
scattering. This is the so-called Rayleigh regime, characterized by a predominant absorption
and insignificant scattering. In the opposite case of optically large droplets ( x  1) typical for
water droplets at the initial cross section of the mist curtain, when x  30 , the geometrical optics
(GO) approximation can be used instead of the Mie theory to calculate the main absorption and
scattering characteristics of these droplets: the efficiency factor of absorption, Qa , and the
transport efficiency factor of scattering, Qstr [19]. It the case of large particles, the latter value
decreases with the diffraction parameter because of predominant forward scattering. So, the
transport efficiency factor of scattering for water droplets appears to be small for both small
and very large droplets (as compared with the radiation wavelength). As a result, the most
significant scattering effects are observed at intermediate values of x . This is the so-called Mie
scattering region [19]. It will be shown below that the effect of strong Mie scattering takes place
for partially evaporated water droplets of the mist curtain.
There are three dimensionless characteristics which determine the optical properties of
droplets in the GO limit: the indices of refraction and absorption and the optical thickness of
the droplet,   4x . In the case of optically thin droplets (  1 ), one can use the exact
analytical solution derived in [20] as it was done for ice grains in [21]. However, the optical
thickness of water droplets is large in the spectral absorption band of water. Therefore,
following [10], we will use the approximate expressions suggested in [22] for semi-transparent
particles (see also [19]):

Qa 
where

4n
1  exp  
n  12

С  1.5nn  1exp 15 

  5 when   5
Qstr  С 
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  2 xn  1

  1.4  exp 80 

(1a)

(1b)

Equations (1a)–(1b) can be used at arbitrary values of x , including the Mie scattering region,
not only in the GO limit. This is important because the size of droplets decreases during their
evaporation. The error of the above approximation is insignificant in the spectral range under
consideration. This is illustrated for droplets of pure water in Fig. 3, where the most important
spectral values of Qa and transport albedo of single scattering,  tr  Qstr Qa  Qstr  , are presented.
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Fig. 3. Spectral dependences of (a) absorption efficiency factor and (b) transport albedo of
single scattering for droplets of pure water: A – a  20 µm, B – a  50 µm;
1 – exact Mie solution, 2 – approximation (1a,b).
2.2. Optical constants of sea salt and concentrated sea water
There are only few publications on infrared optical constants of sea salt and also on optical
constants of sodium chloride which is the main component of sea salt. The average constant
value of nsalt  1.45 was recommended in early paper by Volz [23] for the wavelength range of
2.5    6 µm. However, more accurate spectral dependence nsalt   suggested by Shettle and

Fenn [24] for wider wavelength range (see Fig. 4a) is used in subsequent calculations. The
infrared spectral data for  salt   reported in paper [23] were also extended in [24] up to the
wavelength of   0.2 µm. So, we use the interpolated data of [24] at   2.5 µm:

 salt  10



 11 .5  2.25 when 0.3    0.5 μm

   7.2  11 .6 when 0.5    1.1 μm
 0.97   4.46 when 1.1    2.5 μm


(2)

At the same time, more detailed data of [23] are used in the wavelength range of 2.5    6
µm (see Fig. 4b). It should be noted that the index of absorption of sea salt is significantly less
than that of pure water in the wavelength range of   2.8 µm (compare Figs. 1b and 4b).

salt

nsalt

a

1.60

1.58

10

-2

10

-3

10

-4

10

-5

10

-6

10

-7

10

-8

b

1.56

1.54

1.52

1.50
1

2

3

4

5

, m

1
2
3

1

2

3

4

5

, m

Fig. 4. Infrared indices of (a) refraction and (b) absorption of sea salt:
1 – data reported in [23], 2 – data reported in [24], 3 – interpolation (2).
As one can expect, the optical constants of sea water are intermediate between those of pure
water and dry sea salt. However, it was found by Irshad et al. [25] that the volume mixing rule
recommended in [24] and employed in [26] provide inaccurate results for sea water compared
to direct measurements. This was explained in [25] by dissociation of salt ions upon dissolution
of the salt. The latter means that the resulting solution cannot merely be considered as a mixture
of whole salt particles and water.
It is difficult to obtain the dependence of optical constants on salinity of partially evaporated
sea water using the graphs of paper [25]. However, one can use experimental data of [17] for
optical constants of sodium chloride solution at room temperature for qualitative estimates. One
can see in Fig. 2a that index of refraction increases almost linearly with salinity of water in the
range of 0  s  3.6 %. It should be recalled that solubility of sodium chloride in water is weakly
sensitive to water temperature and it is about smax  40 % in hot water [27, 28]. The formal linear
extrapolation of the dependence of nsw s  gives too large values of nsw  1.9  2.0 at s  smax in
the wavelength range of 1    2.5 µm, whereas the index of refraction of dry sodium chloride
varies from nsalt  1.532 to 1.525 in the same spectral range (see Fig. 4). It means that the effect
of salinity on refraction of saline water is not linear over the whole range of s .
We use the following simple approximations for spectral indices of refraction and absorption
of sea water in our computational estimates:
nsw    nw  nsalt  nw  s 0.5

 sw     w   salt   w  s

(3)

where nsalt   is the spectral dependence recommended in [24] for sea salt,  salt   is the
combined analytical approximation (2) and approximation of the data reported in [23] (see
curves 3 and 1 in Fig. 4), nw   and  w   are the known functions for pure water. It is
expected that the above approximations for optical constants of sea salt and concentrated
(partially evaporated) sea water will enable us to obtain qualitatively true computational results
on the shielding effect of a mist curtain with the use of sea water instead of pure water.

2.3. Optical properties of saline water droplets and salt particles
It is assumed that the first stage of evaporation of sea water droplets in a mist curtain is
finished at the salinity of s  smax  40 %. In the case of 100 µm initial radius of the droplets, it
means that the minimum radius of these droplets before the beginning of solidification is equal
to a  50.6 µm. After this first stage of the process, the solid crust of sea salt is formed at the
droplet surface [29]. Most likely, the increasing pressure of water vapor inside such a composite
particle will lead to a local destruction of the crust and the remaining water will be removed
from the particle. The photographs of the produced hollow salt particles were given in paper
[29]. Similar images of numerous protein particles with orifices can be found in recent paper
[30]. The book chapter by Fairhurst [31] containing interesting illustrations from the early paper
[32] should be mentioned as well. According to [32], the process just after the first crystals
forming is so fast that “the crust did not have time to completely cover the droplet. As the crust
neared completion, the liquid was drawn away from the open area leaving a sizable crater in
the crust. When fractured and viewed under the microscope, the dried particle proved to be a
very thin shell composed of large crystals”. It is also interesting to remind the formation of
hollow bubble-like solid particles in nuclear melt-coolant interaction [33].
In the simplified model of the present paper, we will skip the relatively fast process started
from the beginning of the salt crust formation on the surface of sea water droplet and finished
by formation of almost spherical hollow particle of dry salt. This makes it interesting to compare
the spectral optical properties of a sea water droplet of the smax salinity and the optical properties
of a hollow salt particle of the same size. The maximum wall thickness of the salt particle,  max
, can be obtained assuming that there is no salt in water surrounded by the salt crust of the
droplet. In this case, the mass balance of salt leads to the following estimate:





 max  a 1  3 1  smax  7.92 µm

(4)

One can also imagine the situation when water removed from the central part of the particle
covered by the salt crust is not pure but it is characterized by the remaining salinity srem  smax .

In this case, numerous small particles of sea salt will be formed from this water and the wall
thickness of the “mother” particle is determined as follows:





1  smax 
  a 1  3
1  srem 


(5)

Assuming that srem  smax 2 , we obtain   4.63 µm. Most likely, the optical properties of small
salt particles formed from the spray of salt water during the hollow particle formation can be
calculated using the Rayleigh theory. This is the case when a typical radius of these salt
particles, as , is about 1µm or less. Small salt particles do not scatter the radiation and absorption
coefficient of a cloud of Rayleigh particles does not depend on the particle size. The specific
absorption coefficient (per unit volume fraction of particles) is as follows [19]:
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Equation (6) is true for the spherical particles only. However, according to [34], we will use
this solution in estimates for the real cubic salt crystals.
The values of Ea and Estr for hollow salt particles can be calculated using the generalized
Mie theory for two-layered concentric spheres [19]. The results of these calculations are
presented in Fig. 5. One can see that there is a strong maximum of absorption at the wavelength

  2.8 µm and the value of Ea increases monotonically with the wall thickness  over the
whole spectrum. On the contrary, the scattering has a minimum at   2.8 µm, whereas the
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Fig. 5. Normalized coefficients of (a) absorption and (b) transport scattering
for hollow spherical particles of sea salt.

Both the hollow particles and small Rayleigh particles of salt can be taken into account using
the normalized total absorption coefficient (per unit volume fraction of hollow particles):

Ea  Ea  Ea,R srem 1  smax  1  srem 

(7)

The calculations showed that the spectral dependences of absorption at different values of the
remaining salinity are similar to each other (see Fig. 6). A contribution of small salt particles to
the total absorption of infrared radiation is significant only in the narrow wavelength region in
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Fig. 6. Normalized total coefficient of absorption for the composite cloud
containing hollow particles with radius a  50.6 µm and small spherical particles of sea salt.

The result obtained indicates that the growing rate of salt crust on the surface of a solidified
droplet of sea water is also a parameter of the problem. Strictly speaking, the characteristic time
of the impermeable crust formation should be compared with the time of a significant increase
in vapor pressure inside the particle. The crust is destroyed when the tensile stress in the crust
exceeds the ultimate tensile stress in a polycrystalline sea salt. It should be recalled that similar
theoretical estimates have been performed in papers [33, 35, 36] as applied to solidified particles
of core melt in the case of a hypothetic severe accident of nuclear reactor. For simplicity, we
neglect the time of solid crust formation in the present paper.

3. Radiative transfer model
To choose a relatively simple but physically sound model for transfer of a flame radiation
through water mist curtains, consider the main characteristics of the real problem. First of all,
the optical thickness of the mist layer should not be too small to reach a significant attenuation

of the incident flame radiation. Therefore, the problem under consideration is characterized by
multiple scattering at least in the range of water semi-transparency where the scattering cannot
be neglected. In the case of multiple scattering, the details of scattering phase function are not
important and one can use the simplest transport approximation [19, 37].
Following the method of [10, 38], a set of 1-D problems for several horizontal layers of the
mist curtain (along the layers 1…N in Fig. 7) is used instead of more complicated 2-D radiative
transfer problem. The schematic presentation of the problem in Fig. 7 makes also clear the other
assumptions of the computational model: (1) The mist of water droplets is generated by a set of
small nozzles at the top of the mist layer; (2) The flat mist layer of constant thickness is
considered in the model; (3) One side of the mist layer is diffusely irradiated by the flame which
is also flat but a variation of radiative flux with the height can be taken into account.
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Fig. 7. Scheme of the problem for diffuse irradiation of water mist curtain.

The main but obvious assumption of the model is that there is no radiative transfer between
the neighboring horizontal layers of the mist curtain and a set of 1-D solutions is sufficient. In
addition, we consider the case of a relatively cold protected wall/surface and neglect possible
reflection of radiation from the wall. With the use of transport approximation, the 1-D radiative
transfer equation (RTE) across the mist layer can be written as follows [19]:



I λ
 tr
  λtr I λ  λ  I λ  y,  d
y
2 1
1

  cos

0 yd

(8)

where I λ  y,   is the spectral radiation intensity at point y in direction  (after the integration
over the azimuth angle),  λtr   λ   λtr is the transport extinction coefficient. The boundary
conditions at two sides of the mist layer are written as follows:
I λ 0,    2f I b Tf 

I λ d ,   0

 0

(9)

where I b is the Planck function. The first of boundary conditions (9) at the irradiated side of
the mist curtain ( y  0 ) denotes that we use the simplest assumption of an optically gray fire
radiation in the model problem. In other words, the external spectral radiative flux is assumed
to be directly proportional to the blackbody radiation at temperature Tf . The coefficient  f is
the conventional constant hemispherical emissivity of the flame. It means that integral radiative
flux from unit surface area of the flame is expressed as follows:


qf   f  I b Tf d   f  0Tf4

(10)

0

where  0 is the Stefan–Boltzmann constant. This approach is often used in engineering
calculations of fire radiation [39]. The second of boundary conditions (9) at the shadow side of
the mist curtain corresponds to the assumption of a negligible irradiation of this side from the
backward hemisphere by possible reflected radiation or other sources of infrared radiation.
The real mists contain particles of different size in every small volume of the medium.
Strictly speaking, the calculations of spectral optical properties of the mist should take into
account the local size distribution of particles. According to [10], the monodisperse
approximation when all the particles are assumed to have the same Sauter radius, a32 , is used
in the present study. In this case, the following equations are true for the absorption coefficient,

 λ , and transport scattering coefficient,  λtr [19]:
 λ  0.75

fv
Qa
a32

 λtr  0.75

f v tr
Qs
a32

(11)

where f v is the local volume fraction of particles.
It should be noted that the model presented in the current study is based on the widely used
hypothesis of independent scattering [40, 41]. It means that each droplet is assumed to absorb
and scatter the radiation in exactly the same manner as if other droplets did not exist. In addition,
there is no systematic phase relation between partial waves scattered by individual droplets
during the observation time interval, so that the intensities of the partial waves can be added
without regard to phase. In other words, each particle is in the far-field zones of all other
particles, and scattering by individual particles is incoherent. There is no doubt that effects of
dependent scattering are negligible in the problem under consideration. At the same time, it is
worth to mention that dependent scattering of microwave radiation by water droplets in cumulus
clouds is really important [42].
The diffuse irradiation of the mist curtain makes the problem much simpler than that of
shielding of solar radiation by water mist considered in paper [43] because there is no need for
a separate consideration of directed and diffuse radiation. As a result, the two-flux method can

be employed immediately (not only to the diffuse component of the radiation field). According
to the two-flux approximation the radiation intensity is presented as a combination of two
angular independent components in backward and forward hemispheres:

 J λ  y ,   0
I λ  y,    2I b Tf    
 J λ  y ,   0

(12)

After integration of the RTE separately over two hemispheres, one can obtain the following
boundary-value problem for normalized irradiation function Gλ  J λ  J λ [19]:



d  rad dGλ 
 Dλ
   λGλ  0
dy 
dy 

rad
y  0 , Dλ

dGλ
  Gλ  2  2
dy



Dλrad  1 4 λtr

y  d , Dλrad



dGλ
  Gλ 2
dy

(13a)

(13b)

where Dλrad is the radiation diffusion coefficient and    f 2   f  . The problem (13a)–(13b)
at arbitrary profiles of  λ  y  and  λtr  y  can be easily solved using the second-order finitedifference approximation and the factorization method [19]. The integral radiative flux from
the shadow side of the mist layer, qd  , and the profile of radiation power absorbed in the mist,

W  y  , are


qd   2  q I b Tf  d

qλ d   Gλ d  2

(14)

wλ  y    λ  y Gλ  y 

(15)

0


W  y   2  wλ  y I b Tf  d
0

It is interesting to note that the above radiative transfer problem is methodologically similar to
that considered recently for a cloud of sublimated silicon carbide particles suggested to protect
the solar probe from intense thermal radiation of the Sun [44]. However, the present problem
is simpler because the emission of thermal radiation by water droplets is negligible.
4. Water evaporation model
According to the evaporation model developed in [45, 46], it is assumed that a thin layer
exists on the droplet surface (Knudsen layer) in which the vapor transfer should be considered
using the kinetic theory of gases, while steam is removed from the outer boundary of the
Knudsen layer due to diffusion. In this case, the following relation can be derived for the mass
flow rate of evaporation:

m 

 1  Te e 
Dpe

ln 
aRairTe  1  T K 

 T  

psat T  M w
pe M air

(16)

where D is the diffusion coefficient, pe and Te are the pressure and temperature of the mixture
far from the droplet surface,  K and  e are the values of air humidity at the outer boundary of
the Knudsen layer and far from the droplet, respectively, Rair is the gas constant of air, M w  18
and M air  29 kg/kmol are the values of molar mass of water and air, psat is the pressure of
saturated water vapor. According to recommendation of the NIST WebBook for water vapor in
the temperature range of interest, the Antoine equation with the parameters determined on the
basis of early data reported by Stull [47] is used:
lg psat T   4.6543 

1435 .264
T  64 .848

(17)

where T is measured in Kelvin and psat is obtained in bar (105 Pa). The strong increasing the
saturation pressure with temperature calculated using Eq. (17) is illustrated in Fig. 8a.
The value of  K in Eq. (16) is determined by the following balance between condition of
equality of diffusion and evaporation flow rates:

f ev



psat T 
1  K   Dpe ln  1  Te e 
aRairTe  1  T K 
2RwT

(18)

The dimensionless coefficient f ev in Eq. (18) takes into account the presence of a noncondensable component in the Knudsen layer (in our case, air). The direct numerical solution
to the Boltzmann kinetic equation for the problem of evaporation of water droplets [48] enabled
the authors to obtain the value of f ev  0.0024 which is used in subsequent calculations.
The paper [48] provided the state-of-the-art on modelling evaporation of droplets. The early
monograph [49] should be primarily noted, in which the works by Maxwell and Stefan have
been considered in a simple and clear manner and practically useful equations have been
presented. It should be recalled that the effect of non-condensable gas components in ambient
medium on the water droplet evaporation is considerable. In the simplest approach, one can
consider the only non-condensable gas and solve the system of two Boltzmann kinetic equations
as it was done in [48]. A comparison with the experimental data of [50] for evaporation of water
droplets in ambient air confirmed good quality of this approach, which can be used in
engineering models like that presented above.
An acceptable upper estimate of the evaporation rate can be obtained at e  0 . The resulting
variants of Eqs. (16) and (18) are as follows:
m  

Dpe
ln 1  T  K 
aRairTe

 T  

psat T  M w
pe M air

(19)

f ev

psat T 
1  K    Dpe ln 1  T K 
aRairTe
2RwT

(20)

The results of numerical solution for Eq. (20) at Te  300 K are presented in Fig. 8b. The values
of D  3 105 m2/s, Rw  461 .7 J/(kg K), Rair  286 .5 J/(kg K), pe  0.1 MPa, Te  T0  300 K,
are used in the calculations. The obtained value of  K increases monotonically with the droplet
radius from K  1 for very small water droplets to K  0.5 for droplets of radius a  100
µm. It is interesting that the temperature dependence of  K appears to be insignificant and can
be even ignored in approximate calculations with the use of K Tsat  ( Tsat  373 K is the
saturation temperature) instead of K T  . This will lead to a small overestimating of the current
evaporation rate. At the same time, the effect of radius of water droplets on air parameters at
the outer boundary of the Knudsen layer should be taken into account.
The above model of evaporation is more realistic than a simplified approach used in [10]
because it takes into account the evaporation of heated water droplets at temperatures much less
than the saturation temperature. As a result, one can obtain sufficiently accurate results for
current size of water droplets and hence for the radiative flux transmitted by the water mist
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Fig. 8. Parameters of evaporation model: a – saturation pressure of water vapor,
b – air humidity at the Knudsen layer boundary.

5. Initial stage of motion, heating, and evaporation of water droplets
It is interesting to consider the initial stage of motion, heating, and evaporation of droplets
in a water mist curtain in more details because of both dynamic and thermal non-equilibrium

between the droplets and ambient air. The initial stage under consideration is defined as the
period of a strongly variable droplet velocity and insignificant decrease in the droplet size due
to evaporation. The differences in optical and thermal properties between sea water and pure
water are insignificant at the beginning of the droplet evaporation. It means that the same
analysis is applicable to the mist curtains of sea water as well.
It is assumed that there is no dynamic and thermal interaction between the neighbouring
droplets of water, and one can consider independent equations for motion, heating, and
evaporation for single spherical droplets. As usually, a good estimate for the initial stage of the
droplet motion and heating can be obtained using the assumptions of both immovable and
isothermal ambient gas.
According to [51–53], the following equations can be used for the droplet motion:
z0  0

dz
 ud
dt

dud
3C 
 g  D air ud2
dt
8a  w





CD  24 1  0.15 Re 0d.687 Re d

(21a)

ud 0  ud 0

(21b)

Re d  2 airud a 

(21c)

where the subscripts “air”, “d” and “w” refer to the gaseous medium, droplet and water, u is
the downward velocity, a is the droplet radius, CD is the drag coefficient, g is the acceleration
of gravity,  is the dynamic viscosity of air, Re is the Reynolds number.
The energy equation should take into account the external radiative heating, the convective
heat transfer, and the heat loss due to the droplet evaporation:

 w cw

dTd W
m L
1.5Nu k
Td  Te 
  3 ev 
dt
fv
a
a2
Nu  2  0.6 Re1d 2 Pr1 3

Td 0  T0

Pr  cair k

(22a)
(22b)

where m is the mass flow rate of evaporation, Lev is the latent heat of evaporation, Te is the
temperature of air far from the droplet, k is the thermal conductivity of air. For simplicity, we
assume that profile of the absorbed radiative power, W  y  , calculated at Tf  1500 K and

 f  0.9 , is the same as that in the initial cross section of the mist curtain. Of course, the
horizontal coordinate y is just a parameter of the problem. The calculated profile of W  y  for
the mist curtain at a0  100 µm, f v,0  104 , d  1 m (subscript “0” refer to the initial cross
section of the mist curtain) is presented in Fig. 9. The radiation power absorbed in the mist
decreases from 230 kW/m3 at the irradiated side to 66 kW/m3 at the shadow side of the curtain.
This leads to a significant variation of thermal conditions across the mist curtain.
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Fig. 9. Profile of the absorbed radiation power in the initial cross section of a mist curtain.

The decrease in the droplet radius due to evaporation is a solution to the initial-value
problem:

w

da

 m
dt

a0  a0

(23)

Obviously, the local volume fraction of water droplets can be calculated as follows:

u a
f v  f v 0 d 0  
ud  a0 

3

(24)

The following values of physical parameters are used in the calculations: ud , 0  3 m/s, ,

 w  10 3 kg/m3, cw  4.18 kJ/(kg K), air  1 kg/m3, cair  1 kJ/(kg K),   1.85 10 5 Pa s,
k  0.026 W/(m K) and Lev  2.26 MJ/kg. The large value of initial radius of water droplets (

a0  100 µm) was chosen to obtain the maximum estimate of the length of the region of dynamic

and thermal non-equilibrium of water droplets.
Some results of calculations are presented in Fig. 10. One can see that the relaxation distance
is about zrel  0.3 m for both velocity and temperature of droplets in the mist curtain. It is
interesting that radiative heating of water droplets is not large due to heat losses for their
evaporation. The maximum temperature of droplets is about 41 oC at z  0.15 m even at the
irradiated side of the mist curtain. One can see in Fig. 10c that condition of very small decrease
in droplet size due to evaporation at z  zrel is satisfied.
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The value of z rel is much less than a typical height, H , of mist curtains. Therefore, the
equilibrium approach recommended in [10] can be used in the regular computational model.

6. Completing the computational model and numerical results for water mist curtains
Following the model developed in paper [10], we focus on the central part of the mist curtain
excluding the flow in the upper and lower parts of the curtain. The viscous boundary layers of
the flow and the corresponding thermal boundary layers at the irradiated and shadow boundaries
of the curtain are not considered as well.
For simplicity, the downward velocity of the mixture of water droplets and ambient air, u ,
is assumed to be constant over the mist curtain, whereas the mixture temperature, T , and the
droplet radius, a , are variable in both the vertical direction and also across the curtain. It is
assumed that there is no convective heat transfer between single droplets and ambient air of the
same temperature and, more generally, there is no convective heat transfer across the mist
curtain at all.
The mathematical problem statement for the steady-state heat transfer problem for the case
of pure water is as follows:

 f v  w cw  1  f v aircair  u T
z

wu

a

 m
z

 W  3 f v m Lev a
a y,0   a0

f v  f v0  a a0 

3

T  y,0   T0

(25)
(26)
(27)

The left side of energy equation (25) contains the rate of the local heat content variation for the
isothermal mixture of water droplets and ambient air (per unit volume of the medium). The two
terms in the right-hand side of Eq. (25) are responsible for the thermal radiation power absorbed
by the droplets and the rate of heat consumption for droplet evaporation.
The absorbed radiation power, W  y, z , is a function of two coordinates: the horizontal
coordinate y measured from the irradiated side of the curtain and the vertical (downward)
coordinate z measured from the initial cross section of the conventional equilibrium mist
curtain. The above discussed spectral properties of water droplets and the model for radiative
transfer in the mist curtain are used to calculate the absorbed radiation power. It should be
emphasized that the coupled equations (25) and (26) are one-dimensional ones because the
value of y is just a parameter of the problem. Of course, the equations of the kinetic evaporation
model suggested in section 4 of the paper should be used to complete the problem statement.
It should be noted that the problem solutions at different constant values of velocity are
similar to each other. Therefore, we consider the only value of u  2 m/s in subsequent
calculations. The results for another constant value of u can be easily obtained by a linear
deformation of the calculated fields of all the parameters along the axis z . Strictly speaking,
the realistic value of u can be estimated using the law of conservation of momentum for the
supplied droplets and initially resting air. It is obvious that the value of the equilibrium velocity
is determined only by the flow rate of supplied water. As before, the volume fraction of water
droplets in the initial cross section of the mist curtain is assumed constant and equal to
f v 0  10 4 .

The results of calculations for pure water curtain of height H  8 m are presented in Figs. 11
and 12. It is interesting that temperature of water droplets at the irradiated side of the curtain
reaches the maximum value of 67 oC at a distance of about 1.5 m from the initial cross section
and then decreases downward. As to the monotonic decrease in droplet size due to evaporation
(Fig. 11b), it seems obvious. Note that the radiative transfer across the mist curtain was
systematically recalculated while solving the coupled equations. The points plotted on the
curves in Fig. 12a correspond to the repeating radiative transfer calculations (one can see 17
points uniformly distributed with the interval of z  0.5 m). The additional calculations with
the interval of z  0.25 m between the radiative transfer calculations confirmed good accuracy
of the results presented. We used 40, 80, and even 200 intervals along the coordinate y in the
finite-difference solution of the boundary-value problem in every cross section to be sure that
the radiative fluxes at both the irradiated and shadow sides of the curtain and also the profile of

the absorbed radiation power are calculated correctly. The resulting choice was 80 intervals. It
appears to be sufficient for rather accurate and not too time-consuming calculations.

Fig. 11. The fields of (a) temperature and (b) radius of pure water droplets.
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The problem statement for sea water mist curtain is more complicated than that for pure
water. At the first stage of the process, one should take into account the specific properties of

sea water and their variation during the evaporation because of increased salinity of water. The
current salinity of water is calculated as follows:

  a0 
s  s0
 
w  a 

3

  1  s  w  ssalt

(28)

The difference in densities of pure water and sea salt ( salt  2200 kg/m3) is significant and
cannot be ignored. Obviously, the final expression for salinity of a sea water droplet can be
written as:

s

s0
a  s0   1

a

3

a
a0



 salt
w

(29)

Calculations at a0  100 µm show that salinity increases slowly up to s  15 % at a  65 µm,
whereas the further decrease in droplet radius leads to a faster increase in the droplet salinity
up to the maximum value. It means, that optical properties of evaporated sea water droplets on
most of their trajectories until the beginning of the droplet solidification are expected to be
almost the same as the optical properties of droplets of pure water. In other words, the suggested
approximations for the optical properties of concentrated sea water are sufficiently accurate to
be used in the problem under consideration.
The dependences of both density and heat capacity of the droplet substance with the increase
in water salinity during evaporation should be taken into account in the modified Eqs. (25–26):

 f v dcd  1  f v aircair  u T
z

du
where

 W  3 f v m Lev a
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 m
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d  1  s  w  ssalt

T  y,0   T0
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a y,0   a0
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cd  1  s  cw  scsalt

(32)

The constant value of csalt  880 J/(kg K) is used in the calculations.
At the second stage of the process, the solid particles of sea salt contribute to attenuation of
thermal radiation coming from a fire. The spectral optical properties of salt particles discussed
in section 2.3 of the paper were used in the radiative transfer calculations to determine the
absorbed radiation power. The main computational results for both sea water and pure water
mist curtains are presented in Fig. 12. This figure is very instructive and enables us to draw the
following conclusions:
1. The transmitted radiative flux for pure water curtain is not a monotonic function of
coordinate z but decreases considerably in the lower part of the mist curtain. This is
explained by a relatively strong scattering of radiation by partially evaporated water

droplets in the Mie scattering region. The latter statement is quite clear from the
significant monotonic increase in reflected radiative flux with the downward coordinate
(lower curve in Fig. 12a).
2. As it was expected, the difference in mist parameters at the irradiated and shadow sides
of heated and evaporated mist curtain is significant, especially in current size of water
droplets (Fig. 12b). In all cases, the temperature of water droplets is much less than the
saturation temperature. The maximum temperature of droplets is reached in the upper
part of the mist curtain and then decreases (Fig. 12c).
3. There is an intermediate stage of the process when the droplets positioned at the
irradiated side of the mist curtain begin to solidify whereas the droplets positioned at the
same cross section of the curtain but closer to its shadow side are completely liquid.
4. In the case of sea water curtain, the height of the evaporation region is approximately
equal to a half of the total height of the mist curtain. In the evaporation region, all the
mist parameters are almost the same for pure water and sea water.
5. The effect of small crystals of salt (generated by destruction of solidified saline droplets)
on transmitted radiative flux in the lower part of sea-water mist curtain is very small (see
Fig. 12a). The large hollow thin-walled particles of sea salt (the constant size of these
particles is shown in Fig. 12b) determine the radiation shielding, which is comparable
with that for the ordinary pure-water mist. A contribution of small salt particles generated
in in the case of possible remaining salinity of water removed from the particle is very
small and can be neglected.
6. The temperature of hollow salt particles at the irradiated side of sea-water mist curtain
increases strongly along their trajectories and reaches about 300 oC at the conditions of
the case problem (Fig. 12c). This temperature is still too low as compared with the flame
temperature to affect the heat balance, but is of interest for possible infrared diagnostics
of the lower part of sea water mist curtain.
The most important practical result based on the above computational analysis is that the
radiation shielding quality of a sea-water mist curtain is approximately the same as that
predicted in the case of pure water.

7. Conclusions
A modified theoretical model for attenuation of fire radiation by water mist containing
droplets of pure or sea water was developed. The new approach takes into account the kinetics
of evaporation and also the effect of solidification of evaporated sea-salt droplets. All the
calculations are based on spectral optical properties of various droplets and particles and

numerical solution for combined heat transfer in the protective curtain. The computational data
illustrate the main special features of the problem and enable one to estimate the effects of
problem parameters on quality of fire protection.
In the case of sea-water mist curtain, the lower part of the curtain contains thin-walled hollow
particles of sea salt. These solid particles continue to attenuate the fire radiation. As a result,
the radiation shielding quality of a sea-water mist curtain is approximately the same as that
predicted in the case of pure water.
Of course, a simple model of the flame radiation used in the present study should be modified
taking into account both the partial re-absorption of radiation in the spectral absorption bands
of gases and the variation of the flame radiation power along the flame axis. After these
modifications, the computational model developed is expected to be a useful tool for subsequent
analysis of various engineering solutions in fire protection using water mist curtains.
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